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Summary

The Swedish final repository for short-lived low and intermediate level radioactive waste, SFR 1, is
located in rock beneath the sea floor at Forsmark in the Municipality of Osthammar, northern Uppland.
In order to be able to store also decommissioning waste from the Swedish nuclear power plants,

an extension of the repository, referred to as SFR 3, is planned. As a part of the license application
for this extension, the Swedish Nuclear Fuel and Waste Management Company (SKB) has performed
the SR-PSU project to assess the long-term radiological safety of the entire future SFR repository.

The present report, which is one of the background reports for the biosphere part of SR-PSU, provides
modelling results and descriptions of present and future hydrological and near-surface hydrogeological
conditions at Forsmark. The modelling includes data evaluations and numerical water-flow modelling,
primarily using the modelling tool MIKE SHE. Descriptions are presented both on landscape scale and
for specific subareas (biosphere objects), including water-flux parameters required for the modelling
of radionuclide transport in the biosphere. Moreover, the report recommends how potential future
land- and water-resources management at Forsmark shall be handled in the SR-PSU project, including
near-surface drainage of agricultural land, surface-water supplies and water-supply wells in regolith
and rock.

As a basis for models of the future, a MIKE SHE model was developed to represent present-day
hydrological and near-surface hydrogeological conditions at Forsmark. The model setup is based
on MIKE SHE models produced for SDM-Site and SR-Site, i.e. the site description and the safety
assessment, respectively, for the planned final repository for spent nuclear fuel. The setup takes into
account recently updated, underlying site models of topography and bathymetry, regolith (surface
distribution, depth and stratigraphy), and hydrogeological properties of the rock.

As part of the model development, the MIKE SHE model was calibrated using long-term monitoring
data on groundwater levels in regolith and rock, surface-water levels and stream discharges. Only
minor model adjustments of the initial setup were made during the calibration process. Adjustments
made include, for instance, adaptation of the unsaturated-zone classification in the model and increase
of the hydraulic conductivity of glacial clay below lakes. The resulting present-day MIKE SHE model
setup is judged to be reasonable. Specifically, it reproduces monitoring data with an accuracy that

is sufficient as a basis for models of the future. The model-calculated accumulated stream discharge
downstream one of the lakes, Lake Eckarfjédrden, is only 80% of the measured accumulated discharge.
However, it is judged that this deficit in calculated stream discharge has minor or no effects on the
modelling of future conditions at SFR and downstream areas.

The MIKE SHE modelling of future conditions considers two temperate climate cases, present-day
climate, referred to as the normal year, and a possible wet and warm future climate. MIKE SHE
models were established for the future times 3000, 5000 and 11,000 AD, using results from modelling
of sea-shoreline displacement and other landscape development. As a result of these processes new
lakes will be formed, gradually filled with gyttja and peat and transformed to mires. At 3000 AD, the
coastline is located immediately downstream of SFR. The year 5000 AD represents an intermediate
stage, with co-existing lakes and mires within the considered model area. At 11,000 AD, all previous
lakes within the model area are infilled.

Regional MIKE SHE models were established for the mentioned future times to provide external
boundary conditions for local models, which were used in the analysis of biosphere objects. These
objects represent subareas in the future landscape that may be affected by a potential release of
radionuclides from SFR. One main input for the biosphere-object delineations is discharge locations
at the interface between rock and regolith, which were calculated for particles released from SFR in
the DarcyTools modelling of rock hydrogeology. The local MIKE SHE models were used to produce
various types of modelling results, representative for the normal year at each future time and its asso-
ciated shoreline location and landscape setting. Moreover, the influence of a wet and warm climate
on hydrology and near-surface hydrogeology was analysed using the 5000 AD model setup.
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The modelling results show that for a given land area, infilling of lakes and other landscape-develop-
ment processes have a larger, but not dramatic, influence on evapotranspiration and runoff than the
effects of shoreline displacement. At 11,000 AD, when all previous lakes in the considered area are
infilled and transformed to mires, evapotranspiration is 5-10% less and the runoff is slightly larger
compared to 5000 AD. In comparison, the wet and warm climate case has much larger influence of
the water balance than shoreline displacement and other landscape development. In the vicinity of
the shoreline during its passage, shoreline displacement influences the directions of hydraulic gradi-
ents in the upper part of the rock. Similar to present land areas, groundwater recharge and discharge
patterns in the regolith are governed by the ground-surface topography in new land areas, whereas
the topography has less influence on vertical hydraulic gradients in the rock in such areas.

The distance to the shoreline has some minor influence on the depth to the groundwater table in
new land areas, and according to the MIKE SHE modelling results the influence decreases with
this distance. Moreover, the report demonstrates that landscape development influences stream-
discharge characteristics. Due to the absence of lakes, the 11,000 AD landscape is characterised
by less evapotranspiration and higher runoff compared to the landscape at 5000 AD. Lakes present
at 5000 AD reduce and prolong high-discharge peaks and provide base flow during low-discharge
periods. Hence, discharge peaks are generally most pronounced in the 11,000 AD landscape, when
the former lakes are infilled and transformed to mires.

The report summarises residence times and inter-basin exchanges for marine basins, calculated
using the MIKE 3 FM modelling tool. Moreover, totally 27 types of water-flux components for
temperate conditions are derived and delivered for each of the seven delineated biosphere objects,
using the water-balance tool in MIKE SHE. These components represent water fluxes into and out
from objects, and fluxes between compartments of the radionuclide-transport model. At 3000 AD, all
objects are submerged and net vertical groundwater fluxes are small. It is shown that the influence of
shoreline displacement on net groundwater fluxes depends on the distance to the shoreline. Hence,
biosphere objects demonstrate different net-flux changes due to shoreline displacement during the
3000-5000 AD and 5000-11,000 AD periods, during which all objects emerge from the sea and
previous lakes are infilled, respectively.

Periglacial conditions with permafrost have a large influence on hydrology and near-surface
hydrogeology. Such conditions are characterised by a relatively short, hydrologically active period
during snowmelt. During this period water is redistributed on the ground surface and in the above-
permafrost active layer, which is a relatively thin layer subject to cyclic freeze and thaw. Through
taliks, i.e. unfrozen “windows” in the permafrost, connect the unfrozen groundwater flow system at
depth with the surface system, and are therefore important hydrogeological features in a permafrost
landscape. Water-flux components are derived and delivered to the radionuclide-transport modelling
for two potential taliks in a future permafrost landscape at Forsmark. These two taliks represent

a lake and a wetland, and they coincide with discharge locations calculated for a permafrost
landscape using DarcyTools.

Extended hydrological analyses for temperate climate conditions are presented for one of the bio-
sphere objects, 157 2, which is a future mire that does not pass a lake stage subsequent to its separa-
tion from the sea. According to DarcyTools particle-tracking simulations, this object will likely
receive most of the radionuclide-containing groundwater in case of a future release from SFR. One
analysis concerns the influence of the object delineation on fluxes used in the radionuclide transport
modelling. Using MIKE SHE, the smallest upward groundwater flux is obtained if the delineated
object only contain potential arable land with low-permeable regolith. The largest net vertical flux is
noted if the object delineation follows subareas with upward hydraulic gradients and a high density
of DarcyTools-calculated discharge locations. Moreover, MIKE SHE was used to investigate the
influence of the surface-flow characteristics in the area between object 157 2 and the downstream
object 157 1. It was found that the water balance of object 157 2 is rather insensitive to whether
surface flow occurs in the form of overland or stream flow.

The report considers water-resources management of different types of future, self-sufficient com-
munities in Forsmark. Specifically, it presents analyses of hydrological issues related to agriculture
and water uses for humans, cattle and irrigation. The analyses of future agriculture are focused on
conceptual descriptions and parameterisations of percolation and groundwater uptake, respectively,
in the radionuclide-model compartment for a biologically active layer above the groundwater table.
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Moreover, the report discusses drainage of agricultural land in terms of drainage depth, drainage-
caused subsidence, and effects of drainage on groundwater recharge-discharge and runoff.

Based on literature data, the report presents estimates of future water uses for humans, cattle and
irrigation, and it analyses the quantity and quality of potential surface- and groundwater supplies in
the future Forsmark landscape. It is shown that there likely will be access to both surface water and
groundwater of sufficient quantity and quality for self-sufficient inhabitants. It cannot be ruled out
that wells in regolith or wells drilled in rock will be used by future Forsmark inhabitants. Based on
MIKE SHE and DarcyTools analyses, the report presents methodologies for calculation of radionuclide
concentrations in water-supply wells. It also provides recommendations for identification of a repre-
sentative of the most exposed group, in terms of water uses for the community types considered in

the SR-PSU safety assessment.
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Sammanfattning

Det svenska slutforvaret for kortlivat 1ag- och medelaktivt radioaktivt avfall, SFR 1, dr belédget i berg
under havsbotten i Forsmark, i Osthammars kommun i norra Uppland. En utbyggnad av forvaret,
bendmnd SFR 3, ér planerad for att &ven mojliggora lagring av rivningsavfall fran de svenska karn-
kraftverken. Som en del av tillstindsansokan for utbyggnaden har Svensk Karnbranslehantering AB
(SKB) genomfort projektet SR-PSU for att analysera den langsiktiga radiologiska sédkerheten for
hela den framtida SFR-anldggningen.

Denna rapport, som &r en av bakgrundsrapporterna for biosfarsdelen av SR-PSU-projektet, tillhanda-
héller modelleringsresultat och beskrivningar av nuvarande och framtida hydrologiska och ytnéra
hydrogeologiska forhallanden i Forsmark. Modelleringen inkluderar datautvardering samt numerisk
flodesmodellering, frimst med modelleringsverktyget MIKE SHE. Beskrivningarna presenteras bade
pa landskapsskala och for specifika delomrdden (biosféarsobjekt), inklusive vattenflodesparametrar som
behovs for modellering av radionuklidtransport 1 biosfaren. Rapporten ger ocksd rekommendationer
for hur potentiell framtida mark- och vattenhushéllning i Forsmark ska hanteras i SR-PSU-projektet,
inklusive dikning av jordbruksmark, ytvattentdkter och vattenforsorjningsbrunnar i jord och berg.

Som en utgangspunkt for modeller for framtida forhallanden har en MIKE SHE-modell utvecklats

for att representera dagens hydrologiska och ytnira hydrogeologiska forhallanden i Forsmark.
Modellen baseras pa de MIKE SHE-modeller som tagits fram for SDM-Site och SR-Site, det vill sdga
platsbeskrivningen respektive sikerhetsanalysen for det planerade slutforvaret for anvant kdrnbrénsle.
I modellen beaktas nyligen uppdaterade, underliggande modeller av platsens topografi och batymetri,
jordforhallanden (ytfordelning, djup och stratigrafi) samt hydrogeologiska egenskaper i berg.

Som del av modellutvecklingen kalibrerades MIKE SHE-modellen med data fran langtidsmonitering
av grundvattennivaer i jord och berg, ytvattennivéaer och vattenforing i backar. Under kalibrerings-
processen gjordes endast mindre justeringar i modellen. Exempel pa sddana justeringar r anpassningar
1 modellen av klassindelningen av den ométtade zonen samt att den hydrauliska konduktiviteten

for glaciallera under sjoar 6kades. Den framtagna MIKE SHE-modellen beddms som rimlig.
Specifikt aterskapar modellen moniteringsdata med tillrdcklig noggrannhet som utgangspunkt for
modeller for framtida forhillanden. Den modellberdknade kumulativa vattenféringen nedstroms en

av sjoarna i omradet, Eckarfjérden, utgdr endast 80 % den av uppmitta ackumulerade vattenforingen.
Bedomningen &r att detta modellberdknade underskott har liten eller ingen inverkan pa modelleringen
av framtida forhéllanden vid SFR eller nedstroms belédgna omriden.

I MIKE SHE-modelleringen av framtida forhéllanden beaktas tva tempererade klimatfall, nimligen
dagens klimat, som bendmns som normalaret, och ett potentiellt blott och varmt framtida klimat.
MIKE SHE-modeller etablerades for de framtida tidpunkterna ar 3000, 5000 och 11 000, genom att
nyttja modelleringsresultat for forskjutning av strandlinjen mot havet och annan landskapsutveckling.
Sadana processer innebdr att nya sjoar kommer att bildas, gradvis fyllas igen med gyttja och torv och
overga till att bli myrar. Ar 3000 ir strandlinjen beléigen direkt nedstrdms SFR. Ar 5000 representerar
ett mellanliggande steg, da det finns béade sjdar och myrar i modellomradet. Ar 11 000 ir alla tidigare
sjoar igenfyllda.

Regionala MIKE SHE-modeller etablerades for de ndimnda tidpunkterna for att erhélla externa
randvillkor for lokala modeller, som i sin tur anvidndes i analyser av biosfarsobjekt. Dessa objekt
representerar delomraden i det framtida landskapet som kan paverkas av potentiella radionuklid-
utslapp fran SFR. Ett huvudsakligt underlag for biosfarsobjektens avgransningar ar utstromnings-
omrdden vid overgingen mellan berg och jord, och som berdknats for partiklar som sléppts frdn SFR
1 DarcyTools-modelleringen av bergets hydrogeologi. De lokala MIKE SHE-modellerna anvindes
for att ta fram olika typer av modelleringsresultat som representerar normalaret vid varje framtida
tidpunkt, med tillhérande strandlinje och landskapsbeskrivning. Inverkan av ett bl6tt och varmt
klimat pd hydrologi och ytnira hydrogeologi analyserades med modellen for ar 5000.

Modelleringsresultaten visar att for ett visst landomrade har igenfyllnad av sjoar och andra landskaps-
utvecklingsprocesser storre, men dnda inte dramatiska, effekter pa evapotranspiration och avrinning
jamfort med sjilva strandlinjeforskjutningen. Ar 11 000, nir alla tidigare sjdar i det betraktade omradet
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ar igenfyllda och har 6vergétt till att bli myrar, &r evapotranspirationen 5-10 % ldgre och avrinningen &r
nagot hogre jamfort med ar 5000. Jimfort med strandlinjeforskjutning och annan landskapsutveckling
har det blota och varma klimatfallet mycket storre inverkan pa vattenbalansen. Néra strandlinjen, da
den passerar, dndrar strandlinjeforskjutningen riktningar pa hydrauliska gradienter i den 6vre delen av
berget. P4 motsvarande sitt som i dagens landomraden, styr markytans topografi fordelningen av in-
och utstromningsomraden i jord i nytillkommande landomréaden. I nytillkommande landomraden har
déremot topografin mindre betydelse for de vertikala hydrauliska gradienterna i berget.

Avsténdet till strandlinjen har en liten inverkan péa djupet till grundvattenytan i nytillkommande
landomraden, och enligt resultat frain MIKE SHE-modelleringen minskar betydelsen med avstandet.
I rapporten visas hur landskapsutvecklingen péverkar vattenforingen i backarna. Frdnvaron av sjdar
innebdr att landskapet 4r 11 000 karaktdriseras av mindre evapotranspiration och mer avrinning
jamfort med landskapet ar 5000. Ar 5000 reducerar och forlinger sjdarna flddestopparna och ger
basflode under 18gflodesperioder. Detta innebér att bickarna generellt har tydligare flodestoppar
ar 11 000, da de tidigare sjoarna ar igenfyllda och dvergétt till att bli myrar.

Rapporten sammanfattar uppehallstider och fléden mellan marina bassénger, som berdknats

med modelleringsverktyget MIKE 3 FM. Vidare har totalt 27 typer av vattenflodeskomponenter
harletts for tempererade forhallanden med vattenbalansverktyget i MIKE SHE och levererats for sju
avgransade biosfarsobjekt. Dessa komponenter representerar vattenfloden in till och ut fran objekt
samt floden mellan olika delar av radionuklidtransportmodellen. Ar 3000 ir alla objekt beligna under
havet och grundvattnets nettofléden &r sma. I rapporten visas att strandlinjeforskjutningens inverkan pa
grundvattnets nettofldden beror pa avstandet till strandlinjen. Detta innebér att strandlinjeforskjutningen
ger olika fordndringar av nettoflodena for olika biosfarsobjekt under perioderna ar 3000-5000, da
objekten stiger upp ur havet, och ar 5000—11 000, da tidigare sjoar fylls igen.

Periglaciala forhallanden med permafrost har stor inverkan pa hydrologi och ytndra hydrogeologi.
Sadana forhédllanden karaktériseras av relativt korta, hydrologiskt aktiva perioder i samband med
snosmaltning. Under denna period sker en omfordelning av vatten pd markytan och i det ovan
permafrosten beldgna aktiva lagret, vilket &r ett relativt tunt lager som omvéxlande utsétts for frysning
och upptining. Genomgéende talikar, det vill séga ofrusna “fonster” i permafrosten, utgdr en koppling
mellan det djupa, ofrusna grundvattenflodessystemet och ytsystemet, och &r dédrfér hydrogeologiskt
viktiga i ett permafrostlandskap. Vattenflodeskomponenter har hérletts och levererats till modelleringen
av radionuklidtransport for tvd potentiella talikar i ett framtida permafrostlandskap i Forsmark.
Dessa tva talikar representerar en sjo och en vatmark, som sammanfaller med DarcyTools-berdknade
utstromningsomraden i ett permafrostlandskap.

Utokade hydrologiska analyser har genomforts for tempererade klimatforhallanden for ett av biosfars-
objekten, 157 2, som dr en framtida myr som inte genomgar ett sjostadium efter det avskiljts fran
havet. Enligt partikelsparning som utforts med DarcyTools kommer detta objekt, i hindelse av ett
framtida utslapp fran SFR, sannolikt att ta emot den storsta delen av det radionuklidinnehéllande
grundvattnet. En av analyserna behandlar betydelsen av objektets avgrinsning for de fldden som
anvinds i modelleringen av radionuklidtransport. Det lagsta MIKE SHE-berdknade, uppatriktade
grundvattenflodet erhélls om det avgriansade objektet endast innehaller potentiell jordbruksmark med
lagpermeabla jordarter. Det storsta nettoflodet erhalls om objektsavgransningen foljer delomraden
med uppatriktade hydrauliska gradienter och en hog densitet av DarcyTools-berdknade utstromnings-
punkter. Vidare anvindes MIKE SHE for att undersoka inverkan av hur ytvattenfloden i omréadet
mellan objekt 157 2 och det nedstroms beldgna objektet 157 1 hanteras i modellen. Analysen visar
att vattenbalansen for objekt 157 2 dr ganska okénslig for huruvida ytvattenflodena antas ske genom
ytavrinning eller via en back.

I rapporten hanteras vattenhushdllning for olika typer av framtida, sjdlvforsorjande samhéllen.
Specifikt presenteras analyser av hydrologiska fragestillningar som é&r relaterade till jordbruk och
vattenanvéindning for ménniskor, boskap och bevattning. Analyserna av framtida jordbruk fokuserar
pé konceptuella beskrivningar samt parameteriseringar av perkolation respektive grundvattenupptag
1 den del av radionuklidtransportmodellen som representerar ett biologiskt aktivt lager ovanfor
grundvattenytan. Rapporten diskuterar dven dikning av jordbruksmark, i termer av dikningsdjup,
markséttningar till f61jd av dikning samt dikningens effekter pa in- och utstrdmning av grundvatten
och avrinning.
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Baserat pé litteraturdata presenterar rapporten uppskattningar av framtida vattenanvindning for
manniskor, boskap och bevattning, och den analyserar kvantitet och kvalitet for potentiella yt- och
grundvattentékter i det framtida landskapet i Forsmark. Enligt rapporten kommer det sannolikt att
finnas tillrackligt med yt- och grundvatten av tillfredsstdllande kvalitet for sjalvforsérjande invanare.
Det kan inte uteslutas att jordbrunnar eller bergborrade brunnar kommer att anvéndas av framtida
Forsmarksinvéanare. Baserat pA MIKE SHE- och DarcyTools-analyser presenteras metodik for att
berdkna radionuklidkoncentration i vattenforsorjningsbrunnar. Det ges ocksa rekommendationer
rorande identifiering av en representant for den mest exponerade gruppen, i termer av vatten-
anvandning for de samhéllstyper som beaktas i sdkerhetsanalysen SR-PSU.
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1 Introduction

1.1 Background and setting

The final repository for short-lived low and intermediate level radioactive waste, SFR 1, is located

in Forsmark in northern Uppland, in the immediate vicinity of the Forsmark nuclear power plant
(Figures 1-1 and 1-2). The SFR 1 repository consists of a set of disposal rooms situated in rock at

¢ 60 m depth beneath the sea floor, and is built to receive and after closure serve as a passive reposi-
tory for the low- and intermediate-level, short-lived radioactive waste. The radioactive waste stored
in SFR includes operational waste from Swedish nuclear power plants and from the interim storage
facility for spent nuclear fuel, Clab, as well as radioactive waste from other industry, research institu-
tions and medical care. In order to be able to store also decommissioning waste from the Swedish
nuclear power plants in SFR, an extension of the repository, referred to as SFR 3, is planned.

As a part of the license application for the extension of SFR, the Swedish Nuclear Fuel and Waste
Management Company (SKB) has performed the SR-PSU project. The objective of this project is to
assess the long-term radiological safety of the entire future SFR repository, i.e. both the existing SFR
1 and the planned SFR 3. The SR-PSU project is reported in a series of SKB reports, which includes
a main report (SKB 2014f) and a set of primary references. These include, among others, the reports
denoted as Biosphere synthesis report (summary and synthesis of the biosphere assessment) (SKB
2014a), Climate report (climate and climate-related issues) (SKB 2014b), Radionuclide transport
report (radionuclide transport and dose calculations) (SKB 2014e), FEP report (features, events and
processes) (SKB 2014c¢) and FHA report (future human actions) (SKB 2014d). In addition to these
primary references, the safety assessment is based on a large number of background reports (such as
the present report) and other references.

The biosphere is a key part of the system considered in a safety assessment of a nuclear waste
repository. This is where the main consequences of potential future radionuclide releases from

the repository could arise, and hence radionuclide transport and dose calculations are performed
within the framework of the biosphere assessment. This report belongs to the biosphere part of the
SR-PSU project, SR-PSU Biosphere. SR-PSU Biosphere mainly describes the information needed
to calculate effects on humans and the environment in case of a radionuclide release from SFR. The
calculated effects are then used to show compliance with regulations related to the future repository
performance for time spans up to 100,000 years after closure. Because of the uncertainties associated
with the prediction of future development of the site in this time frame, a number of calculation
cases are analysed to describe a range of possible site developments. For further details of the bio-
sphere assessment and associated tasks, methodology, organisation and report structure of SR-PSU
Biosphere, see SKB (2014a).

1.2 Objectives and scope

The present report is a background report for SR-PSU Biosphere, providing modelling results and
descriptions of hydrology and near-surface hydrogeology at Forsmark. The report is primarily a back-
ground report for the Biosphere synthesis report (SKB 2014a). Specifically, the report presents results
of conceptual and numerical modelling of present hydrological and near-surface hydrogeological
conditions and their future development at Forsmark, on time scales of interest for SR-PSU Biosphere.
Descriptions of groundwater flow in rock and analyses of hydrological and hydrogeological effects of
construction and operation of SFR are reported elsewhere (Ohman 2010, Ohman and Follin 2010a, b,
Ohman et al. 2012, 2013, Odén et al. 2014, SKBdoc 1346469).

SKB R-13-19 11
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Figure 1-1. Location of Forsmark in norther Uppland. The lower map shows the boundaries of the SFR
local and regional model area, respectively, and the location of the SFR 1 facility. The local model area
(or domain) covers the volume that hosts SFR 1 and SFR 3, whereas the regional model domain places the
description of the local domain in a larger context (SKB 2013).
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Figure 1-2. The surface faclities of SFR 1 in the Forsmark harbour.

The modelling includes data evaluations and numerical analyses, primarily using the water-flow
modelling tool MIKE SHE. In contexts of groundwater flow and transport in rock, the report utilises
results from DarcyTools, which is a modelling tool specifically developed to analyse groundwater flow
and transport in fractured rock. Descriptions are presented both on landscape scale and for specific
subareas (biosphere objects), including flow parameters required for radionuclide transport and

dose calculations. Moreover, the report recommends how potential future land and water-resources
management at Forsmark shall be handled in the SR-PSU project, including near-surface drainage
of agricultural land, surface-water supplies and water-supply wells in regolith and rock.

The modelling and results presented in this report build on previous safety assessments for existing
and planned nuclear waste repositories in Sweden. The SFR repository has been in operation since
1988 and a number of safety assessments have been performed for the repository since SKB received
permission to start building SFR 1 in 1983. These include the previous SFR safety assessments SAFE
(Kautsky 2001, Lindgren et al. 2001) and SAR-08 (SKB 2008a). Moreover, the site description SDM-
Site (Bosson et al. 2008, Johansson 2008, SKB 2008b) and the safety assessment SR-Site (Bosson et al.
2010, SKB 2011) were produced for the planned repository for spent nuclear fuel in Forsmark. The
description of present hydrological and near-surface hydrogeological conditions at Forsmark presented
in the site description SDM-PSU (SKB 2008c, 2013) is mainly based on SDM-Site. The present report
considers longer time-series datasets and models developed subsequent to SDM-Site, as well as models
of e.g. future landscape development that have been updated subsequent to SR-Site.

Section 1.3 summarises modelling methodology and tools, whereas Chapter 2 describes data and
models used for the conceptual and numerical modelling. Chapter 3 presents the MIKE SHE model
setups representing present and future conditions at Forsmark. Chapter 4 and Chapter 5 present
conceptual and numerical modelling results and associated descriptions of present (Chapter 4)

and future (Chapter 5) conditions at Forsmark on a landscape scale. Chapter 6 analyses impacts
on hydrology and near-surface hydrogeology of drainage and wells, whereas Chapter 7 presents
numerical modelling results for biosphere objects, i.e. areas that may be affected by a potential future
release of radionuclides from SFR. For readability, many figures are assembled in appendices at the
end of the report.

This report uses the coordinate systems RT 90 2.5 gon V/0:15 (X, Y) and RHB 70 (Z), i.e. vertical
(Z) coordinates are expressed in terms of elevation (m) above the RHB 70 datum (0 m elevation).
Moreover, some parameters and properties, e.g. depth to the groundwater table, are commonly
expressed in terms of depth below the ground surface. Accordingly, the abbreviation mbgs used
in this report means metres below the ground surface.

SKB R-13-19 13



1.3 Modelling methodology and tools

Descriptions of present and future conditions presented in this report are based on data evaluations
and numerical analyses, primarily using the water-flow modelling tool MIKE SHE. Evaluations

of meteorological, hydrological and hydrogeological monitoring data are presented in a separate
report (Werner et al. 2013). The MIKE SHE modelling tool (Graham and Butts 2005, DHI Software
2012) is used in the SR-PSU project for numerical modelling of surface and near-surface water flow
and solute transport. MIKE SHE is a dynamic, physically based modelling tool that describes main
processes in the land phase of the hydrological cycle, including precipitation (rain or snow), evapo-
transpiration (ET), overland flow (OL), water flow in the unsaturated zone (UZ), and groundwater
flow in the saturated zone (SZ).

MIKE SHE is fully integrated with a channel-flow modelling tool, MIKE 11. The exchange of
water-flow data between these two models takes place during simulation. In the present study initial
and boundary conditions from regional MIKE SHE models, established for present (2000 AD) and
future conditions (3000, 5000 and 11,000 AD), are used to set up local models for the area in the
vicinity of SFR.

In the SR-PSU project, advective solute transport is modelled using the particle-tracking module of
MIKE SHE. In such simulations, inert “water parcels” are tracked as they are advected in the three-
dimensional groundwater flow field in the model volume. The resulting groundwater flow paths
connect starting and exit locations and can be used for calculation of associated particle travel times.
In MIKE SHE, particles can only be tracked in the saturated zone (SZ). For further details regarding
modelling of water flow and solute transport in MIKE SHE, see DHI Software (2012) and Bosson
et al. (2010).

The MIKE SHE water-balance tool is used to produce all water-balance results presented in this
study. Specifically, this is a post-processing tool for generating water-balance summaries from MIKE
SHE simulations. Water-balance outputs include area-normalised flows (storage depths), storage
changes, and model errors for individual model components (e.g. unsaturated-zone evapotranspira-
tion components). A water balance can be generated at a variety of spatial and temporal scales. For
further details regarding the MIKE SHE water balance utility, see DHI Software (2012).
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2 Data and models

This chapter describes data and models used in the SR-PSU project for description of present (Section 2.1)
and future (Section 2.2) hydrological and near-surface hydrogeological conditions at Forsmark, with
emphasis on data and models updated subsequent to SDM-Site and SR-Site (cf Section 1.2).

21 Data and models representing present conditions
2.1.1 Topography and bathymetry

The DEM (digital elevation model) used in the SR-PSU project is presented in Stromgren and
Brydsten (2013), see Figure 2-1. In terrestrial areas, the DEM is based on field inspections and
aerial photographs taken from an altitude of 2,300 m. In marine areas, the DEM is constructed
using a combination of nautical charts, supplementary depth probing and marine-geological surveys
(Elhammer and Sandkvist 2005, Nyberg et al. 2011).

In land areas of the Forsmark area, elevation differences are usually less than 20 m. Prominent
topographical features of the landscape are the relatively small glacial landforms like eskers. The
highest observed point is at 50 m elevation and is located in the south-western part of the DEM area.
The marine areas have a gentle slope towards the northwest. A deep trough (Grasérdnnan) runs in
the north-south direction in the eastern part of the embayment, and the lowest point (-55 m elevation)
is located in the northern part of this trough.

1625000 1630000 1635000 1640000 1645000

Present shoreling o 1 2 4 km
[ —
Bl "
) i Bakgrundskartor © Lantmatenst A
Digital elevation model (20x20 m) SKEUTH 20710826 1133
[ High : 50 mas)
L Low:-55mas.l

Figure 2-1. DEM (digital elevation model) of the Forsmark area, including the bathymetry (bottom level)
of lakes and the near-coastal sea. The map shows present lake shorelines, the present shoreline towards
the sea, and the location of the existing SFR facility.
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2.1.2 Surface distribution, depth and stratigraphy of regolith

In the Forsmark area, as in other parts of Sweden, most regolith, i.e. unconsolidated deposits

above the rock, was formed during or after the final phase of the latest glaciation (c 8800 BC). The
regolith can therefore also be referred to as Quaternary deposits. The surface distribution of regolith
in Forsmark is typical for areas located below the highest postglacial coastline. The description of the
surface distribution of regolith is presented in Sohlenius et al. (2013a), see Figure 2-2. This description
is based on Hedenstrom and Sohlenius (2008) and recent, supplementary depth probing and marine-
geological surveys of the sea floor outside Forsmark (Nyberg et al. 2011).

In the highest topographical areas till is the dominant type of regolith. Till occupies some 65% of
the surface in terrestrial areas and 30% of the sea floor outside Forsmark. As indicated in Figure 2-2,
the shallowest areas and islands have a high proportion of exposed rock. The glaciofluvial deposit
Borstilasen has N—S and NW-SE directions along the coast of the mainland, and continues at the

sea floor east of SFR. Glacial clay, which is often covered by postglacial sand, primarily occurs in
sea-floor depressions and below present lakes. Postglacial clay gyttja, which is rich in organic material,
is predominantly found and is presently deposited in shallow bays and at the deepest parts of the sea
floor. Gyttja, which mainly consists of organic material, is currently deposited in the lakes. Peat is
accumulating in fens and along lake shores. As shown in Figure 2-2, till dominates the sea floor around
the pier of the SFR facility, whereas sand-covered glacial clay occurs in the lower topographical areas
of the sea floor.
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Figure 2-2. Surface distribution (at the mapping depth 0.5 m) of regolith and areas with exposed rock in
the Forsmark area. Note that lakes and the sea are shown without surface water.
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An RDM (regolith depth and stratigraphy model) has been developed to provide a geometric model
of regolith depths and layers at landscape level (Sohlenius et al. 2013a). The RDM is based on
Hedenstrom et al. (2008) and supplementary probing and geological surveys in marine (cf above)
and terrestrial areas (e.g. Sohlenius and Hedenstrom 2009, Werner et al. 2009). In the RDM,

the regolith is subdivided into a number of layers, denoted Z2—Z6 (see Table 2-1). As shown in
Figure 2-3, the general top-down stratigraphical distribution of regolith in Forsmark is bog peat
(layer Z2, youngest), gyttja (present below lakes), clay gyttja (present in coastal areas and below
lakes), postglacial sand and gravel, glacial clay, glaciofluvial sediments, and till (layer Z5, oldest).
Note that all these layers are not present everywhere.

The total regolith depth in the RDM area (Figure 2-4) varies between 0.1 and 47 m. The coastal
zone and the islands (including the coastal zone of the island of Gridso) are characterised by thin
regolith and frequent rock outcrops. Generally, the regolith is deeper in the marine area (average
depth ¢ 8 m), whereas the average depth in the land area is ¢ 4 m. The regolith thickness is 1-4 m
on the sea floor around the SFR pier.

2.1.3 Hydrogeological description of the rock

Modelling of groundwater flow in rock at SFR was previously performed within the SAFE and
SAR-08 safety assessments (Holmén 2005, 2007, Holmén and Stigsson 2001a, b), whereas the
SDM-PSU/SR-PSU modelling is presented in Ohman (2010), Ohman and Follin (2010a, b), Ohman
et al. (2012, 2013), and Odén et al. (2014). Figure 2-5 shows the boundaries of the flow-modelling
domain (red line) defined for the SR-PSU project (Odén et al. 2014). This domain has its bottom
boundary at —1,100 m elevation, whereas its lateral boundaries take into account present and future
water divides set by the DEM and the subsea trough Grasordnnan (cf above).

Table 2-1. Layers in the RDM (Sohlenius et al. 2013a).

Layer Description Comments

Z1 Surface layer Upper 0.6 m of the regolith and modelled as the upper 0.1 m of rock
outcrops; represents regolith affected by soil-forming processes

Z2 Fen peat, bog peat

Z3a Postglacial sand and gravel

Z3b Glaciofluvial sediments

Z3c Avrtificial fill

Z4a Gyttja/clay gyttja

Z4b Glacial clay

Z5 Till

6 Uppermost rock Upper 0.5 m of rock outcrops, upper 0.6 m of rock in other areas

Wetland

Figure 2-3. General stratigraphy of the RDM (Sohlenius et al. 2013a).
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Figure 2-4. Modelled total regolith depth at Forsmark (Sohlenius et al. 2013a).
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Figure 2-5. Boundaries of the SFR regional model domain (Regional domain, SFR) (SKB 2013), the SDM-
Site regional model domain (Regional domain, Forsmark SDM; site investigations for a final repository
for spent nuclear fuel) (SKB 2008b) and the domain for modelling of groundwater flow in the rock in

the SR-PSU project (Hydrogeological domain, SFR) (Odén et al. 2014).
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The MIKE SHE model has its bottom boundary at —634 m elevation, and hence requires input data
describing the hydrogeological properties of the rock. The hydrogeological modelling of the rock
divides the rock into HCD (Hydraulic Conductor Domain, representing deterministic deformation
zones), HRD (Hydraulic Rock-mass Domain, which involves a stochastic representation of less
fractured rock between deformation zones), and SBA structures, which represent a network of
predominantly sub-horizontal fractures of elevated transmissivity (e.g. Odén et al. 2014).

Figure 2-5 displays the boundaries of the regional model domain defined for the PSU project
(Regional domain, SFR). The PSU site investigations (SKB 2013) mainly involved investigations
of the rock in a local model domain (cf Figure 1-1). Moreover, the geological and hydrogeological
descriptions of the rock performed within SDM-PSU concern the regional model domain, whereas
the descriptions of the rock outside this domain are taken from SDM-Site/SR-Site (e.g. Stephens
et al. 2007, Joyce et al. 2010).

The groundwater-flow modelling comprises data evaluations (Ohman and Follin 2010a, Ohman et al.
2012), within the context of the SDM-PSU geological model (Curtis et al. 2011), and groundwater-
flow modelling, using the numerical water-flow modelling tool DarcyTools (Svensson et al. 2010)
within the SDM-PSU (Ohman et al. 2013) and SR-PSU projects (Odén et al. 2014). DarcyTools

is a modelling tool specifically developed to analyse groundwater flow and transport in fractured
rock. Data evaluations comprise the site investigations performed prior to (1980-1983) and during
(1984-1986) the construction of the SFR 1 facility, site investigations related to construction of the
discharge tunnels from the Forsmark nuclear power plant, relevant data from site investigations for

a final repository for spent nuclear fuel (2002—2007), and site investigations for the planned SFR 3
facility (2008-2009).

For the regional model area, a number of model variants were investigated and evaluated as part

of the DarcyTools modelling, including HCD, HRD, flow resistance (skin) at the tunnel walls of
SFR 1, and the hydraulic contact between the sea and the rock above SFR across sea-floor sediments
(Ohman et al. 2013, Odén et al. 2014). For instance, model variants were evaluated by comparing
flow-modelling results to measured inflow to SFR 1 and groundwater levels in surface and tunnel
boreholes, including transient developments of inflow and heads after completion of SFR 1.

As a result of these above evaluations, a base case model (denoted BASE CASE1 _DFN_R&5) of
the hydrogeological properties of the rock was delivered from the DarcyTools model to be used

in the MIKE SHE modelling in the SR-PSU project. Specifically, the delivered model considers
homogeneous transmissivity, coupled with a depth trend, for HCD (BASE_CASE1), whereas the HRD
(DFN_RS85) is represented by a DFN realisation with large fractures connecting rock vaults in the
SFR 1 facility (Odén et al. 2014). Note that hydrogeological properties of the rock were delivered from
another modelling tool (ConnectFlow) in the MIKE SHE modelling in SR-Site (Bosson et al. 2010).

The DarcyTools delivery to MIKE SHE contains the parameters K, and K, (hydraulic conductivity in
two horizontal directions), K, (vertical hydraulic conductivity) and porosity. The delivered data have
a horizontal spatial resolution of 40 by 40 m from the rock surface to —634 m elevation, whereas the
vertical spatial resolution is 4 m down to —170 m elevation and 16 m below this level. Spatial averag-
ing of the delivered data was required, due to the vertical discretization of the MIKE SHE model
and its limited capability to represent anisotropic hydrogeological properties in the horizontal plane
(see Section 3.1.4). Figures 2-6 and 2-7 show examples of resulting horizontal and vertical hydraulic
conductivities of the rock (¢ —40 m elevation). In these figures, one can see the extensions of fracture
zones and also the high horizontal hydraulic conductivity of structures recognised as sheet joints (cf
Follin 2008). The post-processed (averaged) hydrogeological-properties data of the rock were used
directly in the MIKE SHE model, and no further data adjustments were hence made during the MIKE
SHE modelling process.
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2.1.4 Hydrogeological properties of regolith

Table 2-2 summarises values of K;, (horizontal hydraulic conductivity), K, (vertical hydraulic
conductivity), S, (specific yield) and S; (specific storage coefficient) assigned to each regolith type.
These values are identical to those assigned by Bosson et al. (2010).

2.1.5 Geometries of lakes and streams

Figure 2-8 shows the present stream network represented in MIKE 11. Geometrical data for present
lakes and streams are obtained from Bosson et al. (2010). These data include measured lake thres-
holds and bathymetries, and measured cross sections and bottom elevations (Brydsten and Stromgren
2004). In MIKE 11, it was required to adjust some local stream stretches and cross-section elevations
to obtain a numerically stable match between stream sections and the local ground-surface topogra-
phy as specified by the DEM (see Section 3.1.2).

2.1.6 Monitoring data for description of boundary conditions and for model
calibration

As described further below, in MIKE SHE the upper boundary condition is represented as daily time
series of precipitation and potential evapotranspiration (PET), whereas near-surface air temperature
is required to calculate snow accumulation and snow melt during simulation. Moreover, in offshore
(sea) areas of the model domain, the sea is represented by a geological layer of highly permeable
material and a time-varying head equal to sea-level time series.

The MIKE SHE modelling of present conditions is conducted using the meteorological and sea-level
data sets presented in Werner et al. (2013). Specifically, Werner et al. (2013) compile and analyse
data sets up to the end of 2010, thereby extending the corresponding SDM-Site data sets (that extend
up to March 31, 2007) by more than three years. Figures 2-9 to 2-12 show time-series plots of daily
precipitation (Figure 2-9), PET (Figure 2-10), near-surface air temperature (Figure 2-11; measured

2 m above ground) and sea level (Figure 2-12; SKB gauging station PFM010038), which represent
the upper boundary condition, input for calculation of snow accumulation/snow melt and the sea-level
boundary condition in the present-day MIKE SHE model setup. The two highest sea-level peaks
seen in Figure 2-12 were caused by the two storms named Gudrun and Per, which occurred in
January 2005 and January 2007, respectively.

Table 2-2. Hydrogeological properties of layers of the RDM. As also done in Bosson et al. (2010),
K, is multiplied by a factor of 2 in the catchment area of Lake Eckarfjarden.

QD type K, (m-s™) K, (m-s™) S, (-) Ss (m™)
Z1: Surface layer
Tl 1.5-10™ 1.5-10°° 0.15 0.001
Gyta 3.0-107 3.0-107 0.03 0.006
Clay 5.0-10°° 5.0-107 0.05 0.006
Sand 7.5-10% 7.5-10° 0.20 0.004
Peat 5.0-10° 5.0-107 0.20 0.020
Rock 1.0-1077 1.0-107 0.15 0.001
Z2: Fen peat, bog peat 3.0-107 3.0-107 0.05 0.005
Z3a: Postglacial sand and gravel 1.0-10™* 1.0-10* 0.20 0.350
Z3b: Glaciofluvial sediments 1.0-10™* 1.0-10* 0.20 0.350
Z3c: Artificial fill 1.0-10% 1.0-107* 0.20 0.350
Z4a: Gyttja/clay gyttja 1.5:10°® 1.5:10°® 0.03 0.006
Z4b: Glacial clay 1.5-108 1.5-10° 0.03 0.006
Z5: Till
Fine till 5.0-1077 5.0-108 0.05 0.001
Coarse till  7.5-10° 7.5-107 0.03 0.001
Z6: Uppermost rock 1.5:10°° 1.5:10°° 0.15 0.001
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Figure 2-8. MIKE 11 stream network in the MIKE SHE regional model area (2000 AD), cf Section 3.1.1.
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Figure 2-9. Time-series plot of daily and totally accumulated precipitation for the period 2003—2010
(Hogmasten meteorological station).
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Figure 2-10. Time-series plot of daily accumulated PET (potential evapotranspiration) for the period
2003-2010 (Hégmasten meteorological station).
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Figure 2-11. Time-series plot of daily average near-surface air temperature (Hogmasten meteorological
station).
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Figure 2-12. Time-series plot of daily average sea level at gauging station PEM01000338.

For the full seven-year period 2004-2010, the average annual precipitation, PET and near-surface air
temperature was 589 mm, 509 mm, and 6.7°C, respectively. For the full three-year period 2004-2006
of the corresponding SDM-Site data sets (Johansson 2008), the average annual precipitation was less
(537 mm) whereas the average annual PET and near-surface air temperature was identical (509 mm)
and almost identical (6.9°C) to the prolonged data set of this study. The MIKE SHE modelling of
SDM-Site and SR-Site (Bosson et al. 2008, 2010) used meteorological data from two SKB meteoro-
logical stations (Hogmasten and Storskéret). The Storskéret station was decommissioned in 2007, and
only Hégmasten data are used in the present MIKE SHE model setup.

As described further in Section 3.3, quality check and calibration of the present-day regional model
were performed by comparing modelling results with hydrological and hydrogeological monitoring
data (see summary in Werner et al. (2013)) from the Forsmark site. The data sets used for quality check
and model calibration include daily averages of groundwater levels in regolith (groundwater-monitoring
wells) and rock (percussion boreholes), surface-water levels and stream discharges. The present study
uses the same set of groundwater-monitoring wells, percussion boreholes, surface-water level and
stream-discharge gauging stations as was used in the SDM-Site and SR-Site MIKE SHE modelling.
For an overview of the locations of these monitoring installations, see Bosson et al. (2008, 2010).

2.1.7 Vegetation and land use

As one of the inputs to evapotranspiration calculations in MIKE SHE, temporally variable vegetation
parameters, such as leaf-area index and root depth, must be specified for each type of vegetation and
land-use type represented in the model domain. The assignment of present vegetation and land-use
types and associated parameters in MIKE SHE (Section 3.1.6) is a simplification of the detailed
vegetation and land-use map presented in Lofgren (2010). Figure 2-13 shows a map of present
vegetation types implemented in MIKE SHE. As shown in the figure, vegetation and land-use types
are in the MIKE SHE model setup divided into water, deciduous forest, coniferous forest, mixed
forest, arable land, wetland and artificial fill.
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Figure 2-13. Vegetation types implemented in MIKE SHE.

2.1.8 SFR representation in MIKE SHE

Figures 2-14 and 2-15 show the layout of the existing SFR 1 facility and also the planned SFR 3
facility (layout version L1). The SFR 1 rock caverns (1IBMA, 1BLA, 2BTF and 1BTF) are located
at ¢ —70 to =90 m elevation, whereas the Silo in SFR 1 has its bottom level at —133 m elevation. The
planned SFR 3 rock caverns (1BRT, 2BLA, 3BLA, 4BLA, 5SBLA and 2BMA) are located at ¢ —120
to —140 m elevation, parallel to the SFR 1 rock caverns. The existing SFR 1 facility is implemented
in the MIKE SHE model setup for description of present conditions, whereas both layouts (SFR 1
and SFR 3) are used as starting positions for particle tracking in models of future conditions (see
Sections 2.3 and 5.8).

In the present-day model setup, SFR 1 has been implemented as pipe links with reduced (i.e.
atmospheric) pressure in MOUSE, which is a modelling tool originally developed for urban hydrology
purposes and pipe-flow hydraulics (DHI Software 2010). The water flow from MIKE SHE to MOUSE
(i.e. the inflow of groundwater to the SFR 1 facility) is included as a sink term in MIKE SHE. For
further details on the representation of SFR 1 and the integration of MIKE SHE and MOUSE, see
Martensson and Gustafsson (2010) and Mértensson et al. (2010).

It is noted that the subsurface cooling-water tunnels from the Forsmark nuclear power plant (Carlsson
and Christiansson 2007) are not included in the present-day model setup. These tunnels are not
pressurised and they are not empty even at zero power production at the plant, but rather act as
links between communicating vessels in the form of surge pools at the power plant and the sea
(UIf Modin, FKA-F12CT, personal communication 2012). It is therefore assumed that they do not
act as pressure boundaries or drains in the rock that must be accounted for in the model setup.
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Figure 2-14. Side view of the layout of waste-containing rock caverns and Silo of the existing SFR 1

facility (grey), and rock caverns of the planned SFR 3 facility (blue).
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Figure 2-15. Plan view of SFR [ (orange) and SFR 3 (blue; layout version L1). In the MIKE SHE model
for present conditions, SFR 1 is implemented using the MOUSE modelling tool.
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2.2 Data and models representing future conditions
2.2.1 Climate, topography, bathymetry and shoreline displacement
Climate

Meteorological parameters required for MIKE SHE calculations include precipitation, near-surface
air temperature and potential evapotranspiration. The main climate cases in the SR-PSU project,
global warming and extended global warming, are characterised by a warmer and wetter climate
compared to present conditions (SKB 2014b). Specifically, the global warming climate case has

a maximum temperature increase of ¢ 3—4°C (at ¢ 2700 AD), whereas the extended global warming
climate case has a maximum temperature increase of ¢ 6°C (at ¢ 3000 AD). The maximum precipita-
tion increase compared to present conditions is estimated to ¢ 25-30%.

Two temperate climate cases, present-day climate and a possible wetter and warmer future climate,
are considered in this study to analyse the hydrological responses to shifts in climate and landscape
shifts (i.e. shoreline and vegetation). These two temperate climate cases are identical to those of
Bosson et al. (2010). The influence of periglacial conditions and permafrost is described separately
(Section 5.8).

The present-day climate case is represented by locally measured meteorological data during a
selected period (October 1, 2003—September 30, 2004; average of the Hogmasten and Storskéret
meteorological stations). During the period 2003—2007, the selected one-year period has an accumu-
lated precipitation that is close to that of the reference normal period 1961-1990, both on a monthly
and annually basis (Bosson et al. 2010). Specifically, the selected one-year period, which in the fol-
lowing is referred to as the normal year, has an annual average air temperature of 6.4°C (minimum
—13.2°C and maximum 23.4°C) and an accumulated precipitation of 583 mm. The annual average air
temperature for the normal year is almost identical to the annual average for the period 2004-2010
(6.7°C). Moreover, the accumulated precipitation during the normal year (583 mm) is slightly above
the estimated annual average (559 mm) for the reference normal period (Johansson 2008) and close
to the annual average precipitation (589 mm) for the period 2004-2010 (Section 2.1.6).

The wetter and warmer climate case is represented by meteorological data available in Kjellstrom

et al. (2009). Specifically, Kjellstrom et al. (2009) present meteorological data for a wet period of
50 years, having an annual average precipitation of ¢ 1,280 mm. In this data set, Bosson et al. (2010)
found a three-year period that includes both a very wet year and a year with an accumulated precipi-
tation that is close to the 50-year average. The chosen period, which in the following is referred to as
the wet and warm climate case, has an annual average air temperature of 7.7°C (minimum —16.1°C
and maximum 24.2°C). The annual average precipitation is ¢ 1,500 mm, i.e. almost three times the
accumulated precipitation during the normal year. For further details on data-selection processes and
meteorological data for the normal year and the wetter and warmer period, see Bosson et al. (2010).

Topography, bathymetry and shoreline displacement

For each future time considered in this report, Brydsten and Strémgren (2013) present data on ground-
surface topography and bathymetry of lakes and the sea. The maps in Figure 2-16 show the modelled
topography and bathymetry at 3000, 5000 and 11000 AD. Green colours represent areas above sea
level, whereas blue areas are surface waters (lakes or the sea).

Future shoreline displacement, as described in Brydsten and Stromgren (2013), is taken into
account in the MIKE SHE modelling. Specifically, the location of the shoreline at 3000 AD (-5.92 m
elevation), 5000 AD (—16.60 m elevation) and 11,000 AD (—41.97 m elevation) is used to define

the sea boundary at these times. Figure 2-17 shows the present shoreline and land areas formed due

to shoreline displacement, implemented in the MIKE SHE regional and local model areas between
2000-3000 AD, 3000-5000 AD and 5000—11,000 AD. The sea has left the regional and local model
areas at 11,000 AD (Brydsten and Stromgren 2013). As can be seen in the upper figure of Figure 2-17,
in MIKE SHE at 11,000 AD a small sea area is kept in the north as a boundary condition for the
regional model.
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Figure 2-16. Ground-surface elevation and bathymetries (m elevation) at 3000 AD (upper figure), 5000 AD
(middle figure) and 11000 AD (lower figure). For orientation, the maps show the extents of the MIKE SHE

regional and local model areas (Sections 3.1.1 and 3.3.2), and the largest extents of future lakes in the

landscape model (Brydsten and Strémgren 2013).
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Figure 2-17. MIKE SHE regional (upper figure) and local model area (lower figure, including delineated
biosphere objects), showing the present sea shoreline and land areas formed due to shoreline displacement
between 2000-3000 AD, 3000-5000 AD and 5000—11,000 AD. There is no sea in the regional and local
model areas at 11,000 AD (Brydsten and Stromgren 2013), but in MIKE SHE a small sea area is kept in

the north as a boundary condition for the regional model.
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2.2.2 Regolith, vegetation and land use
Regolith

Data on surface distribution, depth and stratigraphy of regolith at each of the considered future

times are described in Brydsten and Stromgren (2013). Figure 2-18 shows the modelled spatial
distribution of regolith at 3000, 5000 and 11,000 AD, classified according to regolith types utilised
in MIKE SHE (cf Section 2.1.4). The surface distribution of regolith will continuously change

due to continued accumulation of sediment and peat and due to sediment erosion on the sea floor.
Moreover, the proportional distribution of different regolith types in terrestrial areas will change due
to shoreline displacement. In particular, it can be expected that the proportion of terrestrial areas with
clay, and hence the proportion of arable land, will increase as the broad and presently submerged
Oregrundsgrepen valley is uplifted.

As a result of shoreline displacement, new lakes will be formed and subsequently filled with gyttja
and peat. In present terrestrial areas, the proportion of peat will increase significantly due to infill of
shallow lakes and formation of a peat cover on low-lying wetlands. The proportion of peat-covered
areas is also affected by the climate. Specifically, in a colder climate a large proportion of the land-
scape will likely be covered by peat, formed in mires that are mixtures of fens and bogs. A wetter
climate promotes the formation of bogs, whereas a warmer climate with higher evapotranspiration
may prevent bog development.
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Figure 2-18. Maps showing surface distribution of regolith at 3000 AD (upper figure), 5000 AD (middle
figure), 11,000 AD (lower figure), and sea and lake shorelines at each time according to Brydsten and
Stromgren (2013). Note that the regolith types Postglacial marine sediments and Postglacial clay are
merged to the type Clay gyttja and gyttja in the corresponding 2000 AD map (Figure 2-2).
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Vegetation and land use

Spatially and temporally variable vegetation parameters (e.g. leaf-area index and root depth) are
required in the whole model domain at each time for evapotranspiration calculations in MIKE

SHE. A map of vegetation and land use, including associated parameters, was produced for each
time (3000, 5000 and 11,000 AD) using the same methodology as described in Bosson et al. (2010).
Specifically, Bosson et al. (2010) compared the map of surface distribution of regolith of Hedenstrom
and Sohlenius (2008) with the vegetation map of Lofgren (2008, 2010), and thereby identified the
dominating vegetation type associated to each regolith type. The coupling between regolith type and
type of vegetation and land use of Bosson et al. (2010) was adapted to the maps of surface distribution
of regolith at each considered time (Figure 2-18), see Table 2-3. The resulting maps of vegetation and
land use are shown in Figure 2-19.

Table 2-3. Assigned types of vegetation and land use for different regolith types.

Regolith type Type of vegetation or land use
Exposed rock Scots-pine dominated forest
Till Needle-leaved forest

Glacial clay Arable land

Postglacial clay Arable land

Thin layer of postglacial clay Wetland

Other types of regolith Needle-leaved forest
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Figure 2-19. Maps showing modelled surface distribution of vegetation types at 3000 AD (upper figure),
5000 AD (middle figure) and 11,000 AD (lower figure).
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2.2.3 Locations of catchment-area boundaries, lakes and streams

The overview map in Figure 2-20 shows future catchment areas, lakes (maximum extents are
shown) and streams within the MIKE SHE regional model area, according to the landscape modelling
(Brydsten and Stromgren 2013). Figure 2-21 details the temporal development of the stream network
as a result of shoreline displacement during the period 3000—11,000 AD. At each time, MIKE SHE
uses associated catchment-area boundaries in terrestrial areas as no-flow boundaries of the regional
model area (red line in Figure 2-20). As can be seen in Figures 2-20 and 2-21, two streams and their
associated stream discharges cross the downstream parts of the model-area boundary, which other-
wise is described as a no-flow boundary. Moreover, three streams and their associated discharges
cross the upstream part of the model-area boundary, in the west, south, and east.

Catchment-area boundaries, lakes and streams are identified by Brydsten and Stromgren (2013)
using the present-day DEM (Stromgren and Brydsten 2013), whereas the DEM associated to

each considered future time (cf Section 2.2.1) is used to define lakes and streams in the MIKE 11
channel-flow modelling tool. Therefore, compared to the stream network of Brydsten and Stromgren
(2013), in MIKE 11 it was required to adjust some local stream stretches and cross-section elevations
to obtain a numerically stable match between stream sections and the DEM (see also Section 3.4.3).
The implications of these adjustments in terms of hydrological connections between biosphere
objects are described in Section 7.2.
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Figure 2-20. Future catchment areas (basins), lakes and streams within the MIKE SHE regional model
area (Brydsten and Stromgren 2013). The red line represents the MIKE SHE model-area boundary.
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Figure 2-21. Future lakes, streams and sea shoreline within the MIKE SHE regional model area at 3000 AD
(upper figure), 5000 AD (middle figure) and 11,000 AD (lower figure) (Brydsten and Strémgren 2013).

2.3 Delineation of biosphere objects
2.3.1 Biosphere objects for temperate conditions

The groundwater-flow modelling tool DarcyTools was used to identify discharge locations at the inter-
face between rock and regolith for temperate climate conditions. Delineations of so called biosphere
objects in the landscape were based on preceding simulations, whereas the modelling results of Odén
et al. (2014) and Ohman et al. (2014) were used to check these delineations. Biosphere objects are areas
that may be affected by a potential future release of radionuclides from SFR, which implies that deline-
ation and characterisation of such objects and their temporal development are important issues within
the SR-PSU project. Their delineations are inputs to the MIKE SHE modelling, for calculation of water
balances and flow parameters required for radionuclide transport and dose calculations (see Chapter 7).

Similar to the particle-tracking method of MIKE SHE (cf Section 1.1.3), discharge locations are in
DarcyTools identified by tracking inert “water parcels” as they are advected by groundwater flow
in the model volume. Specifically, discharge locations in this case refer to those locations where
particles, released from SFR 1 and SFR 3 into a three-dimensional groundwater-flow field, exit at
the rock-regolith interface.

Specifically, Odén et al. (2014) calculated discharge locations for particles released in stationary,
DarcyTools-calculated groundwater-flow fields at the times 2000, 2500, 3000, 3500, 5000, and
9,000 AD. Figure 2-22 illustrates discharge locations, in the form of particle densities (number of
particles per m?), calculated for the times 3500, 5000 and 9000 AD using the base-case setup of
the rock that was also delivered to MIKE SHE (BASE _CASE1 DFN_RS85), cf Section 2.1.3. In
the particle tracking, 1,000,000 particles were distributed among SFR 1 and SFR 3 facility parts,
proportional to facility volume, and the particles released from each facility part were released
uniformly within each facility volume. It is noted that the flow-modelling domain of Odén et al.
(2014) is enlarged to the north compared to that of Ohman et al. (2013) (cf Figure 2-5).
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Figure 2-22. Overview maps of DarcyTools-calculated discharge locations at the interface between
rock and regolith at the times 3500, 5000 and 9000 AD (Odén et al. 2014). Left: Discharge locations for
particles released from SFR 1. Right: Discharge locations for particles released from SFR 3.
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Based on the discharge-location calculations and also other types of information related to landscape
development, seven biosphere objects are delineated (Figure 2-23; for further details, see SKB 2014a):

* Biosphere object 116: A lake is formed (i.e. separated from the sea) at 4500 AD and it is infilled
(transformed into a wetland) at 9800 AD.

* Biosphere object 121_1: This object is a lake that is formed at 3900 AD and infilled at 6300 AD.

* Biosphere object 121_2: This object is separated from the sea at 3000 AD and thereafter
transformed into a wetland, without passing a lake stage.

* Biosphere object 157 _1: This object is a lake that is formed at 4500 AD and infilled at 5700 AD.

* Biosphere object 157 2: This object is separated from the sea at 3000 AD and thereafter
transformed into a wetland, without passing a lake stage.

* Biosphere object 159: This object is a lake that is formed at 4000 AD and infilled at 7000 AD.
* Biosphere object 160: This object is a lake that is formed at 3300 AD and infilled at 8500 AD.

Discharge-location densities are strongly correlated to the local topography and ground-surface
intercepts of deformation zones (Odén et al. 2014). According to Figure 2-22, discharge locations for
particles that in DarcyTools are released from SFR 1 are rather independent of shoreline displacement.
Most of the SFR 1 discharge locations are found within a low-lying area north of SFR 1, in the vicinity
of the junction between two steeply dipping deformation zones. Discharge locations for particles
released from SFR 3 are located north of the SFR facility but also southeast of SFR 3, which likely
is due to the influence of the SFR pier on groundwater flow in the vicinity of SFR. Up to 5000 AD,
discharge locations for particles released from SFR 3 demonstrate a larger dependence on shoreline
displacement. After 5000 AD, discharge locations are more dependent on the ground-surface
topography than continued shoreline displacement.
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Figure 2-23. Overview map showing the seven delineated biosphere objects.
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As shown in Figure 2-22, there is a high density of DarcyTools-calculated discharge locations at
the rock-regolith interface within biosphere object 157 2, which is a low-lying area north of SFR 1.
For instance, using the DarcyTools model setup at 5000 AD, Odén et al. (2014) found that ¢ 4% of
the groundwater flow from the rock to the regolith within the boundaries of biosphere object 157 2
passes SFR waste-disposal facilities. Moreover, they concluded that from the SFR 1 facility, many
groundwater flow paths in the rock converge to this specific area due to enclosure of three deforma-
tion zones, two steeply dipping and one gently dipping zone just below SFR 1.

2.3.2 Discharge areas for periglacial conditions with permafrost

As described further below (Section 5.8), Odén et al. (2014) used DarcyTools to simulate steady-state
groundwater flow in rock and taliks for permafrost conditions. The figures below show discharge
locations at the interface between rock and regolith for a case with shallow permafrost (—60 m
elevation), for two variants in terms of the locations of potential taliks. Specifically, Figure 2-24
shows discharge locations for a variant with taliks at the two lakes present at 20,000 AD (Brydsten
and Stromgren 2013), whereas the discharge locations in Figure 2-25 are for a variant with taliks both
at lakes and streams present at 20,000 AD (Brydsten and Stromgren 2013), and also at small surface
waters according to the MIKE SHE simulations for temperate conditions at 11,000 AD.

As can be seen in Figure 2-24 (lake taliks only), groundwater flow from the unfrozen system
below the permafrost to the active layer, superimposing the permafrost, is primarily influenced by
the governing regional hydraulic gradient. For this simulation case, less than 1% of the particles
released at SFR discharge north of SFR, whereas more than 99% discharge at the two lakes at the
north-eastern DarcyTools model boundary. It should be noted that in this case, some high-elevation
small surface waters (cf above) were also used as hydraulic boundary conditions, in order to mimic
a regional-scale hydraulic gradient from depth to the discharge locations (Odén et al. 2014).

According to Figure 2-25 (potential taliks at lakes, streams and small surface waters), a higher
density of potential taliks increases the influence of the local topography on the groundwater-flow
pattern, specifically the influence of topographical differences between taliks. For this simulation
case discharge locations are located to areas north of SFR but not at the two lakes at the north-
eastern model boundary.
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Figure 2-24. Overview map of discharge locations (red) for a periglacial simulation representing shallow
permafrost (down to —60 m elevation) and taliks at the two lakes present at 20,000 AD according to the
landscape modelling (Odén et al. 2014).
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Figure 2-25. Overview map of discharge locations (red) for a periglacial simulation representing shallow
permafrost (down to —60 m elevation) and taliks both at lakes and streams present at 20,000 AD according
to the landscape modelling, and also at small surface waters according to the MIKE SHE simulations for
temperate conditions at 11,000 AD (Odén et al. 2014).
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3 Setup of MIKE SHE water-flow models

3.1  Regional model for present conditions
3.1.1 Model domain and grid

The MIKE SHE regional model domain (Figure 3-1) has an area of ¢ 180 km” and a vertical extent
down to —634 m elevation. The model boundaries follow water divides according to the DEM
(Stromgren and Brydsten 2013), and they are therefore adjusted compared to the MIKE SHE
regional model in SR-Site (Bosson et al. 2010).

In the horizontal direction, the regional model has a grid size of 80 m, whereas the grid size
varies with depth in the vertical direction. The regolith is divided into two calculation layers (see
description in Section 3.1.4) and the rock is divided into 14 layers, with a vertical discretization
of 16 m in the upper 100 m of the rock and 32 m down to —234 m elevation. Below this elevation,
there are three calculation layers, with a thickness of 80 m, 128 m and 192 m, respectively, down
to the bottom of the model domain.

3.1.2 Lakes and streams

Lake thresholds, and cross sections and bottom elevations of streams described in Section 2.1.5 were

implemented in MIKE 11. Moreover, parameters characterising the bed resistance in streams (the

so called Manning number, M) and the water exchange between MIKE 11 and MIKE SHE (leakage

coefficient) are equivalent to those of Bosson et al. (2008, 2010).
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Figure 3-1. MIKE SHE regional model area in the SR-PSU project, and the MIKE SHE regional model
area in SR-Site (Bosson et al. 2010). The drill sites shown on the map are discussed in Section 4.3.
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3.1.3 The unsaturated zone

Numerical calculations of transient water flow in the unsaturated zone are generally very time
consuming. Therefore, in order to reduce the simulation time MIKE SHE simulates unsaturated
flow in a limited number of grid cells. The selection of grid cells to be included in these simulations
is based on a classification system, according to which similar vertical grid-cell columns (in terms
of e.g. RDM, vegetation and land use, and depth to the groundwater table) are grouped together.
Unsaturated water flow is then calculated for one randomly chosen grid-cell column from each
group. To ensure proper calculation of evapotranspiration processes in ponded areas, unsaturated
water flow is calculated in all grid cells in such areas. The vertical grid-cell discretization used in
this study is the same as that used in Bosson et al. (2010), with a resolution of 0.1 m in the depth
interval 0—1 m below ground surface and coarser discretization at larger depths (see Bosson et al.
2010 for details).

3.1.4 The saturated zone

In MIKE SHE, there is a distinction between geological (regolith and rock) layers and calculation
layers. Specifically, hydrogeological parameters are assigned to geological layers, whereas flow
calculations consider calculation layers. Geological layers defined by the RDM are the basis for

the model parameterisation of the regolith (see Sections 2.1.2 and 2.1.4). In the MIKE SHE regional
model setup, the regolith is divided into two calculation layers (Section 3.1.1). At locations where the
RDM consists of more than two regolith layers, the hydrogeological properties of the calculation
layers are obtained by spatial averaging of the regolith-layers properties (for details on the averaging
procedure, see Bosson et al. (2010)).

As described in Section 2.1.3, it was required to perform spatial averaging of the hydrogeological-
properties data set delivered from DarcyTools, due to the vertical and horizontal discretizations of
the MIKE SHE model and its limited capability to represent anisotropic hydrogeological properties
in the horizontal plane. Specifically, the MIKE SHE model represents the rock with a vertical spatial
resolution of 16 m down to —100 m elevation, whereas the delivered data set has a vertical spatial
resolution of 4 m down to —170 m elevation and 16 m below this level. Moreover, the DarcyTools
delivery contains anisotropic hydrogeological-properties data in the horizontal plane (i.e. K # K,),
which cannot be handled in MIKE SHE.

In accordance with the methodology of Bosson et al. (2010), the vertical hydraulic conductivity (K,)
of each MIKE SHE grid cell was calculated as the harmonic mean of the corresponding DarcyTools
grid cells. The methodology chosen to calculate K, (isotropic horizontal hydraulic conductivity)
was based on tests of different alternatives. Specifically, down to —170 m elevation in the rock the
arithmetic mean of the hydraulic conductivity in each of the two horizontal directions (K, and K,)
delivered from DarcyTools was first calculated for each MIKE SHE grid cell. This was followed

by calculation of K, as the geometric mean of these two averages.

3.1.5 Boundary and initial conditions and time stepping

In MIKE SHE, the upper boundary condition is represented as daily time series of precipitation and
potential evapotranspiration (PET), whereas near-surface air temperature is required to calculate
snow accumulation and snow melt during simulation. No water flow is assumed to occur across the
bottom boundary at —634 m elevation. Groundwater divides are assumed to coincide with surface-
water divides, delineated according to the DEM (Stromgren and Brydsten 2013). Hence, in onshore
(land) areas no water flow is assumed to occur across external model boundaries. In offshore (sea)
areas of the model domain, the sea is represented by a geological layer of highly permeable material
and a time-varying head equal to time series of measured sea level (cf Werner et al. 2013).

Due to the thickness of the upper calculation layer, near-surface groundwater flow in the high-
conductive uppermost part of the regolith is represented as subsurface drainage at a depth of 0.5 mbgs
in terrestrial parts of the model area. Subsurface drainage acts to route water from the upper part of
the saturated zone to the nearest surface water (i.e. the MIKE 11 network or the sea), whereas the
subsurface-drainage response time is determined by a drainage time constant. For further details on the
implementation of subsurface drainage in MIKE SHE Forsmark models, see Bosson et al. (2008, 2010).
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MIKE SHE simulations were run using locally measured meteorological data (precipitation, PET
and near-surface air temperature) and sea-level data for the period May 15, 2003—December 31,
2007. Only transient simulations have been conducted, and initial conditions were generated by
cycling the simulated period twice, followed by production of the simulation results summarised in
Section 4.4. The simulations of the present study use the same maximum time step for each MIKE
SHE compartment as those presented in Bosson et al. (2010).

3.1.6 Vegetation and overland flow parameters

Temporally variable vegetation parameters, such as leaf-area index and root depth, must be specified
for each type of vegetation and land-use type represented in the model domain (cf Section 2.1.7).
In the present study, the MIKE SHE-model setups representing both present and future conditions
use the vegetation-parameter set described in Bosson et al. (2008, 2010). Moreover, calculation of
overland flow is required for MIKE 11 calculations as overland flow provides lateral runoff to the
MIKE 11 stream network. The associated overland-flow parameters, such as Manning number and
detention storage, are in the present study identical to those of Bosson et al. (2008, 2010).

3.2 Models for future conditions
3.2.1 Future times

MIKE SHE models were established to represent hydrological and near-surface hydrogeological
conditions at the future times 3000, 5000 and 11,000 AD. Note that in MIKE SHE calculations of
future conditions, the term time is used to signify a certain point in time (e.g. 3000 AD) that the
model setup is intended to represent. The term time should not be confused with time steps used
internally in transient MIKE SHE simulations (cf Sections 3.1.5 and 3.2.5). At 3000 AD, the coast-
line is located immediately downstream of SFR according to the modelled shoreline displacement
(cf Section 2.2.1). 5000 AD represents an intermediate stage, with co-existing lakes and mires within
the regional MIKE SHE model area. At 11,000 AD, all former lakes within the MIKE SHE regional
model area are transformed to terrestrial areas (Brydsten and Stromgren 2013).

3.2.2 Model domain and grid

Local models (Figure 3-2) were established and used to generate modelling results for each future time
(one model for each time), whereas the objective of the corresponding regional models (one model for
each time) primarily was to obtain time-varying external boundary conditions for the local models.

At each future time, the regional model has the same horizontal resolution as the present-day
regional model (80 m). The horizontal resolution of the local models is 20 m, and in these models the
regolith is divided into 4 calculation layers (two in the regional models). Moreover, down to —90 m
elevation each calculation layer in the rock of the regional model is in the local models divided into
two calculation layers, which results in 23 calculation layers in the rock (14 in the regional models).

3.2.3 Lakes and streams

Figure 3-3 shows the sea shoreline and future lakes (maximum extents) according to Brydsten and
Stromgren (2013), and the MIKE 11 stream network at 3000, 5000 and 11,000 AD. The starting
point for the definition of the MIKE 11 stream network at each time is the stream network presented
by Brydsten and Stromgren (2013), cf Figure 2-21. Their network is based on the 2000 AD DEM
(Section 2.1.1), and some stream stretches and cross-section elevations are adjusted in MIKE 11 to
fit the corresponding DEM at each time (cf Section 3.1.2). As the Forsmark streams are very small
and their widths are below the resolution of the DEM, each DEM defines the bank level. Based

on typical geometries of present-day streams, most streams in the MIKE 11 stream network are
assigned a width of 2 m and a depth of 1 m.
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Figure 3-2. MIKE SHE local model area (cf MIKE SHE regional model area in Figure 3-1). The map also
shows the footprint of SFR 1 (i.e. existing parts of the SFR facility) and SFR 3 (i.e. its planned extent).
The map also shows delineated biosphere objects within the local model area.
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Figure 3-3. Overview maps of the MIKE SHE regional model area, showing the sea within the MIKE SHE
regional model area and future lakes (maximum extents) according to Brydsten and Stromgren (2013), and
the MIKE 11 stream network at 3000, 5000 and 11,000 AD. There is no sea in the regional model area at
11,000 AD (Brydsten and Stromgren 2013), but in MIKE SHE a small sea area is kept in the north as a
boundary condition for the regional model.
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3.2.4 The unsaturated and saturated zones, vegetation and overland flow

In each time-step specific MIKE SHE model setup, grid-cell column classifications and selections
for calculation of water flow in the unsaturated zone were performed according to the methods
described in Section 3.1.3. At each time, the regolith-layer model in MIKE SHE was established
based on the associated regolith depth and stratigraphy model (Brydsten and Stromgren 2013). For
each regolith type present in models of future times, the hydrogeological properties are identical to
those of the present-day MIKE SHE model setup (Section 2.1.4), including parameter adaptations
and adjustments presented in Section 4.3. Moreover, at each time, the hydrogeological properties
of the rock are identical to those presented in Section 2.1.3. The present study uses the same set of
vegetation and overland flow parameters as that of Bosson et al. (2008, 2010).

3.2.5 Boundary and initial conditions and time stepping

MIKE SHE-simulations were run using the meteorological data sets described in Section 2.2.1. The
regional model for each time (3000, 5000 and 11,000 AD) is used to generate time-varying external
boundary conditions for the corresponding local model. Initial conditions, in terms of hydraulic
heads and depths of overland water, were also extracted from the regional models. Table 3-1 lists
time steps (MIKE SHE internal) and model control parameters used in the local models.

Table 3-1. MIKE SHE-internal time steps and model control parameters of the local models. OL =
overland flow, UZ = unsaturated zone, SZ = saturated zone.

Parameter Value
Initial time step 1h
Maximum allowed OL, UZ, ET time step 1h
Maximum allowed SZ time step 3h
MIKE 11 time step 2s
Maximum Courant number OL 0.75

Maximum profile water balance error, UZ/SZ coupling 0.001 m
Maximum allowed UZ iterations 50
Iteration stop criteria 0.002

Time step reduction control: Maximum water balance  0.03
error in one node (fraction)

Maximum allowed SZ iterations 80
Maximum head change per SZ iteration 0.05m
Maximum SZ residual error 0.005 m/d
Saturated thickness threshold 0.05m
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4 Modelling and results for present conditions

4.1 Introduction

As part of SDM-Site, Johansson (2008) presents a description of present hydrological and near-surface
hydrogeological conditions in Forsmark, based on evaluation of meteorological, hydrological and
hydrogeological monitoring data up to the end of March, 2007 (Johansson and Ohman 2008) and
numerical modelling using MIKE SHE (Bosson et al. 2008). Werner et al. (2013) compile and analyse
corresponding, prolonged data sets up to the end of 2010, primarily to check conceptual models

and to present sets of monitoring data used in the MIKE SHE (the present report) and DarcyTools
modelling (Ohman 2010, Ohman and Follin 2010a, b, Ohman et al. 2012, 2013, Odén et al. 2014,
SKBdoc 1346469).

Hence, the description of present hydrological and near-surface hydrogeological conditions in
this chapter is kept relatively short, as it is focused on checking modelling results (using updated
data and models available for the SR-PSU project) against models and descriptions presented in
Johansson (2008).

4.2 Wells and water-resources management

All public water supplies in the Municipality of Osthammar are based on groundwater (Werner et al.
2010). The closest public water supply is located at the esker Borstildsen, some kilometres southeast
of SFR. According to the municipal comprehensive planning, there are no future needs for public
water supplies in areas close to SFR. At present, ¢ 30% of the inhabitants in Osthammar obtain their
drinking water from private wells. The owner of the Forsmark nuclear power plant has previously
drilled a number of boreholes in rock to prospect for water, but these boreholes are now abandoned.
Today, there are some private wells (in regolith or drilled in rock) in land areas along the coast.
Analyses of the well water show that the water quality varies from potable to non potable. Some
wells are not used as drinking-water supplies but instead used for other purposes, e.g. irrigation of
garden plots (Werner et al. 2010).

According to a regional analysis of well density (both wells in regolith and wells drilled in rock),
the current well density varies between ¢ 0.2 and 2 wells per km* depending on size and location
of the analysed area (Kautsky 2001). The current well density is 0.2-0.9 wells per km? in different
sub-areas within an area close to SFR (size 400 km?) and 0.5-2 wells per km? in different sub-areas
within northern Uppland (size 3,300 km?).

Current water handling in Forsmark includes groundwater diversion from SFR, a cooling-water
canal from the sea to the Forsmark nuclear power plant and cooling-water tunnels from the plant to
the sea, the use of Lake Bruksdammen as a local water supply, and a groundwater-drainage system
at the nuclear power plant. The groundwater inflow SFR has declined gradually over time since

its completion. Specifically, the inflow was 720 L/min in 1988 and ¢ 285 L/min in 2010 (Ohman
et al. 2013), which corresponds to a 60% decrease in 23 years. There are no land improvements or
drainage activities registered in public records. However, there are shallow ditches in the forests
(the ditches are constructed for drainage purposes) and the lake outlet from Lake Eckarfjdrden has
previously been lowered in order to lower the level of the lake. Some minor natural springs have
been observed in the area (see, for example, Nilsson and Borgiel 2005), but no springs are registered
in public records.
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4.3 MIKE SHE model calibration

Quality check and calibration of the MIKE SHE regional model were performed by comparing model-
ling results with hydrological and hydrogeological monitoring data (see summary in Werner et al.
2013) from the Forsmark site. As part of this process, the following main adaptations and adjustments
were made of the initial regional model setup:

Adaptation of unsaturated-zone classification (Section 3.1.3) and drainage-time constants
(Section 3.1.5) to the RDM (Sohlenius et al. 2013a). Moreover, in order to improve model
performance the subsurface-drainage level (cf Section 3.1.5) at Lake Eckarfjdrden was
changed from 0.5 to 0.75 mbgs.

Increase of the horizontal (K;) and the vertical hydraulic conductivity (K,) for layer Z4a (represent-
ing gyttja/clay gyttja) by a factor of 30. Hence, for gyttja/clay gyttja K, and K, were both increased
from the originally assigned value of 1.5-10® m/s to 4.5-10" m/s (cf Table 2-2).

Increase of K, and K, for layer Z4b (representing glacial clay) by a factor of 30 below lakes. Hence, for
glacial clay K, and K, were increased from the originally assigned value of 1.5-10° m/s to 4.5-10” m/s
(cf Table 2-2). However, the originally assigned values of K;, and K, were kept for lakes underlain

by a clay layer (L3) in a previous version of the RDM (Hedenstrom et al. 2008), i.e. Bolundsfjarden,

Puttan, Géllsbotrasket, Eckarfjarden, Fiskarfjarden, Vamborsfjarden, Stocksjon and Lillfjarden.

Table 4-1 compares MAE (mean absolute error; absolute values of the differences between measure-
ments and model outputs) and ME (mean error; differences between measurements and model outputs)
data for the four gauging stations for the calibrated model setup of Bosson et al. (2010) and the present,
calibrated model setup. Note that the MAE and ME data shown in the table for the present model setup
consider some additional months of monitoring data compared to Bosson et al. (2010). According to the
table, there are rather small MAE differences between the two model setups. In terms of surface-water
levels, MAE is somewhat higher for the present setup compared to that of Bosson et al. (2010), whereas
the opposite is noted in terms of stream discharges. However, the corresponding ME values for the
present setup is positive and higher than those of Bosson et al. (2010), which implies that the present
model setup to a larger extent underestimates surface-water levels and stream discharges compared to
the model setup of Bosson et al. (2010).

Figures 4-1 and 4-2 show time-series plots of measured and model-calculated stream discharges at
the discharge-gauging stations downstream Lake Eckarfjdrden (gauging station PFM002668) and
upstream Lake Bolundsfjarden (gauging station PFM005764) for the SDM-Site and SR-Site models
of Bosson et al. (2008, 2010) and the present SR-PSU model setup. Specifically, it is noted that the
model-calculated stream discharge downstream of Lake Eckarfjirden is lower in the present model
setup compared to the Bosson et al. (2008, 2010) setups. The model-calculated accumulated stream
discharge downstream of Lake Eckarfjdrden is ¢ 80% of the measured accumulated discharge, whereas
the corresponding result was 87% in SDM-site (Bosson et al. 2008) and 112% in SR-Site (Bosson et al.
2010). Part of this stream-discharge deficit is propagated to the inlet to Lake Bolundsfjarden, which
is located downstream of Lake Eckarfjarden. As Lake Eckarfjérden is located close to the upstream
boundary of the MIKE SHE regional model area, i.e. relatively far from SFR, it is judged that the
stream-discharge deficit has minor or no effects for the hydrological conditions at SFR and downstream
areas in the modelling of future conditions.

Table 4-1. Comparison of MAE (mean absolute error) and ME (mean error) data in terms of
surface-water levels (m) and stream discharges (m®s) for the calibrated model setup of Bosson
et al. (2010) and the present calibrated model setup.

Bosson et al. (2010) (May 15, | Present setup (May 15,

2003—-Mar. 31, 2007) 2003-Dec. 31, 2007)
Surface-water level MAE ME MAE ME
Lake Eckarfjarden 0.0684 0.0031 0.0731 0.0485
Lake Gallsbotrasket 0.1275 0.1139 0.1532 0.1425
Lake Bolundsfjarden 0.0404 0.0038 0.0563 0.0151
Stream discharge
Downstream Lake Eckarfjarden (PFM002668) 0.0065 —-0.0016 0.0036 0.0022
Downstream Lake Stocksjon (PFM002667) 0.0071 —0.0004 0.0048 0.0021
Downstream Lake Gunnarsbotrasket (PFM002669) 0.0092 0.0026 0.0040 0.0068
Upstream Lake Bolundsfjarden (PFM005764) 0.0142 0.0006 0.0104 0.0050
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Figure 4-1. Time-series plots of measured and model-calculated stream discharges downstream Lake
Eckarfjdrden (gauging station PFM002668). The upper plot shows time series of stream discharge, and
the lower plot shows time series of accumulated discharge.
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and the lower plot shows time series of accumulated discharge.
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Table 4-2 compares MAE and ME data in terms of groundwater levels in regolith for the calibrated
model setup of Bosson et al. (2010) and the present, calibrated model setup. As can be seen in this
table, there are small MAE differences between the two model setups, whereas ME values are close
to zero in both model setups. As exemplified in Figure 4-3, there are individual groundwater-
monitoring wells for which MAE and ME are lower (e.g. SFM0003) in the present model setup
compared to those of Bosson et al. (2008, 2010), whereas the opposite is noted for some wells

(e.g. SFM036). Due to differences in the local topography, as described by the DEM, the MAE for
groundwater-monitoring well SFM0036 is twice that of SR-Site. Specifically, in the present model
setup the ground-surface elevation at SFM0036 is ¢ 0.4 m lower than that of SR-Site. Both model
setups include subsurface drainage at 0.5 m below ground, acting as a drainage for the groundwater
level in regolith. The model-calculated groundwater level in SFM0036 is above the drainage level
during two periods, associated with high sea levels in January, 2005 and January, 2007.

In order to check that the model reproduces directions of measured hydraulic gradients between
regolith and rock, Figure 4-4 shows time-series plots of model-calculated groundwater levels in
regolith and rock (percussion boreholes, denoted HFM) at the four drill sites 1, 2,4 and 5 (see
Figure 3-1 and Johansson 2008). In accordance with measurements (Johansson 2008, Werner et al.
2013), model-calculated groundwater levels in regolith are above groundwater levels in rock at drill
sites 1, 2 and 5, whereas the opposite is noted for drill site 4.

Table 4-2. Comparison of MAE and ME data in terms of groundwater levels in regolith for the cali-
brated model setup of Bosson et al. (2010) and the present calibrated model setup.

Bosson et al. (2010) Present model setup
Well ID MAE (m) ME (m) MAE (m) ME (m)
SFMO0001 0.41 0.40 0.23 -0.12
SFM0002 0.40 -0.07 0.35 0.20
SFM0003 0.54 -0.54 0.34 0.15
SFM0004 0.43 0.43 0.46 -0.16
SFMO0005 0.36 0.15 0.50 0.43
SFMO0009 0.63 0.63 0.46 0.00
SFM0010 0.33 -0.03 0.34 0.01
SFM0011 0.20 0.19 0.68 0.68
SFM0012 0.10 -0.07 0.08 -0.07
SFM0013 0.46 -0.06 0.48 -0.39
SFMO0014 0.00 0.10 0.12 0.06
SFM0015 0.05 -0.03 0.07 0.03
SFM0016 0.17 -0.16 0.08 -0.04
SFM0017 0.36 0.25 0.47 0.39
SFM0020 0.26 -0.07 0.46 0.16
SFM0021 0.39 -0.28 0.51 -0.29
SFM0023 0.06 -0.02 0.06 -0.03
SFM0028 0.32 -0.32 0.16 -0.12
SFM0030 0.45 -0.37 0.39 0.05
SFMO0033 0.29 0.27 0.19 0.12
SFM0034 0.62 -0.33 0.70 0.70
SFMO0036 0.35 0.33 0.66 0.66
SFM0039 0.05 -0.03 0.22 -0.22
SFMO0057 0.87 -0.87 0.49 0.45
SFM0058 0.77 -0.69 0.44 -0.31
SFM0062 0.15 0.1 0.13 0.08
SFMO0065 0.46 -0.45 0.37 -0.36
SFMO0066 0.36 -0.35 0.27 -0.27
SFM0018 0.38 0.31 0.49 0.13
SFM0019 0.38 0.37 0.56 0.56
SFM0049 0.52 -0.39 0.64 0.64
Mean 0.36 -0.05 0.37 0.10
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Figure 4-3. Time-series plots of measured and model-calculated groundwater levels in regolith at
groundwater-monitoring wells SFM003 (upper plot) and SFM0036 (lower plot). SR-PSU is the present
model setup, whereas SDM-Site and SR-Site are the model setups of Bosson et al. (2008, 2010).
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Table 4-3. Comparison of MAE and ME data in terms of groundwater levels in rock (percussion
boreholes) for the calibrated model setup of Bosson et al. (2010) and the present calibrated
model setup.

Bosson et al. (2010) Present model setup
Borehole ID MAE (m) ME (m) MAE (m) ME (m)
HFMO01_1 0.74 -0.74 0.50 —-0.50
HFMO01_2 0.97 -0.97 0.62 -0.62
HFMO02_1 0.94 -0.94 0.56 -0.56
HFM02_2 0.96 —-0.96 0.49 -0.49
HFMO02_3 0.97 -0.97 0.47 -0.47
HFMO03_1 0.92 -0.92 0.35 -0.34
HFMO03_2 0.91 -0.91 0.34 -0.33
HFMO04_1 0.44 -0.44 0.24 -0.21
HFMO04_2 0.46 -0.46 0.31 -0.29
HFMO04_3 0.24 -0.24 0.16 -0.01
HFM10_1 0.85 -0.85 0.66 -0.65
HFM10_2 0.53 -0.52 0.39 -0.34
HFM11_1 0.23 -0.15 0.25 0.25
HFM11_2 0.51 -0.49 0.18 0.02
HFM15_1 0.85 -0.85 0.49 -0.48
HFM15_2 0.70 -0.7 0.48 -0.45
HFM16_1 0.39 -0.38 0.35 -0.25
HFM16_2 0.39 -0.38 0.35 -0.25
HFM16_3 0.42 -0.41 0.35 -0.26
HFM20_2 0.17 -0.10 0.23 -0.11
HFM20_3 0.37 -0.37 0.26 -0.17
HFM20_4 0.66 -0.66 0.39 -0.27
HFM32_1 1.40 -1.40 1.16 -1.16
HFM32_2 1.36 -1.36 1.09 -1.09
HFM32_3 1.07 -1.07 0.78 -0.78
HFM32_4 1.08 -1.08 0.55 -0.55
HFM34_3 0.25 -0.23 0.19 -0.14
Mean 0.70 -0.69 0.45 -0.39

Table 4-3 compares MAE and ME data in terms of groundwater levels in rock (percussion bore-
holes) for the calibrated model setup of Bosson et al. (2010) and the present, calibrated model setup.
According to this table, the average MAE and ME are lower for the present model setup compared
to those of Bosson et al. (2010). Figure 4-5 shows examples of model-calculated groundwater levels
in rock in the present model setup and those of Bosson et al. (2008, 2010).

4.4 Modelling results using the calibrated MIKE SHE model
4.41 Water balance

Water balances are calculated for land areas of the regional model area, using the water-balance tool
in MIKE SHE. Specifically, water-balance results are extracted for the period Oct. 1, 2004—Sep. 30,
2007, which has an annual average precipitation of 523 mm and an annual average potential evapo-
transpiration of 529 mm. As shown in Appendix 1, evapotranspiration includes evaporation from
snow, from the unsaturated and saturated zones and from ponded areas, and interception and transpi-
ration by vegetation, whereas runoff includes stream discharge and boundary outflows. According to
Figure 4-6, for the specified three-year period the annual average runoff (R) is ¢ 113 mm/y (¢ 20%
of the precipitation). This runoff is less than the estimated long-term annual average of 150-160 mm
(Johansson 2008), and it is also lower than the annual average runoff of 175 mm calculated by
Bosson et al. (2010). This is primarily due to less precipitation during the period considered here.
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Figure 4-5. Time-series plots of measured and model-calculated groundwater levels in rock in percussion

borehole sections HFM04:2 (upper plot) and HFM32:4 (lower plot). SR-PSU is the present model setup,

whereas SDM-Site and SR-Site are the model setups of Bosson et al. (2008, 2010).
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Figure 4-6. Water balance (mm/y) for land areas at 2000 AD (Oct. 1, 2004—Sep. 30, 2007).

Specifically, the estimated annual average precipitation is 559 mm for the reference normal period
(Johansson 2008) and 583 mm for the normal year (Oct. 1, 2003—Sep. 30, 2004; cf Section 2.2.1),
which was used to represent both present and future conditions in Bosson et al. (2010). Moreover,
for the normal year used in Bosson et al. (2010) the annual average potential evapotranspiration was
508 mm, whereas it is 529 mm for the water-balance period considered here. In Bosson et al. (2010),
the normal year was repeated three times and water-balance results were extracted for the last year,
in order to reduce influence from the initial conditions. For the same reasons, the present simulations
were run for a total time period of three years, including the normal year, whereas water-balance
results are extracted for the total simulation period.

4.4.2 \Vertical hydraulic-head differences in regolith and rock

Figures 4-7 and 4-8 show MIKE SHE-calculated annual average hydraulic-head differences in regolith
(Figure 4-7) and rock (Figure 4-8) of the regional model area. As expected, there are upward gradients
in local, low-elevated areas and downward gradients in local, high-elevated areas (cf Bosson 2008,
2010, Johansson 2008). There are upward gradients below the sea and in low-elevated areas also in
the rock. Recharge-discharge patterns in the regolith are highly influenced by the local ground-surface
topography, whereas there is less influence of the local topography on these patterns in the rock.

During dry periods, the overall groundwater recharge-discharge pattern in regolith is similar to average
conditions. Due to the strong influence of evapotranspiration during such periods, vertical upward
gradients increase and the total size of discharge areas increases (Johansson 2008). During wet periods,
some groundwater discharge areas in the regolith switch into recharge areas. Specifically, in some areas
evapotranspiration causes an upward groundwater flow during average and dry conditions, whereas
during wet periods such areas switch into recharge areas.
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Figure 4-8. MIKE SHE-calculated average hydraulic-head differences at ¢ —30 m elevation (upper figure)

and ¢ —100 m elevation (lower figure) in the rock for the period Oct. 1, 2003—Sep. 30, 2006.
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4.4.3 Depth to the groundwater table

Forsmark is characterised by shallow depth to the groundwater table, and the average level of

the groundwater table in the regolith is largely determined by the local ground-surface elevation
(Johansson 2008). Figure 4-9 shows MIKE SHE-calculated average depth to the groundwater table
in terrestrial parts of the regional model area for the period October 1, 2003—September 30, 2006.
As illustrated in this figure, the groundwater table in the Forsmark area is shallow and generally
the depth to the groundwater table is less than 1 m below ground surface in terrestrial areas.

Figures 4-10 and 4-11 shows the monthly average depth to the groundwater table during a wet
period (April, 2006) and a dry period (August, 2006), respectively. Groundwater levels in regolith
typically show a strong uniformity in their responses to drier summer conditions, and also in response
to groundwater-recharge events associated with precipitation and snowmelt (Johansson 2008). As
shown in Figure 4-10 (cf Section 4.4.2), during wet periods some groundwater discharge areas in
the regolith switch into recharge areas, whereas the total size of discharge areas increases during dry
periods (Figure 4-11).

4.4.4 Depth of overland water and stream discharge

MIKE SHE-calculated depths of overland water provide a possibility to check whether areas with
overland water coincides with present lakes and mires. Figure 4-12 shows the annual average
depth of overland water in terrestrial parts of the regional model area for the period October 1,
2003—September 30, 2006. Moreover, Figures 4-13, 4-14 and 4-15 show monthly average depths
during a wet period (April, 2006), a dry period (August, 2006), and areas with overland-water
depths exceeding 0.1 m during the wet and dry periods, respectively. Model-calculated areas with
overland-water occurrence are within the boundaries of actual lakes and mires. Under wet conditions
(Figure 4-13), there is a larger depth of overland water within the lakes and the total area with
overland water is also larger.

1626000 1628000 1630000 1632000 1634000 1636000
1 1

QNSd §S IHSNIBSPRIIIHAEEGI]

6704000
1
6704000

A6+
6702000
1
6702000

6700000
1
6700000

6698000
1

PXU[0Z0VL 90-€0UE3W SJ QY000 B3 6 PPKWY Joideduainbi6L €
6698000

6696000
1
6696000

T T T T T T
1626000 1628000 1630000 1632000 1634000 1636000

Depth to the phreatic surface, mean values based on Oct 2003 to Sep 2006 (negative values in mbgs)
B<5 [ ]1--05 [Jo-01 HM1-15 0 05 1 2 km
Bls5-2 [ ]-05--0201-02 M 15-2 —= -] .
- 2--1.5 I:I -0.2--01 - 02-05 - 2-5 Bakgrundskartor © Lantméteriet A
|:| -1.5-41 |:| -0.1-0 - 05-1 - >5 SKB/DHI/msa 2014-04-22

Figure 4-9. MIKE SHE-calculated average depth to the groundwater table for the period Oct. 1, 2003—
Sep. 30, 2006. Depths are shown as negative values, i.e. positive depths represent surface water.
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Figure 4-10. MIKE SHE-calculated average depth to the groundwater table during a wet period (April,

2006). Depths are shown as negative values, i.e. positive depths represent surface water.

ToldHQEIEQ):

1Sd HS HSNENSIPF!

PXWZ0Z0v1 KIP"SdQ” QV000Z Bl LL-pPXUWY-
6700000 6702000 6704000

6698000

6696000

1626000 1628000 1630000 1632000 1634000 1636000
1 1
A
T T T T T T
1626000 1628000 1630000 1632000 1634000 1636000
Depth to the phreatic surface during dry weather conditions (Aug 2006) (negative values in mbgs)
B <0 []1-05 [Jo-or [HM-2 0 05 1 2 km
[ —

B 10-5[_]-05--02 o102 25
- 5.2 I:I 0.2--01 - 0.2-05 - 5-10 Bakgrundskartor © Lantmateriet
- 2--1 I:l -0.1-0 - 0.5-1 - >10 SKB/DHI/msa 2014-04-22

N

A

6698000 6700000 6702000 6704000

6696000

Figure 4-11. MIKE SHE-calculated average depth to the groundwater table during a dry period (August,

2006). Depths are shown as negative values, i.e. positive depths represent surface water.
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Figure 4-12. MIKE SHE-calculated average depth of overland water for the period Oct. 1, 2003—Sep. 30,

2006.
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Figure 4-13. MIKE SHE-calculated average depth of overland water during a wet period (April, 2006).
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Figure 4-14. MIKE SHE-calculated average depth of overland water during a dry period (August, 2006).
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Figures 4-1 and 4-2 in Section 4.3 show time-series plots of MIKE 11-calculated stream discharges
at the locations of gauging stations downstream Lake Eckarfjarden (PFM002668) and upstream Lake
Bolundsfjarden (PFM005764). Most present-day streams in Forsmark are small and have very small
or no discharge during dry periods during summer (Johansson 2008). Streams exhibit a well defined
furrow along some stretches, in particular in forest areas where streams have been deepened for drainage
purposes. However, stream-discharge paths are more diffuse in mire areas and downstream small ponds.

4.5 Residence times and inter-basin water exchanges of
marine basins

The marine area outside Forsmark consists of the open-ended embayment Oregrundsgrepen, with

a wide and deep boundary towards north and a narrow and shallower strait towards south. Most of
the sea bottom consists of shallow and exposed hard bottoms (boulders or rock), interspersed by
deeper valleys with soft bottoms. Based on the sea bathymetry according to the DEM (Strémgren and
Brydsten 2013), the present-day marine area outside Forsmark is divided into 38 basins (Figure 4-16).
Most of this coastal area is shallow (sea depth less than 10 m), except for the through Gréasérannan
with sea depths exceeding 50 m. The salinity stratification in Oregrundsgrepen is generally weak.
Local freshwater runoff produces slightly lower salinity compared to the Gulf of Bothnia (Aquilonius
2010). The direction of the flow through Oregrundsgrepen varies with time, but on an annual basis
there is a net flow directed from north to south (Karlsson et al. 2010).

The sea-water flow in Oregrundsgrepen was calculated by the flexible-mesh modelling tool

MIKE 3 FM (svn/SFR/SR-PSU/Indata/Marine/DHI_delivery 20121213/Ut6kning_TeknisktPM
uppdateringForsmark v 3 0.pdf) using site data from Forsmark, and results were extracted for each
delineated basin in terms of inter-basin water exchanges (basin flow) and water residence times
(HRT and AvA). According to the MIKE FM 3 calculations, the largest exchange flows are at the
eastern part of the boundary towards north, from the Baltic to basin 105, whereas the largest inter-
basin water exchange occurs across the embayment, between basins 114 and 184.

HRT (hydraulic residence time) of a basin is calculated as the basin volume divided by the annual
gross inflow (or gross outflow) across its boundaries, i.e. the theoretical time required to replace the
whole water volume. Moreover, AvA (average age) of a basin is the time that individual “water parcels”
have spent within the model volume of Oregrundsgrepen. At the beginning of each modelled year,
all water parcels have an age equal to zero. During the year, ageing water parcels present within

the model are mixed with water parcels that enter the model area (initial age equal to zero).

The age concentrations in all model elements are used to calculate an average age per basin at each
time during the modelled year. AvA for each basin is then calculated as the average age for all times,
whereas remaining water parcels increase their age. The age in each model element is calculated
and the average for all elements is calculated at each time step during the year. For a more detailed
description of the modelling methodology, the MIKE 3 FM tools and the parameters basin flow,
HRT and AvA, see Karlsson et al. (2010).

According to calculations, HRT varies between less than two hours (basin 178) to ¢ 25 days (basin 118).
The average HRT of all basins is ¢ 1.5 days, whereas the average for the whole of Oregrundsgrepen (i.e.
the whole MIKE FM 3 model area) is approximately one week. AvA in the 38 basins was calculated
to vary between 13 and 29 days (19 days on average). Water turnover is more rapid in the deeper areas
close to the open sea, whereas turnover is slower in the partly isolated shallow basins 117 and 118 (see
Figure 4-16).
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Figure 4-16. Coastal basins (delineated based on the DEM) outside Forsmark. The inlet to the cooling-water
canal for the Forsmark nuclear power plant is visible in basin 120, and the location of the SFR facility is
indicated on the map.
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5 Modelling and results for future conditions

5.1 Introduction

The objectives of the descriptions and modelling of future hydrological and near-surface hydro-
geological conditions are to support delineations of biosphere objects (cf Section 2.3.1), to deliver
parameters to the modelling of radionuclide transport in biosphere objects (Chapter 7), and to sup-
port analyses of different water-management activities in the future Forsmark landscape (Chapter 6).

The descriptions and modelling results presented in the following sections are focused on the MIKE
SHE local model area. The corresponding regional models (one for each future time) are primarily
used to generate time-varying external boundary conditions for the local models (cf Section 3.2.2),
which include the delineated biosphere objects. The MIKE SHE modelling results are focused on
the normal year (cf Section 2.2.1), whereas the influence of periglacial conditions with permafrost
on water flow in the surface system and interactions with groundwater in the rock are discussed in
Section 5.8.

5.2 Water balance

Water balances are calculated for the local model area using the water-balance tool in MIKE SHE
(see Table 5-1 and Appendix 1). In order to investigate influences of future shoreline displacement,
landscape development and climate, water balances are calculated for different times, land areas and
climate cases. Specifically, water balances are calculated for the times 5000 and 11,000 AD, for land
areas at each specific time and also for areas constituting land at 3000 AD. The normal year is repre-
sented using locally measured meteorological data for the period 1 Oct. 2003-30 Sep. 2004, whereas
the influence of a possible wet and warm future climate (Kjellstrom et al. 2009) is investigated using
the 5000 AD model setup.

For land areas at 5000 AD and for the normal year (accumulated precipitation 583 mm), the annual
average evapotranspiration (ET) is ¢ 410 mm/y and the annual average runoff (R) is ¢ 175 mm/y

(c 30% of the precipitation). As shown in Appendix 1, ET includes evaporation from snow, from the
unsaturated and saturated zones and from ponded areas, and interception and transpiration by vegeta-
tion, whereas R includes stream discharge and boundary outflows. For land areas at 11,000 AD, the
corresponding water-balance components are ¢ 390 and ¢ 195 mm/y, respectively. At 11,000 AD, all
former lakes within the local model area are infilled and transformed to mires. This terrestrialisation
reduces ET by 6% and increases R by 12% compared to 5000 AD.

At 5000 AD, for areas constituting land at 3000 AD, the annual average ET is ¢ 400 mm/y and R
is ¢ 180 mm/y. At 11,000 AD, also for areas constituting land at 3000 AD, the annual average ET
is ¢ 370 mm/y and R is ¢ 210 mm/y. Hence, terrestrialisation between 5000 and 11,000 AD of the
3000 AD land area reduces ET by 8% and increases R by 13%.

Table 5-1. Summary of MIKE SHE-calculated water balances at 3000, 5000 and 11,000 AD.
MS = MIKE SHE, P = precipitation, ET = evapotranspiration and R = runoff.

Time Climate Evaluated area P (mmly) ET (mm)y) R (mmly)
3000 AD Present Land 3000 AD 583 329 256
5000 AD Present Land 3000 AD 583 404 182
5000 AD Present MS local model area 583 411 174
5000 AD Wet and warm MS local model area 1,539 1,144 457

11,000 AD Present Land 3000 AD 583 372 207

11,000 AD Present MS local model area 583 388 195
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The 5000 AD water balances for the land area at 5000 AD and for the 3000 AD land area, respectively,
show that the distance to the shoreline has relatively small overall effects on ET (2% larger for the
land area at 5000 AD) and R (4% less for the land area at 5000 AD). At 11,000 AD, the corresponding
differences are 4% (ET) and 6% (R). Similar to the conclusions drawn by Bosson et al. (2010), the
present water-balance calculations show that for a given land area, landscape development in the
form of lake terrestrialisation has larger, but still not dramatic, effects on the water balance compared
to shoreline displacement (Figure 5-1).

The wet and warm climate is characterised by significantly more precipitation (¢ 1,500 mm per
year) compared to the normal year (cf Section 2.2.1). For land areas at 5000 AD, the MIKE SHE-
calculated annual average ET is high (¢ 1,140 mm per year), with R being approximately 150%
higher than the normal-year R (c 450 mm/year) or ¢ 30% of the precipitation (Appendix 1).

5.3 Vertical hydraulic-head differences in regolith and rock

Figures 5-2 to 5-5 show MIKE SHE-calculated annual average vertical hydraulic-head differences
for the normal year in the regolith of the local model area at 3000 AD (Figure 5-2), 5000 AD
(Figure 5-3), 11,000 AD (Figure 5-5), and in the regional model area at 11,000 AD (Figure 5.4).
As expected, there are upward gradients in local, low-elevated areas and downward gradients in
local, high-elevated areas. Sub-sea vertical hydraulic-head differences in the regolith are small,
and most of the sea in the model area acts as groundwater-discharge areas. However, there is
groundwater recharge in some marine areas, e.g. parts of the biosphere objects 116 and 157 1.

Subsequent to emergence from the sea (5000 and 11,000 AD, Figures 5-3 and 5-4), recharge-
discharge patterns in the regolith are highly influenced by the local ground-surface topography,
which is also the case in present land areas (cf Section 4.4.2). Shoreline displacement reduces
downward hydraulic-head differences in the SFR pier and also affects recharge-discharge patterns
in the rock, but there is less influence on these patterns from the local topography (Appendix 1).
At 5000 AD, recharge-discharge patterns in the rock are rather unaffected by a wet and warm
climate (Appendix 1).
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Figure 5-1. Summary of main water-balance effects from shoreline displacement and landscape develop-
ment (Bosson et al. 2010).
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Figure 5-2. MIKE SHE-calculated annual average hydraulic-head differences in the regolith (calculation
layers 2 and 3) at 3000 AD (MIKE SHE local model area). Blue colours represent areas with upward gradients
and red colours represent areas with downward gradients. Dashed areas are delineated biosphere objects.
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Figure 5-3. MIKE SHE-calculated annual average hydraulic-head differences in the regolith (calculation
layers 2 and 3) at 5000 AD (local model area). Blue colours represent areas with upward gradients and
red colours represent areas with downward gradients. Dashed areas are delineated biosphere objects.
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Figure 5-4. MIKE SHE-calculated annual average hydraulic-head differences in the regolith (calculation
layers 1 and 2) at 11,000 AD (regional model area). Blue colours represent areas with upward gradients

and red colours represent areas with downward gradients.
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5.4 Depth to the groundwater table

Figure 5-6 shows MIKE SHE-calculated annual average depth to the groundwater table at 3000 AD.
On average, the groundwater-table depth is 0.9 m below ground surface in terrestrial areas, and there
is surface water (shown as positive values in the figure) in ¢ 15% of the land area. If areas with surface
water are excluded, the average depth to the groundwater table is 1.2 m at 3000 AD. As an illustration
of annual groundwater-level amplitudes in the regolith (i.e. the difference in groundwater-table depths
between a wet and a dry period), corresponding maps of groundwater-table depths during a wet
(March) and dry period (August) are shown in Appendix 1 (total amplitude ¢ 0.8 m).

Also at 5000 AD (Figure 5-7) there is surface water in ¢ 15% of the land area, whereas the average
depth to the groundwater table is 0.8 m in terrestrial areas. Excluding areas with above-ground water
the average depth to the groundwater table is 1.1 m at 5000 AD, whereas the annual amplitude is

¢ 1 m (see Appendix 1). Figure 5-8 shows a cumulative-frequency plot of annual average, maximum
and minimum depths to the groundwater table at 5000 AD. As indicated in this figure, the annual
groundwater-table amplitude is small in areas with a very shallow (0.2 m below ground or less) or
deep groundwater table (more than 2 m), whereas the influence of dry and wet periods is larger in
areas with intermediate depths to the groundwater table. The annual average groundwater-table depth
is larger than 1 m in about 1/3 of the local model area. The corresponding fractions are 46% during
dry periods (exemplified by August during the normal year) and 23% during wet periods (March).
The depth to the groundwater table in the regolith is largely determined by the local ground-surface
elevation. At 5000 AD, the spatial distribution of groundwater-table depths in terrestrial areas during
a wet period of a wet and warm climate is rather similar to the distribution during the normal-year
wet period Appendix 1). However, during dry periods of the wet and warm climate the groundwater
table is located below ground surface in areas in the central parts of the local model area, being
saturated during the normal-year dry period.
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Figure 5-6. MIKE SHE-calculated annual average depth to the groundwater table at 3000 AD (local
model area). Depths are shown as negative values, i.e. positive depths represent surface water.
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Figure 5-7. MIKE SHE-calculated annual average depth to the groundwater table at 5000 AD (local
model area). Depths are shown as negative values, i.e. positive depths represent surface water.

100 !
——Annual mean values 5000 AD

90 = ——Wet period 5000 AD

=—Dry period 5000 AD
80 -
70 -
60 -

50

40

Cumulative frequency (%)

30 -

20

10 -

0
-8 -6 -4 -2 0 2 4
Depths to phreatic surface (mbgs)

Figure 5-8. Cumulative-frequency plot of MIKE SHE-calculated depths to the groundwater table at
5000 AD (annual average, wet period (April) and dry period (August)).
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Figure 5-9 shows MIKE SHE-calculated depths to the groundwater table at 11,000 AD, at which
time the groundwater table is below ground surface also in former lakes. Even though all lakes
within the local model area are terrestrialised at 11,000 AD (Brydsten and Stromgren 2013), according
to Figure 5-9 there are areas with above-ground water. Corresponding maps of groundwater-table
depths during a wet (March) and dry period (August) are shown in Appendix 1.

Figure 5-10 shows a cumulative-frequency plot of depth to the groundwater table at 3000, 5000

and 11,000 AD. Specifically, one 3000 AD graph considers the entire local model area (blue dotted
line), whereas the other graphs only consider terrestrial areas at each time (e.g. solid blue line at
3000 AD). As seen in the figure, at 3000 AD ¢ 45% of the local model area is land and 55% is sea.
The cumulative-frequency graphs of groundwater-table depth in terrestrial areas 3000, 5000 and
11,000 AD are rather similar, whereas the graphs also demonstrate the effect of lake terrestrialisation
in the form of decreasing lake depths (shown as positive values).

Figure 5-11 shows the same type of cumulative frequency-plot, in this case for areas constituting
land at 3000 AD. This figure shows some effects of shoreline displacement in the form of increasing
depths to the groundwater table. The depth is larger than 2 m in 16% of the terrestrial areas at

3000 AD (66% deeper than 0.5 m), whereas the corresponding fraction for the same land area is
more than 20% at 5000 and 11,000 AD (more than 80% deeper than 0.5 m).
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Figure 5-9. MIKE SHE-calculated annual average depth to the groundwater table at 11,000 AD (local
model area). Depths are shown as negative values, i.e. positive depths represent surface water.
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Figure 5-10. Cumulative-frequency plot of MIKE SHE-calculated depths to the groundwater table in terres-
trial areas at 3000, 5000 and 11,000 AD (solid lines), and in the whole local model area at 3000 AD (blue
dotted line). Depths are shown as negative values, i.e. positive depths represent surface water.
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Figure 5-11. Cumulative-frequency plot of MIKE SHE-calculated depths to the groundwater table at 3000,
5000 and 11,000 AD, in areas constituting land at 3000 AD. Depths are shown as negative values, i.e.
positive depths represent surface water.
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5.5 Depth of overland water and stream discharge

Figure 5-12 shows the MIKE SHE-calculated annual average depth of overland (i.e. surface)

water at 3000 AD. At this time 45% of the local model area consists of land and the SFR facility has
emerged from the sea, whereas biosphere objects remain submerged even though some are close to the
shoreline. At 3000 AD, there are no lakes within the local model area (Brydsten and Stromgren 2013).
According to Figure 5-12, overland water primarily occurs in the vicinity of streams. Overland-water
occurrences are shallow and above 0.5 m in depth in only 2% of the land areas. As illustrated by maps
of overland-water depths during a wet (March) and a dry period (August) in Appendix 1, annual varia-
tions of overland-water depths are small.

Figure 5-13 shows the same type of map at 5000 AD, at which time the shoreline is outside of the
local model area. At 5000 AD, there are lakes surrounded by mire areas in five biosphere objects,
whereas two objects (121 2 and 157 _2) consist of mire areas (no lake). There are parts of all objects
with an annual average depth of overland water exceeding 0.1 m. Overland water is shallow (less
than 0.2 m) in the two mire objects, whereas the average depth of overland water is above 0.5 m

in the five lake-mire objects. As shown in Appendix 1, at 5000 AD there are larger differences
between wet and dry periods compared to 3000 AD. Specifically, there are many dry areas during
the dry period that contain a few decimetres of overland water during the wet period. At 5000 AD,
the spatial distribution of overland-water depths in terrestrial areas is rather unaffected by a wet
and warm climate (Appendix 1).

At 11,000 AD (Figure 5-14), there are no lakes within the local model area and all biosphere objects
are transformed to mires. At this time, there are only some shallow (depth 0.1-0.2 m) overland-water
occurrences in a few biosphere objects. As shown in Appendix 1, at 11,000 AD differences between
wet and dry periods are similar to those at 5000 AD.
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Figure 5-12. MIKE SHE-calculated annual average depth of overland water at 3000 AD (local model area).
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Figure 5-13. MIKE SHE-calculated annual average depth of overland water at 5000 AD (local model area).
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Figure 5-14. MIKE SHE-calculated annual average depth of overland water at 11,000 AD (local model areay).
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Figures 5-15 and 5-16 show stream discharges from biosphere objects 116 and 121 1 at 5000 and
11,000 AD. At 5000 AD biosphere object 116 (Figure 5-15) contains a lake (more than 50% of

the object area) surrounded by mire areas, whereas the lake is transformed to mire at 11,000 AD.
As shown in Figure 5-15, there are large differences in the hydrographs at 5000 AD (blue line) at
11,000 AD (red line). At 5000 AD the lake dampens and prolongs high-discharge peaks compared to
11,000 AD, and at 5000 AD the lake provides base flow and thereby more stream discharge during
low-discharge periods. Compared to biosphere object 116, object 121 1 (Figure 5-16) demonstrates
less lake dampening due to its smaller lake at 5000 AD.
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Figure 5-15. MIKE 11-calculated stream discharge at the outlet from biosphere object 116 at 5000 and
11,000 AD.
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Figure 5-16. MIKE 11-calculated stream discharge at the outlet from biosphere object 121 1 at 5000 and
11,000 AD.
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5.6 Residence times and inter-basin water exchanges of
marine basins

Section 4.5 describes methodology, tools and modelling results in terms of present inter-basin water
exchanges and water-residence times (hydraulic residence time (HRT) and average age (AvA)) in
marine basins outside Forsmark. This section briefly describes future developments of these para-
meters, which were calculated in 1,000-year intervals from 0 to 9000 AD. The marine area outside
Forsmark consists of the open-ended embayment Oregrundsgrepen, with a wide and deep boundary
towards north and a narrow and shallower strait towards south. The open ends benefit flow through
the embayment and inter-basin exchanges. The major factors influencing long-term changes of inter-
basin water exchanges and water residence times are the long-term developments of the interchange
between Oregrundsgrepen and the Baltic Sea, and the bathymetry of Oregrundsgrepen, which was
determined from the DEM (Stromgren and Brydsten 2013). In the future, the exchange across the
strait in the south (between basin 184 and the Baltic, see Figure 4-11) will continuously decrease as
a result of isostatic rebound, which will also isolate basins from the sea.

At ¢ 3000 AD, the strait is expected to close and turn Oregrundsgrepen into a bay, and at this point in
time 30 basins (of the present 38) and 62 (of the present 92) inter-basin exchanges remain, including
exchanges with the Baltic. During the period from 3000 to 5000 AD, a semi-enclosed archipelago

is expected to develop, and at 5000 AD only 17 basins and 7 inter-basin exchanges remain. After
5000 AD, the number of basins and inter-basins exchanges continue to decrease, resulting in three
basins and three basin exchanges at 6000 AD, two basins and two exchanges at 7000 AD (between
basin 105 and the Baltic and between basins 105 and 114) and only one coupling (between basin

105 and the Baltic) at 9000 AD.

According to the MIKE FM 3 calculations, the largest exchange flows at 3000 AD are at the eastern
part of the boundary towards north, between basin 105 and the Baltic, and between basin 164 and the
Baltic. The largest inter-basin water exchange also occurs in the northern part of Oregrundsgrepen,
across the boundary between basins 164 and 105. Also during the period 4000-6000 AD the largest
exchange flows are between basin 105 and the Baltic, whereas the largest inter-basin water exchange
is between basins 164 and 105 during the period 4000-5000 AD. At 6000 AD the largest inter-basin
water exchange will occur across the remaining part of the embayment, between basins 114 and 184.

During the period 3000-5000 AD, the shortest HRT varies between 4—7 hours (basins 175, 165

and 164), whereas the shortest HRT increases to ¢ 20 days at 6000 AD (basin 114). The shortest
HRT is observed for basin 114 during the period 6000-8000 AD (10-20 days), and for basin 105 at
9000 AD (c 25 d). Between 3000 and 5000 AD, the longest HRT (basin 184) fluctuates between 4
and 30 days, whereas the longest HRT is more stable (25-30 days for basin 105) during the period
6000-9000 AD. The shortest AvA was calculated to vary between 11 and 17 days during the period
3000-8000 AD, whereas the shortest AvA increases to 35 days at 9000 AD. During the same period,
the longest AvA varies between 19 days (7000 AD) and 50 days (4000 AD).
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5.7 MIKE SHE-analyses of discharge locations and solute
travel times

In order to check the identification of biosphere objects (cf Section 2.3.1) and to quantify solute
travel times in the regolith of biosphere objects, particle tracking was performed using the MIKE SHE
local model setups at the times 5000 and 11,000 AD. For each time, 100 imaginary particles were
released per MIKE SHE model cell that intersects disposal rooms of SFR 1 and SFR 3 (Figure 5-17).
The released particles were subsequently transported in a transient groundwater flow field using
meteorological data for the period October 1, 2003—September 30, 2004. In total, 9,800 particles
were released from SFR 1 and 16,200 particles from SFR 3. The 5000 AD simulation was run

for a time period of 200 years, whereas the 11,000 AD simulation was run for a time period of

500 years. It should be noted that in MIKE SHE, particles are tracked in the saturated zone and
hence exit the tracking domain at the groundwater table, surface waters (MIKE 11 and OL) or
boundaries of the local model domain.

The upper map of Figure 5-17 shows particle-release locations at SFR 1 and SFR 3, and associated
discharge locations for the 5000 AD simulation. As can be seen in the figure, particles released

at SFR 1 discharge at biosphere object 157 2, whereas particles released at SFR 3 discharge at
biosphere objects 157 2 and 121 _2. These results are in overall agreement with the discharge
locations at the interface between rock and regolith for the corresponding DarcyTools calculations
(Section 2.3.1). However, DarcyTools-calculated discharge locations are also located further north
of those calculated by MIKE SHE, both for particles released at SFR 1 and SFR 3. As shown in
the bottom map of Figure 5-17, particles that exit the saturated zone in biosphere object 157 2 are
mainly located to low-lying areas of the object. In terms of discharge locations, the results of the
11,000 AD simulations (not shown) are similar to the results of the 5000 AD simulations.

According to the dynamic regolith depth and stratigraphy model (Brydsten and Strémgren 2013) at
5000 AD there are organic sediments in the lowest-lying areas of the object, and a relatively thick
layer of glacial clay in the northern part of the object. The average thickness of till in the object is
approximately 2.5 m, with an assigned horizontal and vertical hydraulic conductivity of 7.5-10° and
7.5-10 " m/s (Table 2-2). Areas with shallow (less than 0.25 m) depth to the groundwater table occur
in four parts of the object (cf Sections 5.4 and 7.5.1), whereas annual average depths of overland
water generally are less than 0.25 m (cf Section 5.5). Potential arable land is located to the northern
part of the object (cf Section 6.4), along a low-lying “trough” towards biosphere object 157 1.

All particles that are released from SFR 1 in the 5000 AD simulation reach the bottom of the regolith
at biosphere object 157 2 in c 2 years, whereas it takes another few years for them to exit the
tracking domain in the regolith (in total, 99% of the released particles exit the domain during the
simulated time period of 200 years). Hence, the MIKE SHE particle-tracking calculations indicate
longer and more distributed solute travel times in the regolith of biosphere object 157 2 than travel
times in the rock from SFR 1 to the object.

60% of all particles that are released from SFR 3 in the 5000 AD simulation reach the bottom of the
regolith in biosphere objects 121 2 and 157 2 during the simulated time period of 500 years. These
reach the bottom of the regolith in ¢ 6 years, which indicate longer travel times in the rock from SFR
3 to biosphere objects than travel times from SFR 1 to biosphere object 157 2. Moreover, the MIKE
SHE modelling results indicate longer travel times in the rock from SFR 3 to biosphere object 121 2
than to object 157 2. 55% of the released particles exit the tracking domain during the simulated
time period of 500 years. Particles than remain in the rock after 500 years are those released in areas
with downward hydraulic gradients in the rock, and they are hence moving relatively slowly towards
the surface system. In terms of solute travel times in rock and regolith, the overall behaviour of the
11,000 AD simulations are similar to that of the 5000 AD simulations.

SKB R-13-19 79



foud seww3va>

|01 sanBl4\NSd 2

1632000 1634000
f !

T
179 157_ 1 %ﬁ
?

157 _

6702000
!
6702000

118 .. -
4

160
Ly 5
120
5
121_1
1635000 163)1000
[ | Biosphere objects SFR 1, discharge points , .5 . 2k
e SFR 3, starting positions * SFR 3, discharge points "
« SFR1, starting positions skenorskeeso. 201204 1040 A\

Seww3\a>

BiA\NSd

o seint

6702000
6702000

e SFR 3, discharge points [l -39-5 [6.1-7 []94-95
» SFR 1, discharge points [l 5.1 [71-8 E96-10
[ Biosphere objects Bl s52-550 181-85 11
SKBAD/SKBEBO. 2014-02-04 14:48 - 56-6 |:| 86-9.3 - 12
13- 14

Figure 5-17. Upper figure: Release (starting) and discharge locations (discharge points) for the MIKE
SHE 5000 AD particle tracking. Lower figure: Zoomed map showing discharge locations in biosphere
object 157 2 and ground-surface elevations.
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5.8 Analyses of periglacial conditions and permafrost

5.8.1 General description of permafrost features and hydrology in
periglacial environments

The hydrology of periglacial environments is influenced by ice, snow and frozen ground. The water
balance and the hydrological cycle are strongly affected by the presence of permafrost (White

et al. 2007), which controls the distribution and routing of water across the landscape (Quinton

and Carey 2008). The hydrologically active period, with stream flow and redistribution of water

on the ground surface and in the active layer (see explanation below), is relatively short. The main
hydrological event of the year is the snow melt period. The snow water balance has to be taken into
account because sublimation, i.e. direct phase transition from solid to gas, and snow blowing events
might cause considerable water losses during the winter period (McDonald et al. 2010, Reba et al.
2011, Bosson et al. 2013). The presence of permafrost reduces groundwater recharge and discharge
relative to unfrozen conditions (Bosson et al. 2012). As shown in both theoretical and empirical studies
(Frampton et al. 2011, 2013, Ge et al. 2011, Bosson et al. 2013, Grenier et al. 2013, Kane et al. 2013),
the exchange of deep and shallow groundwater occurs via taliks.

Taliks denote unfrozen pockets of water located above, below or within frozen ground (French 2007).
In areas of continuous permafrost, taliks are often located below lakes, due to the ability of surface
water to store and vertically transfer heat energy. The potential for a lake to maintain a talik depends
on the lake area, the lake depth and the permafrost depth (Hartikainen et al. 2010). In particular,

an open talik is an area of unfrozen ground that is open to the ground surface but otherwise enclosed
in permafrost (cf Figure 5-18). Through taliks are unfrozen ground exposed to the ground surface and
to a larger mass of unfrozen ground below, whereas closed taliks are unfrozen ground enclosed in
permafrost. Through taliks are important elements in a permafrost landscape, since they connect the
unfrozen groundwater flow system at depth to the active layer on the ground surface. The active layer
is an upper layer, which is subject to cyclic freeze and thaw and hence frozen or unfrozen depending
on weather conditions. In the following, the active period refers to the period of the year when

the active layer is fully thawed, whereas the frozen period is when the active layer is fully frozen.
Between active and frozen periods, there are periods of thawing and freezing conditions.

As described in Section 5.8.2, in the SR-PSU project the above-mentioned features and processes
are taken into account in DarcyTools modelling for delineation of discharge areas for periglacial
conditions with permafrost (cf Section 2.3.2). Moreover, Sections 5.8.3-5.8.5 present modelling
and results concerning periglacial hydrology and near-surface hydrogeology at Forsmark, based
on further analyses of MIKE SHE modelling results from SR-Site.

Colder climate conditions

CONTINUOUS DISCONTINUOUS PERMAFROST
o v"ake T N ii'*Acitive layeH
Permafrost J Closed talik }pen talik

Through talik

Unfrozen ground

Figure 5-18. A schematic profile through a permafrost area with an active layer and different types of
taliks (Bosson et al. 2010).
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5.8.2 DarcyTools modelling of permafrost conditions

As part of the SR-PSU project, Odén et al. (2014) used DarcyTools to simulate steady-state ground-
water flow in rock and taliks for permafrost conditions. The simulations were done for three variants
of the hydrogeological model of the rock, the base case and two bounding variants. Specifically, in
terms of disposal-facility cross flows for temperate conditions, the base case represents a median-
flow case, whereas the two bounding variants represent a low- and a high-flow case, respectively.

In the DarcyTools permafrost modelling, locations of potential taliks associated with lakes and
streams are taken from the landscape model at 20,000 AD (Brydsten and Stromgren 2013), at which
time only two lakes are present within the DarcyTools model area. These lakes are represented

as upper boundary conditions for temperature and also for hydraulic head, which is set equal to

the lake threshold according to the landscape model, whereas streams are represented as upper
boundary conditions for temperature. Outside of the talik areas, the upper boundary conditions are
represented as a fixed temperature and a fixed hydraulic head. The latter represents the location of
the groundwater table, which is assumed to be located in the active layer close to the ground surface.
The lateral boundary conditions are similar to those used for simulations of temperate conditions,
i.e. no groundwater flow (and in the permafrost simulations no flux of heat), whereas the bottom
boundary condition is represented as no groundwater flow but with a specified heat flux.

Moreover, in one simulation case (see further below) a set of additional small surface waters (ponds
and peat bogs) are also defined as potential taliks. Specifically, the locations of such small surface
waters, and associated potential taliks, are taken as the locations of areas with at least 0.5 m of over-
land water in the MIKE SHE simulations for temperate conditions at 11,000 AD (cf Section 5.5).

Three different permafrost depths were investigated, namely shallow permafrost down to ¢ —60 m
elevation, and deeper permafrost down to ¢ —85 m (within SFR-1) or —90 m elevation (below SFR-1).
Moreover, locations of potential taliks were defined according to three variants: (1) All surface waters,
including lakes and streams at 20,000 AD according to the landscape modelling by Brydsten and
Stromgren (2013), as well as small surface waters according to the MIKE SHE simulations for
11,000 AD, (2) lakes and streams according to the landscape modelling, and (3) only lakes according
to the landscape modelling. Section 2.3.2 describes the SR-PSU results of the DarcyTools permafrost
modelling, in terms of discharge locations at the interface between rock and regolith.

5.8.3 MIKE SHE modelling of periglacial hydrology and near-surface
hydrogeology at Forsmark

As described in Section 2.2.1, periglacial conditions are not considered in the MIKE SHE model
setup of the SR-PSU project. The locations and extents of future lakes and streams (Section 3.2.3),
which control the locations of taliks, are similar to those of SR-Site. The results of the MIKE SHE
modelling of periglacial conditions and permafrost presented by Bosson et al. (2010) are therefore
considered to be relevant also for the SR-PSU project.

The results of Bosson et al. (2010) were further analysed and elaborated by Bosson et al. (2012,
2013). In particular, the water balance of the Forsmark site was investigated for different landscape
settings in terms of topography, regolith, vegetation and shoreline elevation, climate settings (air
temperature, potential evapotranspiration and precipitation), and existence and thickness of perma-
frost (Table 5-2). Specifically, for the future-landscape cases (1b—2c in Table 5-2) the shoreline is
situated at —31.42 m elevation, which corresponds to the shoreline at 10,000 AD. Figure 5-19 shows
the considered model area (which is similar to the MIKE SHE regional model area in SR-PSU, cf
Section 3.1.1) for flow and particle-tracking simulations, and the locations of through taliks in cases
2b (permafrost depth 100 m) and 2¢ (permafrost depth 240 m). As shown in Figure 5-19, the number
of taliks depends on the permafrost depth, and larger permafrost depths result in fewer taliks (Bosson
et al. 2012).
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Table 5-3 (Section 5.8.3) summarises the climate characteristics for each of the considered cases,
and the resulting surface-water fractions (lakes and wetlands), hydrological flows and flow ratios.
Temperate climate data (cases 1a—b) are from Johansson (2008), whereas periglacial climate data
(cases 2a—c) are from Kjellstrom et al. (2009). Specifically, for the temperate-climate cases the
mean annual air temperature (MAAT) is +6.4°C and the annual accumulated precipitation (AAP) is
583 mm, whereas MAAT is —7°C and AAP is 412 mm in the periglacial-climate cases. Moreover,
the annual accumulated potential evapotranspiration (AAPET) is 420 mm in cases 1a—b, and

216 mm in cases 2a—c.

Table 5-2. Simulation cases for different landscape and climate settings (Bosson et al. 2012).

Case Landscape (topography, regolith, Climate (air temperature, precipitation,
vegetation, shoreline) potential evapotranspiration)
1a Present Temperate
1b Future Temperate
2a Future Periglacial (no permafrost)
2b Future Periglacial (100 m permafrost)
2c Future Periglacial (240 m permafrost)
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Figure 5-19. Model area, particle-release area and through taliks in the permafrost cases 2b (permafrost
depth 100 m) and 2c (permafrost depth 240 m) (Bosson et al. 2012).
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5.8.4 MIKE SHE results — water balance and intra-annual dynamics

According to Table 5-3, the modelling results show a slightly larger proportion of lakes (surface-
water depth > 0.3 m) and wetlands (surface-water depth 0.01-0.3 m) for cases 2a—c (periglacial
climate) compared to the present-landscape case with a temperate climate (case 1a), due to less
evapotranspiration (ET). Furthermore, permafrost reduces the infiltration capacity of the regolith,
which increases ground-surface storage in cases 2b—c (future landscape, periglacial climate and
permafrost) compared to case 2a (same as 2b—c, but no permafrost). It can also be noted that there
is more surface-water runoff for cases 2b—c compared to case 2a. In a permafrost landscape, large
part of the snowmelt occurs when the active layer is still frozen, hence preventing infiltration.
Moreover, once the active layer is thawed the thin active layer (thickness 1 m) is quickly saturated
and ET is smaller in a periglacial climate in the Forsmark case, which promote ground-surface
storage, ponding and surface-water runoff.

The modelling results demonstrate that for a temperate climate, the cumulative runoff increases more
or less continuously (Figure 5-20) and groundwater recharge and discharge occur throughout the year,
whereas for a periglacial climate (both without and with permafrost) snowmelt is the main hydrological
event of the year (cf above). For a periglacial climate, snow accumulation occurs during a longer
period and groundwater recharge and discharge only occur during the active period. In cases 2a—c,
the snowmelt rate exceeds the infiltration capacity of the regolith and creates surface-water runoff.

In the temperate cases (1a—b) and the periglacial case without permafrost (2a), groundwater flow in
the uppermost regolith is the largest part of the runoff. In the permafrost cases (2b—c), surface water
has the largest contribution to runoff. Moreover, permafrost delays groundwater discharge to streams
compared to the non-permafrost case (2a). In case 2a, groundwater discharge occurs immediately
after initiation of snowmelt, whereas in a permafrost landscape (cases 2b—c) the active layer has to
thaw before groundwater recharge can take place. Thawing of the active layer is initiated more or less
simultaneously as the snowmelt in spring, and continues until fully thawed conditions are reached in
the beginning of the summer.

The results of Bosson et al. (2012) show a complexity in the hydrological responses to changes in
landscape and climate settings. Specifically, the results demonstrate that a warmer or colder climate
is not necessary similar to a wetter or drier landscape. The periglacial climate cases 2a—c, which are
characterized by less precipitation and potential evapotranspiration compared to a temperate climate,
may be viewed as drier conditions from a climate perspective. However, a periglacial climate may
be characterized by more ground-surface storage and runoff, and hence wetter conditions from

a landscape perspective.

5.8.5 MIKE SHE results — exchange of deep and shallow groundwater

Figure 5-21 shows model-calculated vertical groundwater flux (volumetric flow normalized over

the whole model area) as function of elevation for cases 1b and 2b—c. Fluxes are calculated as total
groundwater recharge minus total groundwater discharge, i.e. downward fluxes are positive. Results
are shown for areas that correspond to inland through taliks, the sea bay, and the total area of inland
through taliks and the sea bay (cf Figure 5-19). For all considered cases, the vertical groundwater flux
decreases with depth. For the temperate case (1b), only a fraction (less than 5%) of the total groundwater
discharge occurs in areas that constitute through taliks under periglacial conditions with permafrost.

Table 5-3. Climate characteristics and resulting hydrological flows for cases 1a—2c. MAAT =
mean average annual air temperature, AAP = annual accumulated precipitation, AAPET = annual
accumulated potential evapotranspiration, R = runoff, ET = evapotranspiration, Rgw = groundwa-
ter recharge. The percentage of lakes and wetlands refer to the ratio between their total surface
area and the total land area (Bosson et al. 2012).

Case | Climate Lakes and Abs. hydrological flows Flow ratios (-)
wetlands (%)
MAAT (°C) AAP (mm) AAPET (mm) R (mm) ET (mm) Ry, (mm) | ET/AAP R/AAP R,/AAP

1a 6.4 583 420 15 175 405 124 0.69 0.30 021
1b 6.4 583 420 13 186 403 136 0.69 0.32 0.23
2a -7 412 216 16 204 21 109 0.51 0.50 0.26
2b -7 412 216 19 217 194 56 0.47 0.53 0.14
2c -7 412 216 18 217 193 55 0.47 0.53 0.13
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Figure 5-20. Model-calculated runoff (R) for cases 1a—b (temperate climate), 2a (periglacial climate, no
permafrost), and 2b—c (periglacial climate and permafrost) (Bosson et al. 2012).
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Figure 5-21. Vertical groundwater flux (volumetric flow normalized by model area) as function of elevation
for cases 1b and 2a—c (Bosson et al. 2013). Fluxes are calculated as total groundwater recharge minus total
groundwater discharge, i.e. downward fluxes are positive. Results are shown for areas that correspond to inland
through taliks (black dashed lines), the sea bay (blue dotted lines), and the total area of inland through taliks

and the sea bay (red solid lines).
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Hence, groundwater fluxes decrease significantly and change predominant directions relative to tem-
perate conditions. Specifically, in cases 2b—c the exchange between deep and shallow groundwater is
restricted to talik areas, and inland talik areas that act as groundwater recharge areas in these cases
are groundwater-discharge areas for temperate conditions (case 1b). Moreover, vertical groundwater
fluxes are smaller for a reduced number of taliks. For permafrost conditions, the main groundwater
flow takes place between recharge taliks in inland areas and the (unfrozen) sea, even though some
inland taliks act as groundwater-discharge areas. Vertical groundwater fluxes are constant with depth
within the permafrost, fluxes increase with depth above the permafrost layer in talik areas, and
decreases with depth below the permafrost.

Bosson et al. (2013) performed forward particle tracking (particle release at -400 m elevation)

to analyse groundwater flow paths for the future-landscape cases 1b (temperate), 2b (periglacial,
permafrost depth 100 m; 45 through taliks) and 2c (periglacial, permafrost depth 240 m; 7 through
taliks), cf Table 5-2. As shown by the discharge locations in Figure 5-22, in the presence of perma-
frost (cases 2b and 2c) the exchange between deep and shallow groundwater occurs in through-talik
areas and on the (unfrozen) sea bottom. In particular, almost 50% (case 2b; permafrost depth 100 m)
and almost 90% (case 2c; permafrost depth 240 m) of the particles that reach the regolith during the
simulated period of 5,000 years discharge at the sea bottom (Bosson et al. 2013). In the temperate
case (1b) groundwater discharge areas are located to lakes, wetlands and streams. In the temperate
case (1b), approximately 20% of the discharging particles reach the regolith in areas that are through
taliks in cases 2b—c. Hence, there are quite different discharge-location patterns for temperate condi-
tions and periglacial conditions with permafrost.

Groundwater-flow path lengths and associated solute travel times are longer when permafrost is
present, and they also increase with permafrost depth (Figure 5-23). In particular, in the temperate
case (1b) the mean flow-path length (from —400 m elevation to the regolith) is ¢ 1,000 m, whereas
the corresponding lengths are ¢ 3,000 m and ¢ 5,000 m in the permafrost cases 2b and 2c, respec-
tively. By releasing particles in the regolith (not shown here), Bosson et al. (2013) concluded that in
the permafrost cases (2b—c) the longest travel times are in the unfrozen rock below the permafrost,
whereas the shortest travel times are through the taliks.
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Figure 5-22. Discharge locations (discharge points) at the regolith for particles released at —400 m eleva-
tion in the rock for cases 1b, 2b and 2c (cf Table 5-1).
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Figure 5-23. Breakthrough curves (left) at the regolith and associated flow-path lengths (vight) for
particles released at —400 m elevation in cases 1b and 2b—c (Bosson et al. 2013).

Areas that for temperate conditions act as inland groundwater-discharge areas can for permafrost
conditions constitute recharge areas associated to through taliks. For such conditions, through taliks are
the only available inland pathways through the permafrost and they tend to be located to topographical
low points in the landscape. Hence, a shift from temperate to periglacial conditions with permafrost
changes recharge-discharge patterns at the ground surface and the exchange between deep and shallow
groundwater. Theoretical and empirical studies indicate that for periglacial conditions with permafrost,
topographical differences between taliks govern the spatial pattern of groundwater recharge and dis-
charge (Bosson et al. 2013). The main groundwater discharge occurs at the most downstream through
talik (the sea bay in the Forsmark case).
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6 Water-resources management and wells in
the future Forsmark landscape

This chapter concerns water-resources management inhabitants of the future Forsmark landscape.
Specifically, the first part of the chapter presents modelling and results on hydrological issues related
to agriculture and drainage (Section 6.1), whereas the remaining Sections 6.2—6.5 are focused on
water uses for humans, cattle and irrigation. Section 6.2 provides data on the total water use of dif-
ferent types of self-sufficient communities and associated potential water supplies. Sections 6.3—6.4
contain hydrogeological analyses of wells in regolith and wells drilled in rock, whereas Section 6.5
gives recommendations for handling of future water uses in the SR-PSU project.

6.1 Hydrology and water-resources management of
agricultural land

6.1.1 Background and objectives

Agriculture is a main food contributor for future, self-sufficient agricultural communities in the
Forsmark landscape. The SR-PSU model of transport and accumulation of radionuclides in the
biosphere (Saetre et al. 2013b) considers three exposure scenarios associated to agricultural land:

* The use of contaminated hay (winter fodder) and manure (fertilizer) in infield-outland farming
representing a self-sufficient Iron-age family.

*  Modern-farming drainage of lake-mire systems.

» Cultivation of vegetables and potatoes on a garden plot by a small household, using contaminated
water for irrigation and fertilizers from sea macrophytes (algae) or ash from wood or peat.

In order to enable analyses of these exposure scenarios, the radionuclide model takes into account

a number of radionuclide-transport and transformation processes in agricultural land, e.g. percolation,
groundwater uptake, decay, degassing, and mineralisation. In support of the radionuclide-transport
modelling, this section provides a description of main hydrological processes and parameters
associated to agricultural land, specifically related to water-resources management in the form of
modern-farming drainage for a temperate climate. Hence, processes such as decay, degassing and
mineralisation are not discussed here.

The present arable land in northern Uppland is mostly located to areas with water-deposited clay.
Only a small part of the land area in Forsmark is covered by such regolith, whereas the proportion
of potential arable land likely will increase in the future as the broad and presently submerged
Oregrundsgrepen valley is uplifted (cf Section 2.2.2). Parts of the clay and sand dominated areas

of Oregrundsgrepen will initially be covered by low-lying, shallow lakes and wetlands, which suc-
cessively will be covered with a layer of fen peat. Parts of these shallow wetlands can probably be
relatively easily drained and cultivated, and it is therefore assumed that modern-farming drainage and
cultivation primarily occur in regolith consisting of peat and postglacial sediments. In the landscape
development model (SKB 2014a), it is assumed that all present and future wetlands with a peat-layer
thickness exceeding approximately 1.5 m are cultivated. As the fen-peat accumulation rate is low
(Sohlenius et al. 2013b), it takes long time for cultivation to be suitable in uplifted areas.

6.1.2 Conceptual description of water flow in agricultural land
Compartmentalisation and water-flow processes

The SR-PSU model of radionuclide transport and accumulation in agricultural land (Saetre et al.
2013b) considers upward and downward water flow in a compartment denoted regoUp. This compart-
ment represents a biologically active layer above the groundwater table; it is affected by ploughing and
bioturbation, and it is where crops take up water, nutrients and trace elements by their roots. The water
content in the root zone, which is influenced by the depth to the groundwater table during the growing
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season, is one main factor for crop yield. Many crops have an optimal growth for a groundwater-table
depth of 1 mbgs (e.g. Feddes 1971), whereas grass species suitable for hay production demonstrate
high growth rates for a groundwater-table depth of ¢ 0.5 mbgs (Mueller et al. 2005).

In a hydrological context, the regoUp compartment can be considered as the unsaturated zone in soil
with a shallow depth to the groundwater table. Specifically, from below and up regoUp extends from
the top of the capillary fringe to the ground surface. The capillary fringe is a tension-saturated zone
above the groundwater table, in which the pressure head (negative above the groundwater table) is
above the so called air-entry (or bubbling) pressure head, i.e. the pressure head at which air enters
the largest pore (e.g. Gillham 1984). The vertical extent of the capillary fringe in peat is typically on
the order of 0.3—-0.4 m, and it can be up to 0.6 m in highly decomposed peat (Verry 1997). Hence,

an unsaturated zone in peat (i.e. regoUp) that extends 0.5 mbgs corresponds to a groundwater-table
depth of 0.8—0.9 mbgs if the capillary fringe has a vertical extent of 0.3—-0.4 m.

During the growing season, water required for crop growth is added to the regoUp compartment by
precipitation and it is lost by evapotranspiration. During periods when the water content is higher
than the field capacity of the soil, water is also lost by downward percolation towards the ground-
water table. The field capacity is the water content at cessation of drainage of a soil profile, whereas
water is unavailable for crops at water contents at or below the wilting point. The field capacity and
the wilting point are usually defined as the soil-specific water content at pressure heads of —1 m (i.e.
the pressure head 1 m above the groundwater table in a soil profile with no vertical water flow) and
—150 m, respectively (e.g. Grip and Rodhe 1994).

In addition to precipitation, water can also be added to regoUp by groundwater uptake, i.e. by a
combination of capillary rise and upward water-flow from the groundwater table (e.g. Schlotzhauer
and Price 1999, Mueller et al. 2005, Ayars et al. 2006, Singh et al. 2006, Logsdon et al. 2009). For
agricultural land with a shallow groundwater table, it has been found that this process, which is
driven by evapotranspiration during dry periods (zero precipitation), may be large part of the total
crop-water supply during the growing season (e.g. Mueller et al. 2005).

Percolation — parameterisation of downward water flow

As outlined above, percolation is here defined as downward water flow through the unsaturated regoUp
compartment towards the groundwater table. In agricultural land, the percolation flux (percolation flow
per unit area) varies in space and time as a result of e.g. soil and crop type, depth to the groundwater
table, precipitation intensity, and variations of near-surface air temperature. Bosson et al. (2010) present
MIKE SHE-calculated annual average percolation fluxes for the Forsmark area at 2000, 5000 and
10,000 AD. For these times, the average percolation flux is ¢ 200 mm/y for the normal year. As the
ratio between percolation and runoff was close to one in these simulations, long-term discharge statis-
tics can be used to infer corresponding statistics for the percolation flux. For instance, Larsson McCann
et al. (2002) and Bosson et al. (2010) present and analyse data from the Vattholma discharge-gauging
station (located some 50 km southwest of Forsmark) for the 83-year period 1917-2000. For a wet and
warm climate, the MIKE SHE-calculated average percolation flux is ¢ 260 mm/y (Bosson et al. 2010),
which is within the range for the 1917-2000 record for Vattholma.

Groundwater uptake — parameterisation of upward water flow

As outlined above, groundwater uptake is here defined as upward water flow through the unsaturated
regoUp compartment, from the groundwater table across the capillary fringe. In agricultural land in
Sweden, the upward water flux (groundwater-uptake flow per unit area) from the groundwater table
is normally less than 10 mm/d and typically ¢ 1 mm/d during dry periods (Johansson 1973/74). For
instance, using water-balance calculations for different types of crops, for an agricultural land in the
south-central coastal area of Sweden Johansson and Klingspor (1977) estimated the upward water
flux to be 20-90 mm for a growing season during a normal year and 65—115 mm during a dry year.

Moreover, in an experimental study of different types of agricultural soils and depths to the
groundwater table, Mueller et al. (2005) found that the upward water flux per growing season was
10-60 mm for spring barley, 20-250 mm for winter wheat, and 80—300 mm for pasture grasses
for various soils and groundwater depth levels. Specifically, the results of their study showed that
upward fluxes were higher for smaller depths to the groundwater table. Based on the studies by
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Johansson and Klingspor (1977) and Mueller et al. (2005) it is suggested that as a long-term annual
average, the groundwater uptake in a drained mire with a shallow depth to the groundwater table is
set in the range 20—-65 mm for barley and 80—-300 mm for hay.

6.1.3 Hydrological effects of drainage
General

Drainage has been practised in Sweden for a long time to obtain arable-land areas and improve

their productivity, possibly since the 12" century, and drainage operations are legally regulated

in Sweden since the 13" century (Gustafsson 1955). Iron-age farmers (here denoted infield-outland
farmers) choose fairly dry soils for cultivation and likely did not drain their fields (Gustafsson 1955).
More advanced drainage techniques that were introduced during 18™ century enabled drainage of peat
and heavy clays, and the increased food demand during the 18™ to 20" centuries resulted in extensive
drainage of wetlands and lakes (Persson 2011). During the last decades, the demand for arable land has
decreased. However, the demand may increase in the future, e.g. due to increasing global food demand.

Due to drainage-caused subsidence (see further below) it may be difficult to maintain the function
of the drainage system for agricultural land consisting of peat and postglacial deposits. In particular,
fens in former lakes are often underlain by thick layers of easily compacted gyttja, which complicates
long-term agriculture. Longer-term agriculture may be possible in agricultural land consisting of thin
peat layers underlain by clay and sand, as these areas are not as sensitive to compaction.

Drainage depth and subsidence

As mentioned above, many crops and grass species have optimal growths for a groundwater-table
depth of 0.5—1 mbgs, and an unsaturated zone in peat (i.e. regoUp) that extends 0.5 mbgs corresponds
to a groundwater-table depth of 0.8—0.9 mbgs if the capillary fringe has a vertical extent of 0.3-0.4 m.
Due to factors such as seepage-face related inflow resistance to ditches (Gillham 1984, Kao et al. 2001,
Chahar and Vadodaria 2008), inflow resistance to drainage pipes (e.g. Kohler et al. 2001) and resulting
groundwater-table depths between drains (e.g. Cooke et al. 2001, Ritzema 1994), the drainage must
be at a lower level than the desired depth to the groundwater table. In Sweden, open and tile ditches in
agricultural land have typically been dug to 1.2—1.5 mbgs (Gustafsson 1955), which likely is sufficient
to obtain an unsaturated zone in peat that extends 0.5 mbgs if the drains are closely separated.

Due to drainage-caused subsidence, some time after drainage it will be required to deepen the drain-
age in order to maintain the desired depth to the groundwater table (e.g. Juhlin-Dannfelt 1923). Peat
subsidence following drainage is mainly due to compaction and oxidation. The initial compaction
can be as high as 30 mm/y (Kasimir-Klemedtsson et al. 1997), whereas the continued subsidence
due to peat oxidation is slower. The total subsidence can hence be 1-1.5 m during a 50-year period,
which is the length of the time period during which cultivation of a peat area likely can occur.

Effects on groundwater recharge-discharge and runoff

As described above, the SR-PSU modelling of transport and accumulation of radionuclides in
agricultural land (Saetre et al. 2013b) considers downward (percolation) and upward water fluxes
(groundwater uptake) in the regoUp compartment, i.e. the biologically active layer above the
groundwater table. Moreover, the associated parameterisation takes into account modern-farming
drainage of lake-mire systems. However, there are hydrological effects of drainage that are not taken
into account in the SR-PSU project. For instance, near-surface drains act as line sinks and constitute
line-shaped groundwater discharge areas (e.g. Strack 1989). Hence, groundwater recharge-discharge
patterns are changed in the vicinity of drains, which, depending on their depth, locally can collect
and diverge also groundwater entering the regolith from below.

Drainage may also affect the total runoff from the agricultural land, the runoff dynamics (e.g. magni-
tude and longevity of flow peaks) and the distribution of runoff between overland flow and ground-
water flow (e.g. Seuna 1981, Bjerketorp and Johnson 1986, Lundin 1994, Beheim 2006, Holden

et al. 2000). Initially after drainage, the total runoff is typically increased due to the increased depth
to the groundwater table and the associated evapotranspiration reduction. With time, subsidence by
compaction and increased decomposition may lead to a decrease of the total runoff. The effects of
drainage on runoff dynamics are more complex and depends on factors such as soil hydraulic proper-
ties, mire type and drainage intensity (e.g. Holden et al. 2006).
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6.2 Future water uses and supplies
6.2.1 Background and objectives

The objective of this section is to provide input to calculations of radiological exposure to a rep-
resentative individual of the most exposed group, specifically in terms of water uses and supplies
associated to self-sufficient communities in the Forsmark landscape. Potential exposure pathways
for radionuclides to members of such communities, related to their water uses, include ingestion
of contaminated water, ingestion of milk or meat from cattle consuming contaminated water, and
ingestion of crops irrigated by contaminated water.

Section 6.2.2 presents estimates of water demands of different types of self-sufficient communities,
which in Section 6.2.3 are compared to capacities and hydrochemical characteristics of potential
ground- and surface water supplies in the future Forsmark landscape. Moreover, estimated water
demands serve as input to hydrogeological analyses related to water discharge (withdrawal) from
wells in regolith and rock, respectively (Sections 6.3-6.4).

6.2.2 Water uses of self-sufficient communities
Present and historical water uses

The present-day household water consumption in Sweden is on average ¢ 180 L/d per person,
distributed on drinking and food preparation (10 L), WC (35 L), washing-up the dishes (35 L),
washing-up clothes (25 L), personal hygiene (65 L) and other uses (10 L) (Svenskt Vatten 2005).
This water consumption, which is above the global average (Hoekstra and Chapagain 2007), reflects
the fact that the main part of the current Swedish population inhabits urban areas connected to public
water works. The household water consumption is less in countries in which the main part of the
population inhabits rural areas, with private and/or smaller-scale water supplies. For instance, a typi-
cal household water consumption in Sweden was below 10 L/d per person in rural areas during the
19™ century, excluding washing of clothes and water consumed by cattle (Hult 2011). Gleick (1996)
and WHO (2011) present per capita water consumption as a function of service level (i.e. type of and
distance to water supply), including taps in the house (100-200 L/d), tap on yard (50 L/d), access
within 1 km round trip (20 L/d) and access more than 1 km round trip (5 L/d). Moreover, survey
data on present water uses in Sweden (e.g. Westrell et al. 2006) show that households connected

to municipal water supplies consume more water than households using private wells in regolith,
and significantly more than households using private wells drilled in rock. In a study of basic water
needs for humans, Gleick (1996) recommends a minimum water supply of 50 L/d per person.

Types of self-sufficient communities

In the SR-PSU project, self-sufficient communities are divided into the following four types (cf
Saetre et al. 2013a), here presented by increasing level of technological sophistication (see summary
in Table 6-1):

* Hunter-gatherers: Stone-age cultures from the Mesolithic and middle Neolithic periods serve
as a reference for the most exposed group in terms of intake of radiologically contaminated
marine or terrestrial natural food. From historical records, it is reasonable to assign a group size of
some 30—40 members (40 is used here), who only can use surface water (i.e. water from lakes or
streams) to fulfil their water demands. This type of community does not keep any cattle, and it is
not involved in agricultural activities that require irrigation water.

» Infield-outland farmers: Stationary infield-outland farmers during the Iron Age serve as a refer-
ence for the most exposed group in terms of radiological exposure from food cultivated on land,
fertilised by contaminated manure (originating from wetland haymaking). Based on estimated
future wetland productivity in the Forsmark area and the level of technological sophistication
associated to this type of community, it is reasonable to assign a group size of two households
(some 10 members), who could use either surface water or groundwater from a well in regolith
to fulfil their water demands. This type of community does keep cattle, but their agricultural
methods do not involve the use of water for irrigation.
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+ Modern farmers: 19" century farmers serve as a reference for the most exposed group in
terms of radiological exposure from food cultivated on a contaminated wetland (dominated by
peat and clay gyttja) that is subject to land improvement and drainage. Based on a typical size
of a cultivated, drained wetland in the Forsmark area and level of technological sophistication
associated to this type of community, it is reasonable to assign a group size of two households
(some 10 members), who could use either surface water, water from a well in regolith or water
from a well drilled in rock to fulfil their water demands. This type of community does keep cattle,
but their agricultural methods do not involve the use of water for irrigation.

* Garden-plot household: A present-day, small family household serves as a reference for the
most exposed group in terms of radiological exposure from food cultivated on a small garden
plot (dominated by glacial clay) irrigated by contaminated water. A group size of 5 members is
assigned for this type of community, who could use surface water, water from a well in regolith
or water from a well drilled in rock to fulfil their water demands. This type of community which
is self-sustained with respect to consumption of vegetables and root-crop, does not keep any
cattle but their horticultural methods involve the use of water for irrigation.

Water consumption by humans
Drinking water

In principle, there are two ways to estimate the drinking-water needs for an individual, either based on
the needs set by the human physiology (and associated fluid-intake recommendations) or based on sta-
tistics on actual fluid intakes. Both demonstrate large variability depending on factors such as climate,
activity level and diet, and such factors are reasonable to take into account for the present purposes.

The daily water losses from a human body (urine, insensible losses, faecces and sweat) must be balanced
by water gains through direct intake of water or other fluids, water contained in food and water generated
by metabolism (oxidation of food). Based on physiological data, ICRP (1975, 2002) presents the daily
fluid balance for a “reference man” for the purposes of radiological risk analyses. According to the
water balance for an adult male (with a weight of 73 kg), the total daily water losses are 2.9 L/d (the
corresponding sum for an adult female is ¢ 2.2 L/d). These losses must then be balanced by direct
intake of water or other fluids (2.6 L/d) and metabolism (0.3 L/d). For a reference intake of 0.7 L/d of
water contained in food (ICRP 1975), the need of an adult male for direct intake of water or other fluids
is hence 1.9 L/d. In SAR-08, Avila and Bergstrom (2006) assumed daily water losses of 2.95 L/d and
that the sum of intake of water contained in food plus water generated by metabolism equals 1 L/d,
which hence yields a need for direct intake of water or other fluids of 1.95 L/d.

Gleick (1996) reports results of various physiological studies of human water requirements, sug-
gesting a minimum requirement for fluid replacement of 3 L/d under average temperate conditions.
WHO (2011) recommends a direct fluid intake of 2 L/d, as an average for both males/females and
for all ages. The recommended minimum fluid intake was 2.9 L/d during NASA’s early space flights,
and the National Academy of Sciences (1977) recommends a water intake of 2—4.5 L/d depending
on energy intake in food. Members of future, self-sufficient communities are likely involved in
hard and prolonged physical activities, which, in combination with a potentially warmer climate
during part of the assessment period, put their fluid needs above present-day averages. For instance,
US Army (2008) recommends a water intake of 611 L/d for field personnel active in temperate
climates. A direct fluid intake of 2 L/d for adults is recommended by US EPA (2000) to be used in
risk analyses related to drinking water in the USA, which is also recommended for corresponding
risk analyses in Sweden (Westrell et al. 2006).

Table 6-1. Characteristics and water uses of different types of self-sufficient communities.

Water uses

Type of community Group size (no. Human needs Cattle Irrigation
of individuals)

Hunter-gatherers 40 X
Infield-outland farmers 10 X
Modern farmers 10 X
Garden-plot household 5 X X
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There are few surveys of present-day drinking habits that are relevant for the present purposes and/
or for a reference man defined for the purposes of radiological risk analyses. Most such surveys are
focused on risks associated to intakes of tap water, whereas a large part of current fluid intakes are
fluids other than tap water. Moreover, current average physical activities are likely less hard and less
prolonged compared to members of self-sufficient communities, who also are likely to lose more
water during work in a warmer climate than today (cf above).

For instance, French survey data presented in Antoine et al. (1986), which is referred to by ICRP
(2002) and Avila and Bergstrom (2006), show an average intake of tap water and other fluids of

¢ 1.3 L/d (0.5 m’/y). However, the average intake of water contained in food in that study was 1 L/d,
which corresponds to an average direct intake of water and other fluids of 1.6 L/d if the reference value
of 0.7 L/d (cf above) is used. The total average water intake in the study was 2.7 L/d, which is within
the interval for daily water losses for a mixed male/female group according to ICRP (1975, 2002).
Moreover, US survey data presented in Ershow and Cantor (1989), also referred to in ICRP (2002)
and Avila and Bergstrdm (2006), show an average water intake of 1-1.6 L/d (0.4-0.6 m*/y), including
direct intake of water, water added to other beverages and water added to food during preparation.
However, the survey data do not take into account the intake of water contained in food or other fluid
intakes (e.g. milk or soft drinks). In fact, in the Ershow and Cantor (1989) study the average tap-water
intake (c 1 L/d) was just 55% of the total average water intake, which was 2 L/d (US EPA 2011).
In a recent Swedish survey (Westrell et al. 2000), the average water intake was c 1.9 L/d. This average
includes tap water and bottled water, but not other fluid intakes (e.g. milk or soft drinks).

Assuming that water is the only source for direct fluid intake, 2 L/d per person (slightly higher

than the value used in SR-Site) is used here as one of the inputs to estimate total water demands for
different types of self-sufficient communities. This drinking-water need is supported by, for instance,
the needs set by the human physiology (e.g. ICRP 1975, 2002) and fluid-intake recommendations in
terms of human health (WHO 2011) and for risk-analysis purposes in Sweden and USA (US EPA,
2000, Westrell et al. 2006).

Food preparation, personal hygiene and other human needs

In the present study, the present-day water use for food preparation in Sweden is used (10 L/d per
person), meeting typical demands in both developed and undeveloped countries (Gleick 1996). The
demand for personal hygiene is set to 10 L/d per person, which is within the recommended interval
to meet basic human needs (Gleick 1996) but below the present-day consumption (Svenskt Vatten
2005). Other water uses are set to 10 L/d per person, i.e. equal to the present-day consumption.

Total human water demands

The estimated total human water demands are summarised in Table 6-2. The total human water
demand sums up to ¢ 35 L/d per person, which is in between the likely per capita water consumption
for the service levels tap on yard (50 L/d) and access within 1 km round-trip (20 L/d) according to
WHO (2011).

Water consumption by cattle

For infield-outland farmers, it is assumed that a typical iron-age community with a group size of

10 individuals keeps a mixed herd of livestock of 25 cattle units, consisting of 12 cows, 5 heifers,

5 oxen, 8 pigs and 26 sheep (Widgren 1979, Saetre et al. 2013a). An estimate of the water need for
this mixed herd of livestock can be based on the food need (in terms of carbon) for dairy and beef
cows. According to Nordén et al. (2010), the food need is equivalent to 7 and 4 kgC/d for dairy and
beef cows, respectively, with a corresponding water need of 70 and 40 L/d. With a carbon content of
hay of 46% (Lofgren 2010) one then obtains a water need of ¢ 4.5 L/kg hay (dry weight). One cattle
unit requires ¢ 5 kg hay/d during winter (Widgren 1979, Saetre et al. 2013a), which yields a water
need of ¢ 22.5 L/d for the mixed herd of livestock. The water need per cattle unit is here assumed to
be 25 L/d, in order to account for a somewhat larger need during the summer period. The total water
need for the mixed herd of livestock kept by a typical iron-age community can then be estimated to
625 L/d.
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Table 6-2. Human water demands of self-sufficient communities.

Type of demand Water demand (L-p~'d™")  Type of community No. of individuals Total demand (L-d™")
Drinking 2 Hunter-gatherers 40 80
Infield-outland f. 10 20
Mod. farmers 10 20
Garden-plot hh. 5 10
Food preparation 10 Hunter-gatherers 40 400
Infield-outland f. 10 100
Mod. farmers 10 100
Garden-plot hh. 5 50
Pers. hygiene 10 Hunter-gatherers 40 400
Infield-outland f. 10 100
Mod. farmers 10 100
Garden-plot hh. 5 50
Other (incl. washing 10 Hunter-gatherers 40 400
of clothes) Infield-outland f. 10 100
Mod. farmers 10 100
Garden-plot hh. 5 50
Sum ~35 Hunter-gatherers 40 ~1,400
Infield-outland f. 10 ~350
Mod. farmers 10 ~350
Garden-plot hh. 5 ~175

For modern farmers, it is assumed that a typical self-sufficient farm with a group size 10 individuals
keeps 8 dairy and/or beef cows and one horse (Saetre et al. 2013a). According to Nordén et al.
(2010), the water need of a beef cow is ¢ 40 L/d, whereas the water need for a horse is ¢ 30 L/d
(Jordbruksverket 1999). The total water need for the livestock kept by a typical industrial-age
agriculture community can then be estimated to 350 L/d.

Water demands for irrigation

According to Table 6-1, it is assumed that the garden-plot horticulture involves the use of irrigation
water. In principle, it could be assumed that modern farmers use traditional irrigation techniques (e.g.
channel irrigation) as sprinkler irrigation was not used until the beginning of the 20" century (Juhlin-
Dannfeldt 1923, Hallgren 1955, Dahlgren 1974, Alinder 1984, 1986, Armstrong 1985). However,
potential arable land that could be used by modern farmers in the future Forsmark landscape is found
in previous mire areas, i.e. local low-lying areas where there will be no need for irrigation.

Based on the needs to grow potatoes and vegetables for a garden-plot household with a group size of
5 individuals, their garden requires an approximate area of 150 m’. Based on Johansson and Klingspor
(1977), the irrigation need is set to 90 mm during a normal year and 125 mm during a dry year; the
latter can also be considered to represent the irrigation need during a warmer climate. This yields

¢ 36 L/d for a normal year and 51 L/d for a dry year. In the estimate of the total water needs for

a modern-agriculture community, the water need for irrigation of a small garden plot is set to 40 L/d.

Total water demands

The estimated total water demand for each type of self-sufficient community is summarised in Table 6-3.
As can be seen in the table, the total water demand is highest for hunter-gatherers (1,400 L/d per person),
which is due to the large size of a typical group (40 individuals). Infield-outland farmers and modern
farmers have the same human water needs (350 L/d) for a typical group size of 10 individuals, whereas
the total demand is somewhat higher (975 L/d) for the former community type due to the larger number
of cattle. In comparison, the water demand for a household with a garden plot is quite small (215 L/d),
due to the typically small group size of 5 individuals and modest irrigation-water demands.
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Table 6-3. Total water demands (L-d™") of self-sufficient communities.

Type of community Human needs Cattle Irrigation Total
Hunter-gatherers 1,400 0 0 1,400
Infield-outland farmers 350 625 0 975
Modern farmers 350 350 0 700
Garden-plot household 175 0 40 215

6.2.3 Water supplies in the future Forsmark landscape

Table 6-4 summarises the types of water supplies assumed to be used by different types of self-
sufficient communities. As shown in the table, it is assumed that surface-water supplies (lakes and
streams) can be used by all types of communities. Regarding groundwater in the regolith, there

is historical evidence of pits dug in the vicinity of surface waters or deepening and reinforcing of
natural springs during the Neolithic era (10,000-7000 BC), when there was a shift towards farming
and relatively stationary settlements (e.g. Andersson 2009, Schyman 2009). The oldest known well
in regolith (8100—7500 BC) is located in Israel (Galili et al. 1993). In Europe, there are records from
early wells constructed from wood ¢ 5500—5000 BC (Persson and Larsson 2011, Tegel et al. 2012).
It is therefore assumed that all types of communities except hunter-gatherer communities have the
abilities to dig and utilise pits or wells in regolith.

There are historical records of manual drilling of more than 100 m deep water wells in rock in
China during the first centuries AD (Kuhn 2004) and manual rock drilling took place in mines in
Sweden from the 17" century (Atlas Copco 2012). The first patented machine-powered rock drill
was a steam-powered percussion drill invented by J. J. Couch in Philadelphia (USA) in 1849. This
was followed by a large number of patents of rock-drilling machines in USA and Europe during the
period 1850-1875, such as S. Ingersoll’s compact, steam-powered rock drill in USA in 1871. The
technology of drilling water wells in rock was therefore rather mature in the beginning of the 20™
century (e.g. Bowman 1911), and the first Swedish rock drill was launched in 1905 (Atlas Copco
2012). It is hence assumed that modern (i.e. industrial-age) farmers and horticulture households
have access to drill and utilise wells in rock.

Surface-water supplies

Figure 6-1 shows the locations of future lakes (maximum extents) and streams in the Forsmark land-
scape (cf Section 3.2.3). The figure also shows MIKE 11 stream sections at which stream-discharge
time series are extracted for comparison with typical total water demands (see further below). Based
on Figure 6-1 and the locations of delineated biosphere objects (Figure 2-23 in Section 2.3.1),

Table 6-5 lists potential surface-water supplies that may be used by self-sufficient communities
utilising each biosphere object and/or areas in the vicinity of objects.

Table 6-4. Types of water supplies that could be used by self-sufficient communities.

Type of water supply

Type of community Surface water Pit/well in regolith  Well drilled in rock

Hunter-gatherers
Infield-outland farmers
Modern farmers
Garden-plot household

X X X X
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Figure 6-1. Map of future lakes (maximum extents) and streams, and MIKE 11 stream sections at which
stream-discharge times series are extracted for comparison with typical total water demands of self-
sufficient communities.

Table 6-5. Potential surface-water supplies that may be utilised by self-sufficient communities
that inhabitate each of the seven delineated biosphere objects.

Biosphere object Potential lake supplies Lake life length Potential stream supplies (stream
section in Figure 6-1)

116 Lake 116 4500-9800 AD  Yes (within object, s. 1-4)

121_1 Lake 121_1 3900-6300 AD Yes (within object, s. 9—10)

121_2 Lake 160 3300-8500 AD  Yes (outlet from Lake 160, s. 8)

157_1 Lake 157_1 4500-5700 AD  Yes (within object, s. 5)

157_2 Lake 157_1/ 4500-5700 AD/ Yes (outlet from Lake 157_1, s. 5)
Lake 159 4000-7000 AD outlet from Lake 159, s. 6)

159 Lake 159 4000-7000 AD Yes (within object, s. 6)

160 Lake 160 3300-8500 AD  Yes (within object, s. 8)

According to the description in Section 2.3.1, five of the biosphere objects (116, 121 1, 157 1, 159
and 160) contain lakes, whereas objects 121 2 and 157_2 contain wetlands that are formed after
emergence from the sea, without passing a lake stage. Accordingly, communities that inhabit areas
in the vicinity of the five lake objects may utilise the associated lakes to satisfy their water demands
during the time frames of lake life lengths (Table 6-5). Moreover, communities utilising the wetland
objects (121 _2 and 157_2) may use surface water from lake objects 121 1, 157 1 and 159, as these
lakes are located within manageable distances (say, 400-500 m) from the associated settlements.
This distance is supported by archaeological findings (from the period ¢ 500 BC-500 AD) on the
west coast of Sweden, which indicates that distances from iron-age settlements to surface-water sup-
plies on average was on the order of 400 m (Schnell 1966, Carlie 2005, Persson and Larsson 2011).
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Except for object 121 2, streams are located within manageable distances for inhabitants of all
objects. It should be noted that based on the 2000 AD DEM, Brydsten and Stromgren (2013) define
a stream from biosphere object 160 to object 121 2 (cf Section 3.2.3), whereas the MIKE 11 stream
network defines the stream from object 160 (section 8 in Figure 6-1) to object 121 1. Most present-
day streams in Forsmark are small and tend to dry out during dry summer periods (Section 4.4.4).
MIKE 11 stream-discharge time series are therefore used to assess the potential of future streams as
surface-water supplies, given typical total water demands of self-sufficient communities. Table 6-6
summarises MIKE 11 modelling results for the meteorological normal year (cf Section 2.2.1) at the
times 5000 AD and 11,000 AD. Modelling results are shown in terms of annual average (Q,,), maxi-
mum (Q,,.,) and minimum discharges (Q,.;,,). Moreover, the table shows the total time during which
the MIKE 11-calculated discharge is below 1 m*/d, which approximates a typical total water demand.

According to Table 6-3 in Section 6.2.2, the total water demand for a self-sufficient community is
estimated to vary between ¢ 1,400 L/d (hunter-gatherers) and ¢ 200 L/d (garden-plot household).

As seen in Table 6-6, annual average stream discharges vary between 1 L/s in small streams and

150 L/s in large streams. Hence, annual average stream discharges, both at 5000 AD and 11,000 AD,
are sufficient to fulfil water demands for all types of self-sufficient communities. Specifically,
annual average stream discharges are approximately one to four orders of magnitude larger than the
demands. However, seasonal fluctuations are large and small streams tend to have small discharges
(< 1 m*d) or be dry during 20-60% of the year.

It is noted that for some streams the average and maximum discharge are higher at 11,000 AD than
5000 AD, whereas there are longer periods with low or no discharge at 11,000 AD (cf Section 5.5).
One explanation is that lakes are smaller at 11,000 AD, and therefore within the catchment areas

of streams evapotranspiration is less compared to 5000 AD. Moreover, the larger proportion of
lakes at 5000 AD acts to lower discharge peaks and maintains longer baseflow periods compared to
11,000 AD. At 11,000 AD, stream discharges demonstrate faster and more pronounced responses to
rainfall and snow melt than at 5000 AD. Below is a brief summary regarding surface-water supplies
for future inhabitants at each of the seven biosphere objects:

* Biosphere object 116: The lake in biosphere object 116 will exist 4500-9800 AD. According to
the MIKE 11 analysis (stream sections 1—4 in Figure 6-1 and Table 6-6), at 5000 AD the stream
that passes through the biosphere object on average carries ¢ 3 L/s and has low (< 1 m*/d) or no
flow during approximately 10% of the year in its upstream part (MIKE 11 stream section 1). The
average flow increases and the length of periods with no or low flow decreases downstream; the
annual average flow is more than 50 L/s and there is water flow at all times at MIKE 11 stream
section 4. The average stream flow is larger at 11,000 AD, at which time the stream flow is char-
acterised by larger flow peaks but also longer periods with no or low flow. For biosphere object
116, it can hence be concluded that a lake and a stream with sufficient flow will be available as
water supplies during the period 4500-9800 AD. After the lake period, water-supply demands
will still be fulfilled by utilising the stream, with sufficient flow at least in its downstream parts
(cf MIKE 11 stream sections 3 and 4 in Figure 6-1).

* Biosphere object 121_1: The lake in biosphere object 121 1 will exist 3900—-6300 AD. According
to the MIKE 11 analysis (stream sections 9-10 in Figure 6-1 and Table 6-6), at both 5000 and
11,000 AD the flow in the stream that passes through the biosphere object is sufficient to fulfil
the demands for all types of communities. For biosphere object 121 1, it can hence be concluded
that a lake and a stream with sufficient flow will be available as water supplies during the period
3900—6300 AD. After the lake period, the stream still satisfies the water-supply demands.

* Biosphere object 121 _2: No lake will be formed in biosphere object 121 2 (Brydsten and
Stromgren 2013). As mentioned above, Brydsten and Stromgren (2013) define a stream from
biosphere object 160 to object 121_2 based on the 2000 AD DEM, whereas the MIKE 11 stream
network defines the stream from object 160 to object 121 1. Inhabitants in the eastern part of
the biosphere object may utilise the lake in the neighbouring biosphere object 160 (the lake
exists 3300-8500 AD) and/or the stream that passes through that object (see further below).
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Biosphere object 157 _1: The lake in biosphere object 157 1 will exist 4500—5700 AD. According
to the MIKE 11 analysis (stream sections 5 and 6 in Figure 6-1 and Table 6-6), at 5000 AD the
stream that enters and passes through the biosphere object on average carries ¢ 1-10 L/s and has
low (< 1 m*/d) or no flow during approximately 10-20% of the year. The average stream flow

is larger at 11,000 AD, at which time the stream flow is characterised by larger flow peaks but
also longer periods with no or low flow. For biosphere object 157 1, it can hence be concluded
that a lake and a stream with sufficient flow will be available as water supplies during the period
45005700 AD. After the lake period, water-supply demands may partly be fulfilled by utilizing
the stream. However, periods with low or no flow are longer after the lake period.

Biosphere object 157 2: No lake or stream will be formed in biosphere object 157 2 (Brydsten
and Stromgren 2013) (see comments below). However, inhabitants may utilise the lakes in the
neighbouring biosphere objects 157 1 and 159 (these lakes exist 4500—5700 and 4000—7000 AD,
respectively) and/or the stream at the outlet from the lake in object 157 1.

Biosphere object 159: The lake in biosphere object 159 will exist 4000—7000 AD. According to
the 5000 AD MIKE 11 analysis (stream sections 6 and 7 in Figure 6-1 and Table 6-6), the stream
that passes through the biosphere object on average carries ¢ 1 L/s and has low (< 1 m*/d) or low
flow during approximately 20% of the year. The average stream flow is similar at 11,000 AD,
whereas the stream flow at this time is characterised by longer periods with no or low flow. For
biosphere object 159, it can hence be concluded that a lake and a stream with sufficient flow will
be available as water supplies during the period 4000—7000 AD. After the lake period, water-supply
demands may partly be fulfilled by utilising the stream. However, periods with low or no stream
flow are longer after the lake period.

Biosphere object 160: The lake in biosphere object 160 will exist 3300—8500 AD. According to
the 5000 AD MIKE 11 analysis (stream section 8 in Figure 6-1 and Table 6-6), the stream that
passes through the biosphere object on average carries ¢ 1 L/s and has low or no flow (< 1 m*/d)
during approximately 5% of the year. At 11,000 AD, the average stream flow is less and there
are longer periods with no or low flow. For biosphere object 160, it can hence be concluded that
a lake and a stream with sufficient flow will be available as water supplies during the period
3300-8500 AD. After the lake period, water-supply demands may partly be fulfilled by utilising
the stream. However, periods with low or no stream flow are longer after the lake period.

Table 6-6. Summary of annual average (Q,,), maximum (Q,,.,) and minimum (Q,,;,) stream

discharges at stream sections 1-10 (Figure 6-1) at 5000 and 11,000 AD.

Stream section 5000 AD (L/s) 11,000 AD (L/s)
(biosphere object)

Q. Quax  Qun Q<1md (%) | Qu Qrex Qi Q<1 md (%)
1(116) 27 326 0.0 9.3 46 490 0.0 244
2 (116) 228 83.0 0.0 0.3 249 2160 00 174
3(116) 275 854 0.0 0.6 30.5 298.0 0.0 454
4 (116) 54.0 1539 44 0.0 556.3 531.0 00 0.5
5(157_1) 91 830 00 119 14.0 1050 0.0 23.6
6 (159) 1.2 106 0.0 227 14 170 0.0 433
7 (159) 14 193 0.0 0.1 12 150 0.0 36.1
8 (160) 14 171 0.0 4.0 0.7 130 0.0 614
9(121_1) 158.7 478.0 36.3 0.0 138.9 7450 26.0 0.0
10 (121_1) 176.3 695.8 39.3 0.0 1489 866.0 26.0 0.0
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As mentioned above, according to Brydsten and Strémgren (2013) no lakes will be formed in biosphere
objects 121 2 and 157 2, and no stream will be formed in object 157 2. Brydsten and Stromgren
(2013) identified lakes and streams using the present-day DEM (cf Section 2.2.3), and neither the
stream network by Brydsten and Strémgren (2013) nor the MIKE 11 stream network includes a stream
between biosphere objects 157 2 and 157 1. In the absence of a stream in the MIKE 11 network,
MIKE SHE transfers surface water as overland water, i.e. water above the ground surface. Analysis of
the MIKE SHE-calculated overland-water flow in the area between objects 157 2 and 157 1, using
the DEM at 5000 and 11,000 AD, respectively, shows that the depth of overland water is shallow in this
area. Specifically, the annual average overland-water depth is on the order of 0.05 m, it typically varies
between ¢ 0.01 and 0.08 m during the year and the area dries out during dry periods in the summer.
The annual average overland-water flow from biosphere object 157 2 to object 157 11is ¢ 5 L/s, with
wet-period peaks of 30-50 L/s.

Hence, the analysis above shows that the overland-water flow in the area between objects 157 2 and
157 1 is on the same order of magnitude as the calculated stream discharges in streams identified by
Brydsten and Stromgren (2013), at least during periods of the year (cf Table 6-6). Hence, in terms of
water flow it cannot be ruled out that surface water in the area between objects 157 2 and 157_1 may
be used as water supply in the future. In the Forsmark area, there are many present analogues to the
flow conditions between objects 157 2 and 157 1, i.e. mires and small ponds with no clearly defined
stream outlet (cf Section 4.4.4). From a water-supply perspective, diffuse overland-water outflow is
generally difficult to collect and not aesthetically appealing. Hence, from practical and water-quality
perspectives, it is likely that the area between objects 157 2 and 157 1 will be rejected as water supply.
The influence of stream discharge between biosphere objects 157 2 and 157 1 on the water balance of
object 157 2 is analysed in Section 7.5.2.

Groundwater supplies in regolith

As described above, it is assumed that pits or wells in regolith can be dug and utilised by all types of
self-sustaining communities, except hunter-gatherers. According to Table 6-3 in Section 6.2.2, the
total water demand for these self-sufficient communities is estimated to vary between ¢ 1,000 L/d
(infield-outland farmers) and ¢ 200 L/d (garden-plot household). In Sweden, pits and wells dug in
till have historically been the most common type (Engqvist and Olsson 1974), simply because till is
the most widespread type of regolith and also due to the typically shallow groundwater table in terrain
dominated by till. Hence, pits and wells in till are analysed in the present study. The maximum well
capacity (Q.,) for a pit or well in till can be estimated as (e.g. Engqvist and Olsson 1974)

Qmax = Tdug well” Smax

where Ty wen = Ki dn is the total transmissivity of a well of depth dy, in till, with a horizontal
hydraulic conductivity of K, and s, is the maximum drawdown of the water level in the well.

The average till thickness (dg;) in present marine areas outside Forsmark is approximately 6 m
(Sohlenius et al. 2013a). Assuming that the upper 1 m of a well in regolith is cased and that the
initial groundwater table is located at ground surface (S, = 5 m), K, = 7.5-10° m/s (Section 2.1.4)
yields a total transmissivity Ty wen= 3.75-107° m*/s and a maximum well capacity of ¢ 2-10* m’/s.
This is equivalent to ¢ 700 L/h (17,000 L/d), which is typical for a well in till in Sweden (Engqvist
and Olsson 1974, Engqvist et al. 1978, Pousette et al. 1981). Hence, this calculation example shows
that it is possible for future, self-sufficient communities of the considered types and sizes to dig pits
or wells in regolith with capacities sufficient for their water demands. A quantitative hydrogeological
analysis related to water discharge from pits or wells in regolith is presented in Section 6.3.

Groundwater supplies in rock

As described above, it is assumed that wells in rock can be drilled and utilised by modern farmers
and garden-plot households, with a total water demand of ¢ 700 L/d and ¢ 200 L/d, respectively.
The maximum well capacity (Q,.x) for a well drilled in rock can be estimated as

Qumax = Taritted well” Smax

where Tyiieq wen = Kadyen 18 the total transmissivity of a well of depth d,; in rock, having a horizontal
hydraulic conductivity of K, and s, is the maximum drawdown of the water level in the well.
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A typical depth of a well drilled in rock (d,.;) can be estimated using data from the SGU Well Archive
(© Geological Survey of Sweden, SGU), delivered to SKB in 2011. At time of the delivery, the archive
contained data for totally 408,048 private wells in Sweden. A similar analysis, based on a previously
delivered data set (c 210,000 wells), was presented by Gentzschein et al. (2007). Wells depths are here
analysed for approximately the same area as in the previous study (cf Figure 1-3 of Gentzschein et al.
2007). In the recent data delivery, it is noted that locations of wells may be inaccurate (up to 100 m,
in some cases up to 250 m). The boundaries of the analysed area, adjusted to take into account

a location inaccuracy of 250 m, are therefore set at 1606944 m (W), 1667152 m (E), 6715726 m
(N) and 6658390 m (S) in the coordinate system RT 90 2,5 gon V/0:15. Figure 6-2 presents a plot
of cumulative frequency (i.e. the ogive) of well depths (mbgs) for the totally 5,164 wells located
within the analysed area.

The average well depth (mbgs) for the data shown in Figure 6-2 is 76 m, whereas the median depth
is 64 m. Wells drilled in rock are normally cased across the regolith, which has an average thickness
of ¢ 4 m in terrestrial areas (Sohlenius et al. 2013a). Hence, the average and median well depths

in rock are some metres less than the well depth from ground surface. Gentzschein et al. (2007)
obtained an average well depth in rock of 56 m and a median depth of 51 m (1,945 wells). The larger
average and median depths obtained in the present analysis could also be explained by the fact that
during recent years, most private wells have been drilled for geo-energy production. Such wells are
typically deeper than water-supply wells. Also taking this into account, a reasonable, typical depth
in rock for a water-supply well (d,.;) is here set to 60 m.

Based on hydraulic tests in 64 core boreholes at the SFR facility, the median hydraulic conductivity
in the depth interval 0100 m is estimated to ¢ 1.5-10”7 m/s (SKBdoc 1350092). For d,; = 60 m,

the total transmissivity T, = 9-10°® m*/s and the maximum well capacity (Q.y) is ¢ 5.4-10* m*/s.
This is equivalent to ¢ 1,900 L/h (more than 46,000 L/d), which is ¢ 20% of the maximum well
capacity estimated for present land areas upstream SFR (Lofgren 2010). It should also be noted that
Q.x Only may be attained using modern, high-capacity pumping equipment, providing large hydraulic
gradients (full drawdown in the well) and 3-dimensional groundwater flow towards a well. Estimated
water demands are very small compared to Q,..,, and the natural (undisturbed by well discharge)
groundwater flow passing a well drilled in rock is miniscule compared to Q.

The calculation example above shows that it is possible for future, self-sufficient communities

of the considered types and sizes to drill a well in rock with a capacity that is sufficient for their
water demands. A hydrogeological analysis related to water discharge from wells drilled in rock is
presented in Section 6.4.
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Figure 6-2. Cumulative frequency (i.e. ogive) plot of well depths (metres below ground surface) for 5,164
wells drilled in rock within an area in northern Uppland.

SKB R-13-19 101



Chemical characteristics of future water supplies

Chloride, iron and sulphate are here used to assess whether water from potential supplies in the future
Forsmark landscape will appear as potable from a water-quality perspective. There are no health-based
guidelines for these chemical parameters (WHO 2011), but they can quite easily be detected in water
by their taste and/or smell. Hence, a potential water supply with a high content of chloride, sulphate
and/or iron is likely to be considered unsuitable for drinking- or irrigation-water purposes (e.g. Jonsson
1977, Hékansson and Kreuger 1986), even without access to analytical methods. The descriptions
below consider local groundwater-chemistry data from Forsmark (Trojbom et al. 2007, Andersson
2010, Nilsson et al. 2011) and regional data from northern Uppland, delivered to SKB in 2011 from

the SGU Well Archive (© Geological Survey of Sweden, SGU).

Chloride gives water a salty taste. The taste threshold depends on the associated cation but is nor-
mally in the range 200-300 mg/L (WHO 2003a, 2011). For assessment of public and private water
supplies in Sweden, the taste threshold is commonly assumed to be 300 mg/L, which is about 1/10
of the present chloride concentration in the Baltic Sea (c 2,800 mg/L). Figure 6-3 shows the present
chloride concentration in groundwater in the Forsmark area, plotted as function of sampling elevation
in the rock. There is a quite large spread of the chloride concentration in groundwater sampled in the
upper ¢ 100 m of the rock, whereas the chloride concentration is above the taste threshold (300 mg/L)
below ¢ —100 m elevation. According to an analysis of the regional groundwater-chemistry data from
northern Uppland, there is no clear correlation between the chloride concentration in groundwater in
the rock, the well depth and/or the local ground-surface elevation (equivalent to the distance to the sea
shoreline), see Appendix 2.
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Figure 6-3. Chloride concentration in groundwater in rock in the Forsmark area, plotted as function of
sampling elevation (Nilsson et al. 2011).
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Iron gives water a bad smell and a taste of tinplate. Moreover, it has been found that iron stains
laundry if the iron concentration is above 0,3 mg/L, whereas iron concentrations of up to 1-3 mg/L
can be acceptable for drinking-water purposes (WHO 2003b, 2011). Figure 6-4 shows the iron con-
centration in groundwater in the Forsmark area, plotted as function of sampling elevation in the rock.
There is a quite large spread of the iron concentration in groundwater sampled in the upper ¢ 100 m of
the rock, whereas most iron concentrations above the acceptance threshold (3 mg/L) are found in the
approximate elevation interval —100 to —200 m. According to an analysis of the regional groundwater-
chemistry data from northern Uppland, there is no clear correlation between the iron concentration in
groundwater in the rock, the well depth and/or the local ground-surface elevation (Appendix 2).

Hydrogen sulphide gives water a smell of rotten eggs. The taste threshold depends on the associated
cation but is normally in the range 250—1,000 mg/L, and it is commonly assumed that sulphate
concentrations above 500 mg/L gives the water a noticeable bad taste (WHO 2004, 2011). Figure 6-5
shows the sulphate concentration in groundwater in the Forsmark area, plotted as function of sampling
elevation in the rock. There is a quite large spread of the sulphate concentration in groundwater
sampled in the upper ¢ 100 m of the rock, whereas observed sulphate concentrations are above the
acceptance threshold (500 mg/L) only in a narrow depth interval around ¢ —100 m elevation. According
to an analysis of the regional groundwater-chemistry data from northern Uppland, there is no clear
correlation between the sulphate concentration in groundwater in the rock, the well depth and/or

the local ground-surface elevation (Appendix 2).

From a water-supply perspective, the chemical characteristics of present groundwater in regolith and
surface waters in lakes and streams are useful analogues for the likely characteristics of future ground-
and surface waters. At present, groundwater in regolith in Forsmark is characterised by high chloride
concentrations (at some locations above the taste limit) in local low-lying areas, whereas groundwater
does not have a salty taste in local higher-elevated areas (Tréjbom et al. 2007). Moreover, in local
low-lying areas iron and sulphate concentrations are higher than those found in most wells in regolith
in Sweden. Concentrations are below the acceptance limit for sulphate, whereas at some locations

the iron concentration is above the acceptance limit.
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Figure 6-4. Iron(Il) concentration in groundwater in rock in the Forsmark area, plotted as function of
sampling elevation (Nilsson et al. 2011).
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Figure 6-5. Sulphate concentration in groundwater in rock in the Forsmark area, plotted as function of
sampling elevation (Nilsson et al. 2011).

Present lakes are characterised as oligotrophic hardwater lakes, with high pH, high concentrations of
major ions and high electrical conductivity (Andersson 2010). Lake waters have high concentrations
of dissolved organic carbon, which in combination with the moderate water colour is unusual. Present
streams are also characterised by high pH and moderate water colour (Andersson 2010). The highest
chloride concentrations (temporally above the taste limit) have been recorded in the near-coastal lakes
Bolundsfjarden, Norra Bassdngen, and Fiskarfjérden, due to occasional sea-water intrusion during
periods with high sea level (e.g. Johansson 2008). Hence, in the future Forsmark landscape, it is likely
that lakes recently separated from the sea may be disregarded as water supplies due to periodically
salty taste. Iron concentrations in present lake waters are generally low, whereas iron concentrations in
present stream waters are similar to or higher than those of most streams in northern Uppland. However,
iron concentrations in both lakes and streams are well below the acceptance limit. Sulphate concentra-
tions in present lake waters are typical for the region, i.e. higher than those of most Swedish lakes (but
below the acceptance limit), whereas sulphate concentrations in stream waters are relatively low.

From a water-quality perspective, considering factors such as bad taste and/or smell, no type of
potential water supply (groundwater from rock or regolith, surface water from lakes or streams) can

be disregarded in an analysis of water uses in the future Forsmark landscape. The exceptions are
groundwater from wells drilled at depths larger than typical (deeper than 100 m), which likely will be
considered unsuitable due to high concentrations of chloride, iron and sulphur. Moreover, depending on
local conditions, some water-supply localities may be disregarded by future, self-sufficient inhabitants,
including groundwater from wells in low-lying areas and lakes recently separated from the sea. There
are current wells located close to the sea shoreline in Forsmark that are characterized by bad-tasting
water (Werner et al. 2010). Data from the SGV well Archive (© Geological Survey of Sweden, SGV)
on 1,200 wells in the coastal area around Forsmark and on the Graso Island (Figure 6-6) show that 95%
of the wells are located in areas where the ground surface elevation is at least 2.5 m above sea level.
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6.3 Analysis of wells in regolith
6.3.1 Radionuclide concentration in a well in regolith

This section presents a methodology to utilise the framework of calculating radionuclide release
(Bq/y) from rock to till at biosphere objects (SKB 2014e), specifically for calculation of the radio-
nuclide concentration in wells in regolith. As illustrated in Figure 6-6, the capture zone (or strictly,
capture volume) for a well is defined as the volume of regolith and rock that contributes to the well
discharge (Q,.;1), whereas the influence area is the area in which the hydraulic head is influenced by
well discharge. Hence, by definition, at steady-state conditions the sum of groundwater recharge (to
the groundwater table) and groundwater discharge (from below) to the capture zone equals Q.

The starting point for the analysis is a case with only groundwater discharge to RegoLow, which is
the till layer above rock according to the terminology for compartment modelling of radionuclide
transport in the biosphere (Saetre et al. 2013b). For this case (see illustration in Figure 6-6)

Qwell/QRegoLow, bo ~ (Bq/y)cz/(Bq/y)RegoLow, bo

where bo denotes biosphere object and cz is the capture zone in RegoLow. According to this
expression the ratio between the well discharge Q,..;, which is equal to the groundwater discharge
within the capture zone, and the total groundwater discharge to RegoLow within the biosphere object
(QregoLow, bo» Which is assumed to be unaffected by the well discharge) is approximately equal to the
ratio between the radionuclide release from the rock to RegoLow within the capture zone ((Bq/y),,)
and the radionuclide release to RegoLow within the biosphere object ((Bq/y)regotow, bo)- It should be
noted that Q.. is assumed to be equal to the groundwater discharge within the capture zone. Hence,
in case of recharge of uncontaminated groundwater to the groundwater table, Q,.; overestimates the
size of the capture zone and it thereby also proportionally overestimates the radionuclide release
from the rock to RegoLow within the capture zone.

Capture zone ,

Influence area |

Quel <—= ————
<

—
(Baly)e,

(Baly)RegoLow, bo

N = = = = = = = -

Biosphere object

Figure 6-6. Illustration of the concepts capture zone, influence area, and radionuclide releases to RegoLow
within a biosphere object, (Bq/y)regorow, v and Within the capture zone, (Bq/y)...
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The radionuclide concentration in RegoLow, within the boundaries of the biosphere object, can be
written as Cregotow, bo = (BQ/Y)regoLow, b/ Qregorow, bo» a1d the radionuclide concentration in RegoLow
within the capture zone can be written as C., = (Bq/y)./Qu.i- From these expressions, we have

(Bq/y)cz ~ (Qwell/QRegoLow, bo) : (Bq/y)RegoLow, bo.

If this expression is inserted into the expression for C,, given above, we obtain

Ccz = {(QWCII/QRCgOLOW, bo) : (Bq/y)RCgoLow, bo}/chlla

which can be simplified to

Ccz = (Bq/Y)RegoLow, bo/QRegoLow, bo

Hence, given the framework of calculating radionuclide release (Bq/y) from rock to till at biosphere
objects (SKB 2014e), the radionuclide concentration in RegoLow within the boundaries of the
biosphere object (except for the capture zone), is approximately equal to the concentration within
the capture zone and the concentration in the well, i.e. CregoLow, bo = Cez = Cyen-

This concept can readily be extended to also account for radionuclide release to RegoLow in the form
of recharge of contaminated water to the groundwater table. For such a case, the radionuclide concen-
tration in RegoLow, within the boundaries of the biosphere object (except for the capture zone) is

CRegoLow, bo — {(Bq/ y)RegoLow, recharge + (Bq/ y)RegoLow, discharge}/ QRegoLow, bo

where Qgegorow, vo 1 the sum of groundwater discharge from below and groundwater recharge to
the groundwater table. The radionuclide concentration within the capture zone is then

Ccz = {(Bq/y)cz (recharge) + (Bq/y)cz (dischargc)}/ch

where Q., = Q... is the sum of groundwater discharge and groundwater recharge within the capture zone.

Since {(Bq/y)choLow, bo (recharge) + (Bq/y)choLow, bo (dischargc)/{(Bq/y)cz(rcchargc)+ (Bq/y)cz (dischargc)} iS aPPTOXimately
equal t0 Q./QregoLow, bo» als0 in this case we obtain the approximate relationships Cregorow, bo = Cez = Cyet-

The above expressions are valid for well-mixed conditions in RegoLow only, i.e. the assumption made
in Saetre et al. (2013Db). Specifically, it is assumed that there are no temporal or spatial variability of
groundwater discharge and/or recharge (uncontaminated or contaminated) to RegoLow, neither within
the boundaries of the biosphere object nor within the capture zone. In reality, groundwater discharge
and recharge vary in both space and time, which implies that also the radionuclide concentration in
RegoLow will vary.

The concepts described above indicate that the radionuclide concentration in a well in regolith depends

on its location and the size of its capture zone in relation to locations and sizes of contaminated areas in
RegoLow. The following sections quantify typical capture-zone sizes for discharges from wells in till at
various locations, which can be related to sizes of contaminated areas in RegoLow.

6.3.2 Capture-zone calculations

As mentioned above, the capture zone for a well is defined as the volume of regolith and rock that
contributes to the well discharge. A number of wells in till were implemented in the MIKE SHE local
model setup for the meteorological normal year, at the time 5000 AD. The wells were represented
as sinks with specified discharge in till, down to the rock surface. This mimics wells with intake
screens across the whole till layer, whereas there also are well constructions with water intakes only
at the well bottom (e.g. Agerstrand 1968). The discharge rate in each well was set to 975 L/d, which
is equal the total water demand for an infield-outland agricultural community (Section 6.2.2). Totally
nine wells were implemented, one in each biosphere object, except for the largest objects (116 and
121 _1) in which two wells were implemented per object. The wells were located to areas with a till
thickness of 3—4 m (45 m for one of the wells in biosphere object 121 1) according to the regolith
depth and stratigraphy model (Brydsten and Stromgren 2013).
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There is historical evidence that early wells were dug in the vicinity of surface waters (in some

cases as deepenings and/or reinforcements of natural springs), whereas current-day wells typically are
located to solid ground as a result of digging-technology improvements. In the present MIKE SHE
model setup, in each biosphere object wells were located midway between the outer boundaries of
biosphere objects and the closest surface water, defined as areas with a overland-water depth exceeding
0.1 m at all times during the simulated period (see example in Figure 6-7). Due to the long distances
between wells, there were no inter-well interferences and all well discharges could be simulated in

a single model setup.

Capture zones were identified using particle tracking. Specifically, particles were released continu-
ously in all model cells representing the regolith for a simulation period of two years, using data on
sea level, precipitation, potential evapotranspiration and near-surface air temperature for the period
September, 2004—September, 2006. All released particles were tracked in a transient groundwater-
flow field produced by cycling the two-year period 10 times, corresponding to a total simulation
period of 20 years. The capture zone for each well was thereby identified as the release cells for
particles that during the total simulated period reached MIKE SHE model cells representing the well.

As illustrated in Figure 6-8, for the assigned discharge rate (975 L/d) the influence areas of the
hydraulic head-drawdown in till are rather small. The capture zones in regolith are even smaller in
size, and they are also influenced by the local topography. Capture zones in regolith are therefore
more irregular in shape than influence areas. In Figure 6-8, it can also be noted that the capture zones
for most wells are not continuous. Specifically, many starting positions for particles reaching a well
are separated from the others, which are located closer to the well. Such particles are released in the
regolith far from the well and follow groundwater flow paths in the rock until they enter the capture
zone in the regolith closer to the well. This implies that only the continuous particle-release positions
in the vicinity of each well are of interest. The reason is that these particles illustrate the capture zone
within the biosphere object, where radionuclide fluxes from the rock to RegoLow may enter the well
(cf discussion above).

Till thickness (m), 5000 AD
-1 [ 4-5 [ siosphere object
-2 5-10 B surface water
- o2

Figure 6-7. Locations of three of the totally nine wells in till (red circles) implemented in the MIKE SHE
model set at 5000 AD (biosphere objects 157 1, 157 2 and 159).
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Figure 6-8. Upper figure: MIKE SHE-calculated average hydraulic-head drawdown in till (RegoLow)
and release cells in regolith (wells in biosphere objects 116, 157 1, 157 2 and 159). Lower figure:
Corresponding release cells in both regolith and rock. The coloured dots represent release cells located
in regolith or in rock, associated to the well in each biosphere object.
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Table 6-7 summarises the results in terms of influence areas (average hydraulic-head drawdown

> 0.1 m) and capture zones in the regolith. As mentioned previously, only the continuous particle-
release positions in the vicinity of each well are of interest. Using the well in biosphere object 157 2
as an example, its capture zone of 4,000 m?, excluding separated starting positions located far from
the well, is ¢ 2% of the area of the biosphere object (167,600 m*). The well discharge 356 m’/y

(975 L/d) is in fact 2% of the groundwater discharge from rock to RegoLow within the biosphere
object (16,900 m*/y; cf water balances in Chapter 7). Hence, the ratio between the capture zone

and the object area is approximately equal to the ratio between the well discharge and the total
groundwater discharge from the rock within the biosphere object. This illustrates that the previously
presented underlying assumptions for calculating radionuclide concentrations in wells in regolith are
appropriate. Moreover, the capture zone is ¢ 8% of the area within the biosphere object with highest
discharge-location density (47,200 m?).

These modelling results show that for likely water needs of future, self-sufficient communities,
capture zones for wells in till are smaller in size than the biosphere objects. Specifically, for
biosphere object 157 2 the capture zone is also smaller than the potentially most contaminated area
of RegoLow, which implies that for a realistic well discharge, a well in till cannot capture the whole
contamination plume in RegoLow. Depending on the location of a well in regolith and its associated
capture zone, the capture zone may only interfere with a certain part of the plume, and the water
discharged from the well will be diluted with uncontaminated water from areas outside of the plume
or the biosphere object (cf Figure 6-8).

6.4 Analysis of wells drilled in rock
6.4.1 Radionuclide concentration in a well drilled in rock

In the same manner as for wells in regolith (Section 6.3), this section presents a methodology to
utilise the framework of calculating radionuclide release (Bq/y) from rock to till at biosphere objects
(SKB 2014e), specifically for calculation of the radionuclide concentration in a well drilled in rock.

It should be noted that the present analysis is focused on water-supply wells, i.e. not deep-rock drilling
for exploration of geothermal energy, oil or ores (e.g. SKB 1999). The discharge from a water-supply
well influences the groundwater flow field in the rock, and it may hence influence groundwater flow
paths between the SFR facility and biosphere objects depending on its location, depth and the well
discharge.

Table 6-7. Sizes of MIKE SHE-calculated influence areas (average hydraulic-head drawdown in till
> 0.01 m) and captures zones in regolith.

Well in biosphere object Influence area (m?) Capture zone (m?)
Regolith Regolith (continuous Rock
area in object)

116-a 53,200 7,600 800 81,600
116-b 66,000 2,000 1,600 15,200
121_1-a 36,400 400 400 4,400
121_1-b 45,200 400 400 2,800
121_2 10,000 12,000 8,400 18,400
157_1 44,000 400 400 0
157_2 18,400 9,600 4,000 30,400
159 33,200 5,600 4,400 11,600
160 16,800 1,600 1,600 0
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In principle, the radionuclide release to a well drilled in rock can be calculated using models and
parameters that describe groundwater flow and transport in the geosphere (SKB 2014¢). Related to
long-term safety of repositories for radioactive waste, the influence of discharge from drilled wells
on groundwater flow paths have previously been investigated by Thunvik (1983), Axelsson et al.
(1991), Holmén and Stigsson (2001a, b) and Kattilakoski and Suolanen (2000). Specifically, the study
by Thunvik (1983) was focused on the effects on groundwater flow through a deep-rock repository,
whereas Axelsson et al. (1991), Holmén and Stigsson (2001a, b) and Kattilakoski and Suolanen
(2000) used a similar methodology as the one presented here to investigate effects on groundwater
flow paths. Axelsson et al. (1991) and Holmén and Stigsson (2001b) assigned well discharges in their
modelling, whereas Kattilakoski and Suolanen (2000) represented wells in the rock as model cells
with atmospheric pressure, thereby producing well discharges equal to maximum well capacities.

Radionuclide releases to wells drilled in the rock in the vicinity of biosphere objects are here estimated
in a simplified manner, using calculated radionuclide releases to biosphere objects without well
discharge, (Bq/y)w.. Specifically, the radionuclide release to drilled in rock a well, (Bq/y)..1, can be
estimated as (see illustration in Figure 6-9)

(Bq/y)well = {(bono well — bowell)/bono well} ! (Bq/y)bo

in which bo,, . denotes the number of groundwater flow paths in rock reaching the upper rock surface
that are associated to a biosphere object without well discharge, and bo,, is the corresponding number
in a case with well discharge. Hence, bo,, w1 — b0y 1S the number of groundwater flow paths reaching
the well that is associated to the biosphere object without well discharge.

The radionuclide concentration in the well can then simply be calculated as

Cwe]l = (Bq/y)well/Qwel]

which states that the mixing volume is equal to the well discharge, Q,..; (cf Axelsson et al. 1991).

6.4.2 Well locations

Prior to modern geophysical methods, such as the VLF method developed during the 20" century,
suitable locations to drill wells in rock were normally selected based on the practical experiences of
farmers and drillers (e.g. Bowman 1911). As stated in Section 6.2.3, it is assumed that wells may be
drilled in rock by modern farmers or a garden-plot community, with total water demands according
to Section 6.2.2 (700 and ¢ 200 L/d, respectively). In order to analyse the hydraulic influence of and
radionuclide transport from the SFR facility to such wells, wells are here assigned in potential settle-
ment areas in the vicinity of future arable land areas. These areas are identified on a landscape scale,
based on historical information on typical locations of agricultural settlements during the 19" century
and onwards. For instance, an analysis of well locations based on data from a previous delivery from
the SGU Well Archive (© Geological Survey of Sweden, SGU) as part of the Osthammar pre study
(SKB 2000), shows that almost all wells drilled in rock are located to solid ground (i.e. not immedi-
ately at shorelines or in peat areas) and that 80-90% of the wells are located within 100-200 m from
arable land. In order to enable well drilling and to avoid sea-water intrusion, it can be assumed that
the drilling area needs to be located at least 1 m above sea level (Werner et al. 2013).

As illustrated in Figure 6-10, future arable land are identified as areas with organic soils exceeding

I m in depth, or areas with glacial-clay depths exceeding 0.3 m at 9500 AD according to the descrip-
tion in Brydsten and Strdmgren (2013). Based on the criteria above, potential agricultural settlements
and associated drilled wells are preferentially placed to shortcut groundwater flow paths from SFR
to discharge locations at the interface between regolith and rock. Figure 6-10 shows the resulting

11 potential settlements, visualised as circles with a radius of 100 m within which settlements and
associated drilled wells may be located in the future.
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Figure 6-9. lllustration of the proposed methodology for calculation of radionuclide release to wells drilled
in rock, (Bq/y),a, based on radionuclide releases to biosphere objects without well discharge, (Bq/v);, bo,,
went denotes the number of groundwater flow paths in rock reaching the upper rock surface at a biosphere
object without well discharge, and bo,,, is the corresponding number in a case with well discharge.

1832000 1634000 16236000

G704000
|

6702000

6702000

FRHQORSYRANG 4B FIEndiddRBIMEI D O W IERUCR HY-ys-seu £d oy

BT00000

1634000 1636000

1632000

7////‘ Biosphere objects - Mixed coniferous forest 0 410 820 }1

| Meters
®  Potential settlement - Pine forest on bedrock

[ ] Radius 100m [ ] Arable land

[ ] Modelled basins [ | Wetland T
158 Maps
[: SFR layout - Lake SKB/stharalo <20 14-02-04>

Figure 6-10. Potential settlement areas (enumerated 1—-11) in the vicinity of future arable land (yellow).
For orientation, the map also shows basin boundaries, delineated biosphere objects and the footprint of
the SFR facility.
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6.4.3 Setup of flow modelling and particle tracking

DarcyTools is a modelling tool specifically developed to analyse groundwater flow and transport in
fractured rock. Wells drilled in rock within the circles shown in Figure 6-10 were therefore imple-
mented in the DarcyTools base case model setup (HydroDFN case R85 and HCD base case) for
5000 AD (Ohman and Vistrand 2014). The flow modelling tool DarcyTools is described in Svensson
et al. (2010) and the underlying flow-model setup is described in Odén et al. (2014).

According to the analyses in Section 6.2.3, a typical depth in rock for a water-supply well (d,.;) can
be set to 60 m. Moreover, the median hydraulic conductivity in the depth interval 0—100 m yields a
maximum well capacity (Q,..,) of ¢ 46,000 L/d, i.e. much above the estimated total water demands
of a self-sufficient community. A present-day well drilled in rock typically has a diameter of 0.115
or 0.140 m, corresponding to a well volume of 600-900 L for a 60 m deep well. Hence, for a well
discharge of 700 L/d the water volume in the well is replaced approximately once per day. However,
the maximum well capacity demonstrates large spatial variations depending on the hydrogeological
properties of the rock at relevant depths. The total transmissivity (T) and the required drawdown (s)
for Q.. = 700 L/d were therefore calculated for wells located at circle centres of Figure 6-10 using
the hydrogeological rock parameterisation of the DarcyTools setup, see Table 6-8. Specifically, the
total transmissivity T of each well was calculated as

T ~ Z th,max

n

where b = vertical extent and K, ., = maximum horizontal cell-wall conductivity of the n" intersected
DarcyTools model cell (each DarcyTools model cell has four side walls). Since wells drilled in rock
typically are cased across the regolith (see further below), only K, of the rock is included in the calcula-
tion of T. Moreover, the required drawdown s to produce the well discharge Q. is calculated by

s~ Qwell/T

where s refers to “rock drawdown” (s, ), i.6. drawdown along the column of DarcyTools model
cells intersected by the well (see discussion below). This relationship between s, T and Q. is only
an approximation (e.g. Bradbury and Rotschild 1985, Razack and Huntley 1991, Huntley et al. 1992,
Meier et al. 1999) but it is considered as sufficient for the present purposes. The second column of
Table 6-8 shows the total transmissivity T, from the interface between rock and regolith down to a
depth of 60 m in the rock. The model setup takes into account that wells drilled in rock typically are
cased across the regolith, and according to present standards ¢ 4 m in rock. Specifically, current well-
drilling regulations in Sweden (SGU 2008) require that wells are sealed at least 2 m into good rock
and at least 6 m below the ground surface. The third and fourth columns of Table 6-8 show assigned
well-casing lengths in rock and associated total transmissivities T (“w. casing”), from the casing
bottom down to 60 m in the rock (the well bottom is extended downwards so that the effective well
length is kept at 60 m). Note that the casing bottom is assigned at the first intersected DarcyTools
cell wall after a minimum of 4 m well length in rock. The resulting casing lengths therefore vary,
due to local variations of the vertical DarcyTools cell discretisation. The last column of Table 6-8
shows well discharge (Q,..) for s, = 10 m, i.e. 10 m drawdown along the column of DarcyTools
model cells intersected by the well (calculated from the relationship s = Q,,./T).

The required rock drawdown (s,.¢) to produce a well discharge of 700 L/d varies locally and should
not exceed 60 m (i.e. maximum possible drawdown). s, is small for most wells but large at wells 1,
6 and 10, for which Q. is below 700 L/d for s, = 10 m. The drawdown in an actual well drilled in
rock (typically with a diameter of 0.140 m, cf above) is larger than s, i.e. the calculated drawdown
along the column of model cells representing the well (e.g. Andersson and Woessner 1992). This
implies that a discretised groundwater-flow model must have very fine cell discretization in the
vicinity of the well to give a proper representation of the drawdown in and immediately around the
well. However, the present calculations are focused on larger-scale groundwater flow and transport,
and not on the drawdown in or in the immediate vicinity of wells. The relationship between the
drawdown (s,,;) in a well with radius r,,; and the drawdown along model-cell columns (s, ) 1S

Q r,
Sy =S k——ln( )
we T0C! ZT[T r

well
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Table 6-8. Data on wells located at circle centres of Figure 6-10. T = transmissivity (m?/s), K =
hydraulic conductivity (m/s), b = vertical well extent, s,..x = “rock drawdown”, and Q,.; = well
discharge (L/d).

Well T=K-b(nocasing) Casing(m) T=K-b(w.casing) Est. Q.. (Srock =10 m)

1 7.55-10°° 4 1.57-107° 13.6

2 2.41-10* 5 2.33-10* 201,226
3 8.08-10°° 4 7.32-10°° 63,262
4 2.78-10°° 7 2.03-10°° 17,556
5 7.97:10°° 4.5 7.90-10°° 6,827
6 7.50-10°° 5 1.74-107° 1,5

7 1.76-10° 4.5 1.74-10° 14,990
8 1.28:10° 5 1.18:10° 10,187
9 7.42-10°° 4 7.36-10°° 63,564
10 2.45-107 4 2.17-107 187.7
1 3.27-10°° 5 2.73-10°° 23,622

Table 6-9. Simulated well discharge (Q.;.) for each well.

Well  Simulated Q,.; (L/d)

102.6
699.9
700.0
700.0
700.0
152.1
700.0
7154
700.0
690.9
700.0

= 2 O 0O NO O A~ WN -

- O

where r, = 0.208a (Andersson and Woessner 1992). In the expression for r,, a = Ax = Ay is the side
length of adjacent model cells. In the present case, DarcyTools model-cell side lengths adjacent to
well locations are 8 or 16 m, which implies that the ratio between s, and s, is ¢ 0.6—0.7, for a well
diameter of 0.140 m.

In order to find a proper DarcyTools modelling sequence (cf below) and also to test well capacities
using DarcyTools, a test simulation was performed with all 11 wells active (Ohman and Vidstrand
2014). In each well, the well discharge (Q,,.; = 700 L/d) was assigned in the model cell having maxi-
mum horizontal hydraulic conductivity (the “pumped cell”), whereas all model cells representing the
well were assigned a high vertical hydraulic conductivity (K, = 10* m/s). The upper and lower ends
of each well (casing bottom and well bottom) were assigned a small vertical hydraulic conductivity
(K, =3-10" m/s). The groundwater flow field was solved at steady state with fixed hydraulic heads
in surface cells, obtained from the corresponding steady-state solution without wells (cf Odén et al.
2014). As shown in Table 6-9, the simulated well discharge (Q;,) is lower than Q.. (700 L/d) for
wells 1, 6 and 10 with small estimated well discharge (s, = 10 m) in Table 6-8.

The above results call for some slight relocations, within the circles in Figure 6-10, of some wells

to areas with smaller required drawdown s (equivalent to higher maximum well capacity). These
relocations were done using maps of s, (for Q.. = 700 L/d) covering areas ¢ 200 by 200 m around
each well position (see example in Figure 6-11). In the relocation process, some wells located to areas
with sufficient well capacity were slightly relocated to areas with even larger potential to shortcut
groundwater flow paths from SFR. Table 6-11 shows initial well coordinates and data on the relocated
wells (relocated well coordinates, well-casing lengths in rock, total transmissivities T (“w. casing”), and
estimated well discharge (Qy.y) for s,.c = 10 m. Comparison between initial (Table 6-8) and relocated
well locations (Table 6-10) shows that total transmissivities and well capacities are higher at the
relocated positions, including wells 1, 6 and 10.
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Table 6-10. Data on relocated wells. T = transmissivity (m%s), K = hydraulic conductivity (m/s),
b = vertical well extent, s« = “rock drawdown”, and Q,.;, = well discharge (L/d).

Initial location Relocated location Casing (m) T=K-b (w. casing) Est. Qe (Srock =10 m)
Well | Easting  Northing Easting  Northing

(RT90) (RT90) (RT90) (RT90)
1 1633455 6704141 1633480 6704167 6 1.27-10% 109,814
2 1632597 6703081 Not relocated 5 2.33-10* 201,226
3 1633182 6702751 1633215 6702740 4 1.65-10 142,387
4 1634204 6702592 1634260 6702567 4 9.62-10°° 83,151
5 1633386 6702198 1633357 6702170 5.5 8.81-10°° 7,612
6 1634009 6701862 1633964 6701886 4.5 9.78-10°° 8,452
7 1633736 6701284 1633706 6701291 4.5 4.49-10°° 38,750
8 1633373 6700918 1633410 6700994 5 8.44-10°° 72,904
9 1634174 6700681 1634204 6700665 4 9.65-10™ 83,341
10 1634574 6699798 1634539 6699824 4 2.47-10* 213,235
1 1633149 6702405 1633141 6702412 4.5 2.87-10°° 24,831
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Figure 6-11. Example of well relocation using maps of required s,,.. (well 1). The initial well location is
shown in a), well-bottom elevations (60 m well length in rock) are shown in b), casing lengths (minimum 4
in rock) are shown in c). Required s,,, and initial (small dot) and relocated well locations (large red dot)
are shown in d).

As mentioned previously, one objective of the test simulation was to investigate the impacts of
different modelling sequences. Specifically, a steady-state simulation for temperate conditions in
DarcyTools involves a recharge phase and a steady-state phase (Odén et al. 2014). The objective of
the recharge phase is to obtain hydraulic heads in surface cells as upper boundary conditions for the
steady-state phase, which aims to produce a high-precision groundwater-flow solution. When two
recharge-phase solutions were compared, one without wells and one with all 11 wells active, there
were some unanticipated results in the form of groundwater-table drawdown in areas far from wells.
This is likely due to limitations of the recharge algorithm. It was therefore determined to base the
well simulations on hydraulic heads in surface cells obtained from the recharge-phase calculations
without wells, but to re-solve hydraulic heads by the recharge algorithm inside circles with radii of
700 m, centred at each well.
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In the present case (cf above), the radionuclide concentration in a well drilled in rock can be
calculated based on the number of groundwater flow paths from SFR that reach the well, the number
of flow paths that are associated to a biosphere object and the radionuclide release to the biosphere
object, (Bq/y)., after passage of the geosphere for a case without wells. The flow paths needed to
calculate radionuclide releases to wells and biosphere objects are quantified using particle-tracking
techniques. Using the groundwater flow field for each well case, such techniques were therefore
used to quantify groundwater flow paths between individual disposal rooms in SFR and each well.
Specifically, the following particle-tracking simulations were performed for each well:

 Release of totally 10° particles within SFR 1 disposal rooms (1BTF, 2BTF, 1BLA, 1BMA and
Silo, proportionally to facility volume) and forward tracking of particles.

* Release of totally 10° particles within SFR 3 disposal rooms (2BLA, 3BLA, 4BLA, 5BLA,
2BMA and 1BRT, proportionally to facility volume) and forward tracking of particles.

It can be noted that backward particle tracking, in which particles are released within the well and
tracked backwards, can be used to calculate dilution effects in a well in terms of water volumes.
Specifically, if b/B of the released particles that are tracked backwards originate at a certain storage
facility, b/B of the water volume entering the well (Q,..;) has passed the storage facility, whereas

1 — b/B of Q... has not. On the other hand, if {/F of the released particles that are tracked forwards
from a certain storage facility reaches the well, {/F of Qg,y (the total groundwater flow that leaves
the storage facility) contributes to Q... The relation between b/B and {/F is b/B ~ q-(f/F), where q
= Qpucitiy/ Qwenr- In the present cases, Qpeiny < Quen (the total groundwater flow that leaves the facility
is less than the well discharge), and b/B is then always less than f/F. For each of the well cases, this
relationship was checked by release of totally 10° particles within the well (within the “pumped
cell”) and backward tracking of particles. It was found that the number of particles leaving each
storage facility at a certain location is proportional to the groundwater flow leaving the facility at
that location, which implies that the relationship between b/B and f/F is linear and proportional to q
as stated above.

6.4.4 Results of flow modelling and particle tracking

The simulations show that the simulated well discharges have negligible or no effects on ground-
water flow through the waste-storage facility parts of SFR. Moreover, water balances of each well
show that the inflow to the well equals the well discharge for almost all wells, which verifies that
the well discharge is a proper representation of the mixing volume. The exceptions are wells 2 and
8-10, which are located to and surrounded by large areas with high maximum well capacities. This
is particularly the case for well 2, in which the well discharge is ¢ 37% of the inflow to the column
of model cells representing the well. Depending on flow paths from SFR to such a well, it is possible
that no flow paths enter the “pumped cell”.

The results of the forward particle tracking are shown in Table A3-1 in Appendix 3 in terms of
particle-capture ratios, i.e. the ratio between the number of captured particles at the “pumped cell”
in each well and the number of particles released from each facility part of SFR 1 and SFR 3. As can
be seen in the table, particles released at SFR 1 and SFR 3 are only captured in few of the wells and
particle-capture ratios are small. Specifically, particles released at SFR 1 are captured in one of the
wells (well 11) with a particle-capture ratio between 0.001% (2BTF) and 0.009% (Silo). Particles
released at SFR 3 are captured in three wells (wells 3, 5, 11), with particle-capture ratios between
0.001% (from 3BLA to well 5) and 0.17% (from 3BLA to well 11).

6.4.5 Wells drilled in the well interaction area downstream of SFR

The previous analyses concern well locations associated to settlements in the vicinity of future
arable land areas, i.e. wells that may be drilled and used by agricultural, self-sufficient communities
(modern farmers and garden-plot households). It is considered to be less probable for water-supply
wells to be drilled at other locations, not associated to arable land areas. However, it cannot be ruled
out that future drilling of water-supply wells may occur also at other locations than those analysed
above, i.e. at locations that are decoupled from any foreseeable land use by a self-sufficient commu-
nity. The analysis presented below aims to delineate an interaction area for wells drilled at random
locations downstream of SFR, i.e. the size of the area (or rather, volume) in which wells drilled in
the rock may have the highest concentrations of radionuclides originating from SFR.
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It can be assumed that rock drilling is feasible some period after the considered area has emerged
from the sea. Specifically, it can be assumed that the drilling area needs to be located at least 1 m
above sea level to enable drilling and to avoid sea-water intrusion (cf section of Well locations
above). Already some hundreds of years after repository closure (e.g. SKB 2006), knowledge about
the SFR repository may be lost.

The well interaction area was delineated using results of particle tracking for undisturbed conditions,
i.e. groundwater-flow conditions without well discharge, for the DarcyTools base case model setup
(HydroDFN case R85 and HCD base case) for 5000 AD (cf Odén et al. 2014). Specifically, particle
trajectories associated to particle releases from individual SFR 1 and SFR 3 facility parts were
extracted in piecewise 10-m elevation intervals from —80 to —10 m elevation in the rock, i.e. within
the approximate total elevation interval relevant for drilled wells in the area downstream of SFR.
Hence, the delineation of the well interaction area takes into account groundwater flow paths at rel-
evant elevations in the rock, and it is not limited to discharge locations at the interface between rock
and regolith (cf Section 2.3.1). Subsequently, trajectories for all elevation intervals and all particle
releases were accumulated to visualise the extent of the contamination plume within the considered
total elevation interval. Specifically, the well interaction area was delineated as the area (volume) of
rock with high density of trajectories. Particle trajectories and the delineated well interaction area,
with a size of 0.26 km?, are shown in Figure 6-12.

The probability for a well to be located at random within the well interaction area can be calculated
as its size (km?®) times the well density (number of wells per km?). According to the regional analysis
of well density (both wells in regolith and wells in rock) presented in Section 4.2, the current well
density varies between ¢ 0.2 and 2 wells per km* depending on size and location of the analysed
area. The current well density is 0.2-0.9 wells per km® in different sub-areas within an area close to
SFR (size 400 km?*) and 0.5-2 wells per km® in different sub-areas within northern Uppland (size
3,300 km?). The well density is ¢ 0.5 wells per km?® in areas that emerged from the sea ¢ 1,000 years
ago, i.e. corresponding to approximately 4000 AD in the SR-PSU case. There is a peak (¢ 0.9 wells
per km?) for areas the emerged from the sea ¢ 1,800 years ago (approximately 5000 AD in the
SR-PSU case). Moreover, the well density is below 0.5 wells per km? in areas that emerged from
the sea more than 2,000 years ago (i.e. beyond 5000 AD in the SR-PSU case).

The well density in a certain area depends on a number of factors other than the time since shoreline
passage. For the present analysis, an average well density of 0.5 wells per km” is recommended

for calculations of the probability for a well to be drilled at random within a given area. The well
interaction area (Figure 6-12) has a size of 0.26 km?, which for a well density of 0.5 wells per km*
corresponds to a probability of 0.13 for a well to be drilled in rock at random within this area. In
comparison, the delineated well interaction area for SFR 1 and SFR 3 is slightly larger than the
corresponding area for SFR 1 (c 0.2 km®) delineated by Holmén et al. (2001).

As mentioned above, the underlying analysis (Kautsky 2001) concerns data regarding both wells
in regolith and wells in rock. The analysis is based on a previous delivery from the SGU Well
Archive (© Geological Survey of Sweden, SGU) as part of the Osthammar pre study (SKB 2000).
This delivery contains all reported wells that are constructed up to a specific point in time, but there
is no information regarding abandoned wells. Hence, 0.5 wells per km® is likely an overestimation
of the density of wells drilled in rock that are in actual use at a specific point in time.

It should be noted that within the relevant elevation interval (from —80 to —10 m elevation), the
contamination plume (and in principle also the associated well interaction area) differs in size
depending on the time for radionuclide release from SFR (cf discharge locations in Section 2.3.1).
However, the well interaction area is delineated based on areas with high trajectory densities, which
are relatively independent on the release time. The delineated well interaction area, which is based
on analysis of trajectories at the intermediate time 5000 AD, is therefore relevant also for other times
after the well interaction area emerges from the sea. However, since it is not considered feasible to
drill water-supply wells in submerged areas, for times prior to emergence the actual (emerged) well
interaction area equals the emerged part of the delineated well interaction area at a certain time.
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Figure 6-12. Particle trajectories (upper figure) and delineated well interaction area on the 4500 AD
landscape map (lower figure).
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No part of the well interaction area is yet emerged at 2500 AD. The emerged part is very small

at 3000 AD (0.03 km?*) and also at 3500 AD (0.1 km?). The emerged part increases to 0.2 km” at
4000 AD, and the whole well interaction area is emerged at 4500 AD. As mentioned previously,

it can be assumed that the drilling area needs to be located at least 1 m above sea level to enable
drilling and to avoid sea-water intrusion. The parts of the well interaction area that are 1 m or
more above sea level at the corresponding times as above are obviously less than the emerged part
(0.02 km? at 3000 AD, 0.06 km* at 3500 AD and 0.15 km? at 4000 AD). At 4500 AD, the whole
emerged part of the well interaction area is at least 1 m above sea level.

Particle-capture ratios associated to discharges from wells drilled in rock within the well interaction
area were analysed using the same DarcyTools model setup as described above, i.e. the base case
model setup (HydroDFN case R85 and HCD base case) for 5000 AD, using a well discharge of
Q. = 700 L/d and the same methodology as for wells 1-11 (cf above), including 60 m deep wells
cased across regolith and at least 4 m in rock. The locations of wells are based on the analysis of
particle trajectories associated to particle releases from individual SFR 1 and SFR 3 facility parts (cf
Tables A3-2 and A3-3 in Appendix 3). Specifically, wells are located to areas with high trajectory
densities within the analysed elevation interval (—80 to —10 m elevation), i.e. those locations where
well discharge likely results in high particle-capture ratios. As shown in Figure 6-13, totally 9 wells
were analysed, located immediately downstream of SFR 3 (well 21), close to the Silo of SFR 1
(wells 22 and 27), and in fracture zones north (wells 23-26 and 29) and immediately northwest of
SFR 1 (well 28). Table 6-11 shows data on wells 21-29 in terms of well coordinates, well-casing
lengths in rock, total transmissivities T (“w. casing”), and estimated well discharge (Qy.n) for S.
=10 m (cf Tables 6-8 and 6-10). As shown in the table, total transmissivities and well capacities
are rather high at the locations of wells 21-29. The results of the particle-tracking calculations are
summarised in Tables A3-2 (SFR 1) and A3-3 (SFR 3) in Appendix 3.

According to Tables A3-2 and A3-3 in Appendix 3, there are large particle-capture differences
between facility part/well combinations. Hence, the facility-specific particle capture for an individual
well depends on its location in relation to the extent of the associated contamination plume. For most
wells capturing particles released from SFR 1 and SFR 3, the particle-capture ratio is on the order

of 1-10%, whereas the largest particle captures are noted for well 29 (31.80% from 2BTF in SFR 1)
and well 25 (13.04% from 1BRT in SFR 3).

However, from the tables in Appendix 3 it is noted that the average particle-capture ratio is rather
constant among SFR facility parts (c 2—-8% of the released particles). For all wells capturing particles
released from SFR 1, the average particle-capture ratio per facility part is 5.61% (the average ratio
per well is 6.75%), whereas the corresponding ratio for SFR 3 is 3.56% (the average ratio per well is
3.43%). Therefore, as an upper boundary for the safety assessment, a generic well drilled in rock at
random within the contamination plume (well interaction area) downstream of SFR can be assumed
to capture 10% of radionuclides released from any SFR facility part. This is obviously a conservative
assumption, since only four of the tested wells in the plume capture particles from all SFR 1 repository
parts (23, 25, 26 and 29), whereas six wells capture particles from all SFR 3 repository parts (22, 23,
25-27 and 29). Only three of the tested wells (23, 25 and 29) capture particles from all facility parts.

6.4.6 Influence of well discharge

According to the concepts described above, the radionuclide concentration in a well drilled in the
rock is given by C,.q1 = (BqQ/y)wer/Quear- Hence, the influence of well discharge on the radionuclide
concentration in the well can be investigated by analysing the response on the particle-capture ratio
for different Q... In the analyses above a well discharge (Q,..;) of 700 L/d was used, resulting in

a largest particle-capture ratio of 31.80% for well 29 (2BTF in SFR 1). In order to investigate the
influence of Q,.; on the particle-capture ratio for well 29, a set of simulations were performed using
the following well discharges:

* Q. = 1,000 L/d, which approximately corresponds to the present-day water demand for
5 individuals.

. wet = 1,400 L/d, i.e. twice the initially assigned well discharge (700 L/d).
. vt = 2,800 L/d, i.e. four times the initially assigned well discharge (700 L/d).

118 SKB R-13-19



Table 6-11. Data on wells 21-29 (Figure 6-13). T = transmissivity (m?s), K = hydraulic conductivity
(m/s), b = vertical well extent, srock = “rock drawdown”, and Qwell = well discharge (L/d).

Well Easting (RT 90) Northing (RT 90) Casing (m) T =K-b (w. casing) Est. Qe (Srock = 10 m).

21 1633292 6701935 4 1.78-10™ 153,619
22 1633206 6702055 4.5 1.96-10~ 169,690
23 1633124 6702315 5.5 1.06-107° 9,167
24 1632838 6702210 55 5.70-10°° 49,239
25 1632892 6702382 4 4.64-10° 40,090
26 1632971 6702480 4 2.08-10°° 18,006
27 1633171 6702140 4 6.79-10° 5,863
28 1632771 6702058 4.5 6.36:10° 54,985
29 1632971 6702264 55 3.53:10° 30,491

Local northing (m)

7d00--
Local easting (m)

Figure 6-13. Locations of analysed well locations (lilac dots, wells 21-29) in areas downstream of SFR 1
and SFR 3.

The analysis was done using the same model setup as above. i.e. the DarcyTools base case model
setup (HydroDFN case R85 and HCD base case) for 5000 AD. According to Ohman and Vidstrand
(2014) there are negligible effects of Q,,; on groundwater flow through SFR waste-storage facilities.
As seen in Table A3-4 in Appendix 3, there is a clear response of increasing Q... from well 29, in the
form of increasing capture of particles released at all SFR facility parts. Table A3-5 in Appendix 3
compares well-discharge and particle-capture ratios, i.e. the ratios between tested Q.. values and the
initial Q. value (700 L/d), and corresponding particle-capture ratios. There is a linear relationship
between Q.. and the particle-capture ratio for most SFR facility parts. Hence, the radionuclide con-
centration in well 29 (C,;) is not sensitive to Q,.y, due to the underlying linear relationship between
Cyen» the radionuclide release to the well ((Bq/y)w.n) and the well discharge. Hence, an increase of
the well discharge leads to an increase of the particle capture, proportional to the well-discharge
increase, and the concentration in the well is therefore not affected.
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6.4.7 Probability for an intrusion well

The areas above SFR 1 and SFR 3 will not be suitable for agricultural purposes, and, as mentioned
previously, it is considered to be less probable for water-supply wells to be drilled at locations that
are not associated to arable land areas. As for wells drilled in the contamination plume downstream
of SFR (cf above), it cannot be ruled out that future drilling of water-supply wells may occur in areas
above SFR 1 and SFR 3, i.e. at locations decoupled from any foreseeable land use by a self-sufficient
community.

As was also mentioned previously, to enable drilling and to avoid sea-water intrusion, it can be
assumed that rock drilling is feasible some period after the considered area has emerged from the
sea. In the global warming and early periglacial climate cases (see SKB 2014b), the duration for

a complete transformation to terrestrial conditions above SFR 1 and SFR 3 is ¢ 1,000 years after
closure. In addition, the drilling area needs to be located at least 1 m above sea level, which takes
another 160 years after complete transformation. Different parts of the SFR facility will raise above
sea level at different times. For simplicity, it is assumed that wells can be drilled above SFR 1 and
SFR 3 at 3000 AD in the global warming and early periglacial climate cases. In the extended global
warming climate case, due to an initial sea-level rise it is assumed that wells can not be drilled above
SFR 1 or SFR 3 until at least 2,360 years after closure.

The probability for a well to be drilled into SFR can be calculated as the size of the well interaction
area (km?), which in this case can be set equal to the footprint area of SFR, times the well density
(number of wells per km?). As mentioned previously, an average well density of 0.5 wells per km?
seems appropriate for calculations of the probability for a well to be drilled at random within a given
area. The probability for an intrusion well must also take the well depth into account. Specifically,
the waste-storage facilities in SFR 1 have their roofs at ¢ =70 m elevation, whereas the roofs of the
SFR 3 waste-storage facilities will be at ¢ —120 m elevation. According to the DEM (Strémgren and
Brydsten 2013), the elevation of the sea bottom above SFR 1 and SFR 3 is ¢ -3 to 4 m. Hence,

a well drilled in rock above SFR 1 or SFR 3 would intrude the facility at a depth of approximately
66 or 116 mbgs, respectively. According to the cumulative frequency plot of well depths in northern
Uppland (Figure 6-2), the median depth is 64 mbgs (50% of the wells are deeper), whereas less than
20% of existing wells are deeper than 116 mbgs.

6.5 Recommendations for handling of future water uses in
the SR-PSU project

In terms of water uses (humans, cattle and irrigation) of future, self-sufficient communities in the
Forsmark landscape, the following approaches are recommended for identification of a representa-
tive of the most exposed group and for calculation of associated radiological exposure:

* Hunter-gatherers: The most exposed group uses water from the most contaminated surface-
water supply (lake or stream), see Sections 6.2.2 and 6.2.3.

* Infield-outland farmers: The most exposed group uses the most contaminated water from
a surface-water supply (lake or stream) or a well in regolith, see Sections 6.2.2-6.2.3 and 6.3.

*  Modern farmers: The most exposed group uses the most contaminated water from a surface-
water supply (lake or stream), a well in regolith or a well drilled in rock, see Sections 6.2.2-6.2.3
and 6.3-6.4.

* Garden-plot household: The most exposed group uses the most contaminated water from
a surface-water supply (lake or stream), a well in regolith or a well drilled in rock, see
Sections 6.2.2—6.2.3 and 6.3-6.4.

As mentioned in Section 6.2.3, even though the future stream network does not include a stream
between biosphere objects 157 2 and 157 1, it cannot be ruled out that surface water in the area
between these two objects may be used as water supply in the future. For agricultural communities
that may use wells in regolith, it is recommended to calculate the radiological exposure using

the maximum concentration in RegoLow in biosphere objects (Section 6.3). Moreover, for
agricultural communities associated to larger areas of arable land, who may use wells drilled in
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rock (Section 6.4), it is recommended to use a well discharge of 700 L/d and the maximum particle-
capture ratio, among all studied wells (Figure 6-10), for each SFR facility part. The analysis may
also use a safety factor (say, 2) to account for different types of uncertainties related to the maximum
particle-capture ratio.

As described in Section 6.4, wells drilled in the contamination plume downstream of SFR and
intrusion wells are considered to be less probable. In the former case, it is recommended to use the
time-dependent part of the delineated well interaction area and the well density to estimate the time-
dependent probability for a water-supply well to be drilled within the well interaction area. In order
to calculate the radiological exposure from a well drilled within the well interaction area, it is recom-
mended to use a conservative particle-capture ratio (10%) for any SFR repository part. As for wells
drilled in the contamination plume downstream of SFR, it cannot be ruled out that future drilling of
water-supply wells may occur in areas above SFR 1 and SFR 3. In this case, the well interaction area
can be set equal to the footprint area of SFR, and the probability for an intrusion should also take
into account well-depths statistics (Figure 6-2) versus the levels of waste-storage facilities in SFR 1
and SFR 3.

For a well drilled in the contamination plume and for an intrusion well, it is recommended to use
a well discharge (Qy.;) of 700 L/d in radiological-exposure calculations. This is equal to the water
demand for a group of modern farmers and approximately midway between the water demand for
a rural garden-plot household (c 200 L/d) and the present-day water use of 5 individuals (900 L/d)
connected to public water works.
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7 Hydrological descriptions and parameterisations
of biosphere objects

71 Introduction and background

As described in Section 2.3.1, seven biosphere objects are identified based on discharge locations
at the interface between rock and regolith, calculated using forward particle tracking in DarcyTools.
This chapter describes MIKE SHE local-model outputs in terms of water-balance components for
biosphere objects at the years 3000, 5000 and 11,000 AD, delivered to the radionuclide transport
modelling (Saetre et al. 2013b).

Section 7.1 presents a background for the deliveries and Section 7.2 provides a description of

the methodology for deriving water-balance components. The subsequent sections present and
discuss some main modelling results for the normal year (Section 7.3) and for other climate cases
(Section 7.4). Section 7.5 presents results of sensitivity analyses using biosphere object 157 2

as a case study, in terms of governing climate conditions and alternative sub-area delineations of
the object. Finally, Section 7.6 gives an overview of the process of transforming water-balance
components to radionuclide-transport modelling parameters.

At present, all seven biosphere objects (cf Figure 2-23) are submerged by the sea. Shoreline
displacement, caused by isostatic rebound, is modelled by a continuous change of the state of
submodels representing biosphere objects, from submerged to emerged conditions for wetlands

or lakes (Brydsten and Stromgren 2013). Hence, the characteristics and properties of a particular
biosphere object will change with time as a result of landscape development. In five of the biosphere
objects (116, 121 1, 157 1, 159 and 160) a lake is formed subsequent to the isolation from the sea.
At the end of the submerged period, for these objects the terrestrial period is initiated at the point

in time when the associated lake threshold is at average sea level (top left and right in Figure 7-1).
For these objects, the terrestrial period can be divided into an initial transition stage and a subsequent
mature stage. The initial stage is associated with expanding wetland areas in a lake-mire complex,
whereas at the mature stage the lake is gone and the wetland has reached its full extent. Subsequent
to emergence, no lake is formed in objects 121 2 and 157 2 (bottom left and right in Figure 7-1)
and the submerged period is terminated when the objects are fully emerged above average sea level.

Land
A) Lake-mire uplift

High water
complex / 'T‘

~
/ —

Low water

. uplift /
B) M'*/ T //

Biosphere object Biosphere object

Figure 7-1. Schematic illustrations of the transition from submerged to terrestrial conditions of biosphere objects
as a result of isostatic rebound. A) Transition from sea bay to lake-mire complex. Conditions are intermediate
during the period between isolation at extreme low sea level (left) and isolation at extreme high sea level (right).
B) Transition from sea bay to wetland (no lake is formed). Conditions are intermediate during the period between
full emergence at extreme low sea level (left) and full emergence at extreme high sea level (right).
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In the radionuclide-transport modelling (Saetre et al. 2013b) the continuous developments of indi-
vidual biosphere objects are partly described using dynamic (time dependent) model parameters. For
instance, depths and volumes of surface-water bodies, mire areas, peat-layer depths, stream flows,
sedimentation, resuspension and aquatic primary production are examples of time-dependent model
parameters (see Grolander 2013).

The radionuclide-transport modelling takes into account time-dependent effects of isostatic rebound
on water fluxes during the transition from submerged conditions to a fully isolated lake (or mire).
This transition period is initiated at the point in time when the lake threshold (or first land) of an
object emerges above sea level during periods of extremely low sea level, set at —1.2 m below aver-
age sea level, whereas lake (or mire) isolation is completed when the lake threshold (or all land) is
above sea level during periods of extremely high sea level water, set at 1.0 m above the average sea
level (see descriptions of the parameters threshold start and threshold_stop in Grolander (2013)).

The effect of landscape development on horizontal water fluxes are described using the time-
dependent parameter WF landscape (see Grolander 2013). Specifically, the exchange of water
between marine basins are estimated using MIKE 3 (Sections 4.5 and 5.6), whereas MIKE SHE is
used to estimate horizontal surface-water fluxes at two points in time; shortly after first lake isolation/
land emergence (at low sea level) and after completion of mire expansion.

Vertical groundwater fluxes between regolith layers were modelled in MIKE SHE for submerged or
terrestrial conditions. Specifically, groundwater fluxes were calculated representing (1) the submerged
period, (2) conditions following lake isolation, and (3) the period when mire expansion is completed.
It is assumed that vertical groundwater fluxes are stable during the submerged period (1) and during
the terrestrial period subsequent to completion of mire development (3), whereas vertical fluxes
depend on the progress of shoreline displacement between these stable states (2). It should be noted
that time-dependent meteorological parameters and a time-dependent sea level are used to model also
the stable states, i.e. the term stable only refers to the independence of shoreline displacement (Saetre
et al. 2013b).

As shown in Table 7-1, for biosphere objects in which a lake is formed after isolation (top left and
right in Figure 7-1), time-dependent vertical groundwater fluxes during the intermediate period are
modelled by linear interpolation of fluxes calculated at initiation (low sea level) and completion
(normal sea level) of isolation. For objects in which no lake is formed after isolation (bottom left
and right in Figure 7-1), the corresponding interpolation uses fluxes calculated at the points in time
when land first emerges (at low sea level) and when the object is fully emerged (at normal sea level).
Moreover, vertical groundwater fluxes in the mire parts of objects are linearly interpolated during the
period between completed lake isolation/land emergence and when completion of mire expansion
(Saetre et al. 2013Db).

Figure 7-2 shows compartments and fluxes for both limnic (lake) and terrestrial (wetland) systems,
and it can also be used to clarify parameters delivered to the radionuclide-transport modelling of the
submerged period. Blue arrows represent advective fluxes delivered from the MIKE SHE model.
During the marine stage, i.e. at 3000 AD among the future times considered here, only fluxes repre-
sented by the blue vertical arrows in the aquatic part (right side) of Figure 7-2 are delivered, whereas
no surface-water fluxes are calculated by MIKE SHE for the marine stage. For objects that contain
both limnic and terrestrial systems at 5000 AD, parameters representing all inter-compartment fluxes
(blue arrows denoted as “2” in Figure 7-2) are delivered to the radionuclide-transport modelling.

Table 7-1. Modelling of transition periods using interpolated vertical groundwater fluxes.

Ecosystem Transition Transition period
Start End
Aquatic Sea to lake Lake isolation at low sea level Lake isolation at high sea level
Sea to mire (without First land above low sea level  All land above sea at high sea
lake stage) level
Mire Mire expansion (both Lake isolation/all land above Mire expansion completed
types above) water at high sea level
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Figure 7-2. Illustration of compartments and inter-compartment fluxes considered in the modelling of
radionuclide transport and accumulation in lake-mire systems. For further details, see Saetre et al. (2013b).

For biosphere objects that are terrestrialised immediately after the marine stage (121 2 and 157 _2)
MIKE SHE calculates vertical groundwater fluxes in the terrestrial part (left side) of Figure 7-2,
whereas MIKE 11 calculates surface-water fluxes to downstream objects for biosphere objects that
contain streams.

7.2 Methodology

Based on the water-flow calculations for the local MIKE SHE model area described in Chapter 5,
water balances are derived for each of the seven biosphere objects included in the analysis.
Specifically, water-balance components are extracted in the form of water flows into and out

from each object and water flows between calculations layers of MIKE SHE, corresponding to radio-
nuclide-model compartments (Figure 7-2). For objects that at a considered point in time consist of
a lake area surrounded by a mire, three separate water balances are extracted to obtain fluxes (flow
divided by area) for all arrows shown in Figure 7-2. Specifically, one water balance is extracted for
the lake area, one for the mire area and one for the entire object. For objects that are submerged,

or terrestrial objects that only consist of mire, one water balance is extracted for the entire object.
For more details on issues related to extraction of water-balance components from MIKE SHE, see
Bosson et al. (2010).

In MIKE SHE water balances, lakes are defined as areas with an annual minimum depth of overland
water of 0.1 m at 5000 AD. Hence, in water-balance calculations lakes comprise areas that contain
surface water during the entire simulated period. The definition above implies that lake extents in
some cases differ slightly from lakes delineated as part of landscape modelling (cf Section 2.2.3).

At all biosphere objects associated with streams, in the MIKE 11 stream network streams enter at the
upstream parts and exit at the downstream parts of objects (Figure 7-3). In the radionuclide-transport
modelling (Saetre et al. 2013b), the lake area of objects is reduced with time by reducing its width,
which implies that the associated stream enters and exits the lake at the same locations at all times.
As shown in Figure 7-3, the MIKE SHE-definition of lakes described above implies that a lake may
be transformed to mire areas along the entire lake circumference, and the associated stream may enter
and/or exit a lake at different locations at different points in time. Moreover, in the radionuclide-trans-
port modelling it is assumed that each object is associated with a single stream, whereas in the MIKE
11 stream network several streams may reach a lake at different locations along the lake shoreline.
In such cases, the total MIKE 11-calculated stream discharges are added to represent the single stream
in the radionuclide transport model.
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Figure 7-3. Representation of lakes and streams in MIKE SHE (upper figure) and the corresponding
conceptualisation in the radionuclide-transport model (lower figure). In the upper figure, grey areas
represent the lake and lilac areas represent mire areas.

Figure 7-4 and 7-5 illustrate hydrological connections between biosphere objects subsequent to emer-
gence of associated areas. The catchment area for object 157 2 (Figure 7-4) has no upstream catchment
area, and according to Brydsten and Stromgren (2013) there is no stream associated with the object
(see further discussion in Chapter 6). As shown in Figure 7-4, surface water generated in object 157 2
and the stream associated with object 159 are directed towards object 157 1. Moreover, the stream
associated with object 157 1 is directed towards object 116. Surface water also enters object 116 from
a catchment denoted 158.

As mentioned in Section 2.2.3 the stream network by Brydsten and Stromgren (2013) is based on
the 2000 AD DEM, and some stream stretches and cross-section elevations are adjusted in MIKE 11
to fit the corresponding DEM at each time. As shown in Figure 7-5, the MIKE 11 stream network
defines a stream from object 160 to object 121 1, whereas Brydsten and Stromgren (2013) define

a stream from biosphere object 160 to object 121 2, based on the 2000 AD DEM (cf Section 6.2.3).
In MIKE SHE, precipitation reaching the ground surface will subsequently follow the ground-surface
topography, and the reason for changing the stream direction in MIKE 11 is simply to catch surface
water in a stream.

Figure 7-6 illustrates conceptual surface-water flows into and through a biosphere object containing
a lake-mire complex. The MIKE SHE water-balance tool extracts water flows within the selected
water-balance area, and total water flows passing across its boundaries. However, as MIKE SHE water
balances do not provide information on the flow distribution along the boundary of the water-balance
area, it is not possible to estimate the proportions between Q,, Qcuer, and Qpyire in Figure 7-6 from the
water balances for the object area. There is neither any information on the proportion of return flows,
i.e. water passing in and out across the boundary, for instance during flooding events. Furthermore,
since the MIKE SHE water-balance tool only provides information on total water exchanges between
MIKE SHE and MIKE 11 within the water balance area, the annual average stream in- and outflows
divided by the object area (which provide fluxes in mm/y) are extracted separately from the MIKE

11 model and thereafter added to the MIKE SHE-calculated water balances.
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Figure 7-4. lllustration of hydrological connection between biosphere objects (circumscribed in the bottom
figure) 116, 157 1, 157 2 and 159, located north of SFR.
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Figure 7-5. lllustration of hydrological connection between biosphere objects (circumscribed in the bottom
figure) 121 1, 121 2 and 160, located south of SFR.

In Figure 7-6, water generated usptream of the lake inlet is denoted Q,,. If the catchment area of the
object has no further upstream catchment areas, Q;, is the surface water generated only within the
catchment area of the lake inlet (cf Figure 7.6). Otherwise, if there are further upstream catchment
areas, Q,, is the total amount of surface water coming from all upstream catchment areas of the lake
inlet. Surface water generated within the area corresponding to the catchment area of the stream
outlet minus the catchment area of the stream inlet (Q.,.;) reaches the mire area, from which Q.
reaches the lake. Q. is the total amount of surface water that leaves the object at the stream outlet
from the lake.
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Figure 7-6. Conceptual surface-water flows into and through a biosphere object containing a lake (blue)
and a mire (green).

The parameters in Figure 7-6 are calculated based on annual average runoffs and sizes of catchment
areas and biosphere objects. Specifically, annual average runoffs are calculated by extracting sepa-
rate water balances for each of the subareas (catchment areas and biosphere objects) with the MIKE
SHE water-balance tool. In Tables 7-2 to 7-5 (catchment areas and biosphere objects north and south
of SFR, at 5000 and 11,000 AD), the Basin columns contain runoff values calculated based on entire
catchment areas, including biosphere objects, whereas the Basin NOBJ columns consider catchment
areas except biosphere objects. Moreover, the TOTAL OBJ columns consider biosphere objects,
whereas the Lake and Mire columns in Tables 7-2 to 7-5 consider lake and mire areas, respectively,
of biosphere objects.

As illustrated in Figure 7-3, there is a discrepancy between how lakes are described in MIKE SHE
and in the radionuclide model (Saetre et al. 2013b). In the radionuclide model, all surface water
enters biosphere objects by the surface stream (Q;, in Figure 7-6), whereas in MIKE SHE water
may also reach a lake by overland water outside of the stream, in particular during flooding events,
but also if the area around the lake has a flat topography. The amounts of surface water entering
and leaving objects are here estimated by extracting MIKE 11 stream-discharge data at or in the
vicinity of stream inlets and outlets of biosphere objects. Subsequently, annual average discharges
are calculated based on the resulting stream discharge time series, and these averages are normalised
with the area of each biosphere object to obtain corresponding annual average fluxes (mm/y).

Table 7-2. MIKE SHE-calculated annual average runoff at 5000 AD for biosphere objects north
of SFR.

Biosphere object | Runoff (mml/y)
Basin Basin_NOBJ TOTAL_OBJ Mire Lake

157_1 178 180 166 166 164
157_2 178 179 173 - -

159 179 179 179 181 163
116 172 174 160 161 160
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Table 7-3. MIKE SHE-calculated annual average runoff at 11,000 AD for biosphere objects north

of SFR.

Biosphere object

Runoff (mmly)
Basin

Basin_NOBJ TOTAL_OBJ

157_1
157 2
159
116

191
192
203
189

196
194
212
193

164
180
169
165

Table 7-4. MIKE SHE-calculated annual average runoff at 5000 AD for biosphere objects south

of SFR.
Biosphere object | Runoff (mmly)

Basin Basin_NOBJ TOTAL_OBJ Mire Lake
160 181 182 181 182 165
121_2 173 187 162 - -
121_1 176 177 161 160 164

Table 7-5. MIKE SHE-calculated annual average runoff at 11,000 AD for biosphere objects south

of SFR.

Biosphere object

Runoff (mmly)
Basin

Basin_NOBJ TOTAL_OBJ

160
1212
121_1

186
189
201

203
180
204

170
198
158

Figures 7-7 to 7-10 specify water-balance components extracted for submerged biosphere objects
(Figure 7-7), biosphere objects with lake and mire areas (Figure 7-8), objects with mire and a former
lake, transformed to mire (Figure 7-9) and for objects that are transformed to mire areas only (no
lake) subsequent to emergence (Figure 7-10).

At 3000 AD all biosphere objects are submerged (cf Figure 7-7). In marine areas, the sea is repre-
sented in the upper MIKE SHE calculation layer (Rego1), whereas the regolith is represented in layers
Rego2-Rego4. At 5000 AD the entire local model area is emerged and all biosphere objects, except
for objects 121 2 and 157 2, are transformed into lake and mire areas (cf Figure 7-8). Specifically,
for such objects water-balance components are extracted separately for the lake and the mire area.
The regolith is represented in four calculation layers (Rego1-Rego4), of which the upper layer
(Regol) has a total thickness of 2.5 m in order to allow proper calculations of evapotranspiration
processes (see Bosson et al. 2008).

In the delivery to the radionuclide-transport modelling, Regol was divided into two layers, with
thicknesses of 0.5 m (Regola) and 2.0 m (Regolb). Specifically, near-surface groundwater flow
(subsurface drainage, see Section 3.1.5) is assigned to Regola, whereas other contributions are dis-
tributed according to relative thickness (20% to Regola and 80% to Regolb). Accordingly, vertical
groundwater flows are recalculated to obtain layer-wise water balances based on these distributions
of horizontal flows.

Horizontal flows in the uppermost layer (blue compartments in Figure 7-8) are based on annual
average runoff (Tables 7-2 to 7-5) and MIKE 11-calculated stream discharges. Specifically, stream
discharges are assigned to lakes (the blue-marked components In MIKE 11 and Out MIKE 11). The
Lake balance component is calculated under the assumption of water balance in the compartment
representing the lake box. In a final step, all components in the lake and mire compartments are
added to check the water balance.
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Figure 7-7. Extracted water-balance components for submerged biosphere objects.

net prec mire (wb) |,

net prec lake (wb) |,

mire/flooded area Lake/stream
calculated diff (in minus out) lake balance sum in
Qeateh > Quaten* Qmire* | poiance out
(upR1a-downR1a)
downR1la 1 upRla downR1la > upRla
out Rla <|Regola 0.5m out Rla <-|Regola 0.5m
inR1la - sum in out sum in R1a -2 sum in out sum
down R1a-R1b |, ™ up R1b-R1la down R1a-R1b |, > up R1b-R1a
Regolb 2.0m Regolb 20m
out R1lb & sum in outRlb <« sum in
inR1b - sum out inRlb - sum out
down R1b-R2 |, > up R2-R1b down R1b-R2 |, /™ up R2-R1b
Rego2 Rego2
out R2 < sum in out R2 < sum in
in R2 - sum out inR2 - sum out
down R2-R3 |, ™ up R3-R2 down R2-R3 |, /M up R3-R2
Rego3 Rego3
outR3 & sum in outR3 & sum in
inR3 - sum out inR3 - sum out
down R3-R4 |, ™ up R4-R3 down R3-R4 |, ™ up R4-R3
Regod
out R4 < sum in
in R4 > sum out

™ net flux from bedrock (wb)

= Quue- Out MIKE11
- Out MIKE11
& Q- in MIKE11

< In MIKE11

Figure 7-8. Extracted water-balance components for biosphere objects with lake and mire areas.
Components extracted from MIKE 11 are shown in blue.
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Figure 7-9. Extracted water-balance components for biosphere objects with mire and a former lake,

transformed to mire. Components extracted from MIKE 11 are shown in blue.
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Figure 7-10. Extracted water-balance components for biosphere objects that are transformed to mire areas
only (no lake) subsequent to emergence.

132

SKB R-13-19




In the extraction of water-balance components for biosphere objects with mire and a former

lake, transformed to mire (Figure 7-9), the water balance is extracted for the entire object only.
Concerning biosphere objects that are transformed to mire areas only (no lake) subsequent to
emergence (Figure 7-10), the Total out component is obtained as Q,,, in Figure 7-6 in the absence
of a stream.

7.3  Water balances for the normal year

This section presents a summary of the MIKE SHE calculations, whereas the calculated water-balance
components and regolith-layer thicknesses for the seven biosphere objects are presented in Appendix 1
(cf Figures 7-7 to 7-10). In each water balance, flow components are normalised with the area of each
object (Table 7-6). Note that areas of objects are different at the considered points in time. In some
cases, it was required to adjust the area to facilitate interpretation of modelling results. For instance, at
3000 AD, when all objects are submerged some objects are located near the shoreline, which causes
numerical instabilities in water-balance calculations. Therefore, near-shore model cells were excluded
from relevant objects. Moreover, in order to separate water fluxes between lakes and mires at 5000 AD,
lakes need to be surrounded by mire areas. Specifically, a cell defined as being part of a lake (overland-
water depth exceeding 0.1 m, cf above) cannot be located at the object boundary. In such cases, some
model cells were added for the purposes of water-balance calculations.

7.3.1 Results for the submerged period (3000 AD)

All biosphere objects are submerged at 3000 AD. Hence, the water-balance components shown in
Figure 7-7 are extracted from MIKE SHE. Table 7-7 summarises the modelling results in terms of
net vertical groundwater fluxes (flow divided by object area) between the four calculation layers
of the local MIKE SHE model (Rego1-4). According to the table, net vertical fluxes are directed
upwards for all objects. For most objects the net vertical flux is small, whereas the largest fluxes
(c 20 mm/y) are calculated for object 121 1. Moreover, vertical fluxes are rather constant with
depth in the regolith, which implies that horizontal fluxes are small.

Table 7-6. Object areas used in water-balance calculations.

Biosphere object Object area (m?)

3000 AD 5000 AD 11,000 AD
157_2 130,000 167,600 167,600
159 101,200 103,600 103,200
157_1 103,600 105,600 103,600
116 1,490,800 1,569,600 1,491,600
121_2 161,200 178,000 178,000
160 106,000 158,400 158,400
121_1 269,600 274,400 270,000

Table 7-7. Net vertical groundwater fluxes for biosphere objects during the submerged period
(3000 AD).

Biosphere object Vertical flux (mml/y)
Rock to Rego4 Rego4 to Rego3 Rego3 to Rego2 Rego2 to Rego1

116 0.5 0.5 0.5 0.6
121_1 24.8 20.3 19.9 19.8
121_2 5.1 5.0 4.8 4.7
157_1 0.1 0.0 0.1 0.5
157_2 7.0 71 71 7.0
159 3.2 3.2 3.9 4.1
160 1.4 1.3 0.9 1.0
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7.3.2 Results for the lake-mire period (5000 AD)

Figure 7-11 displays delineations of lake and mire areas used in the 5000 AD water-balance
calculations. Table 7-8 lists the relative proportions of lake and mire areas in each object at the year
5000 AD. As mentioned previously, there are no lakes in objects 121 _2 and 157 2. Among the other
objects, object 116 has the largest lake proportion (c 60%), whereas the lake in object 159 is smaller
than 10% of its area.

Figure 7-12 shows an example of MIKE 11-calculated time series of stream discharge (object 116),
which is used to estimate surface-water flows into, through and out from biosphere objects. The blue
line represents stream inflow, the red line is stream outflow, and dotted lines represent corresponding
annual averages. It is noted that outflow fluctuations are smaller than fluctuations of the inflow, which
illustrates the flow-dampening effect of the lake. For reasons mentioned previously, average in- and
outflows divided by the object area (providing fluxes in mm/y) are added to the MIKE SHE-calculated
water balances, see Table 7-9.

Table 7-8. Relative proportions of lake and mire areas of biosphere objects at 5000 AD.

Biosphere object % of total object area

Lake Mire
157_2 - 100
159 8.1 91.9
157_1 23.9 76.1
116 57.5 42.5
121_2 - 100
160 8.8 91.2
121_1 27.7 72.3

1632000 1634000 1636000

eloidIHaEIEaV D)

6704000

QNS ¥S IHSNIENSIPK
6704000

6702000
6702000

PXW'L0Z0¥1 JAW-0lS A BId L1 Z\PXWZ Jaideud)

6700000
6700000

1632000 1634000 1636000
0 0.5 1 2 km

[ wire area

N
B Lake area Bakgrundskartor © Lantméteriet A
SKBIDHIlmsa 2014-04-23

Figure 7-11. Delineated lake and mire areas of biosphere objects at 5000 AD (cf Figure 2-23).
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Table 7-9. MIKE 11-calculated stream discharges (mm/y) at 5000 AD.

Biosphere object Stream discharge (mmly)
In Out Net MIKE 11 stream discharge/MIKE SHE water balance (%)
116 304 1,084 780 100
121_1 19,487 20,264 777 97
157_1 418 3,344 2,925 99
159 0 776 776 89
160 0 270 270 120

5000 AD Total in to object 116
0.18 ss=o-- Annual mean in to 116
Out from object 116

0.16 - Annual mean out from 116

Surface water discharge (m3/fs)
o
=

Sep Oct Nov Dec lan Feb Mar Apr May Jun Jul Aug Sep

Figure 7-12. MIKE 1l-calculated stream discharges into (blue solid line) and out from (red solid line)
biosphere object 116. Dotted lines represent corresponding annual averages.

Due to the specific locations of cross sections of the MIKE 11 stream network, in some cases stream
discharges, which are calculated midway between cross sections, are not calculated immediately
up- or downstream of biosphere objects. This may lead to slight under- or overestimation of stream
discharges entering and exiting objects. Moreover, due to differences in the original DEM and the
MIKE SHE-interpolated topography, there may be minor discrepancies in terms of locations of
ground- and surface water exchanges. However, as shown in the rightmost column of Table 7-9,
there are generally good agreements between MIKE 11-calculated stream discharges and associated
MIKE 11-components of the MIKE SHE water balances.

Table 7-10 shows net vertical groundwater fluxes (flow divided by the area of the biosphere object)
at 5000 AD for biosphere objects north of SFR. Vertical net groundwater fluxes are small in all lakes
located within biosphere objects north of SFR. However, there are large differences between objects
in terms of net fluxes from rock to regolith. Specifically, object 157 2 has the largest flux from rock
to regolith. Comparison with corresponding MIKE SHE modelling presented in Bosson et al. (2010)
shows good agreement to the present results in terms of vertical groundwater flux from rock to regolith.

There are small vertical flux differences between most layers (Table 7-10), which show that net
horizontal fluxes are small. The exception is the uppermost calculation layer (Regol), indicating
relatively large horizontal flows at shallow depth in the regolith (e.g. object 159). However,
Table 7-10 indicates that horizontal fluxes in Rego1 are small in objects 157 1 and 116. In these
objects, the net vertical groundwater flux is directed downwards from the surface to Rego1, from
which groundwater is directed to the associated lakes.
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Table 7-10. Net vertical groundwater fluxes at 5000 AD (mm/y) for biosphere objects north of SFR.

Biosphere Obiject Mire Lake

object Rock to Rego4to Rego3to Rego2to Regol1to | Rego4to Rego3to Rego2to Rego1to
Rego4 Rego3 Rego2 Rego1 surface Rego3 Rego2 Rego1 surface

157_2 101 102 108 117 208 - - - -

159 29 32 35 35 240 3 5 13 25

157_1 8 12 17 24 -12 2 2 3 25

116 7 5 7 10 -5 2 0 1 33

In biosphere objects located south of SFR, net vertical groundwater fluxes from rock to regolith are
rather high (Table 7-11), in particular in objects 121 1 and 121 2. In object 160, the net vertical flux
is negative in the mire part, which implies that the flux is directed downwards, whereas the flux is
directed upwards in the lake.

7.3.3 Results for the mire period (11,000 AD)

At 11,000 AD, all former lakes in the MIKE SHE local model area are transformed to mires.

Figure 7-13 shows MIKE 11-calculated time series of stream discharge into and out from biosphere
object 116 at 11,000 AD. Comparison with the corresponding 5000 AD results in Figure 7-12 shows
less flow-dampening at the outflow, since the lake is absent at 11,000 AD. Moreover, it is also noted
that discharge peaks are higher and of shorter duration at 11,000 AD.

Table 7-12 shows MIKE 11-calculated stream discharges into and out from biosphere objects

at 11,000 AD. Ratios between MIKE 11-calculated stream discharges and corresponding MIKE
SHE-calculated water-balance components are similar to those at 5000 AD (Table 7-9). Comparison
between 5000 and 11,000 AD stream discharges shows small differences for object 159. For object
157 1 there is a distinct increase in the stream discharge, which can be noted both in the MIKE
11-calculated discharge and in the associated MIKE SHE water-balance components (the MIKE 11/
MIKE SHE ratio is unchanged). The reason for this increase is that at 5000 AD, surface water north
of object 157 1 and west of object 116 is directed to object 116. At 11,000 AD part of this surface
water is directed to object 157 1 and subsequently to object 116. As a result, the stream discharge in
object 116 is similar at 5000 and 11,000 AD, whereas the difference is larger for object 157 1.

For objects 121 2 and 160, there is less stream discharge at 11,000 AD compared to 5000 AD, likely
due to that parts of the surface water at 5000 AD enters the associated streams across the catchment
border in the north-eastern part of object 160. Surface water directed to the northeast does not reach
object 121 1.

Tables 7-13 and 7-14 show net vertical groundwater fluxes for all seven biosphere objects at
11,000 AD. Similar to the 5000 AD results (Table 7-10) differences between most layers are small,
which show that net horizontal fluxes are small. The exception is the uppermost calculation layer
(Regol), indicating relatively large horizontal flows at shallow depth in the regolith (cf above).

Comparison with 5000 AD modelling results shows small net-flux differences and a slight increase
in net fluxes from rock to regolith for most objects at 11,000 AD. In object 160, at 11,000 AD the
former lake in object 160 has been transformed to a mire and the net flux is directed downwards,
whereas the net flux in that object is directed downwards in its mire area and upwards in the associ-
ated lake at 5000 AD.

Table 7-11. Net vertical groundwater fluxes (mmly) at 5000 AD for biosphere objects south of SFR.

Biosphere Object Mire (mmly) Lake (mmly)

object Rock to Rego4to Rego3to Rego2to Regol1to | Rego4to Rego3to Rego2to Rego1to
Rego4 Rego3 Rego2 Rego1 surface Rego3 Rego2 Rego1-  surface

121_1 67 42 42 41 17 19 20 22 55

121_2 39 39 43 52 72 - - - -

160 12 -3 -7 -8 -91 10 13 19 46
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Table 7-12. MIKE 11-calculated stream discharges (mml/y) at 11,000 AD.

Biosphere object

Stream discharge (mmly)

In Out Net MIKE 11 stream discharge/MIKE
SHE water balance (%)
159 0 791 791 96
157_1 492 5,010 4,517 99
116 471 1,170 699 102
160 0 142 142 113
121_1 16,472 17,108 636 106

Table 7-13. Net vertical groundwater fluxes (mm/y) at 11,000 AD for objects north of SFR with

outflow from object 116.

Biosphere object  Object Mire (mmly)
Rock to Rego4 to Rego3 to Rego2to Rego1 to
Rego4 Rego3 Rego2 Rego1 surface
157_2 116 117 125 10 300
159 31 39 42 50 288
157_1 10 14 19 24 34
116 7 9 12 15 31

Table 7-14. Net vertical groundwater fluxes (mm/y) at 11,000 AD for objects south of SFR.

Biosphere object  Object Mire (mmly)
Rock to Rego4 to Rego3 to Rego2to Rego1 to
Rego4 Rego3 Rego2 Rego1 surface
121_2 42 42 46 57 82
160 -10 =21 =31 -32 -60
121_1 66 53 51 51 63
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Figure 7-13. MIKE 11-calculated stream discharges into (blue solid line) and out from (red solid line)
biosphere object 116. Dotted lines represent corresponding annual averages.
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7.4 Water balances for other climate cases
7.41 Results for a wet and warm climate

Appendix 1 presents MIKE SHE-calculated water-balance components for biosphere objects at

5000 AD for a wet and warm climate. The wet and warm climate has significantly more precipitation
(c 1,500 mm per year) than the normal year (less than 600 mm/y). Moreover, the MIKE SHE-calculated
annual average ET in 5000 AD land areas is high (c 1,140 mm per year), with R being approximately
150% higher than the normal-year R (c 450 mm/year).

Figure 7-14 shows MIKE 11-calculated 5000 AD time series of stream discharges into and out

from biosphere object 116 for a wet and warm climate. For comparison, the figure also shows the
corresponding stream discharge out from the object for the normal year (cf Figure 7-12). As for the
normal year, outflow fluctuations are smaller than fluctuations of the inflow, which illustrates the
flow-dampening effect of the lake. Moreover, discharge peaks during autumn are of the same magni-
tudes for the wet and warm climate and the normal year, whereas discharge peaks during spring are
approximately three times larger for the wet and warm climate.

Table 7-15 presents net vertical groundwater fluxes for biosphere objects north of SFR. Comparison
with the corresponding results for the normal year (Table 7-10) shows that the wet and warm climate
is associated with larger net vertical groundwater fluxes to the surface in mire areas, whereas fluxes
in the regolith are less affected.

7.4.2 Results for periglacial conditions with permafrost

Water balances for periglacial conditions with permafrost are obtained from the MIKE SHE models
developed by Bosson et al. (2010). Specifically, the modelling results presented here are based on

the model setup developed for a case with a 100 m deep layer of permafrost, and water balances are
extracted for all taliks that Bosson et al. (2010) identified as groundwater-discharge taliks. Moreover,
separate water balances are extracted for two taliks (Appendix 1), chosen to represent areas with
DarcyTools-calculated discharge locations for periglacial conditions with permafrost (cf Section 2.3.2).
One of the chosen taliks is at the location of biosphere object 157 1 (i.e. discharge locations north
of SFR), whereas the other is talik object 114 of Bosson et al. (2010), coinciding with discharge-
location areas at the north-eastern DarcyTools model boundary (Figure 7-15). As the dynamic
regolith depth and stratigraphy model used in the SR-PSU project slightly differs from that of SR-Site
(cf Section 2.2.2), there are some differences in water-balance area extents between Bosson et al.
(2010) and the present modelling (Figure 7-15). For further details on the permafrost-model setup in
MIKE SHE, see Bosson et al. (2010).

Table 7-16 presents the results of the permafrost water balances in terms on net vertical groundwater
fluxes for all discharge taliks, biosphere object 157 1 and the talik object of Bosson et al. (2010),
whereas Figure 7-16 shows the MIKE SHE-calculated contribution to the stream discharge from
talik object 114. In the permafrost case (Table 7-16), the net vertical groundwater flux from rock to
regolith in biosphere object 157 1 is three times the corresponding flux at 11,000 AD for a temperate
climate (normal year, Table 7-13). Moreover, the flux from regolith to the surface is more than ten
times larger in the permafrost case. As expected, groundwater and overland water flow contribute to
stream discharge only during thaw and the relatively short active period when the uppermost part of
the regolith is unfrozen.

Table 7-15. Net vertical groundwater fluxes (mml/y) at 5000 AD for biosphere objects north of SFR.

Biosphere Object Mire Lake

object
Rock to Rego4 to Rego3to Rego2to Rego1to Rego4 to Rego3to Rego2to Rego1to
Rego4 Rego3 Rego2 Rego1 surface Rego3 Rego2 Rego1 surface

157_2 113 114 121 134 433 - - - -

159 33 42 52 59 423 3 6 14 29

157_1 10 17 26 39 14 -1 0 2 26

116 7 7 11 15 4 0 -2 -1 49
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Figure 7-14. MIKE 11-calculated stream discharges into (blue solid line) and out from (red solid line)
biosphere object 116 for a wet and warm climate at 5000 AD. Dotted lines represent corresponding annual
averages. For comparison, the figure also shows the corresponding stream discharge out from the object
for the normal year (green solid line).
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Figure 7-15. Location of talik object 114 of Bosson et al. (2010) and associated water-balance areas in
the present study and in Bosson et al. (2010), respectively. Specifically, the dotted black line is an extension
of talik object 114 in the present water balance, whereas the blue line is the corresponding extent used

in Bosson et al. (2010). The grey area is the talik defined by Bosson et al. (2010), and the green area is
defined as mire for purposes of permafrost simulations.
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Table 7-16. Net vertical groundwater fluxes (mm/y) for all groundwater-discharge taliks, bio-
sphere object 157_1 and talik object 114.

Water-balance area Object Mire Lake
Rock to Rego2 to Rego1 to Rego2 to Rego1 to
Rego2 Rego1 surface Rego1 surface
All discharge taliks 8 - - 9 371
Biosphere object 157_1 31 - - 31 375
Talik object 114 3 0 -3 4 7
3
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Figure 7-16. MIKE SHE-calculated contribution to the stream discharge from talik object 114.

7.5 Extended hydrological analyses of biosphere object 157_2
7.5.1 Water balances of biosphere object 157_2 subareas

In order to study the influence of object delineations, biosphere object 157 2 was divided into
subareas for which water balances were extracted and delivered to the radionuclide-transport model.
The study was done using the MIKE SHE 5000 AD local model setup to obtain water balances for
different, partly coinciding subareas of biosphere object 157 2. Figure 7-17 shows the geographical
extent of biosphere object 157 2 and the extents of the analysed subareas. Specifically, the first
analysed subarea includes that with upward hydraulic gradients in the regolith, in the upper part of
the rock and at c —60 m elevation in the rock (upper left in Figure 7-17). Gradient directions were
calculated as the hydraulic-head difference between two adjacent layers, based on annual average
hydraulic heads. The second subarea is with a shallow depth (less than 0.25 m) to the groundwater
table (upper right), calculated as the annual average depth to the phreatic surface. The third subarea
includes potential arable land (lower left), and the fourth analysis (lower right in Figure 7-17)
concerns subareas with high discharge-location density at the interface between rock and regolith in
the DarcyTools particle-tracking calculations (cf Section 2.3.1). This subarea was delineated based
on results of particle releases at the six times 2000, 2500, 3000, 3500, 5000, and 9000 AD, using the
base case model BASE CASE1 _DFN_RS85 (Odén et al. 2014).
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Figure 7-17. Analysed subareas of biosphere 157 2. Upper lefi: Subareas with upward hydraulic gradients.
Upper right: Subareas with shallow depth to the groundwater table. Bottom left: Subareas with future arable
land. Bottom right: Subareas with high discharge-location density at the interface between rock and regolith.

Table 7-17 exemplifies MIKE SHE-modelling results in terms of net vertical groundwater fluxes
(for further results, see Appendix 1). As expected, the largest net vertical groundwater fluxes from
rock to regolith are obtained for subareas with upward hydraulic gradients and high discharge-location
density. The smallest net flux is obtained for arable land, which is characterised by thick layers of low-
permeable regolith. In subareas with shallow depth to the groundwater table, net vertical groundwater
fluxes are similar to those obtained for the entire biosphere object. For this subarea, it is also noted
that the net flux between the two uppermost layers is significantly larger than for the other analysed
subareas, which indicates that water from other parts of the object are directed to this specific subarea.

Table 7-17. Net vertical groundwater fluxes (mm/y) at 5000 AD for different subareas of biosphere

object 157_2.

Biosphere object Object Mire
Area (m?) Rock to Rego4 to Rego3 to Rego2 to Rego1 to
Rego4 Rego3 Rego2 Rego1 surface

Entire object 167,600 101 102 108 117 208
Upward gradients 132,400 141 142 152 187 264
Shallow gw. table 84,000 98 98 102 104 883
Discharge locations (DT) 47,200 134 136 147 174 596
Arable land 29,200 63 64 68 87 260

SKB R-13-19

141



7.5.2 Influence of surface-water flow characteristics between biosphere
objects 157_2 and 157_1

As mentioned in Section 6.2.3, neither the stream network by Brydsten and Stromgren (2013) nor
the MIKE 11 stream network include a stream between biosphere object 157 2 to 157 _1. This implies
that MIKE SHE transfers surface water from object 157 2 to object 157 1 as overland water. The
MIKE SHE 5000 AD model setup for the normal year was used to test an alternative representation of
surface-water flow in this area. Specifically, in the MIKE 11 stream network at 5000 AD a stream was
added between these two objects (Figure 7-18). The objective of this sensitivity case is to analyse the
potential influence of the surface-water flow representation on the water balance of object 157 2.

The results from this sensitivity case show that stream-discharge between objects 157 2 and 157 1
only has minor effects on the water-balance components of biosphere object 157 2 (Appendix 1).
Hence, regarding surface-water flow in the area between biosphere objects 157 2 and 157 1, it can
be concluded that this area is likely to be rejected as water supply due to practical and water-quality
reasons (Section 6.2.3), and that surface-water flow characteristics in this area only have small
effects on the water balance of biosphere object 157 2.

| Original MIKE 11 streams

MIKE 11 stream added
between objects 157_2
and 157_1

Figure 7-18. Stream added between biosphere objects 157 2 and 157 1 in the MIKE 11 stream network.
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7.6  Transformation of water-balance components to
radionuclide-transport model parameters

As described previously, fluxes obtained from the water-balance tool in MIKE SHE are mapped to
relevant compartments of the radionuclide transport model (Figure 7-2). Upward and downward
vertical fluxes across regolith layer boundaries are estimated under the assumption that fluxes across
calculation layer boundaries, at which MIKE SHE calculates fluxes, change linearly with depth in
each MIKE SHE calculation layer. For each biosphere object and time, the calculation of across-
boundary fluxes is based on the average regolith thickness for the aquatic (lake) and the terrestrial
(mire) part, respectively, for associated times in the dynamic regolith depth and stratigraphy model
(Brydsten and Stromgren 2013). Hence, for each biosphere object upward and downward fluxes are
calculated to obtain corresponding net fluxes at each regolith-layer boundary at the times 3000, 5000
and 11,000 AD. Using biosphere object 157 1 as an example (Figure 7-19), estimated fluxes across
regolith layer boundaries are well balanced (upper right in the figure) and therefore appear to be
reasonable.

Moreover, during transition from submerged to terrestrial conditions, biosphere objects are partitioned
into lake and mire areas, in the present study represented by the time 5000 AD. In order to calculate
vertical groundwater fluxes for each part, i.e. flow per unit area lake or mire, the corresponding flux
(mm/y) for the entire object is scaled according to relative sizes of lake and mire areas (bottom left

in Figure 7-19). In total, parameters representing 27 inter-compartment water fluxes (bottom right in
Figure 7-19) are derived based on delivered results from the water-balance tool in MIKE SHE, and
implemented in the radionuclide-transport modelling for the future times described above.

So called RTR (relative transfer rates) have been calculated to assess whether horizontal fluxes between
regolith compartments, below the uppermost layers, for simplicity can be excluded in calculations of
radionuclide transport in the regolith. Table 7-18 shows RTR for MIKE SHE calculation layers, based
on the delivered MIKE SHE water balances and layer thicknesses. TR (transfer rate) is defined as
groundwater flux (volumetric flow divided by cross-sectional area) divided by porosity-scaled distance
(distance times porosity), whereas RTR is the ratio between TR in the vertical and horizontal directions.
RTR for a certain layer is calculated using the upward flux from the lower layer boundary and the
average horizontal flux from either the outer boundary towards the lake (Table 7-18, part A) or the flux
out of the object (part B). Horizontal radial extents are approximated using sizes of mires areas and
the total sizes of biosphere objects, assuming either a centrally located lake and circular geometries
(part A) or no lake (part B).

Except for the uppermost calculation layers (i.e. surface water in lakes and overland water in terres-
trial areas), according to MIKE SHE particle-tracking simulations vertical advective travel times in
the regolith are typically 2-3 orders of magnitude shorter than horizontal travel times. Consequently,
groundwater TR and the corresponding transfer rate of groundwater-carried radionuclides, is dominated
by vertical groundwater flow (Table 7-18, part A). Therefore, the analysis shows that horizontal fluxes
between regolith compartments below the uppermost layers can for simplicity be excluded in calcula-
tions of radionuclide transport in the regolith.

The exclusion of downwards and outgoing horizontal groundwater fluxes is cautious in a safety
assessment perspective, because it implies that groundwater-carried export of radionuclides from
biosphere objects is excluded from the analysis. However, it is less cautious in terms of horizontal
fluxes, as the vertical groundwater transfer rates in those groundwater-discharge areas that receive
the largest part of radionuclides are 3—4 orders of magnitude larger than horizontal transfer rates
(Table 7-18, part B). Moreover, exclusion of downwards fluxes from the deepest regolith layer
(RegoLow) is obviously consistent with the conceptual model of groundwater-carried transport of
radionuclides from the geosphere to the biosphere (Saetre et al. 2013Db).

As mentioned above, parameters representing 27 inter-compartment water fluxes are calculated and
delivered to the radionuclide-transport modelling for the future times described above, using the
water-balance tool in MIKE SHE. Table 7-19 lists these parameters, which are divided into the four
categories marine, limnic and terrestrial systems and surface-water flows. The parameter names follow
inter-compartment fluxes. For instance, the g low gl sea parameter is the water flux (g ) from the
RegoLow (low ) to the RegoGL (g/ ) for the marine period (sea).
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Figure 7-19. Calculation of water fluxes (mm/y) across regolith layer boundaries. A) MIKE SHE-calculated

water-balance components for biosphere object 157 1 at 5000 AD. B) Estimated across-layer fluxes.

C) Fluxes delivered to the radionuclide transport modelling, scaled according to relative sizes of lake and
mire areas. Red arrows represent potential release pathways for radionuclides (surface water from object
157 2 or groundwater discharge from the rock). D) Parameter names and associated inter-compartment
water fluxes delivered to the radionuclide transport modelling (cf Table 7-19). used in the radionuclide

model. *Horizontal surface-water fluxes retain original units (fluxes are scaled per unit object area).
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Table 7-18. Relative transfer rate (RTR) of groundwater for MIKE SHE calculation layers.
A) RTR for mire areas of lake-mire complexes in the early terrestrial period (5000 AD). B) RTR
for biosphere object 157_2 for the submerged period (3000 AD), and early and late terrestrial

periods (5000 and 11,000 AD).

A (5000 AD) Relative transfer rate, TR ical TRhorizontar (Ye@r'/year™)
Object Horizontal extent (m) Rego1a (0.5m) Rego1b(2m) Rego2(1.5m) Rego3(2m)
116 170 4.4-10? 1.7-10? 3.1-10? 3.0-10?
121_1 140 5.3-10? 7.3-10% 1.1-10° 6.9-102
157_1 90 4.1-102 2.1-10? 2.3:10? 1.7:10?
159 130 2.3-102 1.8:10? 2.4:10? 2.4-102
160 160 1.2:10° 2.1-10? 3.2:102 4.1-10?
B (biosphere object 157_2)

Period

Submerged 230 N.A. N.A. 1.7-10* 6.2:10°
Early terrestrial 230 6.4:10° 2.3-10° 1.0-10* 2.2:10*
Late terrestrial 230 6.6:10° 3.6:10° 1.6:10* 2.5-10*

Table 7-19. List of parameters representing inter-compartment water fluxes in marine, limnic and
terrestrial systems, water fluxes between terrestrial and limnic compartments (q_up_wat_ter,
q_wat_up_ter) and fluxes out from biosphere objects (q_downstream).

Marine (sea) Limnic (lakes) Terrestrial Surface
g_low_gl_sea q_low_gl_lake q_low_gl_ter q_up_wat_ter
q_gl_low_sea q_gl_low_lake q_gl_low_ter q_wat_up_ter
q_gl_pg_sea q_gl_pg_lake q_gl_pg_ter q_downstream
q_pg_gl_sea q_pg_gl_lake q_pg_gl_ter

q_pg_up_sea q_pg_up_lake q_pg_peat_ter

q_up_pg_sea g_up_pg_lake g_peat_pg_ter

q_up_wat_sea
q_wat_up_sea

q_up_wat_lake
g_wat_up_lake

q_peat_up_ter
q_up_peat_ter

The blue arrows in Figure 7-2 are represented by the parameters in the second (limnic), third
(terrestrial) and fourth (surface) columns of Table 7-19. The parameter names for the vertical fluxes
follow the same system as for the marine phase. The only difference between marine and limnic
parameter names is the suffix, sea vs. lake. For terrestrial systems, there is a difference in the layer
description above the RegoPG compared to aquatic systems. Specifically, terrestrial systems has

a peat compartment between the RegoGL and the RegoUp compartments, whereas aquatic systems
have a surface-water compartment above the RegoUp compartment.

The parameter names for terrestrial systems are given in the same way as for marine and limnic
systems, with the suffix ter. The surface-water parameters describe fluxes between limnic and
terrestrial systems (¢_up_wat _ter and g wat_up_ter) as well as fluxes going out from the biosphere
object (q_downstream). For biosphere objects that are transformed to mires subsequent to emergence
(no lake), i.e. objects 121 _2 and 157 2, the only vertical fluxes considered are those in the terrestrial
part (left side of Figure 7-2), with parameter names according to the third column of Table 7-19.
For these objects also the surface-water flux parameter g downstream (fourth column) is used for

describing the outflow to downstream objects.

For the time 11,000 AD, vertical fluxes in terrestrial systems (left side of Figure 7-2) are delivered

to the radionuclide-transport modelling, with parameter names according to the third column of
Table 7-19. At this time, in the radionuclide-transport modelling a stream remains in biosphere objects
with a former lake (objects 116, 121 2, 157 1, 159 and 160). For these objects, also the surface-water
flux parameters in the fourth column of Table 7-19 are delivered. The parameters ¢ up_wat_ter and
q_wat_up_ter then represent surface-water fluxes between the terrestrial system and the stream. Also
in this case, the ¢ _downstream parameter represents the water flux exiting the biosphere object.
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8 Summary and conclusions

8.1 Modelling and results for present conditions

Quality check and calibration of the regional MIKE SHE model were performed by comparing
modelling results with monitoring data on groundwater levels in regolith and rock, surface-water
levels and stream discharges. As part of this process, some adjustments were made of the initial
MIKE SHE model setup, including increase of the hydraulic conductivity of gyttja/clay gyttja and
increase of the hydraulic conductivity of glacial clay below some of the lakes.

The present MIKE SHE model setup underestimates surface-water levels and stream discharges, and
they are also lower than those of the SDM-Site and SR-Site model setups (Bosson et al. 2008, 2010).
In particular, the model-calculated accumulated stream discharge downstream of Lake Eckarfjarden
is ¢ 80% of the measured accumulated discharge, whereas the corresponding result was 87% in
SDM-site and 112% in SR-Site. Part of this stream-discharge deficit is propagated to the inlet to
Lake Bolundsfjérden, which is located downstream of Lake Eckarfjarden. Lake Eckarfjdrden is
located close to the upstream boundary of the MIKE SHE regional model area, i.e. relatively far
from SFR. It is therefore judged that the stream-discharge deficit at Lake Eckarfjarden has minor or
no effects for the hydrological conditions at SFR and downstream areas in the modelling of future
conditions (Section 8.2).

In terms of groundwater levels in regolith, the averages of MAE (mean absolute error) and ME
(mean error), respectively, of all considered groundwater-monitoring wells in regolith are similar
to the those of SR-Site. However, there are some differences between model setups for individual
wells. For instance, due to differences in the local topography, as described by the DEM, the MAE
for groundwater-monitoring well SFM0036 is twice that of SR-Site. Specifically, in the present
model setup the ground-surface elevation at SFM0036 is ¢ 0.4 m lower than that of SR-Site. Both
model setups include subsurface drainage at 0.5 m below ground, acting as a drainage for the
groundwater level in regolith. The model-calculated groundwater level in SFM0036 is above the
drainage level during two periods, associated with high sea levels in January, 2005 and January, 2007.
The averages of MAE and ME, respectively, of all considered percussion boreholes in rock are lower
(closer to zero) in the present model setup than that of Bosson et al. (2010), and model-calculated
gradients between rock and regolith match drill-site observations.

In summary, it is judged that the present-day MIKE SHE model setup is able to reproduce monitoring
data with sufficient accuracy, as a basis for models of future conditions. However, as indicated above
there are some issues that may have to be investigated further prior to use in other model applications,
in particular the stream-discharge deficit at Lake Eckarfjarden.

8.2 Modelling and results for future conditions

MIKE SHE models representing future conditions were set up for times 3000, 5000, and 11,000 AD.
At 3000 AD, the coastline is located immediately downstream of SFR. 5000 AD represents an inter-
mediate stage, with co-existing lakes and mires within the regional MIKE SHE model area, whereas
at 11,000 AD all former lakes within the MIKE SHE regional model area are infilled. For each time,
a regional model was set up to provide initial and boundary conditions to a local model that includes
delineated biosphere objects, i.e. areas that may be affected by released radionuclides from SFR.

Modelling results show that when the shoreline is located some distance downstream from a certain
land area, landscape development has larger, but still not dramatic, effects on the water balance
compared to shoreline displacement. Permafrost influences the spatial distribution of groundwater
recharge and discharge areas, and also the water exchange and flow paths between unfrozen layers
below and above the permafrost.

Delineations of biosphere objects are inputs to the MIKE SHE modelling, as they define areas for
extractions of water-balance and water-flow components required for modelling of radionuclide trans-
port in the biosphere. Seven biosphere objects are delineated, based on DarcyTools particle-tracking
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simulations and also other types of information related to landscape development. In the DarcyTools
modelling, most particles released from SFR 1 discharge at the interface between rock and regolith
in biosphere object 157 2, which is located within a low-lying area north of SFR 1, in the vicinity

of the junction between two steeply dipping deformation zones. Discharge locations for particles
released from SFR 3 are located north of the SFR facility but also southeast of SFR 3, which likely is
due to the influence of the SFR pier on groundwater flow in the vicinity of SFR.

At 3000 AD, all biosphere objects are submerged and net vertical groundwater fluxes are generally
small. At 5000 AD, all objects are emerged and there are large differences between objects in
terms of net fluxes from rock to regolith. The largest net flux is noted for biosphere object 157 2.
At 11,000 AD, all objects are transformed to mires. Figure 8-1 summarises net vertical fluxes
(mm/y, positive for upward fluxes) at the times 3000, 5000 and 11,000 AD for the seven biosphere
objects, between rock and regolith (left figure) and between the two calculation layers in regolith
directly above rock (right figure). The largest net-flux increase between rock and regolith occurs
3000-5000 AD, i.e. during transition from submerged to emerged conditions. During the period
5000-11,000 AD, there are different net-flux changes for different biosphere objects. For instance,
there is a net-flux decrease for object 160 and to a lesser exent also for object 121 1.

Although less pronounced compared to the period 3000-5000 AD, net fluxes increase between 5000
and 11,000 AD for the other five biosphere objects. In particular, net fluxes are largest for biosphere
object 157 2 (more than 100 mm/y) at 5000 and 11,000 AD. Similar to the water-balance results
(see above), the results show relatively small effects of shoreline displacement when the shoreline is
located some distance downstream of objects.

Figure 8-2 shows the topography (upper figures) and MIKE SHE-calculated annual average
vertical hydraulic-head differences in the regolith at biosphere object 160 at the times 3000, 5000

and 11,000 AD. At 3000 AD, when the object is submerged but close to the shoreline, there are weak
upward hydraulic-head gradients in the regolith of object 160, and the annual average net vertical
flux from the rock to the regolith is 1.4 mm (Figure 8-1). At 5000 AD, there is a lake surrounded by
mire in the object and the shoreline is far away, whereas at 11,000 AD the lake is infilled. According
to Figure 8-2, landscape development and associated topographic changes change the patterns of
areas with upward and downward hydraulic-head gradients at the object. On an annual basis, there are
downward hydraulic-head gradients in the regolith below almost the whole of biosphere object 160 at
11,000 AD (upward-downward hydraulic-head patterns change during the year).
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Figure 8-1. Net vertical fluxes (mm/y, positive for upward fluxes) between MIKE SHE calculation layers
below biosphere objects at 3000, 5000 and 11,000 AD. The left figure shows net fluxes between rock and
regolith, whereas the right figure shows net fluxes between the two calculation layers in regolith directly
above rock.
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Figure 8-2. Topography (upper figures) and MIKE SHE-calculated annual average vertical hydraulic-head
differences in regolith (lower figures) at biosphere object 160 at the times 3000, 5000, and 11,000 AD.

In the upper figures, red colours represent higher-elevated areas and blue colours represent lower-lying
areas. In the lower figures, red colours represents areas with downward hydraulic-head gradients, whereas
blue colours represent areas with upward hydraulic-head gradients.

A sensitivity analysis was performed to investigate effects of different subarea divisions of biosphere
object 157 2. Figure 8-3 shows MIKE SHE-calculated upward vertical fluxes (mm/y, left figure) and
flows (m’/y, right figure) as function of depth for the sensitivity cases. These include subareas with
upward hydraulic-head gradients in rock and regolith, subareas with shallow groundwater table (less
than 0.25 m below ground), potential arable land, and subareas with high discharge-location density
from DarcyTools calculations (the originally delineated area is denoted Basecase in the figure).

As expected, the largest upward fluxes (left figure) from rock to regolith are obtained for subareas
with upward hydraulic hydraulic-head gradients and high discharge-location density. As the latter
subarea is small, there is less upward flow (flux times the size of the area) in this subarea compared
to the entire object. The vertical flux in subareas with shallow groundwater table is similar as that
for the entire object, whereas upward flow (right figure) close to the ground surface is significantly
larger than for the other analysed subareas. This indicates that groundwater from other parts of the
object are directed to these subareas. The smallest upward flux and flow are obtained for potential
arable land, characterised by thick layers of low-permeable regolith.

Agriculture is a main food contributor for future, self-sufficient agricultural communities in the
Forsmark landscape. The proportion of potential arable land will likely increase in the future as the
broad and presently submerged Oregrundsgrepen valley is uplifted, and parts of the resulting shallow
wetlands can probably be relatively easily drained and cultivated. The report presents conceptual
description of water flow in agricultural land and parameterisations of percolation and groundwater
uptake, i.e. downward and upward groundwater flow in the regoUp compartment that represents

a biologically active layer above the groundwater table. Drainage depth and drainage-induced
subsidence are also described, whereas some hydrological effects of drainage are not taken into
account in the SR-PSU project.
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Figure 8-3. MIKE SHE-calculated upward fluxes (mm/y, left) and flows (m’/y, right) as function of depth
for different subareas of biosphere object 157 2.

The report describes future water uses and supplies for future, self-sufficient communities in the
Forsmark landscape, and it presents results of conceptual and quantitative modelling of radionuclide
transport to wells in regolith and wells drilled in rock. Based on these descriptions and results, the
report provides approaches for identification of a representative of the most exposed group and for
calculation of associated radiological exposure for the community types hunter-gatherers, infield-
ouland farmers, modern farmers, and garden-plot households.
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Appendix 1

MIKE SHE modelling results for future conditions at Forsmark
Water balances for the MIKE SHE local model area

Water balance PSU, local model area, 3000AD_land3000rev, PRESENT climate (”normal year”)

Unsaturated
zone 503

— _ ErrorUzZ:x é

Saturated
zone

ASZ: 0 p

| sssssssssssl

—

Net boundary OL
outflow: 102
L

> Net drain

Gt OUtflOW: 84

Net boundary SZ

P outflow: 12

Figure A1-1. Water balance (mm/y) for land areas at 3000 AD (normal year).
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Figure A1-2. Water balance (mm/y) at 5000 AD, for areas constituting land at 3000 AD (normal year).
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Water balance PSU, local 11000AD_land3000, PRESENT climate ("normal year”)
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Figure A1-3. Water balance (mm/y) at 11,000 AD, for areas constituting land at 3000 AD (normal year).
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Figure A1-4. Water balance (mm/y) for land areas at 5000 AD (normal year).
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Water balance PSU, 11000AD, model area, PRESENT climate ("normal year”)
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Figure A1-5. Water balance (mm/y) at 11,000 AD, for areas constituting land at 5000 AD (normal year).
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Figure A1-6. Water balance (mm/y) for land areas at 5000 AD (wet and warm climate).
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Depth of overland water, depth to the groundwater table and vertical hydraulic-

head differences in rock — normal year (3000 AD)
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Figure A1-7. Depth of overland water (m) during a wet period (March) at 3000 AD (normal year).
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Figure A1-8. Depth of overland water (m) during a dry period (August) at 3000 AD (normal year).
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Depth to phreatic surface for local model year 3000 AD. Wet period (March)
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Figure A1-9. Depth to the groundwater table (mbgs) during a wet period (March) at 3000 AD (normal year).
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Depth to phreatic surface for local model year 3000 AD. Dry period (August)
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Figure A1-10. Depth to the groundwater table (mbgs) during a dry period (August) at 3000 AD (normal year).
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Recharge and discharge areas in upper bedrock for local model year 3000 AD.
Mean head difference (m) between calculation layers 5 and 6.

Bl-<15 PM-o075--05[ 10-025 [MO0.75-1 005 1 2 km

I 1 N
- 1.5--1 - 0.5--0.25 - 025-05 - 1-15 Bakgrundskartor © Lantmateriet A
- -1--0.75 - -0.25-0 - 0.5-0.75 - >15 SKB/DHI/msa 2014-04-23

Figure A1-11. Annual average hydraulic-head differences (m) in the rock (c =20 m elevation) at 3000 AD
(normal year). Blue colours represent areas with upward gradients and red colours represent areas with
downward gradients.
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Figure A1-12. Annual average hydraulic-head differences (m) in the rock (c —60 m elevation) at 3000 AD
(normal year). Blue colours represent areas with upward gradients and red colours represent areas with
downward gradients.
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Depth of overland water, depth to the groundwater table and vertical hydraulic-

head differences — normal year (5000 AD)
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Figure A1-13. Depth of overland water (m) during a wet period (March) at 5000 AD (normal year).
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Figure A1-14. Depth of overland water (m) during a dry period (August) at 5000 AD (normal year).
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Figure A1-15. Depth to the groundwater table (mbgs) during a wet period (March) at 5000 AD (normal year).
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Figure A1-16. Depth to the groundwater table (mbgs) during a dry period (August) at 5000 AD (normal year).
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Figure A1-17. Annual average hydraulic-head differences (m) in the rock (c =20 m elevation) at 5000 AD
(normal year). Blue colours represent areas with upward gradients and red colours represent areas with
downward gradients.
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Figure A1-18. Annual average hydraulic-head differences (m) in the rock (c —60 m elevation) at 5000 AD
(normal year). Blue colours represent areas with upward gradients and red colours represent areas with
downward gradients.
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Depth of overland water, depth to the groundwater table and vertical hydraulic-

head differences in rock — normal year (11,000 AD)
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Figure A1-19. Depth of overland water (m) during a wet period (March) at 11,000 AD (normal year).
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Figure A1-20. Depth of overland water (m) during a dry period (August) at 11,000 AD (normal year).

168

SKB R-13-19



£ 1630000 1632000 1634000 1636000
] 1 1 1 1
g
= LS
oS 5
3 8
8 . - g
5 5
g
ER=E LS
g5 5
3
1630000 1632000 1634000 1636000
Depth to phreatic surface for local model year 11,000 AD. Wet period (March)
Ml <15 [1-075--05[]0-025 [MO0.75-1 0o 05 1 2 km
B -15--1 []-05--025 @0.25-05HM1-15 e N
Jakgrundskartor antmateriet
Ed-1--075_1-025-0 [HMo5-075 1M >15 SKB/DHI/msa 2014-04-23 A

Figure A1-21. Depth to the groundwater table (mbgs) during a wet period (March) at 11,000 AD (normal year).
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Figure A1-22. Depth to the groundwater table (mbgs) during a dry period (August) at 11,000 AD (normal year).
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Figure A1-23. Annual average hydraulic-head differences (m) in the rock (c —20 m elevation) at 11,000 AD
(normal year). Blue colours represent areas with upward gradients and red colours represent areas with
downward gradients.
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Figure A1-24. Annual average hydraulic-head differences (m) in the rock (c —60 m elevation) at 11,000 AD
(normal year). Blue colours represent areas with upward gradients and red colours represent areas with
downward gradients.
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Depth of overland water, depth to the groundwater table and vertical hydraulic-
head differences in rock — wet and warm climate (5000 AD)
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Figure A1-25. Depth of overland water (m) during a wet period (March) at 5000 AD (wet and warm climate).
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Figure A1-26. Depth of overland water (m) during a dry period (August) at 5000 AD (wet and warm climate).
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Figure A1-27. Depth to the groundwater table (mbgs) during a wet period (March) at 5000 AD (wet and

warm climate).
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Figure A1-28. Depth to the groundwater table (mbgs) during a dry period (August) at 5000 AD (wet and

warm climate).

172

SKB R-13-19



1630000 1632000 1634000 1636000
1 1 1 1

WS IHSW\EYSIeloIdIHAIEIEAN D]

6704000
1
T
6704000

6702000
1
T
6702000

6700000
1
T
6700000

PXWSHVIALIM 9161 V000§ HIPPEay (€307 Bd 67

T T T T
1630000 1632000 1634000 1636000
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Figure A1-29. Annual average hydraulic-head differences (m) in the rock (c —20 m elevation) at 5000 AD
(wet and warm climate). Blue colours represent areas with upward gradients and red colours represent
areas with downward gradients.
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Figure A1-30. Annual average hydraulic-head differences (m) in the rock (c —60 m elevation) at 11,000 AD
(wet and warm climate). Blue colours represent areas with upward gradients and red colours represent
areas with downward gradients.
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Water balances for biosphere objects — normal year (3000 AD)
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& 51.5 in
=2 51.5 out
132 1 ™ 137
Rego3
& 18.7 in
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Figure A1-31. Water balance for biosphere object 116 at 3000 AD (normal year).
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Figure A1-32. Water balance for biosphere object 121 _1 at 3000 AD (normal year).
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Figure A1-33. Water balance for biosphere object 121 2 at 3000 AD (normal year).
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SEA
229 | 235
Rego2
0.3 & 335 in
0.8 =2 33.5 out
9.7 | 1 9.8
Rego3
0.4 &« 13.9 in
0.5 -> 13.9 out
3.6 | ™37
Rego4
1.4 &« 54 in
1.4 - 5.4 out
0.3\ 1703

Object 157_1

Figure A1-34. Water balance for biosphere object 157 1 at 3000 AD (normal year).

SEA
23.8 | ™ 309
Rego2
0.2 & 46.2 in
0.2 - 46.2 out
15.1 ™ 222
Rego3
0.3 & 31.5 in
0.3 =2 31.5 out
91 ™ 16.2
Rego4
0.1 & 23.5 in
0.1 - 23.5 out
724 T 143

Object 157_2|

Figure A1-35. Water balance for biosphere object 157 2 at 3000 AD (normal year).

SEA
34.4 | " 385
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4.2 & 58.6 in
4.4 -> 58.6 out
15.8 |, ™ 19.7
Rego3
7.3 & 31.3 in
8.0 -> 31.3 out
43\ 1775
Rego4
1.7 & 10.5 in
1.8 =2 10.5 out
121 ™ 4.4

Object 159

Figure A1-36. Water balance for biosphere object 159 at 3000 AD (normal year).
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Figure A1-37. Water balance for biosphere object 160 at 3000 AD (normal year).
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Water balances for biosphere objects — normal year (5000 AD)

Al
68.7 |, 93.2 |, - 381.0
mire/flooded area Lake/stream - 1084.2
1.8 diff (in minus out) 17 &| 26784 in < 60.0
913.3 976.8 — |balanced out < 304.2
493 | P 44.2 12116 |, ™ 1244.2
2.0 Regola 0.5m 13 <-|Regola 0.5m
12.5 94.5 in out 94.9 34.4 -> 1262.1 in out 1262.0
14.2 | T 313 16.5 T 16.1
Regolb 20m Regolb 20m
4.1 45.6 in 5.4 & 326 in
10.5 45.6 out 4.4 - 32.6 out
57\ ™ 15.4 11.1 ™ 117
Rego2 Rego2
1.7 21.4 in 0.9 < 19.9 in
5.3 21.3 out 1.6 - 19.3 out
2.5 1 ™ 9.5 6.8 | ™ 7.2
Rego3 Rego3
0.7 12.2 in 1.4 & 11.6 in
2.4 12.1 out 0.9 - 10.8 out
1.1 5.9 2.2 1 ™ 3.9
Rego4
0.8 11.2 in
1.2 10.7 out
P 6.8
Object 116
Figure A1-38. Water balance for biosphere object 116 at 5000 AD (normal year).
114.8 | 449 | - 723
mire/flooded area Lake/stream - 16130.9
-0.9 diff (in minus out) 0.0 &| 164383 in < 0.0
572.4 705.5 — |balanced out < 15397.9
190.4 |, P 207.8 235.1 |, ™ 289.9
15.3 Regola 0.5m 0.0 < |Regola 0.5m
19.8 256.5 in out 257.3 28.6 - 290.2 in out 290.2
5.6 | 1 46.3 02 | 1 265
Regolb 20m Regolb 20m
0.6 51.9 in 0.1 & 26.7 in
4.1 51.9 out 3.9 =2 26.7 out
114 ™ 421 0.1 ™ 22,5
Rego2 Rego2
1.7 46.8 in 0.1 & 22.6 in
3.9 46.9 out 2.9 - 22.6 out
02 ™ 41.8 0.0 |, ™ 19.6
Rego3 Rego3
5.1 49.1 in 1.2 <« 20.8 in
6.2 49.2 out 2.2 - 20.9 out
0.0 J 1 41.6 0.0 ¢ T 18.6
Regod
15.4 75.5 in
8.0 75.6 out
™ 67.5

Object 121_1

Figure A1-39. Water balance for biosphere object 121 1 at 5000 AD (normal year).
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158.6 |,
mire/flooded area
375.7 < |balanced in
145.0 - 696.6 out
3209 |, ™ 392.9
121 < [Regola 0.5m
19.8 - 423.9 in out 426.7
21.7 | I 83.2
Regolb 20m
1.3 & 104.9 in
11.3 > 104.9 out
20.4 |, ™ 719
Rego2
1.3 & 82.4 in
10.2 - 82.5 out
9.3 | /™ 51.9
Rego3
1.6 & 57.3 in
5.5 = 57.3 out
39 | ™ 42,5
Rego4
0.9 & 43.4 in
0.7 > 43.4 out
™ 38.8
Object 121_2

Figure A1-40. Water balance for biosphere object 121 2 at 5000 AD (normal year).

124.8 |, 38.7 |, - 63.3
mire/flooded area Lake/stream - 3343.6
-0.6 diff (in minus out) 1T & 36916 in < 1875.3
936.0 -> 1050.6 - |balanced out < 4184
1185 |, P 106.5 283.6 | ™ 308.6
38.0 <|Regola 0.5m 0.0 <|Regola 0.5m
15.2 > 174.5 in ut 176.6 214 - 309.3 in out 309.3
10.7 1~ 40.7 0.6 \ 1T 43
Regolb 20m Regolb 20m
53 < 51.4 in 0.1 & 5.0 in
11.8 -> 51.4 out 0.8 -> 5.0 out
4.6 |, 1 28.8 0.5 ™ 3.6
Rego2 Rego2
1.8 < 32.7 in 0.0 < 3.7 in
9.4 < 32.8 out 0.7 =2 3.7 out
15 ¢ T 18.7 0.1 ™ 2.4
Rego3 Rego3
1.1 < 21.2 in 0.5 < 31in
6.5 -> 21.3 out 0.5 -> 3.1 out
1.0 ™ 12.7 02 J ™24
Rego4
1.5 < 16.5 in
7.2 - 16.6 out
T 8.2
Object 157_1

Figure A1-41. Water balance for biosphere object 157 1 at 5000 AD (normal year).
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1164.6
781.9

13.4
76.5

7.5
33.7

1.9
11.4

0.6
6.5

0.1
0.9

1749

mire/flooded area
& 1575.3 in
< 1575.3 out
410.6 |, ™ 618.5
< [Regola 0.5 m
-> 673.0 in out 674.5
425 /| 185.9
Regolb 20m
<& 228.4 in
-> 228.4 out
35.1 1 152.2
Rego2
& 171.7 in
> 171.7 out
17.6 | > 125.2
Rego3
& 139.3 in
- 139.3 out
13.5 | N 115.3
Regod
& 115.3 in
> 115.3 out
™ 101.0

Object 157_2

Figure A1-42. Water balance for biosphere object 157 2 at 5000 AD (normal year).

680.9 ->
323 &
273.4 ->
73.0 &
48.4 ->
26.9 <
337 ->
11.6
17.0
1.9
7.6

165.1 |, 13.1 1
mire/flooded area Lake/stream
-1.3 diff (in minus out) -0.3 | 11799 in
1086.9 - |balanced out
220.1 |, P 460.0 553 4 ™ 79.9
Regola 0.5 m 0.3 < |Regola 0.5m
620.3 in out 620.8 5.7 -> 81.4 in out 81.4
122.8 | 1T 126.5 12 | 1 203
Regolb 20m Regolb 20m
249.3 in 1.2 & 21.6 in
249.3 out 7.6 2 21.6 out
421 | 1 76.9 0.0 | ™ 12.7
Rego2 Rego2
133.0 in 0.5 < 13.2 in
133.2 out 7.8 -> 13.2 out
216 | T 56.7 0.0 1T 54
Rego3 Rego3
76.6 in 0.4 < 5.8 in
76.8 out 29 - 5.8 out
57 ¢ 1 37.6 0.0 \, T 3.0
Rego4
42.5 in
42.5 out
™ 29.2

- 3485
-> 776.4
< 0.0
< 0.0

Object 159

Figure A1-43. Water balance for biosphere object 159 at 5000 AD (normal year).
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167.1 |, 14.3 | - 82.9
mire/flooded area Lake/stream - 270.3
0.9 diff (in minus out) 0.2 & 389.3 in < 0.0
217.1 -> 292.5 - |balanced out &< 0.0
250.9 | ™ 160.4 36.2 | ™ 824
81.2 <|Regola 0.5m 0.1 < |Regola 0.5m
18.4 =2 335.2 in out 336.2 16.3 =2 83.0 in out 83.0
78.3 | 1 65.7 05 | 1 305
Regolb 20m Regolb 20m
14.3 < 144.0 in 0.5 & 31.0 in
21.0 -> 144.0 out 11.5 - 31.0 out
52.4 |, ™ 44.2 0.0 |, ™ 19.0
Rego2 Rego2
5.8 < 882 in 0.4 & 19.5 in
10.3 - 88.2 out 6.2 - 19.5 out
32.0 |, T 25.0 0.0 | ™ 13.2
Rego3 Rego3
3.6 & 53.0 in 0.5 & 13.7 in
2.9 - 53.0 out 3.9 =2 13.7 out
20.5 ™ 17.6 0.0 |, ™ 9.8
Rego4
5.2 & 32.6 in
0.3 - 32.6 out
P 11.8
Object 160
Figure AI-44. Water balance for biosphere object 160 at 5000 AD (normal year).
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Water balances for biosphere objects — normal year (11,000 AD)

161.7 |, - 519.7
mire/flooded area - 1169.8
-2.3 diff (in minus out) 1.1 & 1690.6 in & 0.0
1077.4 -> 1273.4 - balanced out < 417.2
71.3 ¢ ™ 1021
21 < |Regola 0.5 m
12.2 - 119.8 in out 120.7
16.4 | 1 363
Regolb 20m
24 & 52.8 in
7.3 > 52.8 out
141 1 ™ 29.0
Rego2
1.6 & 39.2 in
4.6 > 39.4 out
8.8 ™ 20.6
Rego3
1.1 & 25.4 in
3.4 - 26.0 out
43 ™ 13.2
Rego4d
1.2 & 12.8 in
1.3 - 14.3 out
™ 7.2
Object 116

Figure A1-45. Water balance for biosphere object 116 at 11,000 AD (normal year).

160.4 |, - 252.5
mire/flooded area - 17108.5
4.3 diff (in minus out) 1.6 & 17362.6 in & 123
657.8 - 878.1 - balanced out < 16472.2
78.8 | ™ 1415
0.3 < [Regola 0.5 m
10.6 - 144.8 in out 1434
i/ /) 554
Regolb 2.0m
0.5 & 57.1 in
2.8 =2 57.1 out
1.2 ¢ ™ 52.6
Rego2
1.3 & 54.1 in
1.7 - 54.0 out
0.1 ™ 51.2
Rego3
5.2 &« 56.6 in
4.0 - 56.5 out
0.0 ¢ ™ 52.6
Regod
19.4 & 72.3 in
6.7 <2 72.0 out
T 655
Object 121_1

Figure A1-46. Water balance for biosphere object 121 1 at 11,000 AD (normal year).
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203.7 |,
mire/flooded area
393.9 & balanced in
108.7 = 622.5 out
228.6 P 310.1
7.7 < |Regola 0.5m
19.9 - 343.5 in out 344.2
264 | 1 95,0
Regolb 20m
1.2 & 121.4 in
13.0 - 121.4 out
252 | 1 82.0
Rego2
1.0 & 95.2 in
11.7 > 95.1 out
121 1 1 58.2
Rego3
1.8 & 64.8 in
6.0 - 64.7 out
47 1 1 46.7
Regod
1.2 & 47.9 in
0.8 > 47.9 out
P® 425
Object 121_2|

Figure A1-47. Water balance for biosphere object 121 2 at 11,000 AD (normal year).

164.2 |, - 33.7
mire/flooded area - 4231.0
3.1 diff (in minus out) 2.6 & 4267.3 in & 2535.6
1042.1 - 1239.4 > balanced out < 4923
200.5 |, ™ 234.2
7.8 <|Regola 0.5m
124 - 249.9 in out 249.4
7.3 | 1 37.0
Regolb 20m
2.6 & 44.3 in
7.9 = 44.3 out
4.7 | ™ 291
Rego2
1.7 & 32.1 in
7.4 -> 32.1 out
1.3 1 T 20.0
Rego3
1.3 & 21.8 in
5.6 -> 21.8 out
0.6 | ™ 14.9
Rego4d
2.3 & 17.2 in
7.0 -> 17.2 out
T 9.5
Object 157_1

Figure A1-48. Water balance for biosphere object 157 1 at 11,000 AD (normal year).
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177.9

mire/flooded area
1253.8 & balanced in
775.7 > 1647.2 out
393.4 |, P 693.6
15.8 < [Regola 0.5 m
137.6 < 756.3 in out 758.1
487 | 1 2253
Regolb 20m
5.8 & 274.0 in
42.8 > 274.0 out
43.0 1825
Rego2
1.4 < 204.1 in
16.1 < 204.2 out
20.3 |, ™ 1451
Rego3
0.6 & 160.0 in
8.8 <2 160.0 out
14.3 | T 130.9
Rego4
0.1 < 131.0 in
1.2 < 131.0 out
™ 115.5

Object 157_2

Figure A1-49. Water balance for biosphere object 157 2 at 11,000 AD (normal year).

169.9 |
mire/flooded area
3.8 diff (in minus out)
8115 -
2151 1 503.6
449 < |Regola 0.5m
3001 - 653.5 in out 654.0
105.4 |, | 138.3
Regolb 20m
67.2 < 243.7 in
50.1 - 243.7 out
38.2 1 88.2
Rego2
28.2 <~ 136.5 in
36.2 - 136.5 out
201 ™ 62.1
Rego3
18.7 & 881 in
21.8 - 88.1 out
731 ™ 46.2
Rego4
3.5 < 49.7 in
11.2 - 49.7 out
™ 31.2

34 < 1269.4 in
1269.4 - balanced out

- 474.9
> 7911
< 0.0
< 0.0

Object 159

Figure A1-50. Water balance for biosphere object 159 at 11,000 AD (normal year).
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172.8 | - 206.1

mire/flooded area - 142.0
6.9 diff (in minus out) 3.7 & 351.8 in < 0.0
242.7 - 351.8 — balanced out < 0.0
512.9 |, P 452.4
31.5 <|Regola 0.5 m
15.0 < 574.6 in out 572.8
83.9 | 1 46.7
Regolb 20m

239 & 135.6 in
141 - 135.6 out
65.0 | T 32.6
Rego2
8.1 & 89.3 in
6.3 - 89.2 out
48.6 | T 18.0
Rego3
11.1 & 62.7 in
1.9 - 62.6 out
334 | ™12.2
Rego4d
11.5 & 23.8 in
0.2 - 23.7 out

Object 160

Figure A1-51. Water balance for biosphere object 160 at 11,000 AD (normal year).

184 SKB R-13-19



Water balances for subareas of biosphere object 157_2 (normal year)

179.4 |,
mire/flooded area
1474.3 balans in
1030.8 1834.9 out
360.6 ™ 624.7
151.2 Regola 0.5m
134.0 792.5 in out 794.0
18.1 | 1 297.8
Regolb 20m
12.2 315.9 in
105.0 315.9 out
59 1929
Rego2
3.8 199.5 in
38.2 199.5 out
29 | /™ 155.3
Rego3
1.1 158.3 in
11.2 158.3 out
1.9 J ™ 144.3
Regod
0.2 144.5 in
1.7 144.5 out
T 140.8

Object 157_2, discharge areas

Figure A1-52. Water balance for subareas with upward hydraulic gradients in regolith, in the upper part of

rock and in the rock at —60 m elevation (5000 AD, normal year).

155.6
mire/flooded area
2323.7 balans in
1285.1 2871.8 out
548.0 \, ™ 1431.1
20.7 Regola 0.5m
793.6 1555.4 in out 1556.7
104.9 | T 213.8
Regolb 20m
82.9 318.7 in
87.5 318.7 out
219 | 1263
Rego2
19.7 153.9 in
21.9 153.9 out
79 1 N 110.1
Rego3
3.9 119.9 in
7.8 119.9 out
59 (| T 104.2
Regod
0.5 104.7 in
1.2 104.7 out
™ 97.6
Object 157_2, shallow gw

Figure A1-53. Water balance for subareas with shallow (less than 0.25 mbgs) depth to the groundwater
table (5000 AD, normal year).
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4135.4
3365.9

0.3
372.0

13
494

0.4
27.8

0.2
11.8

0.0
1.2

1739 |

mire/flooded area
balans in
4583.4 out

448.0 |,

/P

1043.6

Regola
1075.4 in

0.5m
out

1076.6

32.7 |

> 255.4

Regolb
288.2 in
288.2 out

20m

315

1~ 206.0

Rego2
224.5 in
224.5 out

18.1 |

1 165.2

Rego3
180.4 in
180.4 out

15.0 4

/> 150.5

Regod
150.6 in
150.6 out

T 134.4

Object 157_2, exit DT|

Figure A1-54. Water balance for subareas with high discharge-location density (DarcyTools particle
tracking) at the interface between rock and regolith (5000 AD, normal year).

6684.6
6281.8

0.2
113.8

0.7
60.3

7.4
26.4

17
6.2

0.1
0.7

142.5 |

mire/flooded area
balans in
6864.0 out

179.4 |

/|\

439.6

Regola
440.6 in

0.5m
out

440.5

0.7 |

T 147.4

Regolb
148.1 in
148.1 out

20m

0.0 |

N 87.1

Rego2
94.5 in
94.5 out

0.0 |

T 68.0

Rego3
69.7 in
69.7 out

0.0 |

T 63.5

Regod
63.6 in
63.6 out

1\

62.9
Object 157_2, arable land

Figure A1-55. Water balance for subareas with potential arable land (5000 AD, normal year).
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Water balance for biosphere object 157_2 — stream between objects 157_2 and

157_1 (normal year)

174.8 |
mire/flooded area >
1591.9 in 0.0 & 1164.6 in -
781.2 - 1591.9 out 1164.6 - 1164.6 out &
427.2 |, 1 6358
13.0 < |Regola 0.5 m
75.8 - 690.1 in out 6915
42.7 | T 187.1
Regolb 20m
7.4 & 229.9 in
33.8 -> 229.9 out
35.3 1 T 153.3
Rego2
1.9 & 172.9 in
11.9 - 172.9 out
17.7 & ™ 125.7
Rego3
0.7 & 139.9 in
6.6 - 139.9 out
135 ¢ T 115.6
Rego4d
0.1 & 115.7 in
0.9 -> 115.7 out
™ 101.3

625.3
539.4
0.0

Object 157_2 with MIKE11

Figure A1-56. Water balance for biosphere object 157 2 at 5000 AD (normal year), with a stream between

objects 157 2 and 157 1.

Water balances for biosphere objects — wet and warm climate

193.8 | -274.2 |,
mire/flooded area Storage  -0.4 Lake/stream Storage  -94.2
2824.4 in diff in - out -1.8 9.3 <[  4646.8 in diff in - out -84.9
2566.7 -> 2826.2 out 2775.8 > 4731.7 out
50.3 | ™ 54.6 11405 | T 1189.1
2.7 <|Regola 0.5m 2.0 <|Regola 05m
25.9 - 132.5 in out 136.9 46.7 —| 12045 in out 1210.5
329 | 1 54.3 194 | 1T 17.3
Regolb 20m Regolb 20m
8.9 & 87.2 in 7.8 &< 36.7 in
14.2 - 87.2 out 6.9 - 36.7 out
17.1 1 T 323 11.6 | 71~ 103
Rego2 Rego2
5.8 & 47.2 in 2.0 <& 19.3 in
10.0 - 47.2 out 2.1 - 19.6 out
714 1 18.0 721 T 57
Rego3 Rego3
2.1 < 24.1 in 3.1 < 12.0 in
4.2 -> 24.3 out 1.2 > 11.9 out
29 ¢ 197 310 1T 3.6
Rego4d
1.6 & 14.9 in
1.9 > 14.9 out
™ 7.0

- 1903.7
-> 1687.5
< 2142
< 7418

Object 116

Figure A1-57. Water balance for biosphere object 116 at 5000 AD (wet and warm climate).
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385.7 |, -133.1 |, - 84.2
mire/flooded area Storage  -0.7 Lake/stream Storage  -9.1 > 47121
2252.0 in diff in - out -9.4 13 & | 47456.0 in diffin - out 1.3 < 0.0
1705.0 2261.4 out 2149.8 ~| 47454.7 out & 45154
1116 ™ 159.9 249.6 |, I 285.6
10.7 Regola 0.5m 0.3 < [Regola 0.5m
14.1 211.9 in out 211.1 233 -> 288.8 in out 289.0
1720 /> 85.9 3.1 0 1 15.9
Regolb 20m Regolb 20m
23 103.1 in 13 < 19.0 in
5.4 103.1 out 2.8 -> 19.0 out
12.2 | ™ 79.1 1.8 | ™ 13.1
Rego2 Rego2
2.6 89.1 in 0.2 < 14.5 in
6.4 88.7 out 2.0 - 14.5 out
5.0 J ™ 70.3 1.2 ™ 10.7
Rego3 Rego3
7.9 81.4 in 4.0 & 15.0 in
9.5 81.3 out 1.5 -> 15.0 out
151 ™ 62.9 03 ™ 12.4
Regod
26.6 101.8 in
13.0 101.9 out
™ 87.0
Object 121_1

Figure A1-58. Water balance for biosphere object 121 1 at 5000 AD (wet and warm climate).

360.0 |,
mire/flooded area Storage  -0.2
1003.4 & 1152.0 in
464.0 —>| 1152.2 out
148.7 | ™ 328.0
9.1 < |Regola 0.5m
321 >|__ 3708 in out 4125
754 | /> 190.0
Regolb 20m
3.1 & 265.4 in
19.1 =2 265.4 out
72.3 > 170.9
Rego2
34 < 206.3 in
20.0 2 206.8 out
325 ™ 114.1
Rego3
3.8 & 130.0 in
11.6 - 130.2 out
12.4 |, ™ 85.8
Regod
1.0 & 86.7 in
1.6 =2 86.8 out
T 72.7
Object 121_2

Figure A1-59. Water balance for biosphere object 121 2 at 5000 AD (wet and warm climate).
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2765.1

35.1
24.5

10.3
22.7

4.9
20.0

2.9
13.7

6.0
12.0

323.2 -114.7 |,
mire/flooded area Storage  -2.8 Lake/stream Storage  -38.2
3231.1 in diff in - out -9.2 0.0 &|  9075.7 in diff in - out -16.7
3240.3 out 3111.3 -~  9092.4 out
129.0 |, T 142.9 259.7 1 285.8
Regola 0.5m 0.1 < |Regola 0.5m
236.9 out ut 233.3 21.8 -> 288.9 in out 289.5
33.6 | 1 833 3.6 ™74
Regolb 20m Regolb 20m
116.9 in 0.2 &< 11.0 in
116.9 out 1.9 - 11.0 out
214 | T 60.3 34 | 1T 56
Rego2 Rego2
77.7 in 0.0 & 7.1 in
77.2 out 1.8 = 7.3 out
10.1 | T 36.2 1.7 ¢ 2.0
Rego3 Rego3
46.3 in 0.9 & 5.0 in
46.1 out 21 = 5.0 out
48 | 215 224 ™11
Rego4d
28.6 in
28.6 out
P 9.7

- 1115.5
> 7717.2
< 4617.0
< 1176.3

Object 157_1

Figure A1-60. Water balance for biosphere object 157 1 at 5000 AD (wet and warm climate).

2885.3
2067.8

12.1
256.1

6.6
33.2

21
14.5

0.8
7.4

0.1
1.0

356.5 |
mire/flooded area Storage  -28.4
S 3162.9 in
=2 3191.3 out
306.0 0 738.7
<|Regola 0.5m
- 791.1 in out 819.5
68.6 | 1 229.1
Regolb 20 m
& 297.7 in
> 297.7 out
62.1 |, /N 195.9
Rego2
< 228.7 in
> 229.2 out
31.2 | 1521
Rego3
& 175.6 in
- 175.6 out
22.8 |, ™ 136.9
Regod
& 137.0 in
-> 137.0 out
™ 113.2

Object 157_2

Figure A1-61. Water balance for biosphere object 157 2 at 5000 AD (wet and warm climate).
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530.2 |, -16.9 | - 616.6
mire/flooded area Storage  -2.2 Lake/stream Storage  -11.9 - 2169.3
2984.5 in diff in - out -23.0 0.0 & 2806.7 in diffin - out -19.1 < 0.0
1779.2 3007.5 out 2755.1 -> 2825.8 out < 0.0
252.4 |, 9 675.0 39.9 | ™ 68.5
333 Regola 0.5 m 0.4 < |Regola 0.5m
401.9 833.2 out ut 835.3 6.8 - 69.9 out ut 70.7
120.3 |, N 178.5 1.8 | ™ 23.1
Regolb 20m Regolb 20m
54.6 298.7 in 1.8 & 24.9 in
61.2 298.7 out 9.6 > 24.9 out
56.0 | N 115.5 0.0 | ™ 135
Rego2 Rego2
29.5 177.1 in 0.4 < 13.9 in
43.7 178.3 out 8.3 - 14.0 out
24.9 | 1 76.9 0.0 | 1T 5.6
Rego3 Rego3
11.7 98.5 in 0.5 < 6.1 in
24.4 98.8 out 31 - 6.1 out
714 > 48.8 0.0 |, 1T 3.0
Rego4
1.7 535 in
13.2 53.5 out
™ 33.1
Object 159
Figure A1-62. Water balance for biosphere object 159 at 5000 AD (wet and warm climate).
589.6 |, 23.1 - 280.2
mire/flooded area Storage  -0.6 Lake/stream Storage  -3.1 -> 937.3
1509.2 in diff in - out -13.8 0.0 & 1213.2 in diff in - out -15.4 < 0.0
638.3 - 1523.0 out 1120.6 - 1228.5 out < 0.0
402.4 |, ™ 281.3 11.1 ™ 69.5
128.6 < |Regola 0.5m 0.5 <|Regola 0.5m
35.0 - 532.9 in out 532.5 23.8 - 71.4 in out 71.9
98.8 |, 1 95.0 19 | 1 365
Regolb 20m Regolb 20m
18.0 & 193.8 in 19 & 384 in
26.3 - 193.8 out 13.6 - 38.4 out
67.2 | 1 66.8 0.0 | ™ 229
Rego2 Rego2
7.3 & 118.7 in 0.7 <& 23.6 in
14.5 -> 118.8 out 8.9 - 23.6 out
35.8 | T 36.3 0.0 |, ™ 14.7
Rego3 Rego3
4.1 < 67.2 in 0.4 & 15.1 in
6.4 - 67.2 out 5.4 - 15.1 out
214 | ™ 24.6 0.0 ™ 9.7
Rego4d
3.8 & 381 in
1.0 -> 38.1 out
P 15.7
Object 160
Figure A1-63. Water balance for biosphere object 160 at 5000 AD (wet and warm climate).
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Water balances for periglacial conditions with 100 m permafrost (cf Bosson
et al. 2010)

196.3 |,
talik area
2065.8 & 2094.0 in
1493.1 > 2099.6 out
33.8 | 9P 404.6
2.2 < |Regola 0.2 m
366.2 > 420.4 in out 420.4
136 | 1 204
Regolb 0.8 m
8.8 < 34.0 in
6.4 -> 34.0 out
48 |, D 141
Rego2
0.1 & 14.2 in
1.6 -> 14.2 out
0.1 4, 7.8
Bedrock
All discharge taliks -
permafrost 100m SR-Site

Figure A1-64. Water balance for all discharge taliks.

195.8 |,
Talik area
4033.1 4054.3 in
3462.7 4054.3 out
21.2 |, 9e 395.8
1.5 Regola 0.2 m
345.9 404.9 in out 404.9
7.6 | 1 37.8
Regolb 0.8 m
6.0 45.4 in
5.1 45.4 out
16 327
Rego2
0.0 32.7 in
0.0 32.7 out
0.0 | P Sl
Bedrock
Object 157_1 -
permafrost 100m

Figure A1-65. Water balance for a discharge talik at the location of biosphere object 157 1.
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99.5 | 113.1 |,
mire/flooded area Talik
7.5 diff (in minus out) 0.0 &|  98783.4 in
695.0 - 784.2 - 98791.5 out
58 ™ 3.0 182 | ™ 25.0
0.3 <|Regola 02m 0.0 < |Regola 0.2 m
0.5 = 6.3 in out 5.8 24 <2 26.9 in out 26.9
0.0 1 0.0 2.0 T 6.3
Regolb 0.8 m Regolb 0.8 m
0.0 & 0.1 in 0.0 & 83 in
0.0 = 0.1 out 0.0 2 8.3 out
0.0 | 1 0.0 1.9 ¢ 1T 6.3
Rego2 Rego2
0.0 & 1.5 in 0.0 < 6.4 in
14 -> 1.5 out 1.4 < 6.4 out
0.0 |, 1 0.0 0.0 |, 1 3.0
Bedrock

Object 114 - permafrost 100m SR-Site|

-0

-> 98773
< 0.0
< 97861

Figure A1-66. Water balance for a discharge talik at the SR-Site biosphere object 114.

Regolith-layer thicknesses for water-balance calculations

Table A1-1. Regolith-layer thicknesses 3000 AD water balances (normal year).

Thickness rego-layer (m)
Object 157_2 Object 159 Object 157_1 Object 116
Layer name Mean Min Max |Mean Min Max |Mean Min Max [Mean Min Max
Peat / organic - - - - - - - - - - - -
Post-glacial lacustrine - - - - - - - - - - - -
Post-glacial marine 0.27 0.20 0.37 | 033 0.20 0.37 | 037 0.37 037031 0.20 0.54
Glacial clay 0.17 0.00 268 | 045 0.00 2.78 | 3.13 0.00 6.45 ] 2.04 0.00 10.11
Fill - - - - - - - - - - - -
Glaciofluvium - - - 0.11 0.00 3.49 - - - 0.08 0.00 5.10
Till 244 036 6.17 | 255 0.00 6.14 | 3.10 0.00 6.57 | 2.97 0.00 10.47
Total 2.88 3.44 6.60 5.40
Thickness rego-layer (m)
Object 121_2 Object 160 Object 121_1
Layer name Mean Min Max | Mean Min Max [Mean Min Max
Peat / organic - - - - - - - - -
Post-glacial lacustrine - - - - - - - - -
Post-glacial marine 0.54 054 054|037 012 054|054 054 0.54
Glacial clay 0.84 0.00 362|090 000 534|399 0.00 9.23
Fill - - - - - - - - -
Glaciofluvium - - - 0.01 0.00 o0.61 - - -
Till 393 088 6.47 | 227 0.00 6.08 | 6.34 153 12.44
Total 5.31 3.55 10.87
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Table A1-2. Regolith-layer thicknesses for 5000 AD water balances (normal year).

Thickness rego-layer (m)
Object157_2

SKB R-13-19

Lake area Mire area
Layer name Mean Min Max Mean Min Max
Peat / organic - - - 0.17 0.00 1.76
Post-glacial lacustrine - - - - - -
Post-glacial marine - - - 0.31 0.20 0.44
Glacial clay - - - 0.17 0.00 2.68
Fill - - - - - -
Glaciofluvium - - - - - -
Till - - - 2.40 0.36 6.17
Total 0.00 3.06

Object 159

Lake area Mire area
Layer name Mean Min Max Mean Min Max
Peat / organic 0.00 0.00 0.00 1.11 0.00 2.11
Post-glacial lacustrine | 0.51 0.51 0.51 0.14 0.00 0.51
Post-glacial marine 0.46 0.44 0.50 0.43 0.27 0.50
Glacial clay 0.15 0.00 0.93 0.46 0.00 2.78
Fill - - - - - -
Glaciofluvium - - - 0.11 0.00 3.49
Till 2.47 0.11 4.35 2.60 0.00 7.19
Total 3.59 4.85

Object 157_1

Lake area Mire area
Layer name Mean Min Max Mean Min Max
Peat / organic 0.06 0.04 0.10 1.20 0.00 3.26
Post-glacial lacustrine | 0.33 0.10 0.53 0.10 0.00 0.53
Post-glacial marine 0.50 0.50 0.50 0.50 0.33 0.50
Glacial clay 3.93 0.00 5.81 2.80 0.00 6.45
Fill - - - - - -
Glaciofluvium - - - - - -
Till 3.08 0.95 4.47 3.22 0.00 9.88
Total 7.90 7.82

Object 116

Lake area Mire area
Layer name Mean Min Max Mean Min Max
Peat / organic 0.36 0.02 0.65 0.79 0.00 4.40
Post-glacial lacustrine | 0.19 0.05 0.42 0.02 0.00 0.05
Post-glacial marine 0.48 0.20 0.74 0.45 0.20 0.74
Glacial clay 1.83 0.00 9.78 2.12 0.00 10.11
Fill - - - - - -
Glaciofluvium 0.11 0.00 5.10 0.04 0.00 3.39
Till 2.88 0.00 8.64 3.07 0.00 10.47
Total 5.85 6.49
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Table A1-2. Regolith-layer thicknesses, cont’d.

Thickness rego-layer (m)

194

Object 121_2

Lake area Mire area
Layer name Mean Min Max Mean Min Max
Peat / organic - - - 0.21 0.00 1.59
Post-glacial lacustrine - - - - - -
Post-glacial marine - - - 0.52 0.29 0.54
Glacial clay - - - 0.62 0.00 3.62
Fill - - - - - -
Glaciofluvium - - - - - -
Till - - - 3.90 0.00
Total 0.00 5.25

Object 160

Lake area Mire area
Layer name Mean Min Max Mean Min Max
Peat / organic 0.00 0.00 0.01 0.97 0.00 3.31
Post-glacial lacustrine 1.13 1.13 1.13 0.41 0.00 1.13
Post-glacial marine 0.33 0.29 0.37 0.37 0.12 0.54
Glacial clay 1.11 0.00 3.46 0.56 0.00 5.34
Fill - - - - - -
Glaciofluvium 0.02 0.00 0.61 0.04 0.00 4.84
Till 2.55 1.68 4.26 2.27 0.00 6.66
Total 5.14 4.62

Object 121_1

Lake area Mire area
Layer name Mean Min Max Mean Min Max
Peat / organic 0.18 0.09 0.22 0.68 0.00 3.24
Post-glacial lacustrine | 0.50 0.17 1.78 0.06 0.00 1.67
Post-glacial marine 0.61 0.54 0.61 0.61 0.54 0.61
Glacial clay 3.57 0.00 8.54 4.05 0.00 9.23
Fill - - - - - -
Glaciofluvium - - - - - -
Till 6.19 2.15 10.79 6.41 1.53 12.44
Total 11.05 11.81
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Table A1-3. Regolith-layer thicknesses for 11,000 AD water balances (normal year).

Thickness rego-layer (m)
Object 157_2 Object 159 Object 157_1 Object 116
Layer name Mean Min Max |Mean Min Max [Mean Min Max [ Mean Min Max
Peat / organic 0.17 0.00 1.76 | 1.39 0.00 2.11 | 143 0.00 2.26 | 1.29 0.00 4.40
Post-glacial lacustrine - - - 0.23 0.00 158 ( 0.18 0.00 1.11 | 0.52 0.00 3.41
Post-glacial marine 0.31 0.20 0.44 | 043 0.27 050 ] 050 050 0.50) 047 0.20 0.74
Glacial clay 0.17 0.00 268 | 044 000 278 | 3.13 0.00 6.45 | 2.04 0.00 10.11
Fill - - - - - - - - - - - -
Glaciofluvium - - - 0.10 0.00 3.49 - - - 0.08 0.00 5.10
Till 240 036 6.17 | 259 0.00 7.19 | 3.10 0.00 6.57 | 297 0.00 10.47
Total 3.05 5.18 8.34 7.37
Thickness rego-layer (m)
Object 121_2 Object 160 Object 121_1
Layer name Mean Min Max [Mean Min Max |Mean Min Max
Peat / organic 0.21 000 159 146 0.00 331|093 0.00 3.24
Post-glacial lacustrine - - - 0.71 0.00 2.80 | 0.24 0.00 212
Post-glacial marine 052 0.29 054 (036 0.12 054 | 0.61 0.54 0.61
Glacial clay 0.62 0.00 362 (061 0.00 534|398 0.00 09.23
Fill - - - - - - - - -
Glaciofluvium - - - 0.04 0.00 4384 - - -
Till 390 0.00 6.57 229 0.00 6.66 | 6.34 153 12.44
Total 5.25 5.47 12.10

Table A1-4. Regolith-layer thicknesses for periglacial-climate water balances with 100 m permafrost.

Table A1-5. Regolith-layer thicknesses for water balances for object 157_2 subareas.

Thickness rego-layer (m), sensitivity cases for object 157_2

Thickness rego-layer (m) (from SR-Site, see Bosson et al 2010)
All discharge taliks Talik object 157_1 Talik object 114
Talik area Mire area
Layer name Mean Min Max | Mean Min Max [Mean Min Max [Mean Min Max
Lake sediments 0.65 1.53 0.00 | 0.00 0.00 0.00| 1.12 1.34 0.00 | 0.60 1.34 0.00
Marine sediments 1.89 3.63 0.00 | 0.00 0.00 0.00 [ 3.08 3.63 0.87 [ 271 3.63 0.00
Z1a_10000 0.60 0.60 0.00 | 0.60 0.60 0.60 | 0.60 0.60 0.60 | 0.59 0.60 0.00
Z4a 2.14 438 0.00 | 0.00 0.00 0.00]| 3.60 438 0.27 | 2.74 4.38 0.00
Z4b 2.97 20.25 0.00 | 0.68 4.52 0.00 | 3.81 20.25 0.00 | 2.73 8.88 0.00
75 520 9.20 0.00 | 419 694 2.02 | 526 9.02 0.00]| 513 7.20 0.00
76 0.60 0.60 059 | 0.60 0.60 0.60 | 0.60 0.60 0.60 | 0.60 0.60 0.59
Total 14.05 6.07 18.07 15.10

Discharge areas Shallow gw-level Exit points Arable land

Layer name Mean Min Max |Mean Min Max |Mean Min Max |Mean Min Max
Peat / organic 0.17 0.00 176 | 040 0.00 1.76 | 023 0.00 1.76 | 0.58 0.00 1.76
Post-glacial marine 033 020 0.50( 036 0.20 044|031 0.12 0.44 | 041 037 0.44
Glacial clay 0.23 0.00 268|035 0.00 268|011 000 1.74| 1.04 0.00 2.68
Till 223 034 430|189 065 328|266 159 585| 1.82 0.34 255
Total 2.96 3.00 3.31 3.85
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Appendix 2

Chemistry data from private wells in northern Uppland (chloride,
iron and sulphate)

Chloride concentration versus elevation
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Figure A2-1. Chloride concentration (mg/L) in private wells in northern Uppland, plotted as function of ground-
surface elevation. Upper plot: Logarihmic concentrations scale. Lower plot: Linear concentration scale.
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Iron concentration versus elevation
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Figure A2-2. [ron concentration (mg/L) in private wells in northern Uppland, plotted as function of ground-
surface elevation. Upper plot: Logarihmic concentrations scale. Lower plot: Linear concentration scale.
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Sulphate concentration versus elevation
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Figure A2-3. Sulphate concentration (mg/L) in private wells in northern Uppland, plotted as function of ground-
surface elevation. Upper plot: Logarihmic concentrations scale. Lower plot: Linear concentration scale.
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Appendix 3

Analysis of wells drilled in rock
Results of flow modelling and particle tracking (Section 6.4.4)

Table A3-1. Results of forward particle tracking in terms of particle-capture ratios. Q,., = 700 L/d.
The first column shows well id and associated biosphere object.

SFR1

Well id (ass. b. obj.) 1BTF 2BTF 1BLA 1BMA Silo

11 (157_2) 2.00-10° 1.00-10°® 0 0 9.00-10°°

SFR 3

Well id 2BLA 3BLA 4BLA 5BLA 2BMA 1BRT
3(157_1) 0 4.00-10°° 3.00-10°° 2.00-10°° 2.00-10°° 2.00-10°°
5(157_2 or 159) 0 1.00-10°° 2.00-10°° 2.10-10* 9.1-10™* 0

11 (157_2) 1.19-107® 1.72:107° 1.01-107® 5.60-107* 4.3-10* 8.70-10™*

Wells drilled in the well interaction area downstream of SFR (Section 6.4.5)

Table A3-2. Results of SFR 1 forward particle tracking in terms of particle-capture ratios.
Q.. =700 L/d.

Well id 1BTF 2BTF 1BLA 1BMA Silo Average (per well)
21 0 0 0 0 0 0

22 0 0 0 0 0 0

23 5.43-1072 1.43-1072 4.78:107° 1.51-10 1.71-10™ 4.88:107°
24 0 3.02:10* 8.54-10°° 4.92:107? 0 1.94-1072
25 4.81-107 5.77-1072 6.18-1072 4.65-107° 1.01-10™ 6.30-1072
26 1.99-1072 2.29:1072 2.42:107 1.81-1072 5.36:1072 2.77-107
27 7.28:107 8.40-10°° 0 0 6.64:1072 2.46-107°
28 0 0 6.30-107° 1.06-107° 0 5.60-107*
29 2.30-10™ 3.18:10™ 3.13-10™ 1.67-107" 1.43-1072 2.08-10™
Average (per  7.19-1072 6.89-1072 6.87-102 4.70-1072 8.12-102

disp. room)

Table A3-3. Results of SFR 3 forward particle tracking in terms of particle-capture ratios.
Quen =700 L/d.

Well id 2BLA 3BLA 4BLA 5BLA 2BMA 1BRT Average (per well)
21 9.00-10° 2.36:10* 9.05-10* 1.21-10° 4.24-10% 4.00-10° 9.29-107°
22 1.04:-10% 1.36:102 1.96-102 2.14-102 1.28:102 1.02:10° 1.31-1072
23 1.15-10" 9.83-102 6.29-10°% 3.78:10% 3.34:102 1.22:10" 7.82:1072
24 0 0 0 0 0 1.00-10° 1.67-107
25 9.34:102 442102 2.46-102 1.8510°% 1.99-10% 1.30-10" 5.51-107?
26 6.24-102 3.15-10% 2.00-10% 1.63:102 1.87-10% 8.48:10% 3.90-1072
27 6.48:102 4.52:102% 4.41-10% 3.88:102 2.09-102% 3.36:10% 4.12:1072
28 0 0 0 0 0 0 0

29 1.69:10% 4.20-10° 1.10-10° 4.30-10* 3.6-10™* 5.57-102 1.31-107
Average (per. 5.18-102  3.39-102 2.47-102 2.08:102 2.12-102 5.34-107

disp. room)
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Influence of well discharge (Section 6.4.6)

Table A3-4. Influence of well discharge on particle capture, illustrated by results of forward
particle tracking in terms of particle-capture ratios for well 29.

SFR 1

Qyen (L/d) 1BTF 2BTF 1BLA 1BMA Silo

700 2.30-10" 3.18:10"" 3.13:10" 1.67-10"" 1.43:107

1,000 2.92-10" 4.01-10" 3.96-10" 2.21-10" 2.09-107°

1,400 3.68-10" 4.96:10" 4.89-10" 2.89-10" 3.21-107

2,800 5.65-10" 7.30-10"" 7.20-10" 4.99-10"" 9.29:107°

SFR 3

Qyen (L/d) 2BLA 3BLA 4BLA 5BLA 2BMA 1BRT
700 1.69-10% 4.20-10° 1.10-10° 4.30-10* 3.60-10* 5.57-107
1,000 2.29-10% 6.00-10° 1.70-10° 8.00-10* 6.00-10* 7.36-1072
1,400 3.28-10% 8.60-10° 2.70-10° 1.30-10°% 7.00-10* 9,89-1072
2,800 7.59:10% 2.40-102 8.70-10° 3.90-10° 3.00-10° 1.92-10"

Table A3-5. Results of forward particle tracking in terms of well-discharge and particle-capture
ratios for well 29.

SFR 1
Quen (L/d) Well-discharge Particle-capture ratio
ratio
1BTF 2BTF 1BLA 1BMA Silo
700 1 1 1 1 1 1
1,000 1.43 1.27 1.26 1.27 1.32 1.46
1,400 2 1.60 1.56 1.56 1.73 2.24
2,800 4 245 2.29 2.30 2.99 6.50
SFR 3
2BLA 3BLA 4BLA 5BLA 2BMA 1BRT
700 1 1 1 1 1 1 1
1,000 1.43 1.36 1.43 1.55 1.86 1.67 1.32
1,400 2 1.94 2.04 2.45 3.02 1.94 1.78
2,800 4 449 5.71 7.91 9.07 8.33 3.45
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