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Preface

The Swedish Nuclear Fuel and Waste Management Company (SKB) has conducted site
investigations at two different locations, the Forsmark and Laxemar-Simpevarp areas, with
the objective of siting a repository for spent nuclear fuel.

The present report constitutes a summary and synthesis of the work on surface hydrology and
near-surface hydrogeology of the site investigation at Forsmark. The site investigation was con-
ducted during 2002—-2007 and included extensive field work, data sampling, laboratory analyses
and tests, and data analyses and modelling. In the text, references are given to numerous reports
on these investigations and analyses.

Selection of material from these reports and data as well as additional interpretations and
integration based on supplied material is the responsibility of the author of the present report.

Important contributions to the present report have been delivered by:

Johan Ohman, Golder Associates AB, who carried out most of the work on presentation of times
series data.

Kent Werner, EmpTec, who prepared the updating of the slug-test analysis presented in Section 3.4.1.

Bjorn Holgersson, SWECO, who conducted most of the re-calculations of point water heads to
environmental water heads presented under Point water heads and environmental water heads
in Section 3.4.2 and in Appendix 2

Fredrik Marelius and Petter Stenstrom, WSP Sverige AB, who were responsible for the work
on General characteristics of brooks in Section 3.3.3 and Costal basins in Section 3.3.5,
respectively.

Mats Troéjbom, Mopelikan, who carried out the principal component and independent com-
ponent analyses, and the partial least squares modelling presented under Sea boundary in
Section 3.5.1. He also conducted the additional principal component analyses in Section 3.5.4
Hydrochemical data for interpretation of the flow systems not presented in /Tréjbom et al. 2007/.

John Juston, Juston Konsult AB, who was responsible for the modelling presented in Section 4.2
Catchment-based simulation of surface discharge and groundwater depths.

Emma Bosson, SKB, and Lars-Goran Gustafsson and Mona Sassner, DHI, who carried out the
MIKE-SHE modelling which is summarised in Section 4.3. They also provided valuable feed-
back from the quantitative modelling to the concepeptual modelling.

Sven Follin, SF Geologic, and Sten Berglund, SKB, with whom fruitful discussions have taken
place on the interpretation of data and the conceptual model. Sven Follin has also contributed with
valuable information of the bedrock hydrogeology and Sten Berglund has reviewed the report.



Summary

The Swedish Nuclear Fuel and Waste Management Company (SKB) has conducted site investi-
gations at two different locations, the Forsmark and Laxemar-Simpevarp areas, with the objective
of siting a geological repository for spent nuclear fuel. This report describes the modelling of the
surface hydrology and near-surface hydrogeology that was performed for the final site descriptive
model of Forsmark produced in the site investigation stage, SDM-Site Forsmark.

The Forsmark area is situated on the eastern coast of Sweden, c¢. 120 km north of Stockholm.
The site investigation area is characterized by a low relief with a small-scale topography. The
study area is almost entirely below 20 metres above sea level. Forest is the dominating land
cover. The main lakes, Lake Fiskarfjdrden, Lake Bolundsfjdrden, Lake Eckarfjirden and Lake
Gallsbotrisket, all have sizes of less than one km? and are quite shallow. No major water courses
flow through the central parts of the site investigation area. Wetlands are frequent and cover
more than 25% of some sub-catchments. Till is the dominating Quaternary deposit (QD), cover-
ing c. 75% of the terrestrial area. Bedrock outcrops are frequent, but constitute only c. 5% of the
area. The QD’s are shallow, usually less than 5 m deep.The greatest depth to bedrock recorded
in a drilling is 16 m. In the wetlands the organic deposits can rest directly on till, or be underlain
by sand and clay above the till.

The annual precipitation during the site investigation was quite close to the longterm average

of 559 mm estimated by SMHI (the Swedish Meteorological and Hydrological Institute). For
the four-year period of June 2003—May 2007, the mean annual precipitation recorded in the
local measurements was 563 mm. The mean annual calculated potential evapotranspiration for
the same period was 526 mm. A longterm overall water balance of the area may be estimated
based on 30-year precipitation data from SMHI-stations surrounding the site investigation area
and the reletively short-term site specific meterorological and hydrological monitoring data, as
follows: precipitation = 560 mm/year, actual evapotranspiration = 400-410 mm/year, and runoff
= 150-160 mm/year.

Granitic rocks are dominating the bedrock of the area. The bedrock hydrogeology reveals a
significant hydraulic anisotropy within the tectonic lens, which covers the central part of the
site investigation area. The upper c. 150 m of bedrock contains high-transmissive horizontal
fractures/sheet joints. Below the uppermost c. 150 m of the bedrock, the high-transmissive
horizontal fractures/sheet joints vanish and the conductive fracture frequency becomes very
low and the fractures fairly low-transmissive. In some of the 1,000 m deep cored boreholes
there are almost no flowing fractures observed below c. 150 m depth.

The close correlation between the topography of the ground surface and the groundwater level

in the QD implies that surface water and groundwater divides for the QD’s can be assumed

to coincide. Regarding groundwater levels in the upper bedrock there is no strong coupling to
the topography of the ground surface. This is most evident in the tectonic lens where the upper
c¢. 150 m of the bedrock is known to have frequent horizontal and sub-horizonal highly transmis-
sive fractures. However, westward increasing groundwater levels in the bedrock outside the tec-
tonic lens indicate that the water divides of the flow systems involving the near-surface bedrock
follow the surface water divide towards River Forsmarksan. This means that the topography can
be used for delineation of the inland boundary also for these systems.

From the conclusion that groundwater divides for the shallow groundwater systems limited to
QD (till), where the major part of the water flow takes place, coincide with the surface water
divides, follows that such systems only may have lateral boundaries to the sea in the “rest catch-
ments” adjacent to the sea with no surface discharge in water courses. For the flow systems
involving also the near-surface bedrock, the situation is different due to the highly transmissive
horizontal and sub-horizontal fracture zones extending below the sea. The vertical contact



between these zones and the sea, directly via outcropping or indirectly via vertical fractures,
will determine the boundary conditions of these systems. The superficial horizontal sheet joints
have a tendency to follow the topography of the bedrock surface implying that direct hydraulic
contact with the sea via outcropping is considered to be less common.

During events of very high sea water levels, sea water flows into several of the lakes (Norra
Basséngen, Puttan, Bolundsfjérden, Lillfjirden and Fiskarfjérden). In connection with these
events, the sea obviously has an impact on both surface water and groundwater flow systems
in these lakes and their surroundings.

With few exceptions, the infiltration capacity of the soils in the area exceeds the rainfall and
snowmelt intensities. The groundwater levels in many monitoring wells in QD were within one
metre below the ground all the year, and the groundwater level was on average less than 0.7 m
below ground during 50% of the time. Also in what can be considered as typical recharge areas,
the average groundwater level was as shallow as 1.2 m below ground. The annual variation

of the groundwater level is mostly less than one metre in discharge areas, and 1.5 m in typical
recharge areas. The shallow groundwater levels mean that there will be a strong interaction
between evapotranspiration, soil moisture and groundwater. Diurnal fluctuations of the ground-
water levels, driven by evapotranspiration cycles, were evident in the data from many of the
groundwater monitoring wells in the QD.

Direct recharge from precipitation is obviously the dominant source of groundwater recharge.
However, the groundwater level measurements in the vicinity of Lake Bolundsfjarden and Lake
Eckarfjarden show that the lakes may act as recharge sources to the till aquifers in the immediate
vicinity of the lakes during summer. While the groundwater levels are well above the lake water
levels during most of the year, they are considerably below the lake water levels under dry summer
conditions. However, due to the low permeability of the bottom sediments, the resulting water
fluxes can be assumed to be relatively small.

Similar to the external boundaries of the model area, the internal surface water divides and the
groundwater divides of the groundwater systems in the QD are assumed to coincide. The strong
correlation between the mean groundwater elevations observed in the till and the ground surface
elevation means that the average vertical hydraulic flux at some point below the surface is smaller
than the net infiltration into the saturated zone of the till. The decrease in hydraulic conductivity
with depth and the anisotropy of the till, with K, < K, (where K, and K, are the vertical and hori-
zontal hydraulic conductivities, respectively), are plausible explanations, but a contribution from
a contrast in vertical hydraulic conductivity between the till and the bedrock is also possible (with
the uppermost bedrock having a lower K,).

The small-scale topography and the hydraulic conductivity profile of the tills imply that many
small catchments will be formed with local shallow groundwater flow systems in the QD, and
that a dominating part of the groundwater will move along these shallow flow paths. According
to the conceptual model, the horizontal hydraulic conductivity of the till dominating the area
decreases from more than 103 m/s in the uppermost part of the profile to ¢.10¢ and 107 m/s
deeper down in the profile for coarse and fine-grained till, respectively. Similarly, the specific
yield decreases from 0.15-0.20 to 0.03—0.05.

The local, small-scale recharge and discharge areas only involving groundwater flow systems
restricted to the QD overlay the more large-scale flow systems associated with groundwater
flow at greater depths. Within the tectonic lens, the measured groundwater levels in the till are
considerably higher than those in the bedrock. The differences between the levels in till and rock
are generally much larger than between different sections in the bedrock boreholes sealed off by
packers. In general, the groundwater levels in the bedrock are still above the QD/rock interface,
indicating that no unsaturated zone exists below this interface.

The groundwater levels in the till and the bedrock are well correlated. The natural groundwater
level fluctuations are, however, smaller in the bedrock, but still to a great extent controlled
by the annual precipitation and evapotranspiration cycles. The conditions prevailing within



the northern part of the tectonic lens, with a lower groundwater level in bedrock than in the
QD, mean that the groundwater flow has a downward component at the studied locations and
consequently an inflow from the till to the bedrock.

A probable explanation for the generally low levels measured in the bedrock boreholes is that
these intersect one/some of the highly conductive horizontal to sub-horizontal zones shown to
exist in the shallow bedrock in the Forsmark area. The highly transmissive shallow bedrock acts
a drain for water coming from above as well as from below. The available data indicate that
flow systems involving the bedrock do not have discharge areas on land in the northern part of
the tectonic lens but discharge into the sea. The only occasions when data from this area show

a continuous upward flow gradient are during dry summers when the groundwater level in the
QD decreases below the levels in the bedrock.

Interestingly, the lake level and the groundwater level in till in the middle of Lake Bolundsfjarden
are considerably higher than the groundwater levels in the bedrock below the lake (i.e. in borehole
HFM32). The levels are lowest in the two deepest sections of the bedrock borehole. The difference
between these two sections is small but after density correction of the measured heads the second
deepest section has the lowest head. This indicates that the fractures in this section act as drains

for water coming from above as well as from below. During a pumping test in bedrock in a well
500 m away, the responses were strongest in the two deepest well sections, but were also obvious
in the upper two sections and also in the monitoring well in the till above.

The borehole HFM32 has the lowest point water head of all the percussion-drilled boreholes
around Lake Bolundsfjérden. Only boreholes at the inlet of the cooling water canal and on the
SFR peninsula have occasionally point water heads at the same low level or below. The ground-
water level in HFM32 was below the sea level during the summer and autumn of 2006. Two
possible, perhaps superimposed, phenomena could explain this: (i) the groundwater level in the
bedrock is indirectly influenced by evapotranspiration extracting water from the groundwater
zone in the QD, thereby inducing an upward flow from the bedrock, and/or (ii) the borehole

is influenced by the drainage pumping in the SFR facility (c. 6 L/s).

An influence from evapotranspiration requires that the groundwater level in the bedrock

is above the QD/rock interface, which is the case in the low-lying areas surrounding Lake
Bolundsfjarden. The MIKE SHE hydrological simulations, with field-based parameter setting,
showed a clear upward flow gradient from the bedrock to the QD in the littoral zone of Lake
Bolundsfjiarden during the dry summer of 2006.

An influence from the pumping at SFR requires a good hydraulic contact all the way to SFR.
From a pumping test in the HFM33 borehole, immediately west of SFR, it is known that quick
and strong responses were observed in site investigation boreholes located c. 1.5 km SW of the
pumping well. Pumping tests in HFM 14 have also shown quick and strong responses in other
quite distant HFM-wells (c. one km away), confirming the high transmissivity and low stora-
tivity of the upper bedrock. The prevailing situation, with in general relatively low groundwater
levels in the shallow bedrock within the northern parts of the tectonic lens, may partly be caused
by the pumping at SFR. However, no definite conclusions on this issue can be drawn based on
existing data.

The lake water level-groundwater level relationship indicates that the lake sediments, the
underlying till, and/or the uppermost bedrock have low vertical hydraulic conductivities. If

the surface water-groundwater hydraulic contact had been good, the situation with groundwater
level drawdown from evapotranspiration extending below the lakes, and the quick and extensive
drawdowns from the pumping tests in percussion-drilled boreholes HFM14 and HFM33 in

the rock below Lake Bolundfjérden and the sea, would not appear. The flow systems around
and below the lakes appear to be quite complex. The chemistry of the waters below the lakes
indicates a very limited flow since relict marine water is found.

During the MIKE SHE modelling there was a general problem with too high simulated
groundwater levels in the bedrock, whereas there was a good agreement between measured



and simulated groundwater levels in the QD. Furthermore, with the original parameter settings
the model was unable to simulate the drawdowns in the pumping tests in borehole HFM14. To
overcome these problems, several test simulations were conducted with different combinations
of increased horisontal hydraulic conductivity of the bedrock and decreased vertical hydraulic
conductivity of the bedrock and the QD, and a decreased specific storage of the bedrock
compared with the data set obtained from the bedrock hydrogeology modelling.

The outcome of these tests was that the specific storage had to be lowered considerably from
the values used initially (varying from 1-107" m™ to 1-10° m™') to obtain a good match between
measured and simulated responses in the pumping tests. In the final calibrated model a value

of 5-10® m™! was used. Furthermore, an increase of the horizontal hydraulic conductivity of the
sheet joints, as implemented in the upper bedrock part of the model, by a factor of 10 compared
to the delivered bedrock parameterisation and a decrease of the vertical hydraulic conductivity
of the upper 200 m of the bedrock by a factor of 10 were found to be necessary to obtain a good
fit between measured and simulated pumping test responses. A further decrease of the vertical
hydraulic conductivity of the QD turned out to have only a marginal effect on the groundwater
levels.

However, the problem with the generally too high groundwater levels in the bedrock was only
partly solved by the changes made. As a final test, the drainage pumping in the SFR facility
was introduced in quite a simplistic manner, i.e. as a well screened between c. 40 and 140 m
depth. The introduction of this sink drastically improved the agreement between measured and
simulated groundwater levels in the bedrock, with the mean absolute error and mean error for
all monitoring sections in rock decreasing from 0.68 m to 0.41 m and from —0.65 m to —0.05 m,
respectively (a negative mean error indicates that the simulated level is too high). Most sections
showed errors of c. £0.2 m. Of the boreholes within the northern part of the tectonic lens, only
HFM16 and HFM32 showed considerably larger errors with an overestimation and under-
estimation of c. one metre, respectively.

Particle tracking simulations were performed using the final calibrated MIKE SHE model. When
particles were released at c. 140 m below sea level inside the area corresponding to the planned
repository, only 10% of the particles had left the model volume after 300 years and all these par-
ticles had gone to the sea. When pumping at SFR, 18% of the particles had left the model volume
through the pumping in SFR. The rest of the particles were still in the model. In both cases, the
particles concentrated to the sheet joint layer at 110 m below sea level and the horizontal trans-
port was dominating. Above this level only a few cells were passed by a particle. When pumping
at SFR, no particles reached higher than 70 m below sea level. Thus, there were no exit points at
the surface after 300 years of simulation when pumping at SFR. When the SFR-pumping was not
activated, a few particles reached the sea with exit points close to the shoreline.

Since many particles were still in the model volume after 300 years, an additional longer simu-
lation was run for 5,000 years. The transport times were long and even after 5,000 years 81%
of the particles were still in the model volume. No exit points were found in the terrestrial part
of the model area. All the particles exited the model volume at sea. It was also found that 5% of
the introduced particles were stuck in the marine sediments. Apart from them, no particles were
left in the upper calculation layers. All the particles that were left in the model after 5,000 years
were found in the deeper bedrock, between 110 and 600 m below sea level.

Although providing potentially important information guiding further analyses, the particle
tracking results presented should be interpreted with great caution. The results depend heavily
on the geometry and hydraulic properties of the hydrogeological structures of the upper part
of the bedrock, which are implemented in the model in quite a simplistic way.

In the MIKE SHE modelling, the water balance was calculated for the four-year period
September 2003—August 2007 for the terrestrial part of the model area (i.e. excluding the sea).
The mean annual precipitation for this period was 533 mm and the mean annual actual evapo-
transpiration was 405 mm. The annual total interception was 122 mm/year, the transpiration
from plants 169 mm/year, and the calculated runoff (discharge) 144 mm/year. The infiltration



to the unsaturated zone was 351 mm/year, whereas the groundwater recharge from the unsaturated
zone to the uppermost calculation layer of the saturated zone was 124 mm/year. The flow to the
second calculation layer in QD, at 2.5 m depth, was c. 45 mm. There are many local recharge
and discharge areas within in this layer; 41 mm was transported back to the uppermost QD
layer. Only ¢.11 mm was flowing down to the uppermost bedrock. The upward flow from the
rock to the QD corresponded to some 8—9 mm, which means that the net downward flow was
only 2-3 mm.

The comprehensive investigation and monitoring programme forms a strong basis for the
developed conceptual and descriptive model of the hydrological and near-surface hydrological
system of the site investigation area. However, there are some remaining uncertainties regarding
the interaction of deep and near-surface groundwater and surface water of importance for the
understanding of the system:

* The groundwaters in till below Lake Eckarfjérden, Lake Géllsbotrasket, Lake Fiskarfjarden and
Lake Bolundsfjérden have high salinities. The hydrological and hydrochemical interpretations
indicate that these waters are relict waters of mainly marine origin. From the perspective of
the overall water balance, the water below the central parts of the lakes can be considered as
stagnant. However, according to the hydrochemical interpretation, these waters also contain
weak signatures of deep saline water. Rough chloride budget calculations for the Géllbotrasket
depression also raise the question of a possible upward flow of deep groundwater. No absolute
conclusion can be drawn from the existing data analyses regarding the key question of whether
there is a small ongoing upward flow of deep saline water. However, Lake Bolundsfjarden is
an exception where the clear downward flow gradient from the till to the bedrock excludes the
possibility of an active deep saline source.

* The available data indicate that there are no discharge areas for flow systems involving
deep bedrock groundwater in the northern part of the tectonic lens, where the repository is
planned to be located (the so-called “target area”). However, it can not be excluded that such
discharge areas exist. Data indicate that the prevailing downward vertical flow gradients
from the QD to the bedrock are highly dependent on the very transmissive horizontal and
sub-horizontal fractures of the uppermost bedrock and that evapotranspiration induced flow
may change these directions under dry conditions in some areas.

* Data as well as the simulations with MIKE SHE raise the question if the prevailing ground-
water levels in the northern part of the tectonic lens are influenced by the pumping for the
drainage of the SFR facility (c. 6 L/s). Another possibly influencing sink is the pumping for
drainage of the Forsmark nuclear plant reactor buildings 1 and 2 (c. 1-2 L/s). These sinks may
influence the vertical flow gradients in some parts of the investigation area, and it is strongly
recommended that additional investigations are performed to resolve this uncertainty.



Sammanfattning

Svensk Kérnbréanslehantering AB (SKB) har genomfort platsundersdkningar pé tva platser,
Forsmark och Laxemar-Simpevarp, for lokalisering av ett slutforvar for anvint kdrnbrénsle.
Denna rapport redovisar modellering av ythydrologi och ytnira hydrogeologi utférd som en del
av den sista platsbeskrivande modell av Forsmark som redovisas under platsundersdkningsskedet,
”SDM-Site Forsmark”.

Forsmark ligger vid kusten, ca 120 km norr om Stockholm. Platsundersokningsomradet

har en flack, smaskalig topografi och néstan hela omradet ligger ldgre 4n 20 m 6ver havet.
Skogsbruk ér den dominerande markanvindningen. De stdrre sjoarna i omradet, Fiskarfjarden,
Bolundsfjarden, Eckarfjarden och Gallsbotrasket, ar alla mindre &dn en kvadratkilometer och
grunda. Det rinner inga storre vattendrag genom de centrala delarna av platsunderséknings-
omradet. Vatmarker forekommer rikligt och tdcker mer dn 25 % av ytan i vissa delavrinnings-
omraden. Morén dr den dominerande jordarten och tiacker ca 75 % av landytan. Berg i dagen
aterfinns pa manga stillen men tacker endast ca 5 % av ytan. Jordlagren &r tunna, oftast mindre
an 5 m tjocka. Den storsta jordméktigheten som konstaterats vid borrning &r 16 m. I vitmarkerna
ar de organiska jordlagren antingen avsatta direkt pd morénen eller underlagrade av sand och
lera ovanpa moranen.

Under tiden for platsundersokningarna var nederborden néra den berdknade normalnederbdrden
for omradet, vilken av SMHI (Sveriges meteorologiska och hydrologiska institut) har uppskattats
till 559 mm/ar. Medelvérdet av de lokala méitningarna under fyradrsperioden juni 2003—maj 2007
var 563 mm. Den berdknade arliga potentiella evapotranspirationen fér samma period var 526 mm.
Vattenbalansen for platsundersékningsomréadet kan uppskattas utgaende fran normalnederbérden
under 30 &r vid SMHI:s kringliggande nederbordsstationer och de relativt korta meteorologiska
och hydrologiska tidsserierna fran platsundersokningarna: nederbord = 560 mm/ar, verklig
evapotranspiration = 400410 mm/ar och avrinning = 150-160 mm/Ar.

Berggrunden i omradet domineras av granitiska bergarter. De hydrogeologiska forhallandena
i berggrunden uppvisar tydlig anisotropi i den tektoniska lins som utgér den centrala delen av
platsundersdkningsomradet. De Gversta ca 150 m av berggrunden innehaller hdgtransmissiva
horisontella sprickor/bankningsplan. Under detta djup forsvinner denna typ av sprickor och
sprickfrekvensen totalt blir vildigt 1ag liksom sprickornas transmissivitet. I nagra av de 1 000 m
langa kdrnborrhalen saknas flodande sprickor under 150 m djup néstan helt.

Den starka korrelationen mellan landytans topografi och grundvattennivén i jordlagren betyder
att ytvattendelarna och grundvattendelarna for jordgrundvattnet kan antas sammanfalla. Vad
giller grundvattennivaerna i det ytliga berget finns inte motsvarande starka korrelation. Detta
ar tydligast i den tektoniska linsen som innehaller de ytliga hogtransmissiva horisontella och
subhorisontella sprickorna. Utanfor linsen, stiger grundvattennivéerna i berget och indikerar
att grundvattensystemen i det ytliga berget har en vattendelare som sammanfaller med den
topografiska ytvattendelaren mot Forsmarksan.

Av forhallandet att ytvattendelarna och grundvattendelarna for grundvattensystemen som
begrinsas till jordlagren sammanfaller foljer att dessa system endast har ett direkt utflode till
havet i restavrinningsomradena nirmast havet som saknar vattendrag. For de flodessystem som
ocksé inkluderar det ytliga berget dr forhallandena annorlunda, vilket beror pé de hogtransmissiva
horisonella och subhorisontella sprickzoner som strécker sig ut under havet. Den vertikala kon-
takten mellan dessa zoner och havet, direkt eller via vertikala sprickor, bestimmer randvillkoren
for dessa system. De ytliga bankningsplanen har en tendens att folja bergytans topografi vilket
gor att direkt kontakt med havet beddms som mindre vanlig.

Vid tillfallen med mycket hoga havsvattennivaer rinner havsvatten in i flera av sjdarna (Norra
Basséngen, Puttan, Bolundsfjérden, Lillfjirden och Fiskarfjdrden). Vid dessa tillfdllen paverkas
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yt- och grundvattensystemen i och omkring sjoarna naturligtvis starkt av det intringande
havsvattnet.

Jordlagrens infiltrationskapacitet Gverstiger med fa undantag nederbdrdens och sndsméltningens
intensitet. Grundvattennivén i manga av observationsrdren i jord ligger ndrmare markytan &n en
meter under hela aret och som medeltal for samtliga observationsror 1ag nivdn nirmare markytan
&n 0,7 m under halva éret. Aven i omrdden som bedéms som typiska instromningsomraden 1ag
grundvattenytan i medeltal inte mer 4n 1,2 m under markytan. Grundvattennivéans arsvariation ar
oftast mindre &n en meter i utstromningsomraden och ca 1,5 m i typiska instrémningsomraden.
Det ytnéra grundvattnet innebér att det blir en stark interaktion mellan evapotranspiration,
markvatten och grundvatten. Tydliga dygnsfluktuationer i grundvattennivén, orsakade av evapo-
transpirationens dygnsvariationer, kunde konstateras i ménga av observationsroren i jordlagren.

Grundvattenbildning direkt frdn nederbérden dominerar, men métningar av grundvattennivéerna
runt Bolundsfjérden och Eckarfjarden visar att sjdarna kan utgéra grundvattenbildningsomraden
under sommaren. Grundvattennivéerna runt sjoarna ligger hdgre én sjonivaerna under storre
delen av ret, men under torra somrar ligger de betydligt ldgre &n sjonivaerna. Bottensedimentens
laga vattengenomslépplig medfor emellertid att de floden som dessa omvénda gradienter orsakar
kan antas vara relativt sma.

Liksom for modellomrédets yttre grinser, kan det antas att de interna ytvattendelarna och grund-
vattendelarna for de grundvattensystem som ar begrénsade till jordlagren sammanfaller. Den
starka korrelationen mellan topografin och grundvattenytan i jordlagren visar att pa nagon niva
under markytan &r det vertikala grundvattenflddet ldgre dn nettoinfiltrationen till den méttade
zonen i mordnen. Den konstaterade minskningen av den hydrauliska konduktiviteten med djupet
och anisotropin, med K, < K,, (K, ar den vertikala och K, den horisontella hydrauliska konduk-
tiviteten), ar de troliga huvudorsakerna, men en kontrast i vertikal hydraulisk konduktivitet mellan
mordnen och det ytliga berget (dar det ytliga berget har lagre K,) skulle ocksé kunna bidra.

Den smaéskaliga topografin och att den hydrauliska konduktiviteten i morédnen minskar med
djupet medfor att ménga sma avrinningsomraden med lokala ytliga grundvattensystem i jord-
lagren bildas, och att den dominerande delen av vattenomséttningen sker i dessa system. Enligt
den konceptuella modellen minskar den hydrauliska konduktiviteten i den mordn som dominerar
i omradet fran éver 105 m/s i den 6versta delen av jordprofilen till ca 10 och 107 m/s djupare
ner for den mer grovkorniga respektive finkorniga morénen. Pa liknande sétt minskar den
effektiva porositeten med djupet fran 0,15-0,20 till 0,03-0,05.

De lokala smaskaliga in- och utstrémningsomradena i grundvattensystemen i jordlagren ver-
lagrar flodessystemen for det djupare grundvattnet. Inom den tektoniska linsen ligger grundvatten-
nivderna betydligt hogre i jordlagren &n i berget. Skillnaden mellan dessa nivaer &r i allmédnhet
betydligt storre &n nivaskillnaderna mellan olika djup i berget. Grundvattennivan i berget ligger
dock oftast ovanfor bergets overyta vilket betyder att det inte finns ndgon ométtad zon i berget.

Grundvattennivaernas variationer i morianen och i berget &r vilkorrelerade. De naturliga grund-
vattennivavariationerna ar mindre i berget men styrs ocksa de i huvudsak av de arliga variationerna
i nederbord och evapotranspiration. De forhéllanden som rader i den norra delen av den tektoniska
linsen, dér grundvattennivan i berget ligger lagre &n i jordlagren, betyder att grundvattenflodet hér
har en nedétriktad komponent och ddrmed en flodesriktning fran morénen till berget.

En trolig forklaring till de uppmatta laga grundvattennivéaerna i observationshalen i berget i
den tektoniska linsen &r att borrhalen korsar en eller flera av de hogkonduktiva horisontella till
subhorisontella sprickzoner som pavisats i det ytliga berget. Det hogtransmissiva ytliga berget
drénerar bade vatten som kommer uppifran och nerifran. Tillgéngliga data indikerar att de
flodessystem som involverar berget inte har nagra utstromningsomraden i den norra delen av
den tektoniska linsen utan att utstrémningen sker till havet. De enda tillfdllen d& data frén vissa
punkter i det hdr omradet visar en kontinuerlig uppétriktad gradient &r under torra somrar nir
grundvattennivén i jordlagren kan sjunka under nivén i berget.
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Det ér intressant att konstatera att sjonivan och grundvattennivén i morénen i mitten av
Bolundsfjarden ar avsevért hogre dn grundvattennivaerna i berget under sjon (uppmatta i
borrhal HFM32). Nivéerna ar lagst i de tva djupaste sektionerna av HFM32. Nivaskillnaden
mellan dessa tva sektioner &r liten men efter densitetskorrektion av uppmatta trycknivaer har
den nést djupaste sektionen ldgst niva, vilket visar att sprickorna i denna sektion drinerar vatten
saval uppifran som nerifran. Vid en provpumpning av ett borrhél i berg ca 500 m bort erhdlls

de starkaste responserna i de djupaste tva sektionerna, men de var tydliga ocksa i de tva ovre
sektionerna och i morénen.

Borrhédlet HFM32 har den ldgsta grundvattennivén av alla berghal runt Bolundsfjarden. Det
ar bara i borrhélen vid inloppet till kylvattenkanalen och p& SFR-halvon som lika laga eller
lagre grundvattennivéer periodvis har uppmatts. Grundvattennivan i HFM32 var ldgre dn
havsnivan under sommaren 2006. Tva mdjliga, kanske dverlagrande, orsaker till detta ar att
(1) grundvattennivaerna i berget indirekt paverkas av att grundvattennivén i jordlagren sénks
genom evapotranspiration vilket 1 sin tur medfor ett uppatriktat vattenflode fran berget, och/eller
(i1) borrhalet paverkas av pumpningen i SFR (ca 6 L/s).

En paverkan fran evapotranspirationen kraver att att grundvattennivan i berget ligger ovanfor
bergets Overyta vilket ar fallet i de lagt liggande omradena runt Bolundsfjdrden. De hydrogeologiska
simuleringarna med MIKE SHE, vilka baseras pa i félt métta parametrar, visade en tydlig uppat-
riktad flodesgradient fran berget till jordlagren i den littorala zonen runt Bolundsfjérden under den
torra sommaren 2006. En paverkan fran pumpningen i SFR kraver en god hydraulisk kontakt
med SFR. En provpumpning i borrhal HFM33, omedelbart véster om SFR, gav snabba och
tydliga responser i platsundersokningsborrhal som ligger ca 1,5 km SV om pumpbrunnen.
Provpumpningar i HFM14 har ocksé visat pa snabba och tydliga responser i andra bergborrhal
pa stort avstand (ca en kilometer bort), vilket konfirmerar den hdga transmissiviteten och den
laga specifika magasinskoefficienten i det ytliga berget. Den radande situationen, med generellt
laga grundvattennivder i det ytliga berget i den norra delen av den tektoniska linsen, kan delvis
orsakas av pumpningen i SFR. Definitiva slutsatser gillande detta kan dock inte dras baserat pa
existerande underlag.

Relationerna mellan sjoarnas vattennivaer och grundvattennivaerna indikerar att bottensedimenten,
den underliggande morénen och/eller det dvre berget har laga vertikal hydrauliska konduktiviteter.
Om det hade varit god kontakt mellan yt- och grundvattnet skulle inte de pavisade férhallandena
med en grundvattenniviavsiankning under sjoarna orsakad av evapotranspiration eller snabba och
omfattande avsdnkningar fran provpumpningar som sprids under Bolundsfjarden och havet kunna
uppsté. Generellt verkar flodessystemen kring sjoarna att vara komplexa. Grundvattenkemin
under sj0arna indikerar ett mycket begrinsat flode eftersom relikt marint vatten patréffats.

Vid grundvattensimuleringarna med MIKE SHE var det generellt problem med for hoga simulerade
grundvattennivaer i berget medan det var god 6verensstimmelse mellan métta och simulerad
grundvattennivaer i jordlagren. Det var ocksa omojligt att pa ett bra sétt simulera avsdankning-
arna fran provpumpningarna i HFM 14 med den forst anvdnda parameteruppséttningen. For att
16sa dessa problem gjordes flera testsimuleringar med olika kombinationer av 6kad horisontell
hydraulisk konduktivitet i berget och minskad vertikal hydraulisk konduktivitet i berget och i
jordlagren, liksom med minskad specifik magasinskoefficient jimfort med de data som erholls
fran bergmodelleringen.

Resultatet av dessa tester var att den specifika magasinskoefficienten maste minskas jamfort
med de inledningsvis ansatta virdena (som lag i intervallet 1-1077 m™! till 1-10° m™') f6r att
erhdlla en god passning mellan métta och simulerade responser fran provpumpningarna. I den
slutligt kalibrerade modellen anvéndes vardet 5-10° m™'. Dérutover var det ocksé nodvandigt
att 6ka den horisontella hydrauliska konduktiviteten i de horisontella sprickzonerna, som de var
ansatta i den 6vre delen av berget, med en faktor 10 och samtidigt minska den vertikala hydrau-
liska konduktiviteten i de 6vre 200 m av berget med en faktor 10 for att fa en god passning
mellan métta och simulerade responser.
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Problemet med de generellt for hga grundvattennivéerna i berget kvarstod dock till stora delar
dven efter att de ovan beskrivna @ndringarna gjorts. Som ett slutligt test inkluderades darfor pump-
ningen i SFR i simuleringarna genom en brunn med ett vattenintag mellan ca 40 och 140 m djup.
Denna sénka forbattrade dverensstimmelsen mellan métta och simulerade grundvattennivéer i
berget drastiskt; det absoluta medelfelet och medelfelet minskade fran 0,68 m till 0,41 m respektive
fran —0,65 m till —0,05 m (negativt medelfel indikerar for hdga simulerade nivéer). I de flesta
borrhalen var medelfelet ca = 0,2 m. Av borrhalen i norra delen av den tektoniska linsen var det
bara HFM16 och HFM32 hade visentligt storre fel med en 6verskattning respektive underskatt-
ning av nivaerna med ca en meter.

Simuleringar med partikelspérning utférdes med den slutligt kalibrerade MIKE SHE-modellen.
Nir partiklar sldpptes pa ca 140 m djup i det planerade forvarsomradet var det endast 10 % av
partiklarna som hade ldmnat modelvolymen efter 300 ar och alla dessa partiklar hade transporte-
rats till havet. Nar SFR-pumpningen inkluderades i motsvarande simulering transporterades 18 %
av partiklarna till denna sdnka medan resten av partiklarna var kvar i modellen. I bada fallen
koncentrerades partiklarna till en sprickzon pa 110 m djup och den horisontella transporten
dominerade. Ovanfor denna niva var det endast enstaka modellceller som passerades av en par-
tikel. Nar pumpningen i SFR inkluderades var det inga partiklar som nadde ovanfor nivan 70 m
under havets niva. Inga partiklar transporterade alltsa till ytan. Utan pumpning i SFR nadde ett
fatal partiklar havet néra strandkanten.

Eftersom sa manga partiklar var kvar i modellen efter 300 ars simulering gjordes en ytterligare
simulering for en tidsperiod av 5 000 &r. Transporttiderna var langa och efter 5 000 ar var fort-
farande 81 % av partiklarna kvar i modellvolymen. Inga partiklar hade natt ytan pa land utan alla
partiklar som ldmnat modellen hade transporterats till havet. Det kunde ocksa konstateras att 5 %
av de introducerade partiklarna hade fastnat i de marina sedimenten. Utover dessa partiklar fanns
inga partiklar i det Oversta berdkningslagret utan alla partiklar som var kvar i modellen efter
5000 ar fanns djupare ner i berget mellan lager 8 och lager 14, d v s mellan 110 och 600 m
under havets niva.

Resultaten fran partikelsparningen ér intressanta och ger underlag for fortsatta analyser men de
skall tolkas med stor forsiktighet. Resultaten beror till stor del pa geometrin och de hydrauliska
egenskaperna hos de relativt ytliga geologiska strukturer som har implementerats pa ett mycket
forenklat sétt i modellen.

Vattenbalansen fran MIKE SHE-modelleringen berdknades for fyradrsperioden september
2003—augusti 2007 for landdelen av modellomréadet. Den érliga nederborden var 533 mm

och den érliga verkliga evapotranspirationen 405 mm. Den arliga interceptionen var 122 mm,
transpirationen 169 mm och avrinningen 144 mm. Infiltrationen till den oméittade zonen var
351 mm/ar medan grundvattenbildningen fran den omaéttade zonen till grundvattenzonen var
124 mm/ar. Flodet till modellens nést 6versta berdkningslager, pa 2,5 m djup, var ca 45 mm/ar.
I detta lager finns manga lokala in- och utstromningsomraden och 41 mm/ar flodade tillbaka till
det dversta berdkningslagret. Endast ca 11 mm/ar strommade ner till det dversta berglagret. Det
uppatriktade flodet fran berget till jordlagren var 89 mm/ar, vilket betyder att det nedatriktade
nettoflddet var endast 2-3 mm/ar.

Det omfattande undersdknings- och métprogrammet utgdr en god grund for den konceptuella
modellen avseende platsundersdokningsomradets hydrologi och ytnéra hydrogeologi. Det kvarstar
dock nagra osdkerheter gillande interaktionen mellan det djupa och ytndra grundvattnet och
ytvattnet som &r viktiga for forstaelsen av systemet:

* Moréngrundvattnen under Eckarfjirden, Géllsbotrasket, Fiskarfjarden och Bolundsfjdrden har
hoga salthalter. De hydrogeologiska och hydrokemiska analyserna indikerar att dessa vatten
ar relikta och av 1 huvudsak marint ursprung. Ur ett dvergripande vattenbalansperspektiv kan
vattnen under de centrala delarna sjdarna betraktas som stagnanta. Enligt tolkningarna av
de hydrokemiska data har emellertid dessa vatten ocksa svaga signaturer av ett djupt salint
vatten. Grova kloridbudgetberdkningar for Gillsbotrasksiankan reser ocksa fragan om det
finns ett litet uppatriktat flode av djupt salint vatten. Ingen definitiv slutsats kan dras fran
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befintliga data géllande denna nyckelfrdga. Bolundsfjirden ar dock ett undantag dir en
tydligt nedétriktad flodesgradient utesluter mojligheten till en aktiv tillforsel av djupt salint
vatten till morénen eller sjon.

Tillgéngliga data indikerar att det inte finns nagra utstromningsomraden for flodessystem
som inkluderar djupt berggrundvatten i den norra delen av den tektoniska linsen dér slut-
forvaret planeras. Det kan emellertid inte uteslutas att sidana omraden finns. Data indikerar
att den rddande nedatriktade flodesgradienten fran jordlagren till berget &r starkt beroende
av de hogtransmissiva horisontella och subhorisontella sprickzonerna i den 6vre delen av
berggrunden och att evapotranspirationen kan ge uppatriktat fldde under torra sommar-
forhallanden i vissa omraden.

Data, liksom simuleringarna med MIKE SHE, reser fragan om de rddande grundvattennivaerna
i berget, framforallt i den norra delen av den tektoniska linsen, paverkas av pumpningen for
draneringen av SFR (ca 6 L/s). En annan mgjlig sédnka ar den pumpning som gors for drine-
ringen av kdrnkraftsverkets reaktorbyggnader 1 och 2 (ca 1-2 L/s). Dessa sédnkor kan paverka
de vertikala flodesgradienterna i delar av platsundersokningsomradet och det rekommenderas
starkt att denna osédkerhet 16ses genom kompletterande undersékningar.
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1 Introduction

1.1 Background

The Swedish Nuclear Fuel and Waste Management Company (SKB) has conducted site
investigations at two different locations, the Forsmark and Laxemar-Simpevarp areas, with

the objective of siting a geological repository for spent nuclear fuel. The investigations were
divided into two phases referred to as Initial site investigation phase and Complete site investi-
gation phase, respectively /SKB 2001/. The results from the investigations at the sites are used
as input to the site descriptive modelling. A Site Descriptive Model (SDM) is an integrated
description of the site and its regional setting, covering the current state of the geosphere and
the biosphere as well as ongoing natural processes of importance for long-term safety. The SDM
shall summarise the current state of knowledge of the site, and provide parameters and models
to be used in further analyses within Safety Assessment, Repository Design and Environmental
Impact Assessment.

The first steps of the site descriptive modelling of the Forsmark area were taken with versions 0, 1.1
and 1.2 of the Forsmark site descriptive model reported in /SKB 2002, 2004, 2005a/, respectively.
The final SDM, which is version 2.3 in the series of SDM’s produced, is based on data available
up to March 31, 2007. This SDM is designated “SDM-Site Forsmark” to mark that it provides
the Forsmark site data to be used within the SR-Site safety assessment. The present report on
hydrology and near-surface hydrogeology is a background report to SDM-Site Forsmark.

Forsmark is located in the municipality of Osthammar in eastern central Sweden, c. 120 km
north of Stockholm. The location of the Forsmark site investigation area and the surface areas
covered by the site descriptive models are shown in Figure 1-1. Specifically, models are devel-
oped on a regional scale (hundreds of square kilometres) and on a local scale (tens of square
kilometres). These model areas include the candidate area, within which most of the deep rock
boreholes are located.

1.2 Physiographic setting

The regional model area shown in Figure 1-1 includes a part of Oregrundsgrepen, which is a
part of the Baltic Sea. The land area within the site investigation area is characterized by a low
relief with a small-scale topography. The study area is almost entirely below 20 m RHB70, see
Figure 1-2.

There is a relatively strong west-east gradient in precipitation in the region. The highest precipi-
tation occurs some distance inland from the coast. For example, the mean annual precipitation
at Lovsta, ¢. 15 km inland, is 690 mm, which can be compared with the corresponding value of
492 mm measured on the island of Orskir, c. 15 km northeast of the study area. These values
are mean values for the period 1994-2006 obtained from the Swedish Meteorological and
Hydrological Institute (SMHI) and stored in the SKB Sicada database. The precipitation data are
corrected for wind losses etc by 9% and 16% for Lovsta and Orskir, respectively, according to
/Wern and Jones 2006/. Some 25-30% of the annual precipitation falls in the form of snow. The
locations of the meteorological stations are shown in Figure 2-2 below.

From regional data the mean annual precipitation in the Forsmark site investigation area has
been estimated to 559 mm for the period 1961-1990 by SMHI, see Appendix 1. The average
corrected precipitation for 2004—2006 at the two stations within the site investigation area
was 537 mm/year. During the same period the potential evapotranspiration was calculated to
509 mm/year based on data from the two same stations. The winters are slightly milder at the
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Figure 1-2. Topographical map of the candidate area and its surroundings with surface water divides
indicated.

coast than inland. The mean annual temperatures at Orskir and Films kyrkby were 5.5 and
5.0°C, respectively for the period 1961-1990. During 2004-2006 the mean annual tempera-
tures were higher, 7.1, 6.9 and 6.1°C at Orskir, Forsmark and Films kyrkby, respectively.

The vegetative period, defined as the period with daily mean temperatures exceeding 5°C,
was approximately 180 days for 1961-1990 compared approximately 210 during 2004—2006.
Based on the synoptic observations at Orskir, the mean annual global radiation was calculated
to 930 kWh/m? for the period 1961-1990. At Forsmark, the mean annual global radiation was
949 kWh/m? during 2004-2006.

As described by /Brunberg et al. 2004/, 25 “lake-centered” catchments and sub-catchments
have been delineated, ranging in size from 0.03 km? to 8.67 km?. Forest is dominating and
covers approximately 70% of the total catchment areas. Only in the southeast, at Storskaret,
agriculture is an important landuse, see Figure 1-1. The main lakes are Lake Fiskarfjarden
(0.752 km?), Lake Bolundsfjarden (0.609 km?), Lake Eckarfjarden (0.282 km?) and Lake
Gillsbotrasket (0.185 km?). The lakes are shallow with mean depths and maximum depths
ranging from approximately 0.1 to 0.9 m and 0.4 to 2.2 m, respectively /Brunberg et al. 2004/.
Sea water flows into the most low-lying lakes during events of high sea water levels.
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No major water courses flow through the catchment areas delineated in Figure 1-2. The brooks
downstream Lake Gunnarsbotrédsket, Lake Eckarfjdrden and Lake Géllsbotrisket carry water
most of the year, but can still be dry for long time periods during dry summers and early autumns
such as in 2003 and 2006. Many brooks in the area have been deepened for considerable dis-
tances for draining purposes. However, the riparian zones are still wide at many locations and
relatively large areas are inundated during periods of high water flows. Surface discharge is
measured at four stations within the site investigation area. If the full 3-year period of April 15,
2004 until April 14, 2007, for which discharge measurements are available from the station

with the largest catchment is considered, the corrected mean precipitation was 546 mm/year
while the mean specific discharge of the largest catchment of 5.6 km? was 154 mm/year.

From a comparison of groundwater and surface water levels at the start and end of the period

it can be concluded that the these storages were a little smaller at the end of the period but only
corresponding to a difference of c. 5 mm/year. The mean precipitation was 13 mm/year lower
than the 30-year normal precipitation estimated by SMHI (see Appendix 1). Since approximately
2/3 of the precipitation goes to evapotranspiration, the precipitation deficit should correspond

to a discharge deficit of approximately 5 mm/year. These estimates of storage changes and pre-
cipitation deficit indicate that the measured 3-year mean discharge should be close the longterm
normal discharge. A rough estimate of the longterm overall water balance of the area is then as
follows: P (precipitation) = 560 mm/year, ET (actual evapotranspiration) = 400—410 mm/year,
and R (runoff) = 150—-160 mm/year.

Wetlands are frequent and cover more than 25% of some sub-catchments /Johansson et al.
2005/. Bogs are found in the most elevated parts of the area only. These bogs are small and
the peat cover is not very thick (< 3 m) /Fredriksson 2004/. Fens and marshes are frequent in
the more low-lying parts of the area. The peat in the wetlands can rest directly on till, or be
underlain by gyttja and/or sand and clay above the till. This means that the hydraulic contact
with the surrounding groundwater system varies among the wetlands in the area.

A map of the Quaternary deposits in the central terrestrial part of the site investigation area is
shown in Figure 1-3. From this map, it is obvious that till is the dominating Quaternary deposit,
covering approximately 75% of the terrestrial area. Bedrock outcrops are frequent, but consti-
tute only approximately 5% of the area. Wave-washed sand and gravel, clay, gyttja clay and peat
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Figure 1-3. Detailed map of Quaternary deposits /Sohlenius et al. 2004/.
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cover 3—4% each. The only glaciofluvial deposit, the Borstildsen esker, runs in a north-south
direction along the coast (cf. the “green belt” on the map, Figure 1-3). The Quaternary deposits
are shallow, usually less than 5 m deep /Hedenstrom et al. 2008/. The greatest depth to bedrock
recorded in a drilling southeast of Lake Fiskarfjarden was 16 m.

The hydraulic properties of the till are mainly determined by the grain size distribution, the
compactness, and structures such as lenses of sorted material. From generic and site-specific
data it is known that in the uppermost part of the till, the hydraulic conductivity and specific
yield are much higher than further down the profile, see e.g. /Lind and Lundin 1990, Lundin
et al. 2005/. This is mainly due to soil forming processes, probably with ground frost as the
single most important process, resulting in higher porosity and formation of macro-pores.
However, wave washing also implies that the till at exposed locations is coarser at the
ground surface, and at some locations coarse out-washed material has been deposited.

Based on generic and site specific data, the saturated hydraulic conductivity in the uppermost
part of the till can be estimated to 10°-10~* m/s and the specific yield to between 10 and 20%,
with the higher values close to the surface. The total porosity can typically be estimated to
30—40% mainly depending on depth. Below the depth interval strongly influenced by the soil
forming processes, the hydraulic conductivity and the porosity of the till are considerably
lower. The results from the slug tests indicate a higher hydraulic conductivity at the Quaternary
deposit/bedrock interface than in the till itself, with geometric mean values of 1.2-10~° m/s and
1.3-10°° m/s, respectively (see section 3.4.1 of the present report). From site specific and generic
data, the total porosity and specific yield of the till below the upper c. 0.5 metre can be estimated
to 20-30% and 2—5%, respectively /Johansson 1987ab, Lundin et al. 2005/. The hydraulic
conductivity values given for till below the uppermost c. 0.5—1 m are horizontal conductivities.
The site-specific measurements indicate a K,/K,-ratio of approximately 30 below this depth
(see section 3.4.1).

For the only glaciofluvial deposit in the area, the Borstilasen esker, the obtained hydraulic con-
ductivity of 2-10* m/s is relatively low, and the storativity of 2:10 indicates mainly confined
conditions /Werner et al. 2004/. Site-specific hydraulic data for clay, gyttja and peat are relatively
sparse /Johansson 2004, Werner and Lundholm 2004a, Alm et al. 2006/. However, the available
data indicate a horizontal hydraulic conductivity of ¢. 3-10”7 m/s below the uppermost 0.5-1 m
of the soil profile for all three deposits. Also for these deposits a K;/K,-ratio of approximately 30
was obtained.

The stratigraphy of bottom sediments in lakes has been investigated, and typical profiles have
been identified for some of the lakes /Hedenstrom 2003, 2004a, Vikstrom 2005/. Typically, the
sediment stratigraphy from down and up is glacial and/or postglacial clay, sand and gravel, and
nested layers of gyttja in different fractions. The clay layer is missing in parts of the area below
Lake Bolundsfjarden. However, pumping tests in the vicinity of this lake still indicate a very
limited hydraulic contact between the lake and the groundwater in till below the lake /Werner
and Lundholm 2004a, Gokall-Norman and Ludvigson, 2007ab/.

The bedrock hydrogeology reveals a significant hydraulic anisotropy within the tectonic

lens, which covers the body of the candidate area. The upper ¢. 150 m of bedrock contains
high-transmissive horizontal fractures/sheet joints. These fractures/sheet joints occur at different
elevations in the percussion drilled boreholes, but are found to interconnect hydraulically across
large distances (2 km). The bedrock in between the horizontal fractures/sheet joints, however,

is considerably less conductive (hydraulic conductivity c. 1-:10™"" —1-10®m/s) except where it is
intersected by transmissive steeply-dipping or gently-dipping deformation zones.

Below the uppermost c. 150 m of bedrock there are no high-transmissive horizontal fractures/
sheet joints and the conductive fracture frequency becomes very low and the fractures fairly
low-transmissive. In some of the 1,000 m deep cored boreholes there are almost no flowing
fractures observed below c. 150 m depth
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1.3 Objectives and scope

The general objectives of the site descriptive modelling of the Forsmark area and the specific
objectives of the SDM-Site modelling are presented in the SDM-Site Forsmark report /SKB 2008/.
The present report is a background report describing hydrology and near-surface hydrogeology
in support of the SDM-Site model. Concerning these disciplines, it may be noted that they were
covered by a background report also in the Forsmark version 1.2 modelling /Johansson et al. 2005/
and that analyses and presentations based on meteorological, hydrological and hydrogeological
monitoring data have been reported separately in both the 2.1 and 2.3 modelling stages /Juston
et al. 2007, Werner et al. 2007, Johansson and Ohman 2008/.

The objectives of the data analysis and modelling reported in this document are to:
» present and analyse data available in the Forsmark 2.3 dataset,

» update the conceptual and descriptive model presented in model version Forsmark 1.2 /SKB
2005a/,

» present the results of the quantitative surface water and near-surface groundwater modelling
performed in order to support the site description,

» summarise and present the results in the form of an updated site description of hydrology and
near-surface hydrogeology including a discussion of uncertainties.

After Forsmark model version 1.2 was produced, a considerable amount of new site-specific data
concerning meteorology, hydrology and near-surface hydrogeology have become available, includ-
ing information from additional discharge gauging stations, groundwater level monitoring wells in
Quaternary deposits and hydraulic tests. Furthermore, an additional 32 months of time series data
from monitoring points already existing at the data freeze of model version Forsmark 1.2 (July 31,
2004) were available at the time for the Forsmark 2.3 data freeze (March 31, 2007). Extensive
new datasets are also available from other disciplines of the site investigation, including geology,
deep-rock hydrogeology, and hydrogeochemistry.

The updated site description presented in this report should give supporting information on mete-
orology, hydrology and near-surface hydrogeology primarily to the following related activities:

* the deep-rock groundwater modelling (upper boundary condition and hydraulic properties
of the Quaternary deposits),

* the ecosystem modelling (the water balance and its components),

» the SR-Site safety assessment (hydrogeological parameters and flow modelling results used
as direct inputs to dose models),

+ other transport modelling performed to support site descriptive and safety assessment modelling,

* the Environmental Impact Assessment (flow model and hydrological-hydrogeological data
for use in the assessment of hydrological-hydrogeological effects and their consequences).

1.4 Methodology, terminology and organisation of work

1.4.1 Methodology

The overall methodology of the modelling of hydrology and near-surface hydrogeology is
presented in Figure 1-4. As reflected in the present report, a relatively strong emphasis was put
on the evaluation of field data from the site, especially the relations between different types of
monitoring (time series) data, and the construction of a conceptual model based on site data.
This conceptual model was then tested by flow modelling resulting in the final hydrological-
hydrogeological site description.

A preliminary conceptual model, mainly based on the data gathered and analysed in the Osthammar
pre-study /Follin et al. 1996, SKB 2000/, was the starting point for the design of the investigation
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Figure 1-4. Overall description of the methodology of the hydrological and near-surface hydrogeological
modelling work performed within the Forsmark site investigation /Johansson et al. 2005/.

programme /SKB 2001/. The successive data evaluations and modelling coupled to the data freezes
applied in the site investigation methodology, and input from internal and external reviews, have
resulted in revisions and additions to the originally proposed programme /SKB 2005b/.

The data evaluation presented in this report includes meteorological data, surface water levels
and discharge, groundwater levels, and properties of the involved hydraulic domains. These data
sets were first evaluated separately and then subject to an integrated analysis. This integrated
analysis, supported by data from related site investigation disciplines and generic data, formed
the basis for the elaboration of a site-specific conceptual and descriptive model followed by
quantitative flow modelling. The procedure has been iterative and repeated for the different
model versions.

1.4.2 Terminology
Main hydrological and hydrogeological definitions

/Rhén et al. 2003/ established the terminology to be used within the site descriptive hydro-
geological modelling. The conceptual model should define the framework in which the problem
is to be studied, the size of the modelled volume, the boundary conditions, and the equations
describing the processes. The (hydrogeological) descriptive model defines, based on a specified
conceptual model, geometries of domains and parameters assigned to these domains.

Since the term “hydrology” often refers to all aspects of the hydrological cycle, i.e. atmospheric,
surface and subsurface processes and parameters, it should be noted that the following distinc-
tion is made between “hydrology” and “hydrogeology” in the data handling within SKB’s site
investigation programme:
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* Hydrology refers to the surface water system only; hydrological data include surface water
divides and the associated catchments and sub-catchments and water levels and flow in water
courses and lakes.

* Hydrogeology refers to the subsurface system, i.e. the water below the ground surface,
including the unsaturated and saturated parts of the subsurface; hydrogeological data include
groundwater levels and hydraulic parameters for unsaturated and saturated flow.

Thus, the terminology is clear as far as the input data are concerned; hydrological data are
obtained on the ground surface and in surface waters, and hydrogeological data from the
subsurface, primarily from drillings and observation wells (sampling for analysis of hydraulic
properties has also been made in pits and trenches).

In the site descriptive modelling it was found practical to make a distinction between near-
surface and deep-rock (bedrock) hydrogeology. The main reason was the high resolution in
time and space needed in the description of the surface and near-surface system. Shallow
flow paths dominate the water balance of the area and data from this part of the system are
important for the ecosystem modelling. The surface water and groundwater interaction is a
main issue of the near-surface hydrogeology.

Obviously, there is an overlap between “near-surface” and “deep rock” hydrogeological models,
since they must incorporate components of each other in order to achieve an appropriate para-
meterisation and identification of boundary conditions. In the present report, groundwater level
data from the percussion-drilled boreholes, i.e. from the upper highly transmissive c. 150 m of
the bedrock is included. For a detailed conceptual and descriptive model of the shallow as well
as the deep bedrock the reader is referred to /Follin et al. 2007a/.

In the different disciplines of the site investigation, several terms for the unconsolidated deposits
overlying the rock are used, such as Quaternary deposits, overburden, soil, regolith and hydraulic
soil domain (HSD). In this report, the term Quaternary deposits, often abbreviated as OD, is
used when discussing and describing the unconsolidated deposits. Other terms, e.g. soil and
HSD, are here used for more specific purposes.

In SKB’s systems approach to hydrogeological modelling three hydraulic domains/flow
domains are defined, (7) hydraulic soil domains (HSD), (i7) hydraulic conductor domains
(HCD), and (iii) hydaulic rock domains (HRD). For surface water the flow domains are
(i) overland flow, (ii) water courses, (iii) lakes, and (iv) the sea. Wetlands are described
separately in the report but are not considered as a separate flow domain.

Groundwater recharge is defined as “Process by which water is added from outside to the zone
of saturation of an aquifer, either directly into a formation, or indirectly by way of another for-
mation” /UNESCO 1992/. A groundwater recharge area may be defined as an area where water
flows from the unsaturated zone to the saturated zone or from a groundwater flow perspective,
as an area where the shallow groundwater flow has a downward flow component. In the same
way a groundwater discharge area may be defined as an area where water leaves the saturated
zone or from a groundwater flow perspective as an area where the groundwater flow has an
upward component /Grip and Rodhe 1985/.

In the present report the definitions of groundwater recharge and discharge areas as areas
where groundwater has a downward and upward flow component, respectively, is adopted.
Groundwater is very shallow in large parts of the site investigation area meaning that vegetation
water uptake take place from the groundwater zone, directly or indirectly by inducing capillary
rise, especially during periods of dry conditions. Under such conditions these areas, from the
definition used, will be characterised as groundwater discharge areas.

There are no major water courses in the central part of the site investigation area. The term
brook is used for the small, mainly natural water courses appearing whereas the term ditch
is used for man-made features dug for draining purposes.
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Groundwater head definitions in variable-density systems

The term groundwater level is used as a common term for the position of the groundwater
table in unconfined aquifers and the potentiometric head in confined aquifers. However, due

to considerable differences in groundwater salinity with depth and thereby in density, the mea-
sured groundwater levels in some of the bedrock boreholes should be regarded as point water
heads. For a correct interpretation of groundwater flow gradients, point water heads should

be re-calculated to fresh water heads (for the horizontal flow component) or to environmental
water heads (for the vertical flow component) /Lusczynski 1961, Post et al. 2007/. A short sum-
mary of the theory of the transfer of point water heads to fresh water heads and environmental
water heads is presented below, as well of the methodology adopted in the present report; the
summary is extracted from /Juston et al. 2007/.

The illustration in Figure 1-5 shows a groundwater monitoring well, which is open in its lower
end. The pressure at the opening is denoted by p;. The fluid density in the well is constant

and has the same value as the density at the point in the aquifer where the opening is. If the
groundwater in the aquifer is fresh, the groundwater level (GWL) can be regarded as a fresh
water head. In the general case of brackish groundwater of variable density, the groundwater
level (GWL) should instead be regarded as a point water head where the height of the water
column is determined by the density at the opening at .

The fresh water head at any point i in groundwater of variable density is defined as the water
level in a well filled with fresh water from i to a level high enough to balance the existing pres-
sure at , i.e. p;. From Figure 1-5 it can be concluded that this pressure is given by p; g (H,, — Z))
when the point water head (#,,) and density (p,) at i in the well are used. Similarly, the pressure
is given by p;g (H;y— Z;) when the fresh water head at i (/1;) and the fresh water density (p,) are
used. From the equality of these two expressions for the pressure at i, the fresh water head may
be expressed in terms of the point water head as:

Pr Hgf' =P [_Iip —-Z, (p; _pf),
where

pr= density of fresh water,

p; = density of water at i,

H, = fresh water head at i,

H,;, = point water head at i,

Z; = elevation of point i; elevation measured positively upward.

Z+ Hew
Datum RHB 70 t Z1oc

le e
- IpT/(gpi)
GWL=H =Z1oc—H
Pi/(@py) poTTe e
GWL=H;,=Z:+p:/(gp)
z | GWL=Hp=Z;+p;/(gp)
Pi

Figure 1-5. Definition of groundwater level. The pressure at the well opening is denoted by p,. The
fluid density in the well is constant and has the same value as in the in aquifer where the opening is.
A pressure transducer (T) is located at elevation Zr (TOC = top of casing) /Juston et al. 2007/.
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If one wants to understand the prevailing directions of flow in a variable-density groundwater
flow system based on head measurements it is necessary to transfer point water heads to fresh
water heads and environmental water heads. Fresh water heads are useful for a discussion about
the horizontal component of the hydraulic gradients between different points in the horizontal
plane, whereas environmental water heads are useful for a discussion about the vertical compo-
nents of the hydraulic gradients. The relation between fresh water head and environmental water
head (H,,) is given by

pf Hin :pf Hzf _(pf_pa)(zz _Zr)9

and the relation between environmental water head and point water head is expressed by

pf Hin =pi Hip_Zi(pi_pa)_Zr(pa_pf)’

where
1

Z -7,

I3

Zr
p. = average density of water between Z, and i, as defined by I pdz,
H,, = environmental water head at i, Zi
Z, = elevation of reference point from which the average density of water to point i is
determined and above which water is fresh; elevation measured positively upward.

The hydraulic gradient for any point i in groundwater of variable density is

Py VH,, - (Z, _Zr)[a(pa)i"' a(pa)1:| =Py VHif +(p; _pf) k

ox dy
Along a vertical, the left hand side of the equation reduces to p,(0H,,/0z), which is simply a
product of fresh water density and a gradient defined by environmental water heads. Along any
horizontal, the right hand side of the equation reduces to p, (0H,/0x) , which is simply a product of
fresh water density and a gradient defined by fresh water heads. Because environmental water
heads define hydraulic gradients along a vertical, they are comparable along a vertical, e.g. a
borehole with multiple packer sections

Figure 1-6 shows the point water heads and water densities associated with the multiple packer
system in the percussion-drilled borehole HFM19 together with the point water head and water
density in the nearby monitoring well in the Quaternary deposits, SFM0058 (for locations

of the wells see Figures 2-7 and 2-10 ). HFM19 has three monitoring intervals, HFM19:1-3,
where HFM19:1 is the deepest. HFM19:1 to HFM19:3 have transmissivities of 2.8-10* m?%/s,
2.2-107° m%/s and 4.2-10°° m?%/s, respectively.

When the difference in density is large and the borehole sections are long, the way of construc-
tion of a continuous density profile may be important for the interpretation of the flow gradients.
A sensitivity analysis of three different ways to construct the density profile has been conducted,
see Figure 1-6.

In the most common case with the water density continuously increasing with depth, the largest
differences between the measured point water head and calculated fresh and environmental water
heads are obtained when the densitities are linearly interpolated setting each section’s density as a
point value at the top of the section. However, in the boreholes analysed in the present report the
differences between the different methods for construction of the density profiles are small and of
no practical importance. For simplicity only fresh and environmental water heads calculated from
constant densities in sections are presented and discussed in this report.

For some wells the influence of the vertical density gradient is so large that the point water
heads should be transformed to freshwater and/or environmental water heads for interpretation
of flow directions (see Section 3.4.2 and Appendix 2).
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Figure 1-6. Point water heads and water densities associated with the multiple packer system in the
percussion-drilled borehole HFM19 together with the point water head and water density in the nearby
monitoring well in the Quaternary deposits, SFM0058. Datum is RHB70. TOC = top of casing. Water
densities between packers are treated in three ways; either uniform (constant) between packers (left),
linearly increasing between packers with the section’s density set at the bottom of the section (middle)
or at the top of the section (right) (revised from Juston et al. 2007).

1.4.3 Organisation of work

The modelling of hydrology and hydrogeology within and related to the surface system has
been performed as part of the SurfaceNet project. This project incorporates all site descriptive
modelling of the surface system, i.e. both abiotic aspects such as hydrology and hydrogeology,
and models of the biotic parts of the system. A project group with representatives for all the
surface system modelling disciplines was formed early in the process. Most disciplines have
had additional modellers associated with the project group.

The interactions with related modelling disciplines, primarily the hydrogeological and hydro-
geochemical modelling of the deep rock, have taken place both by informal contacts and
discussions and by participation in project meetings with the HydroNet and ChemNet teams.
Interactions between surface and bedrock modelling have also been handled in connection with
meetings within the Forsmark site descriptive modelling project (PFM). In a similar manner,
the integration and interactions witin the surface system modelling have been taken care of

by means of both informal contacts and SurfaceNet project meetings.

The SurfaceNet modelling for SDM-Site Forsmark is reported in /Lindborg (ed.) 2008/. Further-
more, the contents of the present report are used in the overall conceptual and descriptive model
of the hydrogeology at Forsmark /Follin et al. 2007a, 2008/. The contents of the SurfaceNet
report and the Hydrogeology report are then summarised in the SDM report /SKB 2008/. The
structure of the SDM-Site Forsmark reporting is illustrated in Figure 1-7. In this structure, the
surface system (SurfaceNet) report is referred to as a “level II” report, whereas the present
report is “level I1I”.
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Figure 1-7. The SDM-Site Forsmark report structure /Lindborg (ed.) 2008/. The present report is a
level III report (“Surface hydrology”) primarily providing input to the “Surface system” level II report,
which, in turn, is one of the main references used in the SDM-Site report.

1.5 Model structure and contents of report
1.5.1 Structure of SKB hydrogeological models

The present report provides a conceptual and descriptive model of the hydrological and
near-surface hydrogeological system of the Forsmark area. The model, based on site-specific,
regional and generic data, describes this system and includes quantitative flow modelling.

The model of the system includes descriptions of:

* boundaries,

» flow domains and their interfaces,

 infiltration and groundwater recharge,

» flow systems and discharge.

Figure 1-8 illustrates SKB’s systems approach to hydrogeological modelling; this modelling
approach is described in detail in the hydrogeological modelling strategy report /Rhén et al.
2003/. The division into three types of hydraulic domains (QD, rock mass, and conductors in
rock) constitutes the basis for the quantitative models. From a hydrogeological perspective, the
geological data and related interpretations constitute the basis for the geometrical modelling of

the different hydraulic domains. Thus, the investigations and documentation of the QD and the
bedrock provide input to:
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* the distribution of QD (HSD), including genesis, composition, stratification, thickness and
total depth,

» the geometry of deterministic fracture zones, or lineaments, if needed (HCD), and the
bedrock in between (HRD).

In the present context, where the HSDs are investigated in detail, a further division is made of
the near-surface hydrogeology (in terms of domains and interfaces) than shown in Figure 1-8.

A complete conceptual and descriptive model of the hydrology and the hydrogeology at a site
involves a description of the integrated (continuous) hydrological-hydrogeological system, i.e.
surface waters, groundwater in QD and groundwater in bedrock. The focus of the modelling
presented here is on the surface and near-surface conditions. The hydrogeological properties of
the bedrock and the lower boundary condition used in the quantitative modelling are therefore
just described very briefly in this report and reference is made to /Follin et al. 2007abc and
Follin et al. 2008/.

1.5.2 This report and its background reports

The disposition of this report follows the overall disposition of the SDM reports: first, data presen-
tation and evaluation, followed by conceptual, descriptive and quantitative flow modelling, and
finally the resulting site description. The database for the conceptual and descriptive model is
mainly the data referred to and presented in Chapter 2. In Chapter 3 the overall conceptual and
descriptive model is presented as derived from site-specific field observations, and regional

and generic data. The hydrological objects/flow domains and their hydraulic interaction are
presented and analysed. Examples are also given of supporting evidence from other disciplines
of the site investigation.

In Chapter 4 the quantitative flow modelling is presented; this includes the transfer of the
conceptual and descriptive model developed in Chapter 3 to quantitative models, description
of water modelling tools, presentation and interpretation of modelling results. Furthermore, the
results of the quantitative modelling are compared with the conceptual and descriptive model
based on field observations, and agreements, deviations and uncertaities are discussed. Finally,
the resulting site description is presented in Chapter 5, including identification of remaining
important uncertainties.

The present report is associated with a set of background reports where more detailed descrip-
tions of certain parts of the modelling work are given. Specifically, the available data, the data
evaluations and the numerical modelling are detailed in background reports, as follows:

* Presentation and evaluation of meteorological, hydrological and hydrogeological monitoring
data: SKB R-08-10 /Johansson and Ohman 2008/.

* Numerical modelling of surface water and groundwater flow: SKB R-08-09 /Bosson et al. 2008/.

* Numerical modelling of solute transport: SKB R-08-106 /Gustafsson et al. 2008/.

As indicated above, also data and models from other modelling disciplines are used in the work
presented herein. In addition to the hydrogeological background reports to SDM-Site Forsmark
referred to above, results from backgrounds reports from other surface system disciplines are
referred to in the present report /Tréjbom et al. 2007, Hedenstrom and Sohlenius 2008,
Hedenstrom et al. 2008, Stromgren and Brydsten 2008/.
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Figure 1-8. Division of the QD and the bedrock into hydraulic domains representing the QD (HSD)
and the rock domains (HRD) between fracture zones modelled as conductor domains (HCD). Within

each domain the hydraulic properties are represented by mean values, or by statistical distributions
/Rhén et al. 2003/.
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2 Presentation of site investigations and
available data

2.1 Previous investigations

Three preliminary site descriptive models (SDM) of the Forsmark area have been presented
before the present version: version 0 (FO) /SKB 2002/, version 1.1 (F1.1) /SKB 2004/, and
version 1.2 (F1.2) /SKB 2005a/. FO was developed before the start of the site investigations and
was mainly based on data compiled for the Osthammar feasibility study /SKB 2000/ and related
background reports. This model was developed at a regional scale and covered a rectangular
area, 15 km by 11 km, surrounding the area identified in the feasibility study as favourable for
further study. This area was called the Forsmark regional model area.

The information that provided the basis for the FO model was mainly 2D in nature (surface data)
and general and regional, rather than site specific, in character. However, 3D (depth) informa-
tion was available from boreholes, shafts and tunnels from the construction of the Forsmark
nuclear power plant and the underground storage facility for low to medium active radioactive
waste (SFR).

Meteorological and hydrological data were compiled from nearby stations operated by the
Swedish Meteorological and Hydrological Institute (SMHI) /Lindell et al. 2000, Larsson-
McCann et al. 2002/, whereas data on catchments were obtained from /SMHI 1985/ and
/Brunberg and Blomqvist 1998/. The description of the Quaternary deposits (QD) in the
feasibility study /SKB 2000/ formed the basis for the conceptualisation of the hydrogeology
of the QD. However, no site-specific data on hydraulic properties or groundwater levels in
the QD were presented in FO.

At the time for the F1.1 data freeze, i.e. April 30, 2003, the site investigations in terms of
hydrology and near-surface hydrogeology included:

 delineation of catchment areas in the field in the central parts of the model area,

» manual discharge measurements at 8 locations,

* installation of surface water level gauges, drilling of boreholes and excavation of pits in QD,
* installation of groundwater monitoring wells in QD,

* hydraulic tests (slug tests) in these groundwater monitoring wells.

Local meteorological and hydrological stations were not established before the F1.1 data freeze,
and there was no time to collect time series of surface water and groundwater levels. The still
very limited amount of site specific data implied that also F1.1 was mainly based on generic
and/or regional data regarding meteorology, hydrology and near-surface hydrogeology.

The preliminary SDM version 1.2 was based on data available up to July 31, 2004. Compared
with the site specific data available at data freeze F1.1, the following additional meteorological,
hydrological and near-surface hydrogeological data were available:

* local meteorological data from two stations,

» surface water and groundwater levels from additional monitoring points and longer time
series from monitoring points existing already at data freeze F1.1,

» additional hydraulic tests from pumping wells and monitoring wells.

However, still no local surface discharge data were available. The first surface discharge gaug-
ing station was put into operation in April 2004, meaning that the time series was too short to be
used in the analysis.

31



2.2 Overview of meteorological, hydrological and
hydrogeological investigations in the Forsmark area

The meteorological, hydrological and near-surface hydrogeological investigations have

comprised the following major components:

+ establishment of two meteorological stations and collection of meteorological data,

* monitoring of snow depth, snow water content, ground frost and ice cover,

 identification and description of surface water catchments,

+ establishment of four surface discharge gauging stations for automatic collection of water
level, electrical conductivity, temperature and discharge data,

» survey of lake thresholds, lake bathymetry, and brook gradients and cross-sections,
* installation of surface water level gauges and collection of water level data,

» installation of groundwater monitoring wells and pumping wells in QD and collection of
groundwater level data,

* slug tests and pumping tests in wells in QD,

* installation of BAT-type filter tips and permeability tests and pore pressure data collection in
the tips.

In addition to the investigations listed above, the modelling in the present report is based on data
from the SKB databases Sicada and SKB-GIS on:

* topographical and other geometrical conditions,
» surface-based geological investigations of QD and soil type mapping,
» composition and stratigraphy of QD from boreholes, pits and trenches,

» hydrogeological properties of the bedrock and groundwater levels from the percussion-
drilled boreholes,

* soil and water chemistry.

There are five principal datasets of time series used for the modelling presented in this document.
Those are time series of meteorological data, surface water levels, surface water discharge, and
groundwater levels in the QD and in the bedrock. The installation of instruments to collect these
time series has been an ongoing process in the Forsmark site investigation. Figure 2-1 gives an
historical overview of the number of available data records for each dataset from January 2003
up to the March 2007 data freeze 2.3, which is the last data freeze providing input data to the
SDM-Site modelling.

The short-term variations in the number of available data are due to malfunctions of equip-
ments and specific tests in some wells. It is seen in Figure 2-1 that most of the datasets are fairly
stable after an initial build-up phase. The main exception is the “point water head in bedrock”
dataset, which increases during most of the investigation period. One reason for this is that early
groundwater level data from the rock to large extent are disturbed by various drilling and testing
activities, and therefore excluded from the dataset used in the modelling (see Chapter 3).

Table 2-1 gives references to site investigation reports and other sources that have provided the
meteorological, hydrological and near-surface hydrogeological data used in the SDM-Site mod-
elling. Table 2-2 lists the corresponding information with respect to other disciplines and types
of investigations. The site investigation data are available in SKB’s Sicada and GIS databases.
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Figure 2-1. Overview of the availability of data from time series of meteorological data, surface water
levels, surface discharge, and groundwater levels in the Quaternary deposits and in the bedrock.

Table 2-1. Available meteorological, hydrological and near-surface hydrogeological data
and their handling in the SDM-Site modelling.

Available site data Ref. Usage in SDM-Site Cf. Section
Data specification Analysis/Modelling
Meteorological data
Regional data
Precipitation, temperature, wind, /Lindell et al. 2000/ Basis for general description 1.2
humidity and global radiation up /Larsson-McCann et al. 2002/ and quantitative modelling of 2.21
to March 2007 /Wern and Jones 2006/ surface water and groundwater 3.5.1
/Wern and Jones 2007ab/ flow. Ch. 4,5
Sicada Comparison with local meteoro- App. 1
logical data for extention of time
series.
Site Investigation data
Precipitation, temperature, wind, /Juston and Johansson 2005/ Basis for site-specific descrip- 1.2
humidity, global radiation and /Wern and Jones 2006/ tion of the meterological 2.2.1
potential evapotranspiration June /Wern and Jones 2007ab/ conditions, and conceptual, 3.51
2003 — March 2007 from the mete-  Sicada descriptive and quantitative Ch.4,5
orological stations at Hdogmasten modelling of surface water
and Storskaret and groundwater flow.
Comparison with regional
meteorological data for
extention of time series.
Snow depth, ground frost and ice /Aquilonius and Karlsson 2003/  Validation of snow routine in 2.21
cover /Heneryd 2004/ quantitative modelling 3.5.1
/Heneryd 2005/ Ch. 4,5

Hydrological data
Regional data

Regional discharge data

/Heneryd 2006/
/Heneryd 2007/

/Lindell et al. 2000/
/Larsson-McCann et al. 2002/
Sicada
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Auvailable site data
Data specification

Ref.

Usage in SDM-Site
Analysis/Modelling

Cf. Section

Site Investigation data

Geometric data on catchment
areas, lakes and water courses

Installation of automatic discharge

gauging stations

Automatic discharge measurements

Manual discharge measurements

Installation of surface water level
gauges

Level measurements in lakes and

the sea

Hydrogeological data
Inventory of private wells

Installation of groundwater
monitoring wells, abstraction
wells and BAT filter tips

Hydraulic conductivity of QD

Groundwater levels in QD

/Brunberg et al. 2004/
/Brydsten and Stromgren 2005/
SKB GIS

/Johansson 2005a/

/Johansson and Juston 2007/
Sicada

/Nilsson et al. 2003/
/Nilsson and Borgiel 2004/
/Johansson 2005b/
/Nilsson and Borgiel 2005a/
/Nilsson and Borgiel 2007/
Sicada

/Johansson 2003/
/Werner and Lundholm 2004b/

/Nyberg et al. 2004/
/Nyberg and Wass 2005/
/Nyberg and Wass 2006/
/Nyberg and Wass 2007/
Sicada

/Ludvigson 2002/

/Johansson 2003/

/Johansson 2004/

/Werner et al. 2004/

/Werner and Lundholm 2004b/
/Werner et al. 2006/

/Werner and Johansson 2003/
/Johansson 2004/

/Werner 2004/

/Werner and Lundholm 2004a/
/Werner et al. 2004/

/Alm et al. 2006/

/Nyberg et al. 2004/
/Nyberg and Wass 2005/
/Nyberg and Wass 2006/
/Nyberg and Wass 2007/
Sicada

Delineation and characterisa-
tion of catchment areas and
lakes, geometrical input to
the MIKE SHE modelling

Basis for measurements of
discharge, electrical conduc-
tivity and temperatures at four
locations in brooks

Data for site-specific description
and water balance, conceptual
and descriptive modelling, and
for calibration of quantitative
water flow modelling

General description of temporal
variability in surface water
discharge

Basis for surface water level
measurements

Surface water-groundwater
level relations, conceptual and
descriptive modelling, and cali-
bration of quantitative modelling
with MIKE SHE

Description of available hydro-
geological information

Description of QD type and
depth to bedrock, basis for
groundwater level measure-
ments and hydraulic tests

Basis for assigning hydraulic
conductivity of QD in concep-
tual and quantitative models

Conceptual and descriptive
modelling, and calibration of
quantitative models

1.2
222
3.31
3.3.2
3.3.3
Ch.4,5

222
3.3.3

1.2
222
3.3.3
3.5.3
Ch.4,5

222

1.2
222
3.3.2
3.5.3
Ch.4,5

224

223

1.2
223
3.4.1
3.5.3
Ch.4,5

1.2
3.3.3
3.5.3
Ch. 4,5
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Table 2-2. Input data from other disciplines and their handling in the Forsmark SDM-Site modelling.

Available site data Ref. Usage in SDM-Site Cf. Section
Data specification Analysis/Modelling
Topographical and other geometrical data
Digital Elevation Model (DEM) /Brydsten 2004/ Conceptual, descriptive, and 1.2
/Brydsten and Stromgren 2004/ quantitative modelling (MIKE ~ Ch. 3-5
/Strdomgren and Brydsten 2008/ SHE)
SKB GIS
Vegetation and land use data
Vegetation map /Boresjoé Bronge and Wester 2003/ Conceptual, descriptive, 1.2
/Loéfgren (ed.) 2008/ and quantitative modelling 3.2
SKB GIS 3.3.1
Ch. 4,5
Surface-based geological data
Soil type map /Lundin et al. 2004/ Conceptual, descriptive, 3.2
SKB GIS and quantitative modelling 3.3-3.5
with MIKE SHE Ch4,5
Geological map of QD /Sohlenius and Rudmark 2003/ Basis for the conceptual 1.2
/Sohlenius et al. 2003/ hydrogeological model of 3.2
/Sohlenius et al. 2004/ QD and for the quantitative Ch.4,5
/Hedenstrom and Sohlenius 2008/ modelling (MIKE SHE)
SKB GIS
Geophysical data /Bergman et al. 2004/ Conceptual, descriptive and 3.2
/Chyssanthakis and Tunbridge quantitative modelling with Ch.4,5
2005abc, 2006/ MIKE SHE
/Gustafsson and Gustafsson 2004/
/Juhlin and Bergman 2004/
/Marek 2004a/
/Marek 2004b/
/Nissen 2004/
/Isaksson and Keisu 2005/
/Toresson 2005/
/Toresson 2006/
Geological data from boreholes and pits
Stratigraphical data of QD /Hedenstrom 2003/ /Fredriksson 2004/ Basis for the conceptual 3.4.1
/Hedenstréom 2004ab/ hydrogeological model of 3.34
/Hedenstrom et al. 2004/ QD and for the quantitative Ch.4,5
/Sundh et al. 2004/ modelling (MIKE SHE)
/Albrecht 2005/
/Lokrantz and Hedenstréom 2006/
/Forssberg et al. 2007/
/Petersson et al. 2007/
Hydrochemical data
Surface water INilsson et al. 2003/ Conceptual and descriptive 3.54
/Nilsson and Borgiel 2004/ modelling
/Nilsson and Borgiel 2005/
/Nilsson and Borgiel 2007/
Shallow groundwater INilsson and Borgiel 2005b/ Conceptual and descriptive 3.4.2
/Berg et al. 2006/ modelling 3.54
Groundwater in near-surface bedrock Sicada Conceptual and descriptive 3.4.2
(< c. 150 m depth) modelling 3.54
Hydrogeological data of the bedrock
Hydraulic properties of the near-surface /Follin et al. 2007a/ 3.4.2
bedrock (< c. 150 m depth) /Follin et al. 2008/ 3.5.3
Ch. 4,5
Groundwater levels in bedrock Sicada 3.4.2
3.5.3
Modelled hydraulic conductivity and pres- /Follin et al. 2007a/ Quantitative modelling (MIKE Ch. 4,5

sure distributions in the upper part of the
rock — results from ConnectFlow, stage 2.2

SHE) — boundary conditions
and parameterisation
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2.2.1 Meteorological data

Figure 2-2 shows locations of Hogmasten and Storskédret meteorological stations in the
Forsmark site investigation area, as well as for several nearby SMHI stations.

The following parameters are measured at Hogmasten and Storskiret:

The wind is measured at 10 m above ground level and the other parameters at 2 m. Data are
collected every half-hour. The data values of the different parameters are valid for the following

Precipitation

Air temperature

Barometric pressure (only at Hogmasten)
Wind speed and direction

Air humidity

Global radiation (only at Hogmasten)

time periods:

Precipitation: Accumulated sum of precipitation every 30 minutes. The 30-minutes precipi-

tation value is the difference between two adjacent accumulated precipitation sums.
Air temperature: 30-minutes mean of one-second values.

Barometric pressure: 30-minutes mean of one-second values.
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Figure 2-2. SKB's two meteorological stations, Hogmasten and Storskdret, within the Forsmark site

investigation area, and nearby SMHI stations.
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* Wind speed and wind direction: The last 10-minutes mean value for the preceding
30 minutes. Hence, for the 10:00 data the measurement is from 09:51 to 10:00.

* Relative humidity: 30-minutes mean of one-second values.

e Global radiation: 30-minutes mean of one-second values.

All precipitation data presented in this report are corrected for losses (i.e. precipitation is
increased) according to /Alexandersson 2003/ (general methodology) and /Wern and Jones
2007a/ (SKB stations). The corrections largely compensate for wind losses. The monthly and
annual corrections for the different stations are shown in Tables 2-3 and 2-4.

The potential evapotranspiration, E, is calculated from the Penman equation:

_AR -6 rf@-(e —e)

e T @
where
A proportionality constant
R, net radiation flux density
G heat flux density into ground
Y psychrometric constant

fw) function of wind speed

e saturated water vapor pressure
e water vapor pressure
L latent heat of vaporisation

tstep  time step

The method is described in detail in /Eriksson 1981/. Measured data every 30-minutes of
temperature, relative humidity, wind speed and global radiation are required as input data

to the equation to calculate the potential evapotranspiration. The wind speed is measured at
10 m above the ground but for the estimation of potential evapotranspiration the wind speed
is re-calculated to a value representing 2 m above the ground. This is done by multiplying the

Table 2-3. Corrections of measured precipitation (increases, in percent) at SMHI’s stations
according to /Alexandersson 2003/.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Orskar A 19 22 23 15 15 13 13 15 14 15 17 20 16
Osthammar 9 13 10 9 9 12 8 9 8 7 8 10
Lovsta 10 9 12 10 11 12 8 8 8 8 9 9
Risinge 11 12 10 1" 13 12 8 8 8 9 8 9
Film Kyrkby A 13 16 19 15 13 14 11 13 13 13 14 16 14
Soderby-Karlsang D 10 11 10 10 12 12 9 9 8 8 8 9 10

Table 2-4. Corrections of measured precipitation (increases, in percent) at SKB’s stations
according to /Wern and Jones 2007a/.

J F M A M J J A S o N D Year
Hégmasten 13 14 13 11 10 10 10 10 10 10 11 12 M
Storskaret 13 14 13 11 10 10 10 10 10 10 11 12 1"
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measured value by a factor of 0.8. The net radiation is calculated from the measured global
radiation and the albedo is set to 0.12 when the ground is not covered with snow and to 0.5
when there is a snow cover. The applied method included heat storage in the ground.

In general the meteorological measurements at Hogmasten and Storskér have worked well.
The only longer period of data loss was when the precipitation gauges were out of function
from end of June until mid August 2005.

In addition to the monitoring at the two meteorological stations, a set of meteorological winter
parameters, i.e. snow depth, ground frost penetration depth and ice cover, have been measured
and observed. In addition to these parameters, the water content of the snow was calculated from
the weight of a snow sample at every measurement. The snow depth and ice cover measurements
started the winter 2002/2003 while the ground frost and snow water content measurements started
the winter 2003/2004. The ground frost measurements were stopped after the season 2005/2006.
The measurements and observations were carried out weekly during the season. The locations of
the monitoring points are shown in Figure 2-3.

2.2.2 Hydrological data

Water levels have been monitored in six lakes and at two locations in the Baltic Sea during the site
investigation, see Figure 2-4. The pressure transducers used for the monitoring were installed in
stand pipes drilled into the bottom of the lakes and the sea for all locations except for PFM010038.
Due to ice-lifting of the stand pipes, the two stations in the sea in Kallrigafjdrden (SFM0043) and
in Lake Lillfjarden (SFM0066) were abandoned in Nov. 2005 and Dec. 2006, respectively. In the
analysis in the present report only the sea levels monitored at PFM010038 are used.
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Figure 2-3. Locations of monitoring points for meteorological winter parameters.
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Figure 2-4. Locations of the surface water level gauges.

Measurements of the water levels are made with 5 to 10 minutes intervals. Measurements are
not stored unless they differ by more than 0.05 m from the previous measurements. In addition
to this, a value is stored every two hours.

Four surface water discharge gauging stations were installed in the central part of the site inves-
tigation area (Figure 2-5). Long-throated flumes were selected for the discharge measurements,
mainly due to the limitations set by the flat landscape, the need for accurate measurements,

and the desire to avoid migration obstacles for the fish. Long-throated flumes give accurate
measurements over relatively wide flow ranges and work under a high degree of submergence.
At three of the four discharge gauging stations, two flumes, with different measurement ranges,
were installed to obtain good accuracy data over the full flow range. At all four stations water
levels, electrical conductivities, temperatures and discharges were monitored. Water electrical
conductivity was measured at one additional station, at the outlet of Lake Bolundsfjarden
(PFM002292), see Figure 2-5.

Measurements of water levels, electrical conductivities and temperatures were made every

10 minutes. However, if the difference from the previous measurement was small, not all data
were stored. However, mostly the storing interval was less than one hour and at least one value
was stored every two hours.

For the calculation of discharge, quality assured water level data from the flumes were taken
from the Sicada database. The calculation procedure included consolidation of the time series
to hourly averages, screening of data for removal of short-term spikes, noise and other data
that were judged erroneous. Data gaps were filled by manual measurements when available.
After the calculations were performed, the results were delivered to Sicada. The procedure for
calculation of discharge is described in detail in /Johansson and Juston 2007/. The sizes of the
catchment areas associated to the four discharge gauging stations are given in Table 2-5.
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Figure 2-5. Map showing locations of the four surface water discharge gauging stations, their associ-
ated catchment areas, and the station for continuous measurements of electrical conductivity only.

Table 2-5. Sizes of catchment areas associated with the automatic discharge gauging stations.

Gauging station

Catchment area Catchment area (km?)

ID-code ID-code

PFMO005764 AFM001267 5.59
PFM002667 AFMO001268 3.01
PFM002668 AFM001269 2.28
PFM002669 AFM001270 2.83
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2.2.3 Hydrogeological data

A total number of 74 groundwater wells have been installed in Quaternary deposits (69 monitoring
wells and 5 pumping wells). Their locations and at what stage of the investigations they were
installed are shown in Figure 2-6. In 51 of these wells the groundwater level has been registered
automatically, see Figure 2-7.

In addition, BAT-type filter tips have been installed in low-permeable Quaternary deposits

to measure pore pressure and hydraulic conductivity (10), and for water sampling (10), see
Figure 2-8. In the seven filter tips for pore pressure measurements belonging to data freeze 2.2,
pore pressure was measured twice a month.

Level m.a.s.| (RHBT0) A Data froeze 12 Duta reeze 1.1 N
Ello [« Ellro Dat freeze 1.2 . L ] S A
2 [ J+s 05| A 20s0s0 2004-07-31 ! y
[O22 [Js7 M 1s>»

i -

Data freeze 2.1 © Lantmaterverket Gavie 2007,
2005-07-31 Medgivande | 2007/1092.

Data freeze 2.2 2008-02-29 14:00

2005-08-30
Dtz freeze 2.3
2007-03-31

[ cendicate area

e o ® O @

Figure 2-6. Locations of groundwater wells in Quaternary deposits and at what stage of the investiga-
tion the wells were installed.
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Figure 2-7. Locations of groundwater monitoring wells in Quaternary deposits with automatic registra-
tion of groundwater levels.
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Figure 2-8. Locations of BAT-type filter tips used in low-permeable Quatarnary deposits to measure
pore pressure and hydraulic conductivity, and for water sampling.

The number of groundwater wells and BAT-type filter tips installed with regard to the different
data freezes is summarised in Table 2-6 and the type and number of hydraulic tests are shown in
Table 2-7.
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Table 2-6. List of installed groundwater wells and BAT filter tips with regard to the different
data freezes (DF) in Forsmark (K denotes hydraulic conductivity).

Type of installation DF 1.1 DF 1.2 DF 2.1 DF 2.2 DF 2.3 Total
2003-04-30  2004-07-31 2005-07-31 2006-09-30 2007-03-31

Monitoring wells for gw 32 13 3 10 1 59
levels and K on land

Monitoring wells for 6 3 - 1 - 10
gw levels and K below
surface water

Pumping wells - 2 - 3 - 5
BAT filter tips for pore 3 - - 7 - 10
pressure and K

BAT filter tips for water 3 - - 7 - 10
sampling

Table 2-7. List of completed hydraulic tests in Quaternary deposits with regard to the different
data freezes (DF) in Forsmark.

Type of installation DF 1.1 DF 1.2 DF 2.1 DF 2.2 DF 2.3 Total
2003-04-30 2004-07-31 2005-07-31 2006-09-30 2007-03-31

BAT tests 3 - - 7 - 10

Slug tests 36 12 - 11 - 59

Pumping tests - 2 - 3 - 5

The present report focuses on the near-surface hydrogeology in Quaternary deposits. However,
groundwater levels (point water, fresh water and environmental water heads) in the upper ¢. 150 m
of the bedrock are analysed together with groundwater levels in the Quaternary deposits for inter-
pretation of the interaction between groundwater flow in the two flow domains. The locations of
the percussion-drilled boreholes are shown in Figure 2-9. For more information on the bedrock
hydrogeology the reader is referred to /Follin et al. 2007abc, 2008/.

Groundwater level time series from the percussion-drilled boreholes show frequent intervals
of high amplitude disturbances that are related to core drilling acitivities and other pumping
activities. The network of groundwater wells in the bedrock responded differently to activities
at different locations, thus suggesting that these disturbance intervals contain valuable informa-
tion on interconnectivity in the bedrock. Accordingly, these intervals were analysed to identify
which wells responded and to what extent for different sources of disturbance.

The disturbances were oscillatory and with high amplitude and tended to obscure more subtle
groundwater level changes in response to infiltration and sea level changes. Therefore, a thorough
data screening was performed to produce a second “clean” data set with no visible artefacts from
disturbing activities.

2.2.4 Water related activities not connected to the site investigation
Drainage of SFR and at the nuclear plant

For drainage of the SFR repository, located below the sea at Forsmark Harbour, a pumping of
approximately 6 L/s is necessary. The pumping is conducted from two sumps at two different
levels, 88 and 140 m below the sea level. The amounts pumped from the two levels are approxi-
mately 1.2 and 4.8 L/s, respectively (Levén, pers. comm.). For analyses of the possible influence of
this pumping on the hydrogeology of the site investigation area, see Sections 3.5.3, 3.5.4 and 4.3 4.

For drainage of of the Forsmark nuclear plant reactor buildings 1 and 2, a pumping of c. 1-2 L/s
is conducted (Levén, pers. comm.). The sump is located at an elevation of c. —20 m RHB70.
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Figure 2-9. Locations of all percussion-drilled boreholes in bedrock; the numbers refer to the
ID numbers of the boreholes (e.g. 32 is HFM32).

Water supply

The water supply for the nuclear plant, including the accomodation area and the SFR facilities, is based
on surface water from Bruksdammen at Forsmark (see Figure 2-10 for location of Bruksdammen).

Private wells and water prospecting wells in the Forsmark area were investigated by /Ludvigson
2002/. A total of 40 wells (27 private wells and 13 water prospecting wells) were identified. The
locations of the identified wells are shown in Figure 2-10. The investigation included a gathering
of basic well data, field checks, and water sampling in 25 of the private wells. Also included was
a summary of geological and hydrogeological investigations, performed in Forsmark prior to the
site investigations /Ludvigson 2002/.

The private wells include 15 wells drilled into the bedrock, and 12 dug wells in Quarternary
deposits. As shown in Figure 2-10, most of these wells are located in, or immediately outside of,
the western part of the candidate area, or south of this area. Only one well was found in the central
part of area considered in the hydro(geo)logical modelling. This well is situated just south of Lake
Bolundsfjirden, but is now abandoned. Furthermore, some wells are located in the area west of
Lake Eckarfjarden. It should also be noted that no private wells were found in the central and
northwestern parts of the candidate area.

The water prospecting wells were drilled by Vattenfall/Forsmarks Kraftgrupp in connection with
investigations performed in order to find a new freshwater supply to the Forsmark nuclear power
plant. These investigations are summarised by /Ludvigson 2002/. Most of the water prospecting
wells are located in an area northwest of Lake Géllsbotrésket.

The water sampled in 25 of the private wells was analysed for chemical and microbiological para-
meters. According to the results of the analyses, the water quality shows large variations between
different wells. The water from some of the wells can be used as drinking water, whereas the water
quality is poor in other wells.

45



1628000 1630000 1632000 1634000 1636000
1 L L 1 1

6700000

6698000

6696000

6700000

6698000

6696000

* Kallrigafgirden

Kallerd

S LA S
g - — | g
2 \ -7 = @
w Ak _L¥ & @©
) L) )
1632000 1634000 1636000
® Drilled well in bedrock  ©  \Water prospecting well, old 0 05 1 2 km N
@ Dug well in soil ® Water prospecting well, new e — A

From GSD-Fastighetskartan © Lantmateriverket
Gévie 2001, Consant M2001/5268
2005-01-18 14.00

D Candidate area

Figure 2-10. Locations of identified private wells and water prospecting wells in the Forsmark area.

Cooling water for the power plant is withdrawn via an open canal from Asphéllsfjarden, see
Figures 1-1 and 1-2 for location. The maximum withdrawal rate is c. 130 m?/s. The cooling water
is released in the so-called Biotestsjon , an artificial lake c. 3 km NNW of the power plant that is
separated from the surrounding coastal basins by embankment dams. The water passes through
Biotestsjon and is let out via a canal towards north. See Section 3.3.5 for further aspects of the
cooling water use.

Sewage water

The sewage water from the nuclear plant, including the accomodation area, and the SFR-
facilities are treated in a sewage treatment plant located south of the cooling water canal.

The plant has mechanical, biological and chemical treatment (dimensioned for 1,000 persons).
The treated sewage water is released into Asphallsfjarden.

The private houses in the area have their own separate sewage treatment facilities.

Storm water

The storm water system for water from paved areas and roofs covers a total area of 0,19 km?.
After check of radioactivity also the groundwater drained from the reactor and turbine buildings
are released to the storm water system as well as groundwater drained from culverts and service
buildings. The storm water is released in the intake part of the cooling water canal. Some
stormwater from the accomodation area is also released to Asphéllsfjarden.

46



3 Conceptual and descriptive model of surface
and near-surface water flow at the Forsmark
site I: Field observations

3.1 Overall conceptual model

In Figure 3-1 the overall conceptual model of the near-surface hydrogeology is illustrated.
Direct groundwater recharge from precipitation is the dominating source of recharge. However,
due to vegetation water uptake groundwater levels are lowered in the vicinity of the lakes during
dry summer conditions converting the lakes from groundwater discharge areas to recharge areas.
The infiltratration capacity of the upper QD is so high that overland flow rarely occurs except in
areas where the groundwater level reaches the ground surface.

The runoff in the brooks is dominated by water of groundwater origin. Overland flow contri-
butes to the runoff mainly during extended periods of wet conditions during autumn and winter
and in connection to snow melt in spring. The lakes in the area are shallow and the turn-over
times are short.

The surface water and near-surface groundwater divides of the model area, both the outer

and the internal ones, are assumed to coincide. The small-scale topography implies that many
small catchments are formed with local, shallow groundwater flow systems in the QD. The
decreasing hydraulic conductivity with depth and the anisotopy (K,>K,) of the tills dominating
in the area, mean that a dominating part of the groundwater will move along very shallow flow
paths. Groundwater levels in the QD are very shallow with mean levels within less than a metre
below the ground in most of the area and the groundwater level is highly correlated with the
topography of the ground surface.

The local, small-scale recharge and discharge areas will overlay the more large-scale flow
systems associated with groundwater flow at greater depths. The high transmissivity of the
upper c¢. 150 m of the bedrock means that the relatively small flow of water occuring from

the QD to the bedrock is easily transmitted in the upper bedrock already at low gradients. While
the groundwater level in the QD follows the topography of the ground surface, the groundwater
level in the upper bedrock is very flat and approximately at ¢. 0.5 m RHB70 within the candidate
area which largely coincides with a tectonic lens.
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Figure 3-1. Section illustrating the conceptual hydrogeological model of the Quaternary deposits and
the upper bedrock.at the Forsmark site /Follin et al. 2007a/.
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Where groundwater levels are measured in the QD and in the bedrock at the same location, the
groundwater levels in the bedrock are mostly considerably lower than in the QD. The dominating
horizontal and sub-horizontal fracture zones in the upper bedrock give rise to a relatively strong
anisotropy (Ky>K,) which means that long, shallow flowpaths dominate. The highly transmissive
horizontal and sub-horizontal fracture zones in the upper bedrock also collect groundwater flow
from below and to a great extent prevent deeper groundwater to discharge within the central part
of the site investigation area. Instead, the deeper groundwater discharges into the Baltic Sea.

3.2 Supporting data and models from other disciplines

The conceptual and descriptive model of the hydrology and near-surface hydrogeology to be
presented here is supported by data and models from other disciplines of the site investigation:

Digital Elevation Model (DEM)

Detailed DEM's have been developed for the site investigation area based on various sources.
Only the source judged to be of highest quality was used for areas with overlapping data.
The first DEM for the Forsmark area has a cell size of 10x10 m and is classified due to
national security reasons /Brydsten and Stromgren 2004/. A new non-classified DEM in
lower resolution (20%20 m) was constructed later /Stromgren and Brydsten 2008/. The new
DEM also includes additional input data for the interpolation. In the present work, topo-
graphical data have been used directly as well as other quantities derived from the DEM's
(i.e. slopes and higher order derivatives), e.g. in the conceptualisation and modelling of
groundwater recharge and discharge areas. The DEM is an important input when
constructing numerical models for groundwater and surface water flow.

Geological map of Quaternary Deposits

A detailed mapping of the Quaternary deposits of the central land parts of the site has been
performed, see Figure 1-3 /Sohlenius et al. 2004/. The mapping included extensive field
work. A map covering the whole regional modelling area (including its offshore part) has
also been constructed based on various data sources /Hedenstrdm and Sohlenius 2008/. In
the conceptual, descriptive and quantitative water flow modelling, the QD geological map
has been used for classification and assignment of hydraulic properties.

The regolith depth and stratigraphy model

Based on the DEM, drillings and geophysical investigations, a model of the depth and the
stratigraphy of the Quaternary deposits has been developed within the site descriptive modelling
/Hedenstrom et al. 2008/. In this context, the model has been used for conceptualisation of flow
patterns and for assignment of hydraulic properties. Since the depth and stratigraphical model

is very important for the conceptual, descriptive and quantitative modelling of the near-surface
hydrogeology, the model is described in some detail in Section 3.2.1 below.

Soil map

The soil map /Lundin et al. 2004/ has been used qualitatively in the conceptual modelling.
For example, the wetness index produced in connection with the soil mapping has been
used as one indicator of depth to groundwater and in the interpretation and classification
of recharge and discharge areas.

Vegetation map

The vegetation map /Boresjo Bronge and Wester 2003/ has been used specifically as a basis
for the modelling of the evapotranspiration processes, but also as a qualitative indicator in
the interpretation and classification of recharge and discharge areas.

Bedrock hydrogeological conceptual and descriptive model

The bedrock hydrogeological conceptual and descriptive model of the site investigation is
presented in /Follin et al. 2007abc, 2008/. This model, especially the upper c¢. 150 m of the
model, is of great importance for the conceptualisation of the near-surface hydrogeology and
a short description of the model is given in Section 3.2.2.
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* Hydrochemical data and modelling
The hydrochemistry of surface water and shallow groundwater has been analysed and
modelled in /Trojbom et al. 2007/. The spatial and temporal distributions of “water types”
and specific components are used to infer information on the flow pattern and reference will
be given to hydrochemical data and models as support for the conceptual and descriptive
model of the hydrology and near-surface hydrogeology (see Section 3.5.4).

3.2.1 Regolith depth and stratigraphy model

/Hedenstrom et al. 2008/ present a depth and stratigraphy model of the regolith (QD, HSD). The
model is geometrical and the topography of the ground surface, and lake and sea bottom from
the DEM forms the upper boundary of the model while the bedrock topography, derived from
the extensive drillings and geophysical investigations conducted in the site investigation, con-
stitutes the bottom boundary. The conceptual model for the construction of the different layers
is based on knowledge from the site as well as a general geological model of the Quaternary
deposits in this part of Sweden. The principle of the definition of the layers and lenses is
illustrated in Figure 3-2.

The model is subdivided into ten layers or units according to the conceptual understanding

of the Forsmark site. The layers are named Z1-Z6 (where Z4 is divided into two layers, Z4a
and Z4b) and L1-L3. As indicated in Figure 3-2, all layers are not present everywhere; a layer
may have zero thickness in parts of the model area. The model presents the geometry of the
lower level for each layer, given as elevation above sea level (RHB70). The model has a spatial
resolution of 20%20. The lower level of Z5 is interpolated from the data set of information of
depth of the Quaternary deposits as well as the bedrock outcrops; thus, the lower level of Z5
represents the bedrock surface regardless if it is covered by deposits or not. The bottom layer,
76, is characterized by fractured bedrock and is in the model considered to be a part of the rock
and not a part of the regolith. The layer is included since high hydraulic conductivity has been
observed in the contact zone between bedrock and Quaternary deposits (see Section 3.4.1).

Below the lakes, the stratigraphical information was sufficient for modelling of three separate
lenses, L1-L3. However, the lenses are only modelled below eight lakes in the area. In the areas
where these lenses appear they replace the occurrence of Z1, Z2, Z3, Z4a and Z4b. Therefore,
75 and/or Z6 exist also below the lenses. In the wetlands the information was not sufficient for
modelling of lenses. The layers in the model are summarized and explained in Table 3-1.

Figure 3-2. Conceptual model of the regolith depth and stratigraphy model /Hedenstrém et al. 2008/.
For definition and description of the layers, see Table 3-1.
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Table 3-1. Deposits, codes and occurrence of the seven layers and three lenses of the
regolith depth and stratigraphy model of the Forsmark site /[Hedenstrom et al. 2008/.

Description of layer/lens

Simplified
Code

Description/Occurrence

Gyttja (algal gyttja, calcareous

gyttja, clay gyttja-gyttja clay),
Peat

Postglacial sand and/or gravel
Clay (glacial and postglacial)

Surface layer

Peat

Postglacial sand/gravel,
glaciofluvial sediment and
artificial fill

Postglacial clay including gyttja
clay

Glacial clay

Till

Fractured bedrock

L1

L2

L3

Z1

z2

Z3

Z4a

Z4b

Z5

Z6

Present inside the boundaries of the lakes. When peat is present
as surface layer within the lake area, this is included in the L1
lens. The sediments in L1 and Z4a partly consist of the same
geological units.

Present inside the boundary of the lakes. The sediments in L2 and
Z3 consist of the same geological unit.

Present inside the boundaries of the lakes. The sediments in L3
and Z4a and Z4b consist of the same geological unit.

The layer is affected by surface processes, e.g soil forming
processes in the terrestrial parts or sedimentation/transport/ersion
in the limnic/marine parts. This layer is present within the entire
modelled area, except where the surface is covered by peat or
where the model has a lens (below lakes). On bedrock outcrops,
the layer is 0.1 m thick and 0.6 m in other areas. If the total
modelled regolith depth is less than 0.6 m, Z1 will be the only
layer. The layer can be connected to a GIS application such as
the map of Quaternary deposits or soil type map and assigned
properties in accordance to the properties of the deposits.

This layer is only present where peat is shown in the QD map.
Calculated average depths are used for the layer since too few
observations are available for interpolation. The average depth
used for peat above and below the 5 metres above sea level
contour line , is 1.4 m and 0.4 m, respectively. Postglacial sand
(Z3) always underlies Z2. If peat is intersecting glacial clay or
sand on the QD map, Z4b underlies Z3.

The layer is only present where the surface layer consists of
postglacial sand/gravel, glaciofluvial sediment or artificial fill. The
layer geometry is interpolated from input data and average values.
This may result in a discrepancy between the modelled Z3 and
the marine geological map. In the terrestrial parts, Z3 is assigned
average depth values for postglacial sand, artificial fill and
glaciofluvial sediment. The glaciofluvial sediment and artificial

fill are modelled to always be situated directly on bedrock. Z3

as sand is always present under peat (Z2).

Z4a is present in the marine area where postglacial clay is the sur-
face layer. In the marine areas, the layer geometry is interpolated
from input data and average values. This may result in a discrep-
ancy between the modelled Z4a and the marine geological map.
When average values are used, Z4a is always underlain by Z4b.

Z4b is present where glacial clay is the surface layer. Additionally,
Z4b is present under Z3 when peat is located next to sand or
glacial clay and when sand is located next to glacial clay. In the
marine area, the layer geometry is based on interpolation from
input data and average values. In the terrestrial area, the layers
are assigned calculated average depth values. In the marine
area, interpolated Z4b values >0.5 m are rejected in areas where
the geological map shows till or glaciofluvial sediment. This may
result in a discrepancy between the modelled Z4b and the marine
geological map.

This layer is present in a major part of the model area. The
thickness of the layer is based on interpolation from input data
and average values. Z5 is 0 at bedrock outcrops, if the total QD
depth is <0.6 m, or if the layers/lenses are located directly on
the bedrock surface. The lower limitation of Z5 represents the
bedrock surface, i.e. Z5 represents a Digital Elevation Model for
the bedrock surface.

This layer has a constant depth of 0.6 m and represents the bed-
rock upper part, calculated from the interpolated Z5.The layer
represents a highly conductive zone that has been observed in
many of the hydraulic tests in Forsmark.
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3.2.2 Bedrock hydrogeological conceptual and descriptive model

The hydrogeological conceptual and descriptive model of the bedrock is stongly coupled to the
deformation zones and fracture domains of the geological model, see Figure 3-3.

The bedrock hydrogeology reveals a significant hydraulic anisotropy within the tectonic

lens, which covers the body of the candidate area. The upper c. 150 m of bedrock contains
high-transmissive horizontal fractures/sheet joints. These fractures/sheet joints occur at different
elevations in the percussion drilled boreholes, but are found to interconnect hydraulically across
large distances (2 km) /Gokall-Norman et al. 2005, Gokall-Norman and Ludvigson 2007ab,
2008/. The horizontal fractures/sheet joints have transmissivities in the range c¢. 1-10¢—1-107
m?/s (hydraulic conductivity ¢. 1:10° —1-103m/s). The bedrock in between the horizontal
fractures/sheet joints, however, is considerably less conductive (hydraulic conductivity ¢. 1-10!
—1-10*m/s) except where it is intersected by transmissive steeply-dipping or gently-dipping
deformation zones.

Below the uppermost c. 150 m of bedrock there are no high-transmissive horizontal fractures/
sheet joints and the conductive fracture frequency becomes very low and the fractures fairly
low-transmissive (fracture transmissivity c. 1:-107'° —1-107"m?s). In some of the 1,000 m deep
cored boreholes there are almost no ﬂowmg fractures observed below c. 150 m depth, which is
exceptional in a national perspective given the experiences from SKB’s investigations at Aspo
Stripa, Laxemar-Simpevarp and the many study sites investigated in the 1970’s and 1980’s.

3.3 Description of hydrological objects/flow domains

3.3.1 Catchment areas

The entire Forsmark area is situated within the SMHI catchment no. 54/55, i.e. in the area between
River Témnaran (SMHI catchment no. 54) and River Forsmarksan (SMHI catchment no. 55).
A total of eight catchments, with sub-catchments, have been identified that are situated partly or

A Deformation zone

B Horizontal fracture/sheet joint
C Steeply dipping fracture

D Gently dipping fracture

E Near-surface fracture clusters

Figure 3-3. Simplified conceptual model of the bedrock hydrogeology in Forsmark (Follin et al. 2007a).
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entirely within the SKB site investigation area. These eight catchments have outlets to the Baltic
Sea. Between these catchments, coastal areas without lakes or larger brooks are formed, which
are delineated by the water divides of the catchments and the coastal shoreline, Figure 3-4.

N.B! A major revision of the water divides of catchments 2:3, 2:8, 2:9 and 2:10 has been made
since version 1.2 of the SDM. A small brook draining to Eckarfjarden that had been overlooked
in the original investigation was identified, which required a revision of the delineation of
catchment areas.

The sizes and landuse of the catchments are shown in Tables 3-2 and 3-3. Additional informa-
tion on the delineated catchments, i.e regarding distributions of QD and morphometrical para-
meters, can be found in /Brunberg et al. 2004/. (Note that the report by Brunberg et al. has
been updated with the new catchment area delineation near Lake Eckarfjarden (revision dated
December 2007), but that the report in accordance with the SKB procedure for revisions of
existing reports still is referred to as /Brunberg et al. 2004/.)

The catchment areas of the four surface water discharge gauging stations are used in the evalua-
tion of measured discharges. These catchment areas are shown in Figure 2-6, and their sizes are
given in Table 2-5.
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Figure 3-4. Delineated catchment areas, including updates in the vicinity of Lake Eckarfjdrden (see
text) /Brunberg et al. 2004/.
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Table 3-2. Size and land use of delineated catchment areas /Brunberg et al. 2004/.

Water Coniferous- and Agriculture Remaining Industrial Remaining open land Deciduous Wetland
ID Code Catchment Name Area surface mixed forest land open land Cut forest area without forest contour forest (VEG 61-64, 72
number Km?> MA1 [%] MA2 [%] MA4 [%] MAS [%] MAG6 [%] MA15 [%] MA17 [%] MA19 [%] and 74-79) [%]
1 Forsmark 1
AFM000073  1:1-4 Gunnarsbo - Lillfj. (south) 5.120 1 73 1 7 11 0 8 0 10
AFM001099  1:1 Sub-area: Gunnarsbo-Lillfj. (south)  1.088 2 62 0 17 8 0 10 0 12
AFMO000096  1:2 Gunnarsbo - Lillfj. (north) 0.104 9 81 0 2 0 0 8 0 18
AFM000048  1:3-4 Labbotrasket 3.928 1 75 1 4 11 0 7 0 10
AFMO001100 1:3 Sub-area: Labbotrésket 1.194 1 70 0 1 15 0 13 0 15
AFMO000095 1:4 Gunnarsbotrasket 2.734 1 78 1 6 10 0 5 0 7
2 Forsmark 2
AFM000074  2:1-11 Norra Basséngen 8.668 10 69 0 1 9 0 10 0 12
AFMO001101  2:1 Sub-area: Norra basséngen 0.350 13 60 0 0 10 0 18 0 21
AFMO000092  2:2 Lake 2:2 0.071 9 45 0 0 46 0 0 0 0
AFMO000050  2:3-10 Bolundsfjarden 8.003 9 70 0 1 9 0 10 0 11
AFM001103  2:3 Sub-area: Bolundsfjérden 2.002 20 57 0 0 12 0 11 0 13
AFM000087 2:4-5 Graven 0.529 5 74 0 0 0 0 21 0 22
AFM001104 2:4 Sub-area: Graven 0.390 6 71 0 0 0 0 23 0 24
AFM000088  2:5 Frakengropen 0.139 4 80 0 0 0 0 16 0 16
AFM000089  2:6 Vamborsfjarden 0.484 5 70 0 0 10 0 15 0 17
AFM000093  2:7 Kungstréasket 0.126 3 69 0 0 24 0 3 0 3
AFM000094 2:8 Gallsbotrasket 2.141 1 89 0 1 0 0 10 0 11
AFM000090  2:9-10 Stocksjon 2477 9 65 1 4 16 0 5 0 6
AFM001105  2:9 Sub-area: Stocksjén 0.209 3 77 0 1 0 0 18 0 18
AFM000010  2:10 Eckarfjarden 2.268 10 64 1 4 18 0 4 0 5
AFM000091  2:11 Puttan 0.244 17 58 0 0 0 0 25 0 25
3 Forsmark 3
AFM000086  3:1 Tallsundet 0.215 11 58 0 0 0 0 31 0 35
4 Forsmark 4
AFM000085  4:1-2 Lake 4:1 0.689 13 64 0 1 0 0 23 0 23
AFM001106  4:1 Sub-area: 4:1 0.068 17 45 0 0 0 0 38 0 38
AFM000049  4:2 Lillfiarden 0.621 12 66 0 1 0 0 21 0 21
5 Forsmark 5
AFM000052  5:1 Bredviken 0.944 7 49 28 11 0 0 4 0 4
6 Forsmark 6
AFM000084  6:1 Simpviken 0.035 11 89 0 0 0 0 0 0 0
7 Forsmark 7
AFMO000080  7:1-4 Lake 7:1 0.895 13 70 0 2 0 0 14 1 14
AFM001107  7:1 Sub-area: 7:1 0.558 18 64 0 3 0 0 13 2 14
AFM000081  7:2-4 Mérrbadet 0.337 5 81 0 0 0 0 15 0 15
AFM001108  7:2 Sub-area: Mérrbadet 0.068 17 47 0 0 0 0 36 0 36
AFM000082 7:3 Lake 7:3 0.192 1 93 0 0 0 0 6 0 6
AFMO000083 7:4 Lake 7:4 0.077 2 81 0 0 0 0 17 0 17
8 Forsmark 8
AFMO000051  8:1 Fiskarfjarden 2.926 14 68 1 4 0 0 13 0 16

“MA”: Layers of the digital topographic map. “VEG

" Layers of the SKB's digital vegetation map.



Table 3-3. Size and land use of delineated rest-catchments /Brunberg et al. 2004/.
Water Coniferous- and Agriculture Remaining Remaining open land Deciduous Wetland
ID Code Catchment Name Area surface mixed forest land open land Cut forest Industrial area  without forest contour  forest (VEG 61-64, 72
MA1
number Km? [%] MA2 [%)] MA4 [%] MADS5 [%] MAG [%] MA15 [%] MA17 [%] MA19 [%] and 74-79) [%]
Forsmark 1/2
AFM001109  1/2 “Rest catchment area”  1.862 3 63 0 14 3 0 10 0 11
Forsmark 2/3
AFMO001110 2/3 “Rest catchment area”  0.837 4 84 0 3 0 0 9 0 9
Forsmark 3/4
AFMO001111  3/4 “Rest catchment area” 0.107 1 98 0 0 0 0 0 0 0
Forsmark 5/6
AFMO001112  5/6 “Rest catchment area” 0.701 4 92 0 0 0 0 3 0 3
Forsmark 6/7
AFMO001113  6/7 “Rest catchment area” 5.561 4 91 0 0 0 0 5 0 5
Forsmark 7/8
AFMO001114  7/8 “Rest catchment area”  0.389 1 64 10 5 1 0 13 6 17
Forsmark 4/5
AFMO001115  4/5 “Rest catchment area” 0.178 2 88 0 0 0 0 10 0 13

“MA”: Layers of the digital topographic map. “VEG’

¥S

" Layers of the SKB’s digital vegetation map.



3.3.2 Lakes

Most of the lakes in the Forsmark area are small and shallow. The average lake depth is

typically less than 1 m and the maximum depth c. 2 m. The typical lake shore is shallow
(in the order 0—0.25 m deep) and reed covered. The largest lakes are Lake Fiskarfjarden,
Lake Bolundsfjarden and Lake Eckarfjarden (Figure 2-4 and Table 3-4). Distinguishing

between lakes, wetlands and water courses with a diffuse furrow is in many cases not

a simple task, which makes it a question of definition.

Due to the limited depth, the vertical mixing is likely to be complete (driven mainly by wind
shear) with a homogeneous water in the vertical direction. In the horizontal plane the inlet and
outlet are usually located at opposite ends of the lakes and the lakes may also be assumed to be
well mixed in the horizontal (driven by flow and wind shear). The risk of more stagnant water
occurring is highest in the shallow reed covered areas and it may be necessary to estimate an
effective volume (the volume that is active) for lakes where a substantial part of the area is
shallow and covered by reed. The degree of mixing must, however, be related to the flow which
is generally small; thus, velocities induced by flow will also be small compared to for example
velocities induced by wind shear, which supports the notion of well mixed lakes.

Morphometrical data

Morphometrical data for the lakes are summarised in Table 3-4 (see Figure 3-4 for the location
of the lakes). For a more detailed description of the lakes, see /Brunberg et al. 2004/. Several
lakes have water levels close to the Baltic Sea level. During events of high sea levels, water

Table 3-4. Morphometrical data for the lakes in the Forsmark area.

No. in Name Lake threshold Area Max. depth Mean depth Volume Theoretical
Figure 3-4 (m RHB70) (m?) (m) (m) (m?3) turnover
time (days)

1:1 Gunnarsbo-Lillfjarden (s6dra) 1.92 33,107 2.22 0.70 23,110 11

1:2 Gunnarsbo-Lillfiarden (norra) 1.07 23,148 0.90 0.30 6,870 161

1:3 Labbotrasket 2.65 60,042 1.07 0.27 15,950 10

1:4 Gunnarsbotrasket 5.68 67,453 1.29 0.51 34,040 30

2:1 Norra Bassangen 0.19 76,070 0.88 0.31 23,650 7

2:2 Lake 2:2 1.77 9,921  0.60 0.29 2,860 98

2:3 Bolundsfjarden 0.28 611,312  1.81 0.61 373,950 114

2:4 Graven 0.44 50,087 0.35 0.12 5,920 27

2:5 Frakengropen No data 19,423  0.79 0.19 3,660 64

2:6 Vamborsfjarden 1.02 49,577 0.98 0.43 20,550 103

2:7 Kungstrasket 2.31 7,733  0.54 0.20 1,550 30

2:8 Gallsbotrasket 1.47 187,048 1.51 0.17 32,100 38

2:9 Stocksjon 2.70 36,480 0.82 0.22 8,030 8
2:10 Eckarfjérden 5.15 283,850 2.12 0.91 257,340 276

2:11 Puttan 0.48 82,741 1.29 0.37 30,150 301

3:1 Tallsundet -0.23 79,414  0.80 0.23 18,350 208

4:1 Lake 4:1 -0.34 35,058 1.53 0.38 13,000 46

4:2 Lillfjarden -0.35 161,269  0.89 0.29 47,030 184

5:1 Bredviken -0.26* 97,664 1.72 0.74 72,010 186

6:1 Simpviken -0.32 9,119 1.80 0.50 5,000 348

7:1 Lake 7:1 -0.47* 163,052  1.07 0.32 52,570 143

7:2 Marrbadet -0.29 23,611 1.01 0.36 8,500 61

7:3 Lake 7:3 0.17 6,393 0.70 0.25 1,620 21

7:4 Lake 7:4 No data 9,312  0.81 0.24 2,250 71

8:1 Fiskarfjarden 0.28 754,303 1.86 0.37 274,450 228
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from the sea may intrude into these lakes. For example, sea water relatively frequently flows

into Lake Bolundsfjdrden. The theoretical turnover times presented in Table 3-4 are based on
the ratio of the lake volume and the catchment area with a specific discharge of 150 mm/year.
For the low-lying lakes, occasionally intruded by sea water, no account is taken for this water
in the values presented in Table 3-4.

Surface water level time series

Time series of surface water levels of the major lakes and the Baltic Sea are shown in Figure 3-5.
The time series for Lillfjdrden (SFM0066) indicate that the lake level is mainly determined by
the sea level. The lake levels of Norra Bassingen (SFM0039) and Bolundsfjarden (SFM0040)
are also quite low (close to the sea water level), but these levels seem to be determined mainly
by the lake thresholds and the surface water and groundwater inflows from inland.

Occasionally the sea level rises high enough for direct sea water intrusion to the lower elevation
lakes in the site investigation area. During the two major storms in Jan. 2005 and Jan. 2007
(named “Gudrun” and “Per”, respectively) the sea water level also rose well above of the level
of Lake Fiskarfjirden which has a mean water level of +0.55 m. The two major events of salt
water intrusion into Lake Norra Bassdngen and Lake Bolundsfjarden coupled to “Gudrun” and
“Per” are shown in Figure 3-6.

The highest recorded half-hour value of the sea level, 1.40 m RHB70, was during the “Per”
storm, which can be compared with 0.94 m during “Gudrun” (the corresponding maximum
daily averages were 0.99 and 0.75 m, respectively). For comparison the mean sea water level
during the whole monitoring period was —0.04 m and the minimum recorded half-hour value
—0.68 m (minimum daily average —0.55 m).
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Figure 3-5. Daily average surface water levels in the Baltic Sea and the larger lakes in the study area
shown for all in a) and in close-up for the four lakes with the lowest levels in b). (Tick marks on the
x-axis indicate the first date of labelled months.)
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Figure 3-6. The water levels in the Baltic Sea (PFM010038), Lake Norra Bassdngen (SFM0039) and Lake
Bolundsfjirden (SFM0040) plotted together with the electrical conductivity in the channel connecting the
two lakes (PFM002292).

From Figure 3-6 it is obvious that the development over time of the electrical conductivity (EC)
was quite different in the channel between Lake Norra Bassidngen and Lake Bolundsfjérden
during the two storms. During “Gudrun” the EC peak was very distinct with a highest value
of almost 900 mS/m, which is approximately the same as the EC of the sea water. However,
already after less than two days the EC of the flow from Lake Bolundsfjarden to Lake Norra
Bassidngen was well below 100 mS/m.

This is explained by a distinct density layering in the ice-covered lake during “Gudrun”, resulting
in only low-salinity water flowing out of the lake. Figure 3-7 complements these observations
with electrical conductivity profiles from lake water in Lake Bolundsfjérden taken at three
occasions during 2005. The first occasion (Jan. 31, 2005) was approximately 3 weeks after the
sea water intrusions and shows the settling of saline waters at the lake bottom. Two months later
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Figure 3-7. Electrical conductivity profiles in Lake Bolundsfjirden measured during winter, early
spring, and summer, 2005.
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(March 29, 2005), the conductivity profile was virtually identical. At that time the lake was still
covered by ice preventing wind-driven water mixing. However, the summer measurement of
Aug. 16 showed profiles indicating well-mixed conditions.

During 2006/2007 the conditions were quite different. A major inflow of sea water appeared
already in the beginning of Nov. 2006. The water levels in Lake Norra Bassiangen and Lake
Bolundsfjiarden were at that occasion still low after the very dry summer and early autumn of
2006. Since the lakes were not ice-covered the water body was completely mixed resulting in
a continuously high but slowly decreasing EC in the outflow from Lake Bolundsfjarden after
this event. Then another major sea water intrusion took place during “Per”. The peak EC was
somewhat lower than during “Gudrun”, c. 750 mS/m.

Based on the water level changes in Lake Bolundsfjérden, information of the bathymetry, and

the EC-measurements, the inflow of chloride to the lake has been estimated to c. 40 tonnes during
“Gudrun” and during “Per”, c. 250 tonnes. The difference is mainly explained by the considerably
higher sea water levels during “Per”.

3.3.3 Brooks and other surface drainage systems

There are no large water courses within the study area. The catchment areas are typically
dewatered by small brooks that are periodically dry. The major brooks are shown in Figure 2-5
together with the installed surface discharge gauging stations.

The digital elevation model (DEM), in the form of a regular grid with a resolution of 10 m,
does not describe the brooks with an adequate accuracy for the quantitative surface water flow
modelling. In particular, brooks have been deepened for drainage purposes, which may lead

to significant differences between their bottom elevations and the surrounding topography
described by the DEM. Man-made alterations of the drainage system may also have changed
the overall discharge directions from some sub-catchments, as compared to those inferred
directly from the DEM.

In order to obtain a better description of the brooks in the area, field surveying was performed of
cross-sections at regular distances along the major brooks within the central parts of the model area,
see Figure 3-8 and /Brydsten and Stromgren 2005/. Furthermore, these brooks were characterised
regarding bottom substrate, vegetation and technical encroachments in /Carlsson et al. 2005/.

General characteristics of brooks

The brooks in the study area pass through varying types of landscape and typically they exhibit
a well defined furrow for some stretches and a more diffuse path where the furrow is difficult to
distinguish in areas that can be characterized as wetlands. Figure 3-9 shows a schematic sketch
of these types of landscapes. Figures 3-10 to 3-12 show photos of some typical brook sections.
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Figure 3-10. Brook section downstream from discharge station PFM002668.

Figure 3-11. Brook from Lake Fiskarfjdrden as seen from downstream.
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Figure 3-12. Brook between Lake Norra Bassdngen and the Baltic Sea with a well defined furrow at
low flows.

Brook properties

Figures 3-13 and 3-14 show the bottom elevations along the two major brooks in the central
part of the investigation area, the brook from Eckarfjérden to the Baltic Sea, and that from
about 400 m upstream of Gillsbotrésket to the conjunction with the brook from Eckarfjarden,
respectively (cf. Figure 3-8).

Observations describing the occurrence of overflow/wetland areas, cross-sectional geometry
parameters, and bottom substrate are useful for describing the hydraulic properties of the
brooks. Below, the classification of dominating bottom substrate and abundance of vegetation
is compared to the bed gradient /Brydsten and Stromgren 2005, Carlsson et al. 2005/.

The brook between Lake Eckarfjirden and Lake Bolundsfjirden

The whole brook section has been substantially excavated except for a part of the stretch
upstream of Lake Eckarfjdrden which has been moderately excavated according to the
classification in /Carlsson et al. 2005/. Bottom substrate and vegetation coverage are shown
in Figures 3-15 and 3-16. Coarser bed material is found along stretches where the gradient is
comparatively steeper, which is due to higher flow velocities removing fine material that is
more readily scoured.
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Figure 3-13. The bottom elevation of the brook between Lake Eckarfjdrden and the Baltic Sea.
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and the conjunction with the brook from Lake Eckarfjdrden.
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Figure 3-15. Dominating bottom substrate in the brook from Lake Eckarfjirden to Lake Bolundsfjdrden.
The origin of the x-axis is placed at the stream outlet from Lake Eckarfjdrden. Missing bed elevation
values were interpolated in places where information on bottom substrate was available.

6.50

Elevation ® Veg lacking ©“ <5% ©5-50% ®50-75% ®>75%

5.50 1

>

o

S
|

2.50 A ‘

Brook bed elevation (m, RHB70)
w
A
o
oo

1.50 A

0.50 T T T T
-1000 -500 0 500 1000

Distance along brook from Eckarfjarden

1500

2000

2500
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that an offset has been applied to the dots showing vegetation abundance in order to discriminate them
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The brook through Lake Gillsbotrisket and to the junction with the brook from
Lake Eckarfjiarden.

Approximately 80% of the brook section through Lake Géllsbotrdsket and to the junction with
the brook from Lake Eckarfjarden has been substantially excavated and the rest (approximately
half of the stretch downstream of Lake Géllsbotrdsket) moderately excavated, according to the
classification in /Carlsson et al. 2005/. The bottom substrate, including and excluding organic
material, and the vegetation coverage, are shown in Figures 3-17 to 3-19.

The coarseness of the dominating bed material shows no discernable pattern when compared

to the gradient. Generally the bottom substrate in the reach upstream of Lake Géllsbotrésket is
comprised of fine organic material (and a short stony stretch) while the stretch downstream of
Lake Gillsbotrésket is comprised of clay. Plotting the dominating substrate when organic mate-
rial is excluded, however, shows a clearer picture where the bed material in the steeper upper
reach is comprised of stone and gravel.
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Figure 3-17. Dominating bottom substrate along the brook that passes Lake Gdllsbotrdsket and down
to the junction with the brook from Lake Eckarfjirden. Note that an offset of +2 m has been added to
the western branch of the stream upstream Lake Gdllsbotrdsket in order to discriminate it from the
eastern branch.
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Gillsbotrisket and down to the junction with the brook from Lake Eckarfjirden. Note that an offset
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65



Discharge and surface water level elevations
Lake Eckarfjirden, SFM0041 to PFM002668

The stream between the Lake Eckarfjarden outlet and the discharge station PFM002668 is
approximately 200 m long. The elevation of the lake threshold is +5.15 m RHB70 (cf. Table
3-4) and the level of the discharge station +4.29 m. Thus, the average bed gradient is 4.3-10°.
The relationship between the level of Lake Eckarfjarden and the discharge in PFM002668 is
shown in Figure 3-20.

The measured discharge and the theoretical discharge curve show a good general agreement, which
mainly tells that the discharge station is fairly well adjusted to the brook geometry at the outlet sec-
tion from Lake Eckarfjarden. For low flows, however, the agreement is less good and there seems
to be a small flow volume, occurring mainly during autumn, which is not related to the upstream
water level in the same way as larger flow volumes. This could be due to a critical section formed
when the flow depth is approximately 0.1 m (threshold level 5.15 m), which implies that the flow
describes a transformation from subcritical to the supercritical flow regime when the flow depth
becomes more shallow. This is reasonable for a natural channel with a rough bottom.

Comparing discharge between seasons for the same level in Lake Eckarfjidrden shows that there
is a variation with a higher flow during winter, which is reasonable presuming that the stream is
congested by reeds and similar during spring to autumn. This seasonal variation may be attributed
solely to varying stream roughness, assuming that the geometry and bed gradient is unchanged.

PFMO002668 to PFM002667

The brook between discharge stations PFM002668 and PFM002667 is comprised of two
sections, firstly the part between PFM002668 and Lake Stocksjon, which has a steep gradient,
and secondly the part between Lake Stocksjon and PFM002667, which is initially compara-
tively steep with a smaller gradient further downstream.

The first reach from PFM002668 to Lake Stocksjon is approximately 160 m long. The outlet
threshold at Lake Stocksjon is at level +2.70 m RHB70 and the flume PFM002668 bottom at
+4.29 m, which makes the average bed gradient approximately 9.9-10~ (assuming that pressure
gradient losses in the lake are negligible the outlet threshold is applicable as inflow threshold).
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Figure 3-20. Discharge curve divided by season and the theoretical discharge curve of the station
PFM002668.
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The distance between Lake Stocksjon and PFM002667 is approximately 990 m and the bed level
at PFM002667 is approximately +1.50 making the average bed gradient 1.2-107. This part of the
brook has been described as having a generally well-defined geometry although in parts with a
less well-defined furrow in reaches where the water sometimes overflows the stream banks.

A comparison of the normalised discharge from PFM002667 with the upstream station PFM002668
is made in Figure 3-21, with the data divided into periods of increasing and decreasing discharge at
the upstream discharge station PFM002668.

The normalized discharge from the downstream measuring station PFM002667 is at times
larger during periods when the discharge is increasing. The standard deviation of the normalized
discharge at PFM002667 is also approximately 7% larger for periods when the flow is increasing
as compared to periods when the flow is decreasing. Physically the difference may be due to
Lake Eckarfjarden which is comparatively large and close upstream of the discharge station
PFMO002668 and likely to dampen out quick variations in discharge. During periods when the
discharge is decreasing the normalized discharge is more or less the same for both stations.

PFM002667 to junction with brook from Lake Gillsbotrisket to PFM005764

The brook between discharge stations PFM002667 (+1.50 m RHB70) and PFM005764 (+0.90 m)
is approximately 570 m long making the mean bed gradient 1.1-10. This part of the stream
has been described as having a generally well-defined geometry although in parts with a less
well-defined furrow in reaches where water sometimes overflows the banks. The largest overflow
area is located at the junction between this brook and the brook from Lake Géllsbotrasket, starting
approximately 100 m upstream and ending approximately 100 m downstream of the junction.

The discharge normalized with the average discharge for each respective station is shown in

Figure 3-22. In the figure the data is divided into periods of increasing and decreasing discharge at
the upstream discharge station, PFM002667. The normalized discharge from the downstream meas-
uring station PFM005764 is occasionally smaller during periods when the discharge is increasing
indicating that the degree of retention is higher for the catchment area affecting station PFM005764
than for the catchment area affecting PFM002667. Physically it may be due to the large wetland
area near the junction as well as the discharge from Lake Géllsbotrdsket. During periods when the
discharge is decreasing the normalized discharge is more or less the same for both stations.
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Figure 3-21. Normalized discharge at PFM002668 and PFM002667.
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PFMO005764 to Lake Bolundsfjirden, SFM0040

The brook reach between the discharge station PFM005764 and Lake Bolundsfjarden is approxi-
mately 150 m long and has a bed gradient of 4.1-10°° assuming that the lake inlet is at the same
level as the lake threshold (+0.28 m), which is slightly steeper than the gradient in the upstream
stretch between station PFM005764 and PFM002667.

The measured discharge and the water levels in Lake Bolundsfjarden vary independently since
the measuring flume produces a critical section, which by definition is unaffected by the water
level downstream. The variations in water level and discharge are, however, correlated to a
degree with a correlation coefficient of 0.77 (Figure 3-23).
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Figure 3-23. Measured discharge at PEFM005764 and water level in Lake Bolundsfjirden, SFM0040.
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Lake Giillsbotrisket to the junction with the brook from Lake Eckarfjirden to PFM005764

The brook between the lake threshold from Lake Géllsbotrésket (+1.47 m RHB70) and the
discharge station PFM005764 (+0.90 m) is approximately 1,050 m long and has an average
gradient of 0.54-10°. The section between Lake Gallsbotrisket and the junction with the brook
from Lake Eckarfjdrden has a well defined furrow, occasionally with banks as high as 2 m, until
approximately 30 m upstream of the junction were the stream discharges into a wetland area.
The relationship between discharge and water level in Lake Gallsbotrasket (SFM0064) is
shown in Figure 3-24.

The discharge-water level relationship shows no clear seasonal variation like the one from Lake
Eckarfjarden. This may be due to the smaller gradient, which leads to lower flow velocities,
which in turn entails smaller losses due to stream roughness. The discharge shows no discernable
pattern when divided into periods with increasing and decreasing water levels.

Lake Bolundsfjarden (SFM0040) to Lake Norra Bassingen (SFM0039) to the Baltic Sea
(PFM010038)

The stream between Lake Bolundsfjarden and Lake Norra Bassidngen has a distinct furrow during
low flows. During higher flow, the water flows through a wide reed covered area with a stony
bottom. Between Lake Norra Basséngen and the Baltic Sea there are two brook outlets (with
different threshold levels). They are described as reed covered areas with a bottom substrate of
stony till (see Figure 3-12 showing photos of the eastern outlet with the lower threshold level).

Stream roughness

It is not possible to estimate any specific friction coefficient from the performed measurements
and observations since the flow regime and the occurrence of critical sections are unknown.
There may also be a fairly clear seasonal variation in flow resistance as shown in Figure 3-20,
where the same upstream lake level may result in significantly different discharges.

A comprehensive table of Manning’s roughness coefficients related to stream properties that can
serve as some guidance can be found in, for example, /Chow 1959/. One of the prerequisites of
the Manning equation is that the flow is steady and only slightly non-uniform. In the study area,
however, critical brook sections are likely to be fairly common, particularly in the steeper sections.
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Figure 3-24. Discharge at PFM005764 compared to the water level at Lake Gdllsbotrisket, SFM0064.
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Surface discharge time series

Time series of surface water discharge at the four installed gauging stations are shown in

Figure 3-25 (for locations of the stations and sizes of upstream catchments see Figure 2-5

and Table 2-5). The highest recorded discharge from the catchments at stations PFM005764,
PFM002667, PFM002668 and PFM002669 were 212 L/s (38.0 L/s/km?), 131 L/s (43.4 L/s/km?),
75.9 L/s (33.3 L/s/km?), and 183 L/s (64.5 L/s/km?), respectively. All stations had zero discharge
for relatively long periods in late summers and early autumns, especially during 2006.
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Figure 3-25. Surface discharge time series at the four automatic gauging stations (daily means). Note
the different scale of the discharge axes.
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The relatively short time series available imply that it is difficult to draw any definite conclu-
sions on longterm mean specific discharge. This is illustrated by the mean values for various
time periods presented in Table 3-5. The mean specific discharge for the largest catchment,
which had a 35.5 months’ time series, was 4.87 L/s/km? (154 mm/year). The variation of speci-
fic discharge for a specific station for the time periods selected for comparison was 30-35%,
whereas the variation between stations for the same time period was 10-17%.

If the full 3-year period of April 15, 2004 until April 14, 2007 is considered the corrected mean
precipitation was 546 mm/year while the mean specific discharge of the largest catchment of
5.6 km? was 154 mm/year. From a comparison of groundwater and surface water levels at the
start and end of the period it can be concluded that the these storages were a little smaller at
the end of the period but only corresponding to a difference of c. —5 mm/year.

The mean precipitation was 13 mm/year lower than the 30-year normal precipitation estimated by
SMHI (see Appendix 1). Since approximately 2/3 of the precipitation goes to evapotranspiration,
the precipitation deficit should correspond to a discharge deficit of approximately 5 mm/year.
These estimates of storage changes and precipitation deficit indicate that the measured 3-year
mean discharge should be close the longterm average discharge. A rough estimate of the longterm
overall water balance of the area is then: P (precipitation) = 560 mm/year, ET (evapotranspiration)
=400-410 mm/year, and R (runoff) = 150-160 mm/year.

Table 3-5. Discharge characteristics for the four gauging stations for various time periods
(* total available time series for PFM00576, ** total available time series for PFM002667,
PFM002668 and PFM002669).

PFM005764 PFM002667 PFM002668 PFM002669

Apr 15, 2004-Mar 31, 2007*

Mean discharge (L/s) 27.2

Min. discharge (L/s) 0.00

Max. discharge (L/s) 212

Specific discharge (L/s/km?) 4.87

Specific discharge (mm/yr) 154

Dec 8, 2004-Mar 31, 2007**

Mean discharge (L/s) 31.0 15.6 11.6 15.8
Min. discharge (L/s) 0.00 0.00 0.00 0.00
Max. discharge (L/s) 212 131 75.9 183
Specific discharge (L/s/km?) 5.54 5.19 5.07 5.57
Specific discharge (mm/yr) 175 164 160 176
Jan 1-Dec 31, 2005

Mean discharge (L/s) 25.2 12.1 9.09 11.6
Min. discharge (L/s) 0.00 0.00 0.00 0.00
Max. discharge (L/s) 85.3 43.7 31.8 60.7
Specific discharge (L/s/km?) 4.51 4.01 3.99 4.10
Specific discharge (mm/yr) 142 127 126 129
Jan 1-Dec 31, 2006

Mean discharge (L/s) 32.9 171 121 17.4
Min. discharge (L/s) 0.00 0.00 0.00 0.00
Max. discharge (L/s) 212 131 75.9 183
Specific discharge (L/s/km?) 5.89 5.67 5.31 6.13
Specific discharge (mm/yr) 186 179 167 193
Oct 1, 2004-Sep 30, 2005

Mean discharge (L/s) 24.7

Min. discharge (L/s) 0.00

Max. discharge (L/s) 85.3

Specific discharge (L/s/km?) 4.42

Specific discharge (mm/yr) 139

Oct 1, 2005-Sep 30, 2006

Mean discharge (L/s) 27.3 14.3 10.3 14.1
Min. discharge (L/s) 0.00 0.00 0.00 0.00
Max. discharge (L/s) 212 131 75.9 183
Specific discharge (L/s/km?) 4.88 4.74 4.53 4.96
Specific discharge (mm/yr) 154 149 143 157
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3.3.4 Wetlands

Different types of wetlands occur frequently within the Forsmark site investigation area. In
Figure 3-26, the different wetlands types, as presented in the ground layer of the vegetation
map /Boresjo Bronge and Wester 2003, Lofgren (ed.) 2008/, are shown. Wetlands cover 10%,
12% and16% of the major catchments Forsmark 1, 2 and 8, respectively. For some of the sub-
catchments, wetlands cover between 25% and 40% (Tables 3-2 and 3-3).

From a hydrological point of view, it is useful to distinguish between bogs, fens and marshes
/Kellner 2004/. Bogs are peat covered areas where the precipitation falling within the area is

the only source of water for the vegetation (ombrotrophic). Bogs are found in the most elevated
parts of the site investigation area only. These bogs are small and the peat cover is not very thick
(<3 m) /Fredriksson 2004/.

Fens are peat covered areas where the vegetation at least partly is supplied by inflowing surface
water and/or groundwater. Marshes are wetlands with little or no peat. Fens and marshes are
frequent in the more low-lying parts of the area.

The lithostratigraphies of the bogs, fens and marshes are decisive for their hydraulic contact
with the surrounding groundwater system. From existing borings /Johansson 2003, Werner and
Lundholm 2004b, Lokrantz and Hedenstrom 2006/, it is known that the peat and gyttja in the
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Figure 3-26. Wetlands of different types within the Forsmark area, based on the vegetation map
/Boresjo Bronge and Wester 2003/.
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wetlands can rest directly on till, or be underlain by clay and sand above the till. In Figure 3-27

presence/absence of a clay layer is shown from an inventory of 25 wetlands in the central part of
the site investigation area. In summary, 13 sites contain a clay layer and at 12 sites the organic sedi-
ment is resting directly on coarse minerogenic material, often till /Lokrantz and Hedenstrém 2006/.

In Table 3-6 generalised lithstratigraphies of three wetlands are presented; two fens and one bog.
The investigations regarding hydraulic properties of the wetland sediments as well as ground-
water levels are presented in Section 3.4.1.

Table 3-6. Generalised lithostratigraphy of three wetlands. For locations of the coring sites,
see Figure 2-7.

Deposit

SFM0084 (fen)

SFM0091(fen)

SFM0095 (bog)

Peat thickness

None
0.35-0.80 m/0.45 m

none
0.45-0.82 m/0.37m

0.10-1.65 m/1.55 m
1.65-1.85m/0.20 m

Gyttja (depth interval/thickness)

Clayey gyttja (depth intervalithickness) ~ 0.80-1.29 m/0.49m  0.82-1.15m/0.33m  1.85-2.12 m/0.27 m

Sand (depth interval/thickness) 1.29-1.74 m/0.45 m 1.15-1.25 m/0.10m patchy
Clay (depth interval/thickness) 1.74-2.46 m/0.72 m 1.25-1.31 m/0.06m 2.12-2.96 m/0.84 m
Till (depth interval/thickness) 3-5m
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Figure 3-27. Absence or presence of a stratum of clay in 25 wetlands in the central part of the site
investigation area /Lokrantz and Hedenstrom 2006/.
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3.3.5 Coastal basins

The coastal marine system of the site investigation area is located in Oregrundsgrepen.
Oregrundsgrepen is an open-ended embayment with a wide and deep boundary towards north
and a narrow and shallower strait towards south, which connects to an archipelago that gives
a buffer zone before the southern seaward boundary. A deep channel runs in the north-south
direction in the eastern part of the embayment. The southern strait has a sill at approximately
25 m depth (Figure 3-28).

The water exchange of semi-enclosed coastal basins is controlled by a number of forcing
variables acting at different spatial and temporal scales (Table 3-7). Tides are insignificant in
the Baltic Sea. Instead, the dominant cause of water exchange in semi-enclosed Baltic coastal
basins is often density fluctuations at the seaward boundary /Engqvist and Omstedt 1992/. With
strong freshwater discharge, estuarine (baroclinic) circulation can also be an important mode of
water exchange. Atmospheric heat transfer act stabilizing (heating) or destabilizing (cooling)
on the stratification. Wind shear acts to increase the depth of the well-mixed surface layer, and
large-scale wind patterns can also cause up- or down-welling events through Ekman dynamics.

Due to the wide open boundary towards north, Oregrundsgrepen is strongly affected by the
large-scale circulation and dynamics of the Baltic Sea, and notably by the southbound coastal
current, with seasonal density fluctuations due to variations in the collective discharge to the
Bothnian Bay by the major rivers in northern Sweden and Finland.

The local freshwater discharge to Oregrundsgrepen is moderate with the streams Forsmarksan
and Olandsan discharging about 3 and 6 m*/s, respectively, as an annual average to the southern
part of Oregrundsgrepen. In the central parts only minor brooks, that are periodically dry, and
diffuse groundwater discharge contribute to the natural freshwater supply, see Sections 3.3.3 and
3.4. The freshwater discharge is not sufficiently strong for large-scale estuarine circulation to
establish in Oregrundsgrepen.

Orskar Depth [m]

200

~ Oregrundss
‘t grepen

150-  Discharge area — ) ‘ M- e
Kalligafjarden——> §

L 150

100| Baltic model < Al 40

50 100 150 200

Figure 3-28. Bathymetric map of the Forsmark coastal area.

74



Table 3-7. Coastal and archipelago water exchange processes and typical time scales of
forcing (solid lines) and basin response (dashed) /Engqvist and Stenstrom 2004/.

Forcing Mediating processes

Basin response

Time scale

s min h day week  month

Boundary fluctuations
- Sea level
- Density

Long surface waves
Long internal waves

Freshwater discharge

- Mass and mom. transfer Long surface waves
Horizontal jets
Turbulent mixing

- Buoyancy flux Long internal waves

Atmospheric heat transfer
- Differential cooling/heating
- Surface cooling
- Surface heating

Long internal waves
Penetrative convect.
Enhanced vertical
density gradient

Wind shear
- Energy transfer
- Surface drag

Turbulent mixing
Surface currents

Tides Long surface waves

Seiches

Turbulent mixing
Horizontal jets

Propeller energy

Filling/ emptying
Adjusted stratification

Filling

Horizontal currents
Deepened surface layer
Baroclinic circulation
Enhanced vertical
density gradient

Baroclinic circulation
Vertical mixing
Stabilized stratification

Deepened surface layer
Surface setup/ -down
Pycnocline setup/ -down

Filling/ emptying
Filling/ emptying

Deepened surface layer
Horizontal currents

Salinity and temperature measurements indicate that stratification is strengthened during the
heating period from April to August, with the thermocline occasionally interrupted by strong
vertical mixing events or by possible up- or downwelling episodes. During the cooling period
from September to April, vertically well-mixed conditions prevail down to 25 m depth /Engqvist

and Andrejev 2008/.

Cooling water for the power plant is withdrawn via an open canal from Asphéllsfjarden, just
east of the nuclear power plant (Basin 120 in Figure 3-31). The maximum withdrawal rate is

c. 130 m¥/s. The withdrawal strongly affects the water exchange of Asphéllsfjarden. The cooling
water is released with an over-temperature of about 10°C northeast of the power plant, in the
so-called Biotestsjon, an artificial lake that is separated from the surrounding coastal basins by
embankment dams. The water passes through Biotestsjon and is let out via a canal towards north
(Basin 108). The discharge creates a thermal plume in the surface layer in the central part of the
modelling area. However, the natural water exchange rate of the basins north of Biotestsjon is
about 10-20 times greater than the discharge rate, so the effect of the discharge is small.

The coastline of the modelling area is flat and the lakes close to the coast are subject to saltwater
intrusion during periods with high seawater level (see Section 3.3.2). The seabed has been
mapped with regard to the horizontal and vertical distribution of Quaternary deposits in large
parts of Oregrundsgrepen /Elhammer and Sandqvist 2004/, (Figure 3-29), and in the whole
modelling area (i.e. without internal “white areas”) based on complementary interpretations

of the data /Hedenstrom and Sohlenius 2008/ (Figure 3-30). Offshore Quaternary deposits are
dominated by glacial and post-glacial clay, together covering about 55% of the area covered by
the map of Figure 3-29. The thickness of the offshore Quaternary deposits varies considerably
from less than 2.5 m to more than 10 m. Differences between land and water deposits indicate
that there is substantial erosion and re-deposition of finer material on the seabed in the area.
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Figure 3-29. Spatial distribution of bedrock exposures and Quaternary deposits on the seabed outside

Forsmark /Elhammer and Sandkvist 2004/.
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For modelling purposes, the Forsmark coastal area has been subdivided into a number of
sub-basins (Figure 3-31), see /Wijnbladh et al. 2008/. The delineation is made based on the
identification of bathymetric features that are projected to play a successively greater role

in controlling water exchange within the area, due to the ongoing land rise /Brydsten 2006a/.
Hypsographic data for the basins in Figure 3-31 are presented in Table 3-8.

Water exchange modelling
Nested models

Water exchange modelling has been made with the three-dimensional hydrostatic numerical
model AS3D /Andrejev and Sokolov 1997/, with some simplifications concerning heat exchange
with the atmosphere and ice formation and melting processes /Lindborg (ed.) 2005, Section 3.5/.
The model has been set up at two different grids, one fine-resolution grid (0.1x0.1 nautical miles)
that covers Oregrundsgrepen and the archipelago south of Oregrundsgrepen, and one coarse-
resolution grid (2x2 nautical miles) that covers the entire Baltic Sea and provides boundary
conditions when running the model at the fine-resolution grid.
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o

BEE2000GEE 4000 BEAE000 5E98000 570000067 020006704000 670600] 670800067 1000067 1200067 14000

SEEH0000 5652000 6624000 GE96000 GE98000 57 000006702000 6704000 6706001 67028000 67 1000067 1200067 1400

1622000 162400016260001628000 1330000 1632000 1634000 18636000 1638000 1840000 1642000 1644000 1648000 1648000 1650000 165200
Depth (m) N
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Conezent | 20071052,
588 2007-10-09

Figure 3-31. Basin delineation of the Forsmark coastal area.
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Table 3-8. Hypsographic data for the sub-basins of Oregrundsgrepen.

Basin no. Area Mean depth Volume
[m?]x10°¢ [m] [m3]x10°¢
100 18.6 19.4 360.0
101 21.8 16.1 351.9
102 34.4 10.9 373.2
103 5.8 5.5 31.9
104 2.7 7.6 20.7
105 22.8 18.2 414.5
106 14 4.5 6.3
107 4.7 7.0 32.6
108 7.2 10.6 77.0
109 1.5 19.3 29.3
110 71 12.4 88.2
111 7.0 3.3 23.0
112 0.7 10.9 7.6
113 1.6 12.5 20.0
114 141 19.4 2741
115 4.2 16.1 67.7
116 13.6 9.5 128.9
117 5.9 3.7 21.9
118 1.5 3.1 4.5
120 0.8 2.5 1.9
121 3.8 5.5 20.8
123 7.3 13.6 99.3
126 5.5 7.5 41.3
134 0.7 1.8 1.2
146 3.4 7.7 26.5
150 6.0 3.6 21.6
151 42.5 13.2 561.4

The year 1988 was chosen as a typical year for running the models. The aim of the modelling
was primarily to estimate the average age of the water (AvA, see below). Validation has also
been made for a 12-month period 2004/2005 /Engqvist and Andrejev 2008/. In the type-year
simulation, the dynamics induced by the withdrawal and discharge of cooling water for the
power plant were not included, since the aim of this simulation was to characterise the water
exchange of Oregrundsgrepen on a longterm basis. In the validation simulation, however,

the

cooling water dynamics had to be included.

Data

Input data for the typical year 1988 were:

Synoptically gridded so-called Mueller-data from which wind components, air pressure and
air temperature were extracted every 3 hours.

Sea level data gauged both on the Swedish and on the Danish side of the model boundary at
Kattegatt. The difference between these levels provides an estimate of the geostrophically
adjusted flow.

Seasonally averaged salinity and temperature at the model border at Kattegatt.

Freshwater discharge of the two streams Forsmarksén and Olandsan calculated from the
HBV-model by SMHI.

Estimates of the average freshwater discharge of the major rivers around the Baltic Sea.
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Average age, exchange flow and turnover time

The characteristic water exchange of the different sub-basins is described through the concept
of average age (AvA). The age is the time a particular water parcel has spent within a specified
body of water, at a given instant in time. The AvA represents the ensemble average for all
particles.

In the three-dimensional model, the age is implemented as a passive tracer that is advected and
diffused just as any other passive tracer. At every grid cell within the model domain, the age
is increased by one time step unit for every time step. Water entering the domain over an open
boundary or as discharge is assigned the age 0. Given slowly varying forcing, a quasi-steady
equilibrium between renewal over boundaries and aging within the domain, will be attained
over time.

In addition to AvA, the exchange flow (m*/day) and the turnover time (days) was calculated

for each basin. The exchange flow for a given basin is the sum of all advective inflows from
(or outflows to) the adjacent basins. The turnover time (days) is the basin volume divided by
the exchange flow. There is no simple general relationship between AvA and turnover time. For
a large basin it is possible for water to flow back and forth over the boundaries without causing
renewal in the interior of the basin. The exchange flow will then be large and the estimated
turnover correspondingly short, whereas the AvA may be large.

On the other hand, small, shallow land-locked basins can be dominated by horizontal diffusion
rather than by advective water exchange. The exchange flow will then be small and the turnover
time correspondingly long, whereas the AvA will be small. Neither AvA nor turnover time hence
perfectly characterises the renewal of water in a coastal basin, particularly not when a 3D model
with a fixed coefficient of horizontal diffusion is used, as is the case here. This coefficient tends
to over-estimate the diffusive flow at smaller scales.

Results and discussion

Table 3-9 presents the results of the modelling of the typical year 1988 for the sub-basins of
Oregrundsgrepen. The longest turnover times are calculated for the land-locked basins (111,
117, 118, 120, 134 and 150) and the large southernmost basin (151) bordering to the southern
archipelago. This is due to the comparatively low advective flow into and out of these basins.
The AvA is, however, small for these basins, reflecting a dominance of horizontal diffusion.

The model probably over-estimates the horizontal diffusion. The calculated AvA hence indicates
a larger water exchange for these land-locked basins than the factual. The turnover time, on the
other hand, takes only advection into account and hence under-estimates the water exchange.

Basin 134 has an exchange flow very close to zero and hence a turnover time that goes towards
infinity. This is probably due to insufficient resolution of the model for the smallest land-locked
basins. For the large basins of Oregrundsgrepen, the AvA and the turnover time are of the same
order of magnitude, and generally shorter than one day. Oregrundsgrepen is hence very well
ventilated. Advective flows dominate and both AvA and turnover time should be good proxies
for the water renewal of these basins.

The water exchange of Asphillsfjarden (Basin 120) is strongly dependent on the withdrawal of
cooling water to the power plant (maximum c. 130 m*/s). With only the natural water exchange,
the average volume flux between Asphéllsfjarden and the next basin seaward of Asphéllsfjdrden
is in the order of 1 m¥/s, corresponding to a turnover time in the order of 20 days. Taking the
withdrawal of 130 m¥/s into account, the turnover time decreases to just a few hours. The modelling
for the typical year 1988 does not take the cooling water into account. The validation simulation,
however, includes the cooling water.

The effect of the release of the cooling water via Biotestsjon to Basin 108 is hardly noticeable
since the natural exchange flow is about 10-20 times greater. The water is released with an
over-temperature of 10°C. The resulting thermal plume is noticeable only very locally (a few
grid cells in the model).
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Table 3-9. Modeled average age (AvA) and calculated exchange flow and turnover time for
the sub-basins of Oregrundsgrepen (typical year 1988).

Basin no. AvA Exchange flow Volume Turnover time
[days] [m3/day]x10° [m3]x10¢ [days]
100 0.34 750.2 360.0 0.5
101 0.39 547.6 351.9 0.6
102 0.68 400.6 373.2 0.9
103 0.13 86.1 31.9 0.4
104 0.07 64.7 20.7 0.3
105 0.49 643.6 414.5 0.6
106 0.14 23.7 6.3 0.3
107 0.22 59.7 32.6 0.5
108 0.19 165.0 77.0 0.5
109 0.04 122.8 29.3 0.2
110 0.12 239.9 88.2 0.4
111 0.99 9.2 23.0 2.5
112 0.02 359 7.6 0.2
113 0.03 119.5 20.0 0.2
114 0.44 422.6 2741 0.6
115 0.12 202.7 67.7 0.3
116 0.74 142.8 128.9 0.9
117 1.41 4.8 21.9 4.5
118 0.67 0.6 4.5 7.2
120 0.33 0.1 1.9 26.2
121 0.27 221 20.8 0.9
123 0.12 228.3 99.3 0.4
126 0.24 60.8 41.3 0.7
134 0.02 - 1.2 inf.
146 0.09 63.5 26.5 0.4
150 0.69 9.2 21.6 2.4
151 4.52 200.1 561.4 2.8

In summary, the modelling shows that Oregrundsgrepen is well ventilated with a typical
turnover time shorter than 1 day for the basins in the central parts. For the smaller, shallow,
land-locked basins, the modelling results are a bit misleading. The turnover time represents
an under-estimation of the water exchange since horizontal diffusion across the boundary is
neglected. The AvA, on the other hand, over-estimates the water exchange since it includes
a horizontal diffusion that probably is over-estimated in the model.

3.4 Description of hydrogeological objects/flow domains
3.4.1 Quaternary deposits

Hydraulic properties

The hydraulic properties of the Quaternary deposits (QD) and/or the QD/rock interface have been
calculated from slug tests, pumping tests, and BAT-filter tip permeability tests (see Figures 2-6
and 2-8 and Table 2-7 for the locations and number of tests). Furthermore, permeameter tests
were performed in the laboratory on undisturbed samples (19 samples, sample size @ 7.2 cm,
length 5.0 cm) and hydraulic conductivities (K) were also calculated from grain size distributions
(74 samples).
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The data from the slug tests were evaluated using three separate methods: the Cooper et al.
method, the Hvorslev method, and the Bouwer & Rice method /Butler 1998/. For most wells
a good to acceptable fit to the type curves of the Cooper et al. method was obtained when
applying a fixed o (corresponding to a storativity (S) of 107). Figure 3-32 shows the hydraulic
conductivities on a map of the area. The data presented are all from the evaluation by the
Cooper et al. method with a fixed a.

Figure 3-33 shows a histogram of the hydraulic conductivities from tests in till (57 of the total
of 59 tests). The histogram shows that most hydraulic conductivity values are in the range
107-10* m/s; the measured hydraulic conductivities vary between 2.0 -10® and 7.0-10* m/s.
The geometric mean is 5.4-10° m/s (arithmetic mean 5.3-10° m/s, median 5.7-0° m/s) and
the standard deviation of log;, (K) is 1.06, which corresponds to 2.45 if the natural logarithm
is used. Assuming a log-normal distribution, the 95% confidence interval for the geometric
mean is 2.9-10°-1.0-10 m/s, and the 95% confidence interval for a new observation is
4.5-10%-6.5-10* m/s.

The relatively high degree of spatial variability reflects the fact that the dataset includes
K-values associated with different types of till and depths, as well as values from well screens
at and across the till/bedrock interface. The geometric mean of the K-values from wells in till
only is 1.3-10°° m/s, whereas it is 1.2:10° m/s in wells at and across the till/bedrock interface.
Thus, the hydraulic conductivity is on average one order of magnitude higher at the till/bedrock
interface than in the till.
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Figure 3-32. Hydraulic conductivities obtained from slug tests evaluated by the Cooper et al method
/Butler 1998/.
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Figure 3-33. Histogram for the hydraulic conductivities of till, obtained from slug tests in 57 ground-
water monitoring wells /Werner and Johansson 2003, Werner 2004, Alm et al. 2006/

In Figure 3-34 a comparison of the evaluated hydraulic conductivity values as a function of the
screen depth is shown, also taking into consideration whether the screen is placed at the till/bed-
rock interface. The linear fits in Figure 3-34 indicate a decrease in conductivity by approximately
half an order of magnitude over a depth interval of 8 m for wells with the screen in till only.
However, it should be noted that no slug tests are available from the uppermost c. one metre

of the soil profile.

The potential influence of the well-installation technique on the estimations of hydraulic properties
that are obtained from the slug tests is an important issue. In order to investigate this issue, the
hydraulic conductivities obtained from slug tests in groundwater monitoring wells installed in till
only by air rotary-casing driver were compared to the corresponding values obtained from wells
installed by hammer drilling. The geometric means of for the two groups of wells are 1.4-10° m/s
and 1.3-10°° m/s, respectively. Hence, the well installation technique is not considered to have a
large influence on the evaluated hydraulic parameters. The two slug tests performed in sand gave
hydraulic conductivities of 2.3-10* m/s and 3.9-10* m/s.

Grain-size analyses were performed on a large number of QD samples. The resulting particle-
size distribution curves (PSD) were used to estimate the hydraulic conductivity using three
different methods: the equations presented by Hazen and Gustafson, respectively /Andersson
et al. 1984/, and the Fair-Hatch equation /Freeze and Cherry 1979/. The results obtained from
the Fair-Hatch equation are summarised in Table 3-10.

The hydraulic conductivity of the till, as obtained from the PSDs, is on the order of 10 for the
gravelly-sandy till types, and on the order of 107 m/s for the clayey till types. Figure 3-35 shows
a comparison between hydraulic conductivity values obtained from slug tests and those obtained
from PSDs. The analysis includes only the PSDs that are sampled within the same depth interval
as where the corresponding well screen is located; in some cases, there is only a small overlap
between the sampling interval and the well screen depths for the data shown in the figure.
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Figure 3-34. Hydraulic conductivities (logarithmic scale) of the QD obtained from slug tests in wells
installed on land (i.e., wells installed below open water are not included). The data are plotted as a
function of depth (metres below ground level). The lines are linear fits to the measured data.

Table 3-10. Statistical analysis of hydraulic conductivity K (m/s) obtained from evaluation
of particle-size distribution curves by the Fair-Hatch equation. The available number of
K-values for each QD type is shown within parentheses.

Gravelly till, Clayey sandy- Sand, sandy Boulder clay (3) Silty sand (1)
sandy till (32) silty till, clayey gravel (5)
sandly till, clayey
gravelly till (33)
Arithmetic mean of log-K —6.09 —6.60 —4.30 —6.74 —6.05
Standard deviation of log-K 0.56 0.43 0.94 0.19 -
Geometric mean of K 8.23-107 2.52-107 5.06-10° 1.81-107 8.97-107
Arithmetic mean of K 1.77-10° 3.62:107 3.22-10+* 1.94-107 8.97-107
Median of K 9.65:107 277107 2.35:10° 1.42-10~7 8.97-107
95% confidence interval for K 5.25-107 — 1.79-107 - 7.58-10° — 1.10-107 = -
1.29-10° 3.54-107 3.38-10 2.98-107
95% confidence interval fora  6.51-10% — 3.59:10% — 7.25-107 — 7.60-10°° — -
new observation/measurement 1.04-10-° 1.77-10° 3.54-10° 4.30-107

For those wells where the screen is located across the till/bedrock interface, Figure 3-35 shows
that the hydraulic conductivities obtained from slug tests generally are higher compared to the
corresponding values obtained from the PSDs. The deviations are larger for those wells where
the till consists of clayey till. Furthermore, the results show that there is no correlation between
grain size distribution and hydraulic conductivity for wells where the screen is located across
the QD/bedrock interface, but some correlation for well in till only.

Pumping tests were performed in wells SFM0061, SFM0074, SFM0090, SFM0094 and
SFMO0103 /Werner et al. 2004, Werner and Lundholm 2004a, Alm et al. 2006/. The hydraulic
conductivity values evaluated from the pumping tests are presented in Table 3-11.
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Figure 3-35. Hydraulic conductivities (logarithmic scale) of the till obtained from slug tests plotted
versus corresponding values obtained from particle-size distribution curves (PSD). The solid line
represents a perfect correlation between the two datasets.

Table 3-11. Evaluated hydraulic conductivity data from pumping tests /Werner et al. 2004,
Werner and Lundholm 2004a, Alm et al. 2006/ (see Figure 2-6 for the locations of the wells).

Pumping well Observation well Hydraulic conductivity = Storage coefficient (-)

(m/s)
SFMO0061 (glaciofluvial mtrl) 2.1-10*
SFMO0060 (glaciofluvial mtrl) 1.3-10* 4.0-10°
SFM0074 (till/bedrock) 5.6-10°
SFMO0031 (till) 5.6-10* 1.0-10°%
SFMO0032 (till) 5.6-10° 2.5-10*
SFMO0062 (till) 5.5-10° 1.8:10°
SFMO0063 (till) 3.7-10* 1.6:10°3
SFMO0090 (till/bedrock) 3.6-10°
SFM0094 (till/bedrock) 6.7-10°
SFMO0103 (till/bedrock) 9.1-10°
SFMO0095 (till) 7.6-10° 3.1-10*

The pumping well SFM0061 and its observation wells (SFM0059 and SFM0060) are located
in a glaciofluvial deposit, the Borstildsen esker, and the material consists of sand, gravel and
stones. The well SFM0074 is installed across the till/bedrock interface immediately west of
Lake Bolundsfjarden, whereas the observation wells for that pumping test are installed in till
(SFM0031 and —32 on land and SFM0062 and —63 below open water). The evaluation of the
pumping test in SFM0074 also included an analysis of the impact of hydraulic boundaries and
lake water leakage. The results showed that there is a limited hydraulic contact, potentially
determined by low-permeable lake sediments, between Lake Bolundsfjarden and the pumped
aquifer. The evaluation of the vertical leakage through the gyttja sediments indicates a vertical K
of the gyttja of 10 to 10 m/s. However, it should be noted that these values are quite uncertain.
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With the objective to explore the hydraulic contact between wetlands and their surrounding
groundwater systems, three pumping tests were conducted with pumping in wells installed
across the QD/bedrock interface at the fringes of three wetlands and with observation wells

in the different wetland sediments and in the till below the wetlands, see Figure 3-36 for an
illustration of the test set up. However, due to insufficient spreading of the cone of depression
in the till, evaluation of drawdowns in the monitoring wells was only possible at the site shown
in Figure 3-36 (see Figures 2-6 and 2-8 for the locations of these monitoring wells).

The hydraulic conductivities evaluated from the pumping tests, which represent larger aquifer
volumes than the slug tests, are approximately 2-3 orders of magnitude larger than the corre-
sponding values from the slug tests for wells SFM0031 and SFM0062-63, whereas the values
are approximately equal for well SFM0032 and SFMO0095. Furthermore, an evaluation of the
vertical leakage through the peat/gyttja/clay sediments when pumping in well SFM0103
indicates a vertical harmonic mean K-value of the sediments of 4.8-10 m/s.

The hydraulic conductivity has also been measured in BAT filter tips at 10 locations /Johansson
2004, Alm et al. 2006/. The results of these measurements are shown in Table 3-12. The hydraulic
conductivities obtained from the filter-tip tests in till concern fine-grained tills, and can be expected
to be low. However, the K-values from the BAT filter tips in till are much lower than those from
slug tests in similar geological materials. The reasons for this difference could be related to scale
effects or to methodological differences. The obtained values on the order of 107 m/s are close to
the upper limit of values than can be measured by the BAT-equipment.

The K-values obtained from the laboratory permeameter tests, conducted on undisturbed
samples from the uppermost part of the till are presented in Figure 3-37 /Lundin et al. 2005/.
It should be noted that these tests measure vertical hydraulic conductivities. However, it can
be assumed that the difference between horizontal and vertical K are less pronounced in the
upper part of the soil profile (c. 1 m) due to impact from soil forming processes.

SFMO0103 SFMO0095 SFM0096 SFMO0099 SFMO0101
Peat
D s e
P Gyttja | = \:, \:/
' Cay . H
e N N e B e F e
T L L L
r=12.1m Rock
r=151m
r=15.6m
r=153m S

Figure 3-36. A conceptual model of the pumping well (SFM0103) and the four monitoring wells
/Alm et al. 2006/. Note that the figure is not in scale.
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Table 3-12. Measurements of hydraulic conductivity in BAT filter tips /Johansson 2004,
Alm et al. 2006/.

Station Hydraulic conductivity (m/s) Deposit
SFM0050 (4.0-4.3)108 Sandy till
SFM0052 4.0-10°° Clayey, sandy, silty till
SFMO0054 (8.5-8.8):10° Boulder clay
SFM0082 3.2:107 Gyttja
SFM0085 2.6-10~7 Clay
SFMO0088 3.3:10~7 Clayey gyttja
SFM0092 3.4-10~7 Gyttja
SFM0096 29107 Clay
SFMO0099 3.2:10~ Gyttja
SFMO0101 3.3:10~ Peat

Mid-sampling depth (m below ground)
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Figure 3-37. Vertical hydraulic conductivities in till from laboratory permeameter tests on undisturbed
samples /Lundin et al. 2005/.

From Figure 3-37 it is clear that the hydraulic conductivities are considerably higher in the uppermost
c. half metre of the soil profile. The difference, due to impact of soil forming processes, is 2 to 3
orders of magnitude. These observations are in agreement with several other investigations of hydrau-
lic properties of till, see /Lind and Lundin 1990/. Total porosities and specific yield (S,) also show
clear trends with depth below ground /Lundin et al. 2005/. The total porosity in the uppermost 0.25 m
of profile is 30-40% and then decreases down to c. 20% below a depth of c. one metre. S, decreases
from almost 20% in the uppmost part of the profile down to c. 5% below one meter’s depth. The field
capacity (water holding capacity at 100 cm suction) is, however, almost constant over depth, c. 15%.

In Table 3-13 best estimates of hydraulic parameters of Quaternary deposits in Forsmark are
presented. When sufficient site specific data are available these are used as a basis for the best
estimate, while when site specific data are scarce or missing generic data are also used as support
for the estimates. Due to the influence of soil forming processes on the uppermost part of the soil
profile, a differentiation of the hydraulic properties has been made between the upper 0.6 metre
of the profile and the deeper part of the profile for some of the Quaternary deposits. The change
in hydraulic properties in the uppermost part of the soil profile is gradual towards depth. The
division into two distinct layers is made to facilitate the transfer of the conceptual model to the
three-dimensional numerical flow model.
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Table 3-13. Best estimates of hydraulic parameters of Quaternary deposits in Forsmark
based on site specific data and supported by generic data when site specific data are
scarce. The K-values given are for the horizontal direction (K,).

Deposit

K, (m/s)

Total porosity (-)

Specific yield (=)

Peat

Gyttja, Clay-gyttja,
Gytttja-clay
Glaciofluvial and
postglacial sand
Clay (glacial and
post-glacial)

Till

Depth < 0.6 m: 1.0-10-¢
Depth > 0.6 m: 3.0-10”7

3.0-107
1.5-10+

Depth < 0.6 m: 1.0-10-¢
Depth > 0.6 m: 1.5:10-8
Till (fine and coarse),
Depth < 0.60: 1.5-10°°
Depth > 0.6 m:
Fine-grained: 1.0-10~7
Coarse: 1.5-10¢

Till/lbedrock interface 1.5-10-°

Depth < 0.6 m: 0.60
Depth > 0.6 m: 0.40

0.50
0.35
Depth < 0.6 m: 0.55

Depth > 0.6 m: 0.45

Depth < 0.60 m: 0.35
Depth > 0.60 m: 0.25

0.25

Depth < 0.6 m: 0.20
Depth > 0.6 m: 0.05

0.03
0.20

Depth < 0.6 m: 0.05
Depth > 0.6 m: 0.03
Depth < 0.6 m: 0.15
Depth > 0.6 m:
Fine-grained: 0.03
Coarse: 0.05

0.05

The K-values given in Table 3-13 are horizontal conductivities. The only vertical K-values from
till are from the laboratory permeameter tests. The geometric mean of these tests for samples
below one metre were approximately 4.4-10-* m/s while the geometric mean of till from the
slug tests is 1.3-10°° m/s. This corresponds to a K;/K, ratio of about 30. However, this result
should be used with caution since the scales of the tests are not the same. The vertical K-values
for gyttja and peat/gyttja/clay obtained from leakage coefficients from the pumping tests were
approximately 1-10* m/s. Also for these tests the vertical K-values are about 30 times lower
than the K;-values given for these deposits in Table 3-13.

Groundwater level time series

Groundwater levels in Quaternary deposits were automatically registered in 51 groundwater
monitoring wells. Figure 2-7 shows a map of the locations of these wells.

Figure 3-38 presents daily average groundwater levels expressed as a) elevations (RHB70) and

b) depth below ground surface for the 42 wells situated on land. Measured groundwater elevations
in Quaternary deposits range from about —1 m in SFM0030 to +13 m in SFM0010 (Figure 3-38a).
However, there is only about a 5.5 m range in groundwater levels when represented as depths
below ground surface (Figure 3-38b). The majority of wells form a tight-packed cluster with
reported groundwater levels in the range of approximately +0.25 to —1.5 m relative to the surface.
These wells typically show a strong uniformity in their responses to drier summer conditions in
July and August. Similarly, these wells also display uniformity in response to recharge events
following major precipitation and snowmelt events.

SFM0026, which is located in a confined till aquifer at the outlet of Lake Fiskarfjarden, reveals
clear artesian conditions with a groundwater level up to approximately one metre above ground.
The deepest observed groundwater levels are from two wells situated in Borstilasen (SFM0059
and SFM0061), which is a glaciofluvial deposit. The wells SFM0006, SFM0008 and SFMO0058,
which also have relatively deep groundwater levels, are located in till in locally elevated areas,
i.e. in typical groundwater recharge areas. The very low groundwater levels during the dry summers
of 2003 and 2006 are believed to be caused by root water uptake, indirectly and directly, from
the groundwater zone.

Numerous combinations of wells in the Quaternary deposits indicated similar time series
responses. The time series from groundwater wells in Quaternary deposits were analysed to
identify wells with high covariance (R? > 0.9) and similar range of variation (£ 10%). Sets of
wells in close proximity as well as wells further apart demonstrated nearly identical ground-
water level variation patterns /Juston et al. 2007/.
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Figure 3-38. Daily average groundwater levels expressed as a) absolute elevations (RHB70) and b)
relative to ground surface for 42 monitoring wells in Quaternary deposits on land.

Figure 3-39 shows plots of cumulative frequency distributions of the data presented in Figure
3-38b. Two different methodologies for calculating distributions yield two different curves, but
they have similar interpretations. If a daily average groundwater level in Quaternary deposits
relative to ground surface is first calculated from the 42 well time series (the orange curve in
Figure 3-39), the cumulative distribution of that average time series indicates that 80% (between
the 10" to 90™ percentiles) of the site average groundwater levels were between 0.4 and 1.2 m
below ground surface. If instead the cumulative distribution is based on pooled analysis of the
42 individual well time series (the blue curve), then 80% of measured groundwater levels were
between 0 and 2.2 m below ground surface. In either case, it can be concluded that groundwater
in Quaternary deposits is shallow in observation wells across the site investigation area.
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Figure 3-39. Cumulative frequency distribution of groundwater depth in Quaternary deposits from
42 monitoring wells in the Forsmark site investigation area.

To facilitate comparisons between well locations, Figure 3-40 shows summaries of the ground-
water level in Quaternary deposits time series in terms of means and observed ranges. Figure 3-40a
shows the mean and range of groundwater depths in the Quaternary deposits, co-plotted with
bedrock depth at each site, and shown ranked according to increasing groundwater depths. In
Figure 3-40b the same data are presented ranked according to bedrock depth. Finally, Figure 3-40c
shows the mean and range of groundwater elevations, co-plotted with bedrock and ground surface
elevations at each site, and shown ranked according to bedrock elevations. All wells exhibited
mean groundwater elevations above 0.0 m RHB70. However, 14 of the 40 wells exhibited
minimum groundwater elevations less than 0.00 m, with the lowest reported level of —1.18 m

in SFM0030.

Figures 3-41 and 3-42 summarise the strong correlation that was observed between mean
observed groundwater and ground surface elevations in the Quaternary deposits. With a few
exceptions, it can be stated that the average position of the groundwater level in the Quaternary
deposits appears to be largely determined by the local ground surface elevation. In other words,
the three-dimensional shape of the groundwater surface in Quaternary deposits appears to generally
follow that of the ground surface. There are some outliers indicated by well IDs in Figure 3-41.
The most pronounced outliers, SFM0059 and SFM0061, are located below the ridge of the
glaciofluvial deposit Borstildsen, while SFM0008, SFM0058, SFM0077, SFM0080, SFM0104
and SFMO0107 are located in till in typical recharge areas and with one exception (SFM0107)

in locally elevated areas.

3.4.2 Rock
Hydraulic properties

The bedrock hydrogeology reveals a significant hydraulic anisotropy within the tectonic

lens, which covers the body of the candidate area. The upper c. 150 m of bedrock contains
high-transmissive horizontal fractures/sheet joints. These fractures/sheet joints occur at different
elevations in the percussion drilled boreholes, but are found to interconnect hydraulically across
large distances (2 km) /Gokall-Norman et al. 2005, Gokall-Norman and Ludvigson 2007ab,
2008/. The horizontal fractures/sheet joints have transmissivities in the range ¢. 1-10¢-1-10"?
m?/s (hydraulic conductivity ¢. 1-:10°° —1-103 m/s). The bedrock in between the horizontal
fractures/sheet joints, however, is considerably less conductive (hydraulic conductivity ¢. 1-10"!
—1-10*m/s) except where it is intersected by transmissive steeply-dipping or gently-dipping
deformation zones.
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Figure 3-40. Summary of mean and range of groundwater levels in the Quaternary deposits shown

as a) level relative to ground surface ranked accordingly, b) level relative to ground surface ranked by
depth to bedrock and c) levels RHB70 ranked by bedrock elevation. In all figures, bedrock surface levels
at SFM0026 (—15.4 m RHB70 and 16.1 m below surface) and SEFM0003 (-8.7 m RHB70 and 10.2 m
below surface) are not shown to increase resolution on the remaining data. (Note that wells below

open water and wells with time series <150 days are not included.)

Below the uppermost c. 150 m of bedrock there are no high-transmissive horizontal fractures/
sheet joints, and the conductive fracture frequency becomes very low and the fractures fairly
low-transmissive (fracture transmissivity ¢. 1-107'° —1-1077m?%s). In some of the 1,000 m deep
cored boreholes there are almost no ﬂowmg fractures observed below c. 150 m depth, which is
exceptional in a national perspective given the experiences from SKB’s investigations at Aspo
Stripa, Laxemar-Simpevarp and the many study sites investigated in the 1970’s and 1980’s.
For a comprehensive description of the hydraulic properties of the rock the reader is referred
to /Follin et al. 2007abc, 2008/.
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Figure 3-42. Mean groundwater level elevations and depths below ground in monitoring wells in
Quaternary deposits.
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Point water heads and environmental water heads

In Table 3-14 all the sections in the percussion-drilled boreholes are listed where the difference
between mean measured point water heads and calculated environmental water heads is > 0.1 m;
for definitions of heads and a description of the method applied for calculation of environmental
head from point water head see Section 1.4.2. In Appendix 2 figures with full time series of point
and environmental water heads of the HFM-boreholes represented in Table 3-14 are shown as well
as vertical flow directions between borehole sections based on point water heads and environ-
mental heads for all HFM-boreholes.

Figure 3-43 illustrates measured groundwater levels, i.e. point water heads, and the calculated
environmental heads in HFM19 and SFM0058. Both point and environmental water heads suggest
that the site is a recharge area for most of the period. The heads in QD are well above the point and
environmental water heads in the bedrock borehole sections except during dry summer months.
Due to evapotranspiration the groundwater level in the QD during dry summer conditions drops
below the point water head in the two uppermost borehole sections HFM19:2 and 3 and below
environmental water heads in all sections. The groundwater level in QD is also well above the

sea water level and the level of Lake Bolundsfjarden except during the dry summer of 2006.

On average the environmental heads of HFM19:1 and HFM19:2 are 0.76 and 0.21 m higher than
the point water heads, respectively, whereas average point and environmental water heads are the
same for the uppermost section. When comparing the HFM-sections internally, the deepest section,
HFM19:1, always shows the lowest point water head, while the uppermost sections shows the
lowest environmental head.

The example illustrates the complexity in the interpretation of vertical gradients in an environment
with water density varying with depth. If densities are not considered the flow gradient is down-
ward all the way down to the deepest borehole section at a depth of =131 to —144 m RHB70. If
the difference in density is taken into account the calculated environmental heads instead indicate
that water flows both from above and below to the uppermost borehole sections with its bottom at
—81 m. However, it should be noted that the differences between the environmental water heads in
the three borehole sections are quite small.

A vital uncertainty in the calculation of environmental heads is the assumption of the density pro-
file in the bedrock outside the borehole compared with that measured in the borehole sections. The
fact that a fractured medium is considered implies that water density in a single fracture crossing a
borehole section may have a dominating influence on the density obtained for that section. It may
also very well be so that there is no continuous vertical hydraulic contact in the bedrock outside
the borehole. Furthermore, there is always a risk that the drilling of the borehole, in spite of the
packer installations, creates a vertical contact that does not exist naturally. However, if there is

a natural vertical contact, the environmental heads should give an indication of the vertical flow
direction between the frequent horizontal and sub-horizontal fracture zones existing in the upper
c. 150 m of the bedrock in the candidate area. This information is of major interest in discussions
of groundwater recharge and discharge.

Table 3-14. HFM-borehole sections with a difference between measured point water head
(PWH) and calculated environmental water head (EWH) > 0.1m.

HFM-borehole Section No. Difference
(of total) EWH-PWH (m)
HFMO02 1(3) 0.12
HFMO08 1(2) 0.68
HFM10 1(2) 0.51
HFM13 1(3) 0.83
HFM19 1(3) 0.76
HFM19 2(3) 0.21
HFM27 1(4) 0.14
HFM27 2(4) 0.12
HFM32 1(4) 0.10
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Figure 3-43. Plot of groundwater levels, i.e.

measured point water heads and calculated environmental

heads, in HFM19 and SFM0058 and water levels in the sea and Lake Bolundsfjdrden. The inset at
the bottom shows the level difference between nearby sections (blue = downward gradient, level diff.
> (.05 m, yellow = level diff. less than 0.05 m, red = upward gradient, level diff. > 0.05 m).
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Groundwater level time series

From Table 3-14, listing the 9 borehole sections where the difference between measured point
water head and calculated environmental head is > 10 cm, it is clear that for most borehole
sections the difference is small and will not influence the interpretation of vertical groundwater
flow gradients. In the following, the presented groundwater levels are measured point water
heads unless otherwise stated.

As mentioned in Section 2.2.3, groundwater level time series from the percussion-drilled bore-
holes show frequent intervals of high amplitude disturbances related to core drilling acitivities and
other pumping. While these disturbances could give valuable information on interconnectivity

in the bedrock, they also tend to obscure more subtle groundwater level changes in response to
infiltration and sea level changes. Therefore, a thorough data screening was performed to produce
a second “clean” data set with no visible artefacts from disturbing activities, see Figure 3-44.

Natural conditions

Figure 3-45 shows summaries of undisturbed groundwater levels in the bedrock in terms of
means and observed ranges. Note that it is difficult to establish meaningful comparisons of
time series summary statistics when the time series themselves are so unevenly populated
(Figure 3-44Db). For this reason, the summary values shown in Figure 3-45 should be considered
“best available”. In the figure only data series with more than 150 days are presented. The data
points are colour-coded to indicate the variable populations used in the mean and range calcula-
tions. In the notations used for the percussion-drilled boreholes, HFMXX.Y, XX is the borehole
number and Y is the borehole section number, with the numbering of the sections starting from
the bottom of the borehole.

Figure 3-45a shows the mean and range of groundwater point water heads in the bedrock
(topmost section of HFM-borehole or open borehole), co-plotted with bedrock and ground sur-
face elevations at each site, and shown ranked according to increasing bedrock elevations. Two
well sections exhibit mean groundwater point water heads below 0.0 m RHB70 (HFM34.3: -0.47
and HFM35.4: —0.72). Four more wells show minimum values extending below 0.0 m RHB70
(HFMO07, HFM 17, HFM27 and HFM32). The number of wells with means and minimums
below 0.0 m RHB70 is not changed if point water heads are transformed to environmental

water heads.

For the conceptual modelling, it is interesting to note that 23 of the 36 boreholes demonstrate
point water heads above local bedrock levels. As was evident in the undisturbed time series
(Figure 3-44c¢), most wells had mean point water heads within a close range (between 0.0 and
1.0 m RHB70). Of the wells located within the geologic tectonic lens constituting the candidate
area, all wells but two have mean point water heads below 1.5 m RHB70. These two borehole
sections (HFMO07 and HFM13:3) have very low transmissivity and do not appear to be affected
by any of the highly transmissive horizontal fracture zones/sheet joints, see Figure 3-45c.

Figure 3-45b shows these same data plotted as point water heads in relation to ground surface,
co-plotted with bedrock depth below ground surface, and ranked according to decreasing depth
to bedrock. It is obvious that the strong coupling between groundwater level and topography
found for the well in till does not exist for the point water heads in bedrock. This is illustrated
in Figures 3-46 and 3-47.
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Figure 3-44. Daily averages of point water heads in 37 percussion-drilled boreholes in bedrock. Raw
data is shown in a) and include numerous disturbance intervals. Data population is shown in b) with
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Figure 3-45. Mean groundwater point water heads in bedrock with observed ranges based on available
“clean” data plotted as a) point water head elevations ranked according to bedrock elevations, b) point
water head relative to ground surface ranked by depth to bedrock, and c) point water heads ranked
according to bedrock elevation as in a) but with colour-coding to show the well location related to the
tectonic lens. Data are from the topmost section in wells with packers or open boreholes for wells with
no packers.

97



1630000 1632000 1634000 1636000
1 1 e

6700000

6698000
6698000

1630000 1632000
Level m.a.s.| (RHET0) [ cenadate area

0 0.5 1
- o-1 I:I =4 - 710 = valiendetare ?
2 [ J4s I 1015 Percussion-driled boreholes in bedrock © Lanhmiter ¢ Giivie 2007,
E 2.3 I"___I 57 - 15-20 P 2,31 Mean point water head (m, RHBTO) Medgivande | 2007/1092,

220 -0,61 Mean paintwater head rel. ground surface (M) 2008-05-13 12:30
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Figure 3-47. Cross-plot of mean groundwater point water heads in bedrock versus ground surface
elevations.

Figure 3-48 shows multiple point water head time series measured in HFM04 at sections
separated by packer installations. These data suggest downward vertical gradients in point
water heads in the bedrock penetrated by HFMO04 (in this borehole there is no salinity gradient
which means that point and environmental water heads are the same).
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Figure 3-49 shows average differences in mean point water heads between neighbouring sections for
the boreholes that have multiple sections (packers); the borehole locations are shown in Figure 2-9.
In most wells there is a downward gradient between the two uppermost borehole sections (for
point water heads in 14 of 17 wells and for environmental heads in 11 of 17 wells). In six of the
boreholes there are differences in vertical direction of the gradient in one or more sections if point
and environmental water head data are compared (HFMO08, HFM10, HFM13, HFM16, HFM19
and HFM32). If environmental heads are considered, there is a continuous downward gradient in
six wells (HFMO1, HFM03, HFM11, HFM15, HFM18 and HFM34) while there is a continuous
upward gradient in four wells (HFM02, HFM08, HFM10, HFM12).

Disturbed conditions

In Figures 3-50 and 3-51 the responses in groundwater levels in bedrock wells in the central

part of the site investigation area on pumping by c. 6 L/s in HFM14 during 3 weeks in the summer
of 2006 are shown /Gokall-Norman and Ludvigson 2007a/. The widespread and fast respones
indicate very high transmissivities in combination with low storativities.

Point water head (m, RHB70)
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Figure 3-48. An example of vertical groundwater point water head differences in three sections at HFM04.
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Figure 3-49. Summary of a) mean difference in point water head and b) environmental water head in
the percussion-drilled boreholes with packers separating the boreholes into several intervals.
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3.5 Joint description of the flow system

In this section a systems approach is used to describe the hydrological and near-surface hydro-
geological flow system of the site investigation area. The description joins the hydrological and
hydrogeological objects/flow domains described in Sections 3.3 and 3.4. The flowing water is
the primary target of the description, i.e. the main functional units are the flow system and its
sub-systems, not the water courses, lakes or aquifers. The groundwater flow systems connect
recharge areas with discharge areas. Such systems may use only a part of an aquifer or may

cut across aquifers.

A groundwater flow system is characterised by boundary types, geometry, volume, energy
conversion capacity, system flux and hierarchical place /Engelen and Jones (eds.) 1986/. The
systems approch, focussing on the flow system and its sub-systems, is considered to facilitate
the transfer of the conceptual model to the quantitative numerical flow modelling to be conducted.

3.5.1 External boundary conditions
Top boundary

The meteorological conditions constitute the top boundary of the hydrological and near-surface
hydrogeological system. Water is added to the system by rainfall and snowmelt and abstracted
by evapotranspiration. (All precipitation data presented here are corrected for wind losses, see
Section 2.2.1.)

In northeastern Uppland, where the site investigation area is located, there is a relatively strong
west-east gradient in precipitation. In Figure 3-52 the annual precipitation at the SMHI-stations
surrounding the site investigation area is shown for the years 2004—2006 together with an average
of the 13 years of data available in the SKB Sicada database (see Figure 2-2 for the locations of
the stations). The average annual precipitation at Lovsta, approximately 15 km west of Forsmark,
was 690 mm, as compared with 492 mm at Orskiir, a small island approximately 15 km northeast
of Forsmark.

In Figure 3-53 annual precitation from SKB’s stations in Forsmark, Hogmasten and Storskéret,
are presented together with data from the SMHI-stations, for the three full years of available data
up to data freeze 2.3. Data for both hydrological and calendar years are shown (hydrological years
Oct. 2003—-Sep. 2006, and calendar years 2004—2006). Missing data at the SKB stations were esti-
mated by regression analysis where the SMHI-stations Lovsta, Osthammar and Orskir were used.
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Figure 3-52. Precipitation data from SMHI-stations surrounding the site investigation area (Soderby-
Karlsdng is a recently established station).
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Figure 3-53. Comparison of annual precipitation at the SKB stations, Hogmasten and Storskdret, and at
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Table 3-15 presents annual precipitation data from Forsmark (averages of the Hogmasten and

Storskéret stations) for the same three-year periods as in Figure 3-53. In addition, data for the four-

year period of June 2003—May 2007 are presented to make maximum use of site specific data.

From regional data the mean annual precipitation in the Forsmark site investigation area has been
estimated to average to 559 mm (standard deviation of 106 mm) for the period 1961-1990 by the

Swedish Meteorological and Hydrological Institute (SMHI), see Appendix 1. From Table 3-15

it can be concluded that the precipitation during the site investigation has been quite close to the

longterm average.
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In Table 3-16 the annual “potential evapotranspiration” for a short crop, calculated by the
Penman equation, is given for the same time periods as for precipitation in Table 3-15. The
calculation method is described in Section 2.2.1.

A simple snow-routine, based on the degree-day factor approach, has been calibrated to the site
measurements of snow water content /Johansson and Ohman 2008/. Based on the results a time
series of daily values could be constructed of the water added to the system in liquid form.

In Figure 3-54 monthly sums of this time series are shown together with the potential evapo-
transpiration from the start of the measurements up to data freeze 2.3 (March 31, 2007).

Table 3-15. Annual, corrected, average precipitation at Forsmark (average of the Hogmasten
and Storskaret stations) for three different time periods.

Time period Corrected precipitation (mm)
Jan. 2004-Dec. 2006 537
Oct. 2003-Sep. 2006 536
June 2003-May 2007 563

Table 3-16. Calculated potential evapotranspiration at Forsmark (Hogmasten) for three
different time periods.

Time period Potential evapotranspiration (mm)
Jan. 2004-Dec. 2006 509
Oct. 2003-Sep. 2006 507
June 2003—-May 2007 526
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Figure 3-54. Monthly values of rainfall+snowmelt and potential evapotranspiration (PET).
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Inland boundary

The close correlation between the topography of the ground surface and the groundwater

level in the Quaternary deposits, shown in Figures 3-38 to 3-42, means that surface water and
groundwater divides for the QD can be assumed to coincide. Regarding groundwater levels in
the upper bedrock there is not a similar strong coupling to the topography of the ground surface,
see Figures 3-45 to 3-47. This is most evident in the central part of the site investigation area,
i.e. within the tectonic lens, where the upper c. 150 m of the bedrock is known to have frequent
horizontal and sub-horizontal highly transmissive fractures. However, Figure 3-46 also indicates
a trend with westward increasing groundwater levels in the bedrock outside the tectonic lens.
Furthermore, no major fracture zones crossing the inland surface water divide towards River
Forsmarksan are known, with exception of Eckarfjirdszonen crossing south of Lake Eckarfjérden.

The conclusion is that the water divides of the flow systems in QD, where the major part of the
groundwater flow takes place, coincide with the surface water divides. It can also be assumed
that the water divides of the flow systems involving the near-surface bedrock follow the surface
water divide of River Forsmarksén, i.e. the topography can be used for delineation of the inland
boundary.

Sea boundary

From the conclusion that groundwater divides for the shallow groundwater systems limited

to QD (till), where most of the water flow takes place, coincide with the surface water divides
follows that such systems only may have lateral boundaries to the sea in the rest catchments
with no surface discharge in water courses (see Figure 3-4). For the flow systems involving also
the near-surface bedrock the situation is different due to the highly transmissive horizontal and
sub-horizontal fracture zones extending below the sea /Follin et al. 2007a, 2008/. The vertical
contact between these zones and the sea (via outcropping or indirectly via vertical fractures)
will determine the boundary conditions of these systems. The superficial horizontal sheet joints
have a tendency to follow the topography of the bedrock surface implying that direct hydraulic
contact with the sea via outcropping is considered to be less common /Follin et al. 2007a, 2008/.

From Figures 3-29 and 3-30 it can be seen that the sea bottom is to a great extent covered by fine
sediments (silt and clay) and till. However, areas with coarse sediments and also outcropping
bedrock are frequent. The described features will determine the boundary conditions and the
degree of hydraulic contact between the sea and the flow systems involving the near-surface
bedrock. In Figure 3-55 sea levels are plotted with groundwater levels in QD and bedrock.

The correlation between the three data sets has been investigated by several methods, including
linear regression of mean values for different time intervals and displacement in time, principal
component analysis (PCA), independent component analysis (ICA) and partial least squares
modelling (PLS) /Juston et al. 2007/. In Figures 3-56 and 3-57 the regression coefficients for
the QD and bedrock wells, respectively, are shown. The time intervals and displacements in
time demonstrating the highest regression coefficients are shown.

As anticipated the regression coefficients for the groundwater levels in QD with the sea were
very low with exception of the two wells SFM0059 and SFM0061 located in glaciofluvial mate-
rial (Borstilasen) within 100 m from the sea. The regression coefficients of the bedrock boreholes
were also quite low with exception for boreholes located at the SFR-peninsula, i.e. HFM33, —34
and —35 (Figure 3-57). The time series in these boreholes are comparatively short. However, it

is assumed that the high regression coefficients in these wells will remain also when longer time
series become available.
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Figure 3-55. Comparison of sea water levels (a) and groundwater levels in QD (b) and in bedrock (c).
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Figure 3-56. Correlation between sea water level and groundwater levels in monitoring wells in QD on

land with more than one year of data.
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Figure 3-57. Correlation between sea water level and point water heads in bedrock (HFM-borehole
sections). The month to month correlation is presented for sections with more than 6 months of data with
at least 15 days of data per month. For the day-to-day correlation, sections with more than 6 months of
data are included.

The very low regression coefficients for most of the bedrock boreholes were not expected. To
further explore the relationship between the sea level and the groundwater levels in the bedrock
PCA (Principal Component Analysis), ICA (Independent Component Analysis) and PLS (Partial
Least Squares) analyses were conducted. The PCA and ICA analyses indicated that the seasonal
rain + snowmelt and evapotranspiration variations describe about 80% of the total variation,
while sea water level explains less than 10% of the variation /Juston et al. 2007/. However, the
fact that the sea water level covariates with the occurrence of low pressures and accompanying
precipitation makes the correlation difficult to elucidate.

Figure 3-58 shows the sea water level plotted together with the mean of measured groundwater
levels in all HFM-boreholes and a groundwater level simulated by a simple tank model. The level
in the groundwater storage was assumed to be a function of daily infiltration (corrected precipita-
tion and difference in snow storage minus potential evapotranspiration), and an outflow function
proportional to the groundwater level. A constant of the outflow function was calibrated to meet
the assumption of zero change of groundwater storage during March 2005 to February 2007.
There is a good match between the modelled groundwater level (green) and the mean variation

in all percussion boreholes (red) according to Figure 3-58, indicating that the annual cycle is
mostly controlled by variations in evapotranspiration /Johansson and Ohman 2008/.

The PLS regression technique, which is a multivariate regression technique related to PCA and
suitable to explore the correlation structure between two matrices, was applied on selected time
series of groundwater point water heads, sea level, air pressure and modelled groundwater level.
Here, one matrix contains the time-series of sea level, air pressure and modelled groundwater
level, and the second matrix the time-series of groundwater point water heads.
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Figure 3-58. Time-series showing sea level and modelled groundwater level together with the mean
groundwater level in all percussion-drilled boreholes (HFM) (mean of individually normalised time
series). All time series are standardised to zero mean and equal variance.

The resulting components of the PLS-model reveal underlying factors common to both matrices
(i.e. common to both sea level, air pressure and modelled groundwater level, and groundwater
point water heads), and may have an explicit interpretation. In all models the first component
describes the overall seasonal pattern closely coupled to GWmod, whereas the second compo-
nent is mainly coupled to variations in sea level and air pressure. The graphical output of these
multivariate models is analogous to the “loading plot” of the PCA, in the respect that variables
located close to each other are correlated, whereas variables located on opposite sides of the
origin are inversely correlated. Variables located close to the origin show little connection to

the selected components.

In order to describe the relative influence of the sea level (SealLev), air pressure and modelled
groundwater level (Gwmod) on the observed groundwater level variation in each borehole,
the distance to SeaLev and GWmod was calculated according to the schematic picture in
Figure 3-59. This projected measure ({) is used to summarise all models in Table 3-17 and
finally to achieve a compact spatial visualisation of the relative influence of the variations

in sea level in Figure 3-60.

In all analyses, two-component PLS-models are used, where about 70—80% of the variation in
groundwater point water heads are explained by the selected variables. In Table 3-17 a rough
statistical classification in three classes denoted “no influence”, “possible influence” and “prob-
able influence” is introduced to facilitate interpretations. It should be noted that both limits and

denominations of these classes are chosen rather arbitrarily.
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Figure 3-59. Schematic description of how the relative distance to the SeaLev “pole” () is calculated
from the perpendicular projection to the line that connects SeaLev and GWmod.

Sea level influence
®  Noinfluence
©  Possible influence
® Probable influence

EXINTS

Figure 3-60. The spatial distribution of the three classes representing “no influence”, “possible
influence” and “probable influence” from variations in sea water level. In case of several sections
per borehole, the uppermost section is plotted on top and the deepest section at the bottom of the pile.
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Table 3-17. Compilation of results from the correlation analysis of sea water level influence
on percussion-drilled boreholes. The analysis has been conducted on individual borehole
sections (denoted HFMXX.Y with the section numbering (Y) starting from the deepest section).
The {-parameter ranging from 0 to 1 represents the relative association with the SealLev and
GWmod variables (1 indicates strong association with SealLev). To facilitate interpretations
three colour coded classes denoted ‘no influence’ (green), ‘possible influence’ (yellow) and
‘probable influence’ (pink) have been marked in the table. A0-G are sub-series of data used
to make maximum use of available data.

Borehole Data selection Classification

Idcode A0 BO co A B C D E F G Mean Class

HFMO02.1 0.40 X 0.40 Possible influence
HFMO02.2 0.63 X 0.63  Possible influence
HFM02.3 0.32 X 0.32  Noinfluence
HFMO03.1 0.43 X 0.43  Possible influence
HFMO03.2 0.42 X 0.42  Possible influence
HFMO04.1 0.27 0.30 0.28  Noinfluence
HFMO04.2 0.27 0.40 0.34  Possible influence
HFM04.3 0.20 0.16 0.18  Noinfluence
HFMO05 0.17 0.17  Noinfluence
HFMO07 0.11 0.02 0.00 0.01 X 0.27 0.14 0.09 Noinfluence
HFMO08.1 0.07 0.15 0.29 0.37 x 0.39 0.26 0.29 0.26 Noinfluence
HFMO08.2 0.07 0.15 0.30 0.35 x 0.41 0.24 0.27 0.25 Noinfluence
HFMO09 0.09 0.06 0.00 0.11 0.16 0.11 x 0.26 0.11 0.12 0.11  Noinfluence
HFM10.1 0.08 0.07 0.00 0.11 0.15 0.10 x 0.26 0.11 0.13 0.11 Noinfluence
HFM10.2 0.02 0.07 0.11 0.14 x 0.21 0.09 0.12 0.11  Noinfluence
HFM11.1 0.29 0.01 0.00 0.13 0.08 x 0.30 0.11 0.11 0.13 Noinfluence
HFM11.2 0.00 0.21 0.17 x 0.37 0.17 0.16 0.18 Noinfluence
HFM12.1 0.17 0.10 0.23 0.16 x 0.34 0.14 0.14 0.18 Noinfluence
HFM12.2 0.16 0.08 x 0.37 0.15 0.16 0.18 Noinfluence
HFM13.1 0.23 0.35 X 0.29  Noinfluence
HFM13.2 0.31 0.29 X 0.30  Noinfluence
HFM13.3 0.21 0.26 0.17 0.18 x 0.17 0.17 0.19  Noinfluence
HFM14 0.34 0.33 0.42 042 0.38  Possible influence
HFM15.1 0.36 0.24 0.40 0.33 X 0.33  Possible influence
HFM15.2 0.31 0.41 X 0.36  Possible influence
HFM16 0.32 0.25 0.37 0.31  Noinfluence
HFM17 0.23 0.25 0.32 0.19 «x 0.25  Noinfluence
HFM18 0.39 0.13 0.54 0.32 X 0.35 Possible influence
HFM18.1 0.32 x 0.32  Noinfluence
HFM18.2 0.35 0.35 Possible influence
HFM18.3 0.32 0.32  Noinfluence
HFM19.1 0.24 0.36 0.30  Noinfluence
HFM19.2 0.23 0.34 0.29  Noinfluence
HFM19.3 0.20 0.30 0.25 Noinfluence
HFM20.1 0.60 0.30 X 0.45  Possible influence
HFM20.2 0.47 X 0.47  Possible influence
HFM20.3 0.42 X 0.42  Possible influence
HFM20.4 0.33 X 0.33  Noinfluence
HFM21.1 0.25 X 0.25 Noinfluence
HFM22 0.65 0.33 X 0.49  Possible influence
HFM23 0.29 x 0.33 0.31 0.31  Noinfluence
HFM24 0.03 0.03  Noinfluence
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Borehole Data selection Classification

Idcode A0 BO co A B C D E F G Mean Class

HFM26 X 0.25 0.25 Noinfluence
HFM28 X 0.27 0.27  Noinfluence
HFM29 0.23 0.23  Noinfluence
HFM30 0.35 0.35 Possible influence
HFM31 X 0.20 0.20 Noinfluence
HFM32.1 0.19 x 0.27 0.23  Noinfluence
HFM32.2 0.31 x 0.35 0.33  Possible influence
HFM32.3 0.12 0.12  Noinfluence
HFM32.4 0.07 0.32 0.16 0.19  Noinfluence
HFM33 1.00 1.00  Probable influence
HFM34.2 X 1.00 1.00 Probable influence
HFM34.3 X 0.96 0.96  Probable influence
HFM35.1 X 1.00 1.00 Probable influence
HFM35.2 1.00 1.00 Probable influence
HFM35.3 X 1.00 1.00 Probable influence
HFM35.4 X 0.97 0.97  Probable influence
HFM36 0.05 0.05 Noinfluence
HFM37 0.21 0.21 No influence
HFM38 0.63 0.63  Possible influence

With the selected class limits there is a tendency of stronger sea level influence in the northern
and northwestern part of the Forsmark area. This pattern is most evident near the SFR reposi-
tory (note the red points at the peninsula in the north), where all observations are classified as
“probable influence” from sea level fluctuations (HFM33, HFM34, HFM35). Also a number of
boreholes located on the mainland show “possible influence” indicating that groundwater in the
bedrock in this area is influenced from sea level fluctuations, e.g. HFM02, HFM03, HFM 14,
HFM15, HFM20, HFM22 and HFM38.

Except for the boreholes in the northwest, there are a two boreholes near the coast (HFM04 and
HFM18) that are classified as “possible influence”, as well as one borehole (HFM30) located
more distant from the sea. In the case of HFM 18 there are several indications of “possible influ-
ence” that strengthen the conclusion, whereas the classification of the latter borehole, HFM30,
which is only represented in one time-series, most probably is a coincidence.

It should, be noted that there are many uncertainties associated with the analysis and precise
conclusions should not be drawn about specific boreholes. There are several examples of bore-
hole sections that are classified both as “no influence” and “possible influence”, e.g. HFMO0S,
HFM11 and HFM12, indicating that there is a substantial noise in the classification.General
spatial trends shown by several boreholes based on different time series may on the other hand
give indications that there is a real phenomenon behind the pattern rather than a coincidence.
For example, this is the case in the northwestern part of the area. The spatial pattern formed by
the boreholes in the northwestern part of the area, demonstrating possible influence from sea
water fluctuations according to the correlation analysis (e.g. HFM02, HFMO03, HFM 14, HFM15,
HFM20, HFM22 and HFM38), may reflect structural properties of the bedrock in this area.

During events of very high sea water levels, sea water flows into several of the lakes (Norra
Basséngen, Puttan, Bolundsfjarden, Lillfjarden and Fiskarfjarden), see Section 3.3.2 and Figures 3-6
and 3-7. During these events the sea obviously has an impact on both surface and groundwater flow
systems in these lakes and their surroundings. This will be discussed in Section 3.5.2.
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3.5.2 Infiltration and groundwater recharge

With few exceptions, the infiltration capacity of the soils in the area exceeds the rainfall and
snowmelt intensity. The highest recorded daily rainfall and snowmelt of 27 and 8.6 mm equal
3-107 and 1-107 m/s, respectively, which can be compared with the measured saturated hydrau-
lic conductivity of approximately 1.5-10~ m/s of the uppermost part of the till dominating the
area. However, unsaturated (Hortonian) overland flow may appear over short distances, mainly
on agricultural land covered with clayey till/boulder clay and on frozen ground where the soil
water content was high during freezing. Also on outcropping bedrock unsaturated overland flow
may appear, but just over very short distances before the water reaches open fractures or the
contact zone between the bedrock and the QD.

The shallow groundwater levels mean that there will be a strong interaction between evapo-
transpiration, soil moisture and groundwater. The time series presented in Figure 3-38 and
Figure 3-39 show that the groundwater levels in many monitoring wells were within one metre
below the ground surface all the year, and that the groundwater level on average was less than
0.7 m below ground during 50% of the time. Also in what can be considered as typical recharge
areas the average groundwater level was not more than 1.2 metres below ground. Only in locally
elevated areas with relative steep slopes, considerably deeper groundwater levels can be assumed
to exist, see e.g. the results for SFM0008 in Figure 3-38. The annual variation in the ground-
water level is mostly less than one metre in discharge areas, and 1.5 m in typical recharge areas.
Figure 3-61 shows the average daily groundwater level for wells in till in recharge and discharge
areas. The method used for classification of the wells is described in /Werner et al. 2007/.

Diurnal fluctuations of the groundwater levels, driven by evapotranspiration cycles, were
evident in the data from many of the groundwater wells in Quaternary deposits. Figure 3-62
shows two examples of diurnal ET-driven cycles for the wells SFM0033 and SFM0030 with
very shallow and somewhat deeper groundwater levels, respectively; one-hour resolution data
for a three-week period in August 2006 (see Figure 2-7 for the location of the wells). As would
be expected, the well with shallower groundwater depth exhibited a stronger diurnal response
(~10 cm), as compared to the location with deeper groundwater (~5.0 cm). Additionally, the
shallow system exhibited a sharper response to the precipitation beginning on August 15.
During the period August 15—17 the total rainfall was 35 mm.
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Figure 3-61. Average daily groundwater levels in relation to ground surface in wells in recharge and
discharge areas in till.
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Figure 3-62. Diurnal groundwater level fluctuations in an area with very shallow groundwater
(represented by well SFM0033) and in an area with somewhat deeper groundwater (represented by
well SFM0030).

In Figure 3-63 the accumulated sum of rain and snowmelt (R + S) minus potential evapo-
transpiration is plotted together with the average groundwater level in all wells in till. The direct
response on rainfall and the stong impact of evapotranspiration can be clearly seen. The very
fast and strong responses of the groundwater level to rainfall also when the level is relatively
deep below the ground and the unsaturated zone water deficit could be assumed to be relatively
large, as in the summer/autumn of 2005 and 2006, indicate some kind of by-pass flow and/or

a small specific yield.
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Figure 3-63. Rain and snowmelt (R+S) minus potential evapotranspiration PET is plotted together with
the average groundwater level in all wells in till.
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In Figure 3-64 groundwater level rises after a long dry period are shown for three monitoring
wells categorised as situated in typical groundwater recharge areas. The rainfall of 32 mm
during Sep. 25—Oct. 11, causing a minor rise in groundwater levels, was followed by an 11-day
period without any significant rainfall. During this period the rise of the groundwater level
stopped and it can be assumed that the water storage in the unsaturated zone was close to field
capacity when a period of heavy rainfall started on Oct. 21. During Oct.21 to Oct. 27, the
rainfall was 76 mm. This rainfall caused a rise in groundwater levels of 0.60 m, 0.76 m and
1.43 m in the wells SFM0004, SFM0019 and SFMO0104, respectively.

If all the rain is assumed to replenish the groundwater storage, these rises in groundwater level
correspond to specific yields of 12%, 10% and 5.3%. If the rise is transferred to mm water by
use of a function of the specific yield varying with depth (an exponential function fitted to the
measurements by /Lundin et al. 2005/) 63 mm, 86 mm and 66 mm are obtained for the three
wells, i.e. the average of added water for the three wells is almost the same as the rainfall
during the period. The evapotranspiration was insignificant during the period.

Direct recharge from precipitation is obviously the dominant source of groundwater recharge.
However, the groundwater level measurements in the vicinity of Lake Bolundsfjarden and Lake
Eckarfjarden presented in Figures 3-65 and 3-66 show that the lakes may act as recharge sources
to the till aquifers in the immediate vicinity of the lakes during summer. While the groundwater
levels are well above the lake water levels during most of the year, they are considerably below
the lake water levels during dry summer conditions. This is very clear close to the lake shores,
but also below the middle of the lakes the groundwater levels are slightly below the lake levels
under such conditions. Although small, the differences are well outside the probable measure-
ment errors.

The gradients from the lakes to the surrounding areas are created by direct and indirect ground-
water abstraction by evapotranspiration. Due to the low permeability of the bottom sediments,
the resulting water fluxes can be assumed to be small. Also the Baltic Sea can potentially act as a
source of groundwater recharge, especially during periods of high sea water levels. However, as
illustrated in Figure 3-56 there is no correlation between the sea water level and the groundwater
levels on land for most monitoring wells. Therefore, the influence of this recharge can be assumed
to be restricted to areas below the sea and areas in the immediate vicinity of the coast line.
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Figure 3-64. Groundwater level responses on precipitation in three wells in typical groundwater
recharge areas during autumn 2006.
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Figure 3-65. Lake water level and groundwater profiles from an average winter situation (Dec. 8, 2005)
and from dry summer conditions (Aug. 14, 2006). See Figure 2-7 for the locations of the wells.
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Figure 3-66. Lake water level and groundwater levels at Lake Eckarfjirden.SFM0041 is the lake level,
SEM0015 a well in till below the lake, and SFM0014 and SFM0017 are wells in till approximately
50 and 80 m from the lake shore, respectively. See Figure 2-7 for the locations of the wells.

Special conditions occur in the areas flooded during extremely high sea water levels, e.g. during
the storm “Per” in January 2007. Figure 3-67 shows groundwater levels in SFM0033, —34 and —36
located around Lake Norra Bassdngen (lake threshold 0.19 m RHB70) and Lake Bolundsfjdrden
(lake threshold 0.28 m RHB70) together with the levels of the sea and Norra Bassidngen (see
Figure 2-7 for locations of the wells). The ground level at these wells is 0.5-0.7 m RHB70, i.c. the
ground was flooded during “Per”. In the figure the groundwater level variations of the inland well
SFMO0019 are shown as a reference; to enhance the resolution of the y-axis the groundwater level
of this well is shown with an offset of -3 m.
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Figure 3-67. Water levels in the Baltic and Lake Norra Bassdngen during the storm “Per” plotted with
groundwater levels close to the lake (SFM0033, —34 and —36) and the groundwater level at the inland
well SFM0019 as a reference (the groundwater level of SFM0019 is plotted with an off set of =3 m).

At SFM0034 the till aquifer, in which the groundwater level is measured, is unconfined, while
at SFM0033 and —36 the till is covered by 0.7 and 0.25 m of gyttja, respectively. At SFM0034
the flooding water can infiltrate directly to the till aquifer, while at least at SFM0033 the ground-
water level rise mainly may be an effect of the weight load of the flooding water. In SFM0034
the groundwater level increased more than 0.5 m within 12 hours.

The prevailing conditions, with a strong interaction between evapotranspiration and the ground-
water, imply that a clear definition of groundwater recharge is required. The definition provided in
Section 1.4.2 was:

“Process by which water is added from outside to the zone of saturation of an aquifer, either
directly into a formation, or indirectly by way of another formation”.

In the present situation, however, with very shallow groundwater, there is a large difference
between gross and net recharge to the QD. The diurnal groundwater level fluctuations shown
in Figure 3-62 clearly illustrate the influence of evapotranspiration on the groundwater zone
during dry periods. Of course, this influence is most accentuated in locations with very shallow
groundwater, but it is also evident in some areas where the groundwater table is more than two
metres below the ground surface.

3.5.3 Sub-flow systems and discharge

Similar to the external boundaries of the model area, the internal surface water divides and the
groundwater divides of the groundwater systems restricted to QD are assumed to coincide. The
strong correlation between the mean groundwater elevations observed in the till and ground
surface elevation data shown in Figures 3-40 to 3-42 means that the average vertical hydraulic
flux at some point below the surface is less than the net infiltration into the saturated zone of the
till. The decrease in hydraulic conductivity with depth and the anisotropy with K, <K, of the till
are a plausible explanations, but a contribution from a contrast in vertical hydraulic conductivity
between the till and the bedrock is also possible (the uppermost bedrock having a lower K,). The
small-scale topography and the hydraulic conductivity profile of the tills, dominating in the area,
imply that many small catchments will be formed with local, shallow groundwater flow systems
in the QD, and that a dominating part of the groundwater will move along these shallow flow paths.
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In Figure 3-68 and Figure 3-69 mean groundwater depths are plotted against a field classification
of local geomorphology and groundwater recharge-discharge conditions /Werner et al. 2007/.
Figure 3-68 shows that groundwater depth below ground is more variable and generally larger
in locally elevated areas, while no clear coupling can be seen between absolute groundwater
elevation and local geomorphology. From Figure 3-69 it is obvious that depth to groundwater
varies considerably within typical recharge areas, whereas the variations are small and the
groundwater level close to the ground surface in discharge areas. No coupling can be seen
between groundwater elevation and the classification in recharge-discharge areas. The two
figures support the concept that groundwater flow in the Quaternary deposits is mainly
governed by local topography and forms small local flow systems.

The permeability and storage characteristics of the till profile mean that very little water needs
to be added to raise the groundwater table below a depth of approximately one metre. A ground-
water recharge of 10 mm will give an increase in the groundwater level of ¢. 20 cm. During
periods of abundant groundwater recharge the groundwater level, also in most recharge areas,
reaches the shallow part of the QD-profile where the hydraulic conductivity is much higher and
a significant lateral groundwater flow will take place. However, the transmissivity of this upper
layer is so high that the groundwater level does not reach much closer to the ground surface
than 0.5 m in typical recharge areas.

The local, small-scale recharge and discharge areas only involving groundwater flow systems
restricted to QD will overlay the more large-scale flow systems associated with groundwater
flow at greater depths. Interesting observations were made in groundwater level time series
from nearby wells in till and bedrock, as illustrated in Figures 3-70 to 3-79. Specifically, the
groundwater level in the till seems to be considerably higher than that in the bedrock in the
central part of the site investigation area (within the tectonic lens). This difference exists even
though most of the screens of the wells in till are installed at or across the QD/rock interface.
The differences between the levels in till and rock are generally much larger than between dif-
ferent sections in the bedrock boreholes sealed off by packers. However, the groundwater levels
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Figure 3-68. Mean a) groundwater depths and b) elevations as a function of a topographic index
based on in-field assessments /Werner et al. 2007/. Numeric categories were defined as follows:

1 = peak, 2 = ridge, 3 = upper slope, 4 = mid slope, 5 = pass, 6 = lower slope, 7 = flat, 8§ = channel,
9 = regional depression.
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Figure 3-70. Comparison of groundwater levels in wells in Quaternary deposits (SFM0001-3 and
SEM0104) and point water heads in bedrock (HFM02.3 and HFM03.2) at Drill site I in terms of
a) metres above sea level and b) depth below ground surface. The head differences between HFM-
sections are within a few centimetres. See Figures 2-7, 2-9 and 3-71 for the locations of the wells.
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in the presented bedrock boreholes are still above the QD/rock interface under undisturbed
conditions, indicating that no unsaturated zone exists below the interface. In Figure 3-70,
the groundwater levels in wells in QD and bedrock at Drill site 1 are shown.

Absolute groundwater levels in QD are well above the point water heads in bedrock except
during dry summer conditions (see the summers 2003 and 2006). In the summer of 2006, a
pumping test was performed in HFM 14, situated at Drill site 5 approximately 400 m to the
southeast of Drill site 1. The bedrock wells (HFM02 and HFMO03) responded to the pumping,
but no impact could be seen in the QD-wells. In general, there is no discernable response in
the groundwater levels in QD to disturbances in the groundwater levels in the bedrock. On the
other hand both groundwater levels in QD and bedrock are correlated to rainfall + snowmelt
and evapotranspiration.

In Figures 3-72 and 3-73 groundwater wells close to Drill site 2 are presented. The absolute
groundwater levels in QD are also here well above those in bedrock. In difference to the bed-
rock wells at Drill site 1, no response to the pumping in HFM 14 in the summer of 2006 can be
seen in the bedrock wells at Drill site 2 (Figure 3-72c).

Figure 3-74, from Drill site 5, again shows the situation with groundwater levels in QD well
above those in bedrock. However, during dry summer conditions the QD-levels may fall below
the groundwater levels in bedrock. During summer 2006, the groundwater level in SFM0058 fell
below the till/rock interface and the uppermost part of the bedrock profile was here unsaturated.

Percussion-drilled N
®  horehole in bedrock 0 25 50 100 metre A

@ _Groundwmer monlto!-lng well From GSD-Fastighetskartan @ Lantmétenverket
in Quaternary deposits Gavle 2001, Consent M2001/5268
2008-05-13, 11:00

Figure 3-71. Groundwater monitoring wells in Quaternary deposits (SFM) and percussion-drilled
boreholes in bedrock (HFM) at Drill site 1.
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Figure 3-72. Comparison of groundwater levels in Quaternary deposits (SFM) and point water heads
in bedrock (HFM, uppermost section) at Drill site 2 in terms of a) metres above sea level, b) depth
below ground surface, and c)groundwater levels and point water heads co-plotted with rainfall during
July—Oct. 2006 (see Figures 2-7, 2-9 and 3-73 for the locations of the wells).

119



Groundwater level and
point water head (m, RHB70)

B o0

©

25, C L A
L PN G TN
229 N

) 33 Ry s
o 5-3 7 (S '
52
T 54 1= |
S5
§§-5 \ ' \ \ \ \ \
O

May-03 Nov-03 May-04 Nov-04 May-05 Nov-05 May-06 Nov-06

—HFM14 —HFM15 —HFM15.2 —— SFMO0058
— - 30
£ /‘/%_-
ég 0 ( 25
c °
S 20 E
g - S
c) & & 15 =
5% 2 - £
g 2 - 10 E
S 2
o -4 \ \ — 0
Jul-06 Aug-06 Sep-06 Oct-06
Interference test rain —HFM15.2 —— SFMO0058

Figure 3-74. Comparison of groundwater levels in wells in Quaternary deposits (SEFM0058) and

point water heads in bedrock (HFM14 and 15) at Drill site 5 in terms of a) metres above sea level,

b) depth below ground surface, and c) groundwater levels and point water heads co-plotted with rainfall
during July—Oct. 2006. HFM14 is an open borehole and HFM15.2 is the uppermost section of the well.
However, the head difference between sections is within a few centimetres (see Figures 2-7, 2-9 and
3-75 for the locations of the wells).
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Figure 3-75. Groundwater monitoring wells in Quaternary deposits (SFM) and percussion-drilled
boreholes in bedrock (HFM) at Drill site 5.

The co-variation of the groundwater levels in QD and bedrock, due to rainfall+snowmelt and
evapotranspiration is obvious. However, the hydraulic contact between groundwater in the QD
and the bedrock seems to be limited, which is clear from the second pumping test in HFM 14
in Sep. 2006 (Figure 3-74c) when the groundwater level in QD (SFMO0058) increases due to
rainfall despite a drawdown by several meters in the groundwater level in bedrock (HFM15).

A co-variation of groundwater levels in QD and bedrock is also obvious at Drill site 6, see
Figure 3-76. As at the other drill sites within the tectonic lens, the groundwater level in QD is
well above the groundwater level in bedrock. However, the groundwater level in QD is below
the one in bedrock during dry summer conditions. The response in the bedrock well HFM 16
to the pumping tests in HFM 14 in summer/autumn 2006 is also very clear. The distance to the
pumping well exceeds 800 metres. The drawdown extended below Lake Bolundsfjarden and
was approximately one metre in HFM16.
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Figure 3-76. Comparison of Quaternary deposit (SFM) and bedrock (HFM) groundwater level data at
Drill site 6 in terms of a) metres above sea level, b) depth below ground, and c) groundwater levels and
point water heads co-plotted with rainfall during July—Oct. 2006 (see Figures 2-7, 2-9 and 3-77 for the
locations of the wells).
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Figure 3-77. Groundwater monitoring wells in Quaternary deposits (SFM) and percussion-drilled
boreholes in bedrock (HFM) at Drill site 6.

As shown in Figure 3-78, the conditions at Drill site 4, located outside the tectonic lens, are
quite different from those at the drill sites discussed above. The absolute groundwater levels in
the bedrock wells are higher, c. 2.5 m RHB70 and also well above the groundwater levels in QD
in the Géllsbotrasket depression (SFM0011 and SFMO0013, see Figures 2-7, 2-9 and 3-79 for the
locations of the wells). Furthermore, the bedrock wells (HFM09 and HFM10) did not show any
response to the pumping tests in HFM 14 in summer/autumn 2006.
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Figure 3-78. Comparison of Quaternary deposit (SFM) and bedrock(HFM) groundwater level data

Rainfall (mm/d)

at Drill site 4 in terms of a) metres above sea level, b) depth below ground, and c) groundwater levels
and point water heads co-plotted with rainfall during July—Oct. 2006. Data for the lowermost section

in HFM10 are shown because it is longer in duration than the uppermost section (see Figures 2-7, 2-9
and 3-79 for location of the wells).
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Figure 3-79. Groundwater monitoring wells in Quaternary deposits (SFM) and percussion-drilled
boreholes in bedrock (HFM) at Drill site 4.

Figure 3-80 shows the groundwater levels in a monitoring well in till below the middle of Lake
Bolundsfjarden (SFM0023) and a nearby percussion-drilled borehole (HFM32) located on a
small island in the lake. Water levels in the sea and in the lake are also shown in the figure.
The lake level and the groundwater level in till are considerably higher than the levels in the
four sections of HFM32. The HFM-levels shown are point water heads. However, the density
differences between the borehole sections are small; only in the deepest section the calculated
environmental head is more than 0.1 m higher than the point water head, while the differences
between the two head types are insignificant for the other sections.

The heads are lowest in the two deepest sections. The difference between these two sections is
small but after re-calculation to environmental head the second deepest section has the lowest
head, i.e. the fractures in this section act as drains for water coming from above as well as from
below. The results indicate a downward flow gradient from the lake and QD to the bedrock.

In Figure 3-81 the levels are shown during two pumping tests in HFM 14 (see Figures 2-7 and
2-9 for well locations). The responses were strongest in the two deepest well sections, but are
also obvious in the upper two sections and interestingly also in the till well (SFM0023). The
response in SFM0023 is best seen at the start of the July pumping test. The very large drawdawn
following the intial phase is coupled to water sampling and not to the pumping test.
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Figure 3-81. Water levels in the Baltic Sea (PFM010038) and in Lake Bolundsfjirden (SFM0041),
and groundwater levels in till below the lake (SFM0023) and in different depth intervals in the
bedrock (HFM32:1-4). Rainfall and duration of pumping tests in HFM14 are also shown. (See
Figure 3-80 for the levels of the borehole sections of HFM32.)
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Figure 3-82 shows the point water heads in percussion-drilled boreholes surrounding Lake
Bolundfjérden plotted with the sea water level and the accumulated rainfall + snowmelt — potential
evapotranspiration. The point water head in HFM33, located close to SFR, is also inclued in

the figure. The borehole section with the lowest point water head in each borehole is shown

(see Figure 2-9 for the locations of the boreholes); the differences between point water heads
and environmental water heads are insignificant.

HFM32 has the lowest point water head. Only HFM33 and HFM38 have occasionally point
water heads at the same level or below. The head variations are mainly controlled by the annual
precipitation-evapotranspiration cycle, represented by R+S-PET in the figure, and the sea water
level. The sea water level has a stronger influence on HFM33 and HFM38 than on HFM32.
The groundwater level in HFM32 is below the sea level during the summer and autumn of
2006. Two possible, perhaps superimposed, phenomena could explain this: (i) the groundwater
level in the bedrock is indirectly influenced by evapotranspiration extracting water from the
groundwater zone in the QD thereby inducing an upward flow from the bedrock, and/or

(i1) the borehole is influenced by the pumping at SFR (approximately 6 L/s).

An influence from evapotranspiration requires that the groundwater level in the bedrock is above
the QD/rock interface, which is the case in the low-lying areas surrounding Lake Bolundsfjarden,
so that no unsaturated zone exists in the bedrock. An influence from the pumping at SFR requires
a good hydraulic contact all the way to SFR. From a pumping test in HFM33, immediately west
of SFR, it is known that quick and strong responses were observed in in e.g. HFMO02 (c. 0.3 m)
and HFM15 (c. 0.1 m) located c. 1.5 km inland from the pumping well. The pumping rate in
HFM33 was approximately 3.8 L/s /Gokall-Norman and Ludvigson 2008, Follin et al. 2008/.
Pumping tests in HFM 14 have also shown quick and strong responses in other quite distant
HFM-wells (c. 1 km away, such as HFM 16 and HFM38), confirming the high transmissivity
and low storativity of the upper bedrock.

Figures 3-70, 3-72, 3-74, 3-76, 3-78 and 3-80 show that the groundwater levels in the till and
the bedrock are correlated. The natural groundwater level fluctuations are, however, smaller in
the bedrock but still to a great extent controlled by the annual precipitation and evapotranspira-
tion cycles. The conditions prevailing within the northern part of the tectonic lens, with a lower
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Figure 3-82. Point water heads in bedrock wells surrounding Lake Bolundsfjdrden plotted with the sea
level and accumulated values of rainfall (R) + snowmelt (S) minus potential evapotranspiration (PET).
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groundwater level in bedrock than in QD, mean that the groundwater flow has a downward
component at the sites studied, i.e. there is an inflow from the till to the bedrock. The difference
between the levels in till and bedrock indicates a limited hydraulic contact between QD and rock.

A probable explanation for the generally low levels measured in the bedrock boreholes is that
these intersect one or some of the highly conductive horizontal to sub-horizontal zones shown
to exist in the shallow bedrock in the Forsmark area /Follin et al. 2007a, 2008/. The highly
transmissive shallow bedrock acts a drain for water coming from above as well as from below.
The principle is illustrated in Figure 3-83, where the draining effect of a sub-horizontal zone

is shown using an illustrative generic simulation with an analytical model /Werner et al. 2007/.
The available data indicate that flow systems involving the bedrock do not have discharge areas
in the northern part of the tectonic lens but discharge into the sea. The only occasions when
data from this area show a continuous upward flow gradient are during dry summers when the
groundwater level in QD decrease below the levels in the bedrock. However, it should be noted
that the periods with uptake of water, and hence also of dissolved substances, in the vegetation
are of specific interest for the safety assessment dose calculations.

The situation prevailing in Forsmark, with relatively low groundwater levels in the shallow
bedrock within the northern parts of the tectonic lens, may partly be caused by the pumping at
SFR. However, no definite conclusions on this issue can be drawn based on existing data. This
is further discussed in Chapters 4 and 5. Outside the tectonic lens, as illustrated by the situation
at Drill site 4 (see Figure 3-78) and in the area around Lake Eckarfjirden (HFM11 and 12), the
groundwater level in the bedrock may be well above the groundwater levels in QD in nearby low-
lying areas, implying that flow systems involving the bedrock may have local discharge areas.

The lake water level-groundwater level relationships indicate that the lake sediments, the
underlying till and/or the uppermost bedrock have low vertical hydraulic conductivities. If the
surface water-groundwater hydraulic contact had been good, the situation with groundwater
level drawdown from evapotranspiration extending below the lakes, and the quick and extensive
drawdowns from the pumping tests in HFM 14 and HFM33 below Lake Bolundfjérden and the
sea, should not appear.

The flow systems around and below the lakes seem quite complex. The chemistry of the water
below the lakes indicates a very limited flow since relict water of marine origin is found. Chemical
data as support for the hydrological and hydrogeological model is discussed in Section 3.5.4.

In discharge areas, by definition no groundwater recharge takes place. However, not all
discharge areas are saturated up to the ground surface, but water flows in the uppermost most
permeable part of the soil profile. In unsaturated discharge areas, the soil water deficit is usually
very small and in these areas water levels respond quickly to rainfall and snowmelt and contri-
bute to runoff generation. So called saturated overland flow appears in discharge areas where
the groundwater level reaches the ground surface. This type of discharge areas is quite common
in the flat landscape of the site investigation area.

Figure 3-83. Visualization of stationary flow paths along a regional slope in a groundwater basin

with a high-permeable sub-horizontal layer. The length and depth of the basin is 3.7 km and 750 m,
respectively, and the amplitude of the hummocky groundwater table is 1.5 m. The hydraulic conductivity
contrast between the layer and the rest of the basin is 100 to 1 /Werner et al. 2007/.
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The brooks are considered as permanent discharge areas, although dry during parts of the year.
The wetlands can either be in direct contact with the groundwater zone and constitute typical
discharge areas or be separate hydrological systems with low-permeable bottom materials and
with little or no hydraulic contact with the underlying aquifer. The flat terrain and the shallow
groundwater within the area imply that the spatial extents of recharge and discharge arecas may
vary during the year.

The strong correlation between groundwater levels and surface discharge was earlier analysed
and described in /Juston et al. 2007/. In Figure 3-84 time series of the average groundwater level
in relation to ground surface and discharge for the catchment area of discharge gauging station
PFMO005764 are shown. The two time series are obviously correlated, although the quantitative
coupling appears to vary a lot among the various hydrological events.

3.5.4 Hydrochemical data for interpretation of the flow systems

In this section, water chemical analyses of precipitation, surface water, and groundwater from
QD and different depths in the bedrock are interpreted as support for the conceptual hydrological
and hydrogeological model. For detailed descriptions of the water chemistry the reader is referred
to /Trojbom and Soderbéack 2006/, /Trojbom et al. 2007/ and /Laaksoharju et al. 2008/, of which
the first and the second are focused on the surface system and the third on the deep rock.

/Laaksoharju et al. 2008/ uses the concept of “end-members” to describe a number of ideal water
types. Observed water compositions in water samples are then interpreted as mixtures of the different
end-members. The end-members used in the Forsmark 2.2 reporting stage are shown in Table 3-18.

/Tréjbom et al. 2007/ applied principal component analysis (PCA) to establish an ion-source
model for the Forsmark data. In a first step, only data from percussion-drilled and core-drilled
boreholes were used to optimize a model for separating the groundwater types found in the
bedrock. This model was then applied on observations of surface water and groundwater in QD,
revealing similarities in hydrochemical composition between these observations and the main
patterns found in the groundwater in the bedrock.
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Figure 3-84. Average groundwater level and surface discharge for the catchment area of discharge
gauging station PFM005764.
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Table 3-18. End-members used in the Forsmark 2.2 modelling stage /after Laaksoharju
et al. 2008/.

End-member Na K Ca Mg HCO; CI SO, Br &2H *H 8630
mg/L  mg/lL mg/L mg/L mg/L mg/L mg/L mg/L % SMOW TU %.SMOW

Brine 8,200 455 19,300 212 141 47,200 10 —44.9 -8.9
Littorina Sea 3,674 134 151 448 925 6,500 890 -37.8 4.7
Dilute Granitic GW 274 5.6 411 7.5 466 181 85.1 0572 -80.6 121 1141
Glacial 0.17 0.4 0.18 0.1 0.12 05 0.5 -158 -21
Meteoric 0.4 029 0.24 0.1 122 0.28 1.4 -80 -10.5
Baltic 1,960 95 93.7 234 90 3,760 325 -53.3 -5.9

In Figure 3-85 the ion-source model is shown for labelled monitoring wells in QD with different
possible ion sources and possible groundwater types. Five major water types are identified:

*  Modern sea water.
» Water influenced by relict marine water (Littorina).

* Deep saline water, which is significantly influenced by shield brine (shield brine is a highly
saline groundwater present at great depths in the granitic environment of the Scandinavian
shield).

» Altered meteoric water, which is of meteoric origin but significantly altered by processes in
the QD.

* Fresh waters include both surface water and shallow groundwater, showing “immature” ion
signatures from biogenetic CO, and calcite dissolution.

Most of the samples are classified as belonging to the fresh water and altered meteroric ground-
water groups. Among the samples in the fresh water group are many samples from wells classi-
fied as located in typical recharge areas in the hydrogeological classification, e.g. SFM0005 and
SFMO0020, but also some wells at the shores of Lake Eckarfjarden and Lake Bolundsfjdrden and
classified as located in discharge areas (SFM0014, SFM0016, SFM0032 and SFM0074). The
hydrogeological interpretation of the hydrochemical composition of water from these wells is
that the wells are placed in very shallow flow systems with short residence time.

For the wells close to the lakes, a potential influence from recharging lake water during

dry summers can not be excluded. The classification of water from the wells SFM0028 and
SFM0029 as belonging to the fresh water group is surprising from a hydrogeological point
of view. These wells are located in till below a 1.5 m thick confining layer of gyttja and clay
close to Lake Lillfjarden and relatively distant from unconfined aquifer conditions where
groundwater recharge can take place.

The wells placed in till below the lakes and the sea show a quite different chemical composition
compared with the other wells placed in QD. In general the waters from these wells have a high
salinity, including a high chloride content. The well below Lake Géllsbotrasket (SFM0012) and
the other wells located in the Géllsbotrasket depression (SFM0011 and SFM0013) are classi-
fied as belonging to the influence from relict marine water group and have chloride contents

of approximately 2,000 mg/L. Interestingly, SFM0057 located at the edge of the Géllsbotréasket
depression has a signature indicating an influence from deep saline water and shows similarities
with the signatures of HFM11 and HFM12 located at Lake Eckarfjarden and in the large fracture
zone, Eckarfjdrdszonen, which also goes through Lake Géllsbotrdsket. The water in SFM0057
is, however, quite diluted with an average chloride content of c. 250 mg/L.
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Figure 3-85. The ion-source model showing labelled monitoring wells in QD with different possible ion
sources and possible groundwater types. Note that FM and two zeros have been deleted from the well 1D
numbers and that the last part of the displayed well number is the elevation of the sampling point (e.g.
S02-3 means that data come from SFM0002 where sampling was was made at —3 m RHB70).

The well in the middle of Lake Bolundsfjarden (SFM0023) also belongs to the influence from
relict marine water group and has a chloride concentration of ¢. 3,775 mg/L. The chloride
concentration is approximately the same as in the nearby percussion-drilled borehole HFM32
down to a depth of c. 100 m. Also the well SFM0022 below Lake Fiskarfjarden shows a chemi-
cal signature clearly influenced by relict marine water. The water from the well below Lake
Eckarfjarden (SFM0015), however, shows a quite different chemical composition and is in the
ion-source model closest to the group altered meteoric water. The chloride content in the well is
c. 300 mg/L. The waters in the two wells placed in till below the sea, SFM0024 and SFM0025,
belong to the modern sea water and influence of relict marine water groups, respectively.

The occurrence of water belonging to the group influenced by relict marine water (Littorina)
below Lake Bolundsfjarden, Lake Fiskarfjirden and Lake Géllsbotrésket is a strong indication

of very low flow rates in the flow systems involving these parts of the investigation area. In per-
spective of the total annual water balance of the area, the water can be considered as stagnant. At
Lake Bolundsfjarden, no flow from below reaches the till at present according to the groundwater
levels measured in QD and bedrock (see Figures 3-80 and 3-81). The water composition indicates
that the leakage from the lake through the sediments is very small, i.e. the small gradients shown
in Figures 3-80 and 3-81 are combined with a low K, (vertical K) of the sediments and the till
below the lake.
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The water influenced by relict marine water in the well in the middle of the lake should be
compared with waters belonging to the altered meteoric groundwater and fresh water groups
found in wells below the lake close to the shore and on the shore, i.e. SFM0062, —63, —32 and
—33 (see Figures 2-6 and 2-7 for locations of the wells). The hydrogeological and hydrochemical
interpretations indicate that shallow groundwater flow systems involving only QD have discharge
areas around the lake and in the near-shore parts of the lake, while deeper systems are drained by
the highly transmissive shallow bedrock.

Figure 3-86 shows a Piper plot of the SFM wells divided according to the hydrogeological
recharge-discharge area classification /Werner et al. 2007/. Recharge wells should be low in
chloride. Discharge wells could have either low or high chloride concentrations; low if located
in discharge areas of small and shallow flow systems and high in discharge areas of flow sys-
tems involving deeper flow paths and in areas affected by relict and modern sea water. The two
wells deviating from this pattern are SFM0057 and SFM0059. As discussed above SFM0057
shows an influence from deep groundwater, however, quite diluted perhaps by modern recharge.
SFMO0059 is located in the glaciofluvial deposit, Borstilasen, quite close to the sea and is most
probably influenced by modern sea water infiltrating during events of high sea water levels.

The water chemistry of the water flowing out of Lake Eckarfjarden and Lake Géllsbotrasket
gives an opportunity to investigate to what extent relict marine water and deep saline ground-
water are present in the flow systems generating surface discharge. Chloride is considered as
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Figure 3-86. Piper plot of water samples from wells in QD subdivided according to the hydrogeological
classification of their locations in recharge areas (red), areas of varying recharge/discharge conditions
(vellow) and discharge areas (blue) /Tréjbom et al. 2007/.
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a good tracer as it follows the water and as there is a big difference in chloride concentration
between water with chloride only from atmospheric deposition and relict marine and deep
saline waters (see Table 3-18).

The measurements of the chemical composition of the precipitation performed within the site
investigation in open land, with lower dry deposition than in forest, show an average chloride
concentration of 0.95 mg/L (n =31) (SKB's Sicada database). At Jaringe, a station included in the
Swedish National Environmental Monitoring Programme and run by IVL Swedish Environmental
Research Institute, approximately 45 km SSE of the site investigation area, the ratio between the
atmospheric deposition in spruce forest and in open land was approximately 1.6 during 2001-2002
when measurements from both type of land use are available. If this ratio is used in the site investi-
gation area the atmospheric deposition in the catchment areas of Lake Eckarfjdrden and Lake
Gallsbotrisket, which are totally dominated by forest, should be approximately 1.5 mg/L.

According to Section 3.3.3 the average precipitation is c. 560 mm/year, the evapotranspiration
400—410 mm/year, and the specific surface discharge 150—160 mm/year. The concentration in
surface discharge of water in which the atmospheric deposition is the only source of chloride
should then be slightly more than 5 mg/L. This concentration agrees very well with the con-
centrations found in QD-wells, classified to be located in typical recharge areas and/or in local
discharge areas of shallow flow systems and at an elevation where enough time has passed for
flushing of marine water since the area rose above the sea level. The average Cl-concentration
in the wells SFM0005, SFM0009, SFM0019, SFM0095, SFM0102 and SFM0103 was 5 mg/L.

The average Cl-concentration at the outlet of Lake Eckarfjarden was 5.1 mg/L (n = 68) (min. = 2.3
and max. = 7.6 mg/L). Thus, the chloride concentration corresponds to what can be assumed to
originate from atmospheric deposition. Even a very small contribution from relict marine water
or deep saline groundwater should give a noticeable increase of the chloride concentration. For
example, a contribution of 2.7 mm/year to the specific discharge or in total 0.2 L/s from a water
of the Cl-concentration found in till below the lake should double the concentration in the
discharge to 10 mg/L.

The chloride concentration in the discharge from Lake Géllsbotrédsket, measured upstream the
conjunction with the brook from Lake Eckarfjdrden, is considerably higher and an additional
source beside atmospheric deposition has to exist. The average chloride concentration in the
discharge is 29 mg/L (n = 73) (min. = 4.2, max. = 59). By using the continuous discharge and
electrical conductivity (EC) measurements at PFM002667 and PFM005764, and the correlation
between EC and the chloride concentration, daily values of the transport of chloride from Lake
Gillsbotrisket have been calculated. The average annual chloride transport for the period Dec. 8,
2004-March 31, 2007 was c. 9,900 kg. The annual atmospheric deposition in the catchment area
was c. 1,800 kg, leaving approximately 8,000 kg originating from another source.

From the regolith depth and stratigraphy model /Hedenstrom et al. 2008/, the volume of the
QD-layers in the Gillsbotrasket depression below 2.5 m RHB70 has been calculated and, by use
of the values of the total porosity in Table 3-13, the total water volume in QD. From this volume
and the mean chloride concentration of c. 2,000 mg/L in the three QD-wells in the depression
(SFMO0011, SFM0012 and SFMO0013) the storage of chloride in the QD can be estimated to

c. 500 tonnes, i.e. with the current transport rate the storage will be depleted in approximately
60 years. The lake threshold of Lake Gillsbotrésket (1.47 m RHB70) rose above the average
sea level about 225 years ago.

The correlation between discharge and chloride is shown in Figure 3-87. To investigate if the
hydrochemical signatures are different depending on discharge, the available samples were divided
into classes based on the discharge when they were taken and plotted in the ion-source model,
Figure 3-88. Interestingly, there is a tendency of the hydrochemical signatures with decreasing
discharge in the direction towards SFM0057 and HFM11 and HFM12 indicating an influence of
deep saline water. This, together with the current outflow rate compared with estimated storage in
QD, raises the question of whether an additional source of chloride besides atmospheric deposition
and relict marine water exists, i.e. an upward flow of deep saline groundwater.
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In Figure 3-89 the ion-source model is shown for labelled surface water sampling points.

The dotted green lines show flow paths (i) from a small brook upstream Lake Eckarfjarden
(PW71) — Lake Eckarfjarden (PL117) — the outlet from Eckarfjarden (PW70) — branch from
Lake Gillsbotrisket (PW69) — the inlet to Lake Bolundsfjarden (PW68) — Lake Bolundsfjérden
(PL107) — the outlet of Lake Bolundsfjarden (PW67) — Lake Norra Bassdngen (PL097) — the
Baltic Sea, and (ii) Lake Fiskarfjarden (PL135 /NW part/, PL127 /SE part/) — outlet from Lake
Fiskarfjarden (PW72) — the Baltic Sea.

The parameters *H, 2H, and 8'*0, as well as the absolute concentration of chloride, may contain
information on the sources of the dissolved ions that is not used in the ion-source model. These
parameters are plotted on the ion-source model in Figure 3-90. Specifically, the three wells below
Lake Bolundsfjarden (SFM0023), Lake Eckarfjarden (SFM0015), and Lake Gillsbotrésket
(SFM0012) are labelled. In general, SFM0012 and SFM0023 show similarities for the presented
parameters. The *H-values indicate a mixture of submodern and modern water (TU 0.8-4), the
slightly low O and ?H excess values may indicate an effect of evaporation from relict marine
water. SFM0015, below Lake Eckarfjarden, deviates significantly from SFM0012 and SFM0023,
with slightly higher 80 and lower *H excess values as well as considerbly lower chloride con-
centration. The combined picture is difficult to interpret but may be a result of a mixed water
with components exposed to evaporation.
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Figure 3-89. Surface water samples plotted on the ion-source model. The dotted green lines show flow
paths from upstream Lake Eckarfjdrden (PW71) to the sea, and from Lake Fiskarfjdrden (PL135) to the sea.
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Figure 3-90. The parameters °H, °H, 6'°0, and the absolute concentration of chloride of the QD-wells

plotted on the ion-source model, with SFM0012, SFM0015 and SFM0023 labelled.

Figure 3-91 shows the ion-source model with two samples of the water pumped out of SFR,

from the upper and lower pump sump respectively, as well as samples from the SFR boreholes.
In general, the SFR-samples plot along a line indicating a mixture of marine and deep saline
water. The positions of the two samples from the pump sumps indicate waters of mainly marine
origin, but with a deep saline component. Compared with the HFM- and SFM-sampling points
of the site investigation, the composition of the water pumped out of SFR is most similar to the
water from HFM32 (especially the upper three sections), HFM08 and HFM22 in the bedrock
and to SFM0023 in the QD.

Of the HFM-boreholes closest to SFR, the waters of HFM34 and HFM35, located to the east of
the Sing0 zone, are more similar to sea water than the water pumped out of SFR (see Figure 2-9
for the locations of the wells). The water in HFM34 is totally dominated by modern sea water. On
the other hand, the water in HFM33, located to the west of the Sing6 zone, shows a pronounced

deep saline component which is quite similar to the water of the deepest section in HFM32.
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Figure 3-91. The ion-source model with water samples from SFR included. SFR out are water pumped out
of SFR from the upper and lower pump sumps. In the labelling of the HFM-boreholes, the last figures give
the sampling depths (m, RHB70). Note that FM has been deleted from the well ID.
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4 Conceptual and descriptive model of water
flow at the Forsmark site ll: Quantitative
water flow modelling

4.1 Water flow modelling tools used in the site investigation

Several tools have been applied for modelling of the surface hydrology and/or the near-surface
hydrogeology of the Forsmark area.

The main modelling work has been performed by use of MIKE SHE, which is a dynamic,
physically based modelling tool that describes the main processes of the land phase of the
hydrological cycle. A comprehensive summary of this work based on the detailed presentation
of the MIKE SHE modelling in /Bosson et al. 2008/ is presented in Section 4.3.

In Section 4.2, the results of modelling by a customised HBV-model for exploration of relation-
ships between precipitation, evapotranspiration, groundwater levels in Quaternary deposits and
surface discharge are presented. These results have not been published before in the SKB report
series, motivating a thorough presentation here, but earlier simulations with a slightly different
model and based on shorter time series have been presented in /Juston et al. 2007/. For a descrip-
tion of the HBV-model the reader is referred to /Bergstrom 1976/ and /Lindstrom et al. 1997/.

In the Forsmark 1.2 stage, GIS-based modelling with the ArcGIS extension “Hydrological
modelling” was performed. The modelling used a digital elevation model which was the basis
for flow direction and flow accumulation calculations. By use of a “direction grid” the number
of upstream cells generating flow in a specific cell and a specific discharge, the flow in each cell
can be calculated. The specific objective of this modelling was to roughly calculate the spatial
distribution of total runoff for use in the early phases of the ecological systems modelling.
Furthermore, based on limits set on the number of upstream cells a preliminary division of

the area into recharge and discharge areas was suggested. The reader is referred to /Johansson

et al. 2005/ for a comprehensive description of the methodology and results of this GIS-based
modelling.

In the Forsmark 1.2 stage also another GIS-based modelling tool, PCRaster-POLFLOW,
providing extended capabilities for hydrological modelling, was applied /Jarsjd et al. 2005,
Johansson et al. 2005/. PCRaster-POLFLOW allows for analyses of spatially varying flow and
transport processes. In the Forsmark application, the PCRaster-POLFLOW modelling approach
used empirical equations and data for quantification of the specific discharge and its distribution
on surface and sub-surface flows. Specifically, the input data included the digital elevation
model, and spatially variable meteorological, geological and land use parameters, which are
used either in emprical equations or as a basis for a classification of different subareas within
the model area. The reader is referred to /Jarsjo et al. 2005/ and /Johansson et al. 2005/ for a
comprehensive description of the methodology and results of the PCRaster-POLFLOW model-
ling. Recently, the PCRaster-POLFLOW modelling of the Forsmark area has been extended to
include solute transport /Jarsjo et al. 2007/.

In /Brydsten 2006b/ a topographical modelling study is presented for identification of recharge
and discharge areas. The identification contained five classes:

*  Most likely recharge areas (areas identified as peaks and ridges by means of geo-
morphological classification using the Landserf software /www.landserf.org/).

*  Most likely discharge areas (areas identified by the “Basin fill” and “Flow accumulation”
functions of ArcGIS /www.esri.com/software/arcgis/).

* Probable recharge areas, Undefined areas, and Probable discharge areas (areas defined by
topographical wetness indices (TWI) as defined by /Beven and Kirkby 1979/).
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The reader is referred to /Brydsten 2006b/ and /Werner et al. 2007/ for a comprehensive descrip-
tion of the methodology and results of the topographical modelling of recharge and discharge
areas, and for a comparison of these results with results from the MIKE SHE modelling,
respectively.

The hydrogeological modelling including the deep bedrock is performed with the modelling
tool CONNECTFLOW which contains also a simplified description of the Quaternary deposits.
In the more recent SDM models, the upper boundary of the model is a flux boundary defined
by an annual average groundwater recharge. For a description of the modelling performed with
CONNECTFLOW the reader is referred to /Follin et al. 2007abc, 2008/.

4.2 Catchment-based simulation of surface discharge and
groundwater depths

The strong correlations between rainfall + snowmelt — evapotranspiration, groundwater levels

in Quaternary deposits and surface discharge in brooks have been described in Sections 3.5.2
and 3.5.3 and illustrated in e.g. Figures 3-63 and 3-84. The relation between these parameters
has also been described earlier in /Juston et al. 2007/. To further explore these relationships,
catchment-based simulations of surface discharge and groundwater depths were conducted by

a one-dimensional model. Simulations were conducted for the four catchments equipped with
automatic discharge gauging stations, see Figure 2-5 for the locations of the catchment areas and
the gauging stations. Three of these discharge stations are located at different distances along the
brook between Lake Eckarfjarden and Lake Bolundsfjérden. These three catchments are nested
and their hydrological responses are sequentially coupled. The fourth catchment is located along
the brook discharging Lake Gunnarsbotrisket, and is independent from the other three. Separate
calibrations and simulations were conducted for these four catchments.

The model used for the simulations was a site-specific customization of the HBV model
/Bergstrom 1976, Lindstrom et al. 1997/ and was named the Forsmark-HBV model in
recognition of this relationship. As with HBV, Forsmark-HBV is a one-dimensional conceptual
model. The model uses daily input data for precipitation (P), temperature (T), radiation (R),

and potential evapotranspiration (PET) time series data to predict discharge (Q), catchment-
averaged groundwater depths (X), and snow accumulations (S). Model parameter values were
tuned within the framework of a selective Monte Carlo analysis, as described below, to calibrate
predictions against measured data.

Earlier efforts with Forsmark-HBV have been reported twice before /Johansson et al. 2005,
Juston et al. 2007/. However, there are several features that distinguish the effort reported here
from the previous ones:

» The available time series are considerably longer. Here, simulations used data through
April 30, 2007.

* The model structure has been further refined to eliminate redundancy (over-parametization)
in the groundwater storage relationship, and to improve model fit during snow melt events.

» Also for the first time, the calibration results are presented in the context of an uncertainty
analysis, such that suitable parameter values are represented with distributions rather than
deterministic point values, and simulated time histories are represented with credibility bands
rather than singular trends.

421 Methods
Model structure and parameter description

The structure of the Forsmark-HBV model is shown schematically in Figure 4-1. This structure
is a further evolution of the HBV-derived model that has been previously applied to the same
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Figure 4-1. Schematic diagram of Forsmark-HBV model structure with key equations.

catchments /Johansson et al. 2005, Juston et al. 2007/. The changes introduced compared with
the original HBV-model were based on site specific characteristics as presented in Chapter 3,
with the shallow groundwater as the single most important factor. Parameter name definitions
are given in Table 4-1 using names from the traditional HBV formulation /Lindstrom et al.
1997/ where possible. Compared to the last presentation of this model /Juston et al. 2007/, the
structure presented here incorporates the following refinements:

» The interception storage was eliminated.
* Aradiation term was added to the degree-day formulation in the snow melt routine.
* The fast recharge flux (Faow-tougn) Was eliminated, while the capillary flux was retained.

* The groundwater storage function was simplified to a linear depth-storage equation, thus
reducing the number of parameters required to specify groundwater storage from four to two.

These refinements were aimed at either improving model fit or removing redundancies where
possible. Although not presented here, the analytical justifications for these modifications were
based on a similar methodology as the uncertainty analyses described below.

The model uses a one-dimensional catchment-averaged water balance based around three
conceptual water storages: QD unsaturated and saturated zones, and above ground water content
in snow and ice accumulation. Interception storage was included in the original conceptualiza-
tion of the model and is shown in Figure 4-1, but was later deemed insignificant in reducing
predictive uncertainty and was therefore eliminated.

The saturated storage (S) was modeled with a linear depth-storage relationship. This linear
relationship was based on an analysis of porosity profiles in soil cores from the site, see

Section 3.4.1, /Lundin et al. 2005/ and /Juston et al. 2007/. HBV does not usually simulate
groundwater levels, but similar storage functions have been used with HBV on occasions in

past studies /Bergstrom and Sandberg 1983, Seibert 2000/. The same soil core data indicated an
approximately constant water holding capacity of 15% at pF 2, independent of depth and sample
location. Therefore, the field capacity of the unsaturated zone (US) in Forsmark-HBV was cal-
culated dynamically as 15% of the simulated depth to groundwater. This is also a change from
the typical HBV formulation and is well-suited to the shallow groundwater depths in Quaternary
deposits found throughout the study area.
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Table 4-1. Parameter descriptions and ranges of prior distributions for uncertainty analysis.

Parameter Description Fixed value Min.range Max. range Unit

Snow and interception

CFMAX Degree-day constant for melting 1 5 mm/°C/d
tt Threshold temperature for melting 0 2.5 °C

KR Radiation constant for melting 0 0.15 mm/W/m?
CWH Water holding capacity 0.10 - - %

CFR Refreezing coefficient 0.05 - - -
Subsurface fluxes

CRM Maximum capillary rise 0 15 mm/d

K Discharge scalar 50 500 1d

KQ Discharge exponent 2 8 -
Breakpoints in ET soil moisture function

ETM Min. evap. when saturated 0.2 - -

WET Threshold for moisture limited 0.1 - -

DRY Threshold for deficit limited 0.3 0.7 mm/mm
Lumped physical constants

Rz Root zone depth -0.3 -0.9 mm

Dz Dead zone depth -0.9 -1.2 mm

KS Inverse storage constant 1.5 3.5 mm/mm

Water flow through the model was simulated as follows. Precipitation entered the snow storage
(SNOW) if daily temperatures were less than 0°C, or was treated as rainfall above 0°C. Snow
melt was calculated from the sum of a standard degree-day formulation plus a new (to HBV)
radiation term /Hock 2003/. The radiation term (KR) was added during the model structure iden-
tification process and proved useful for improving model fit during late season snow melts, such
as the one in April 2006. As in the original HBV formulation, a fraction of the freezing capacity
(CFR) was retained (refrozen) during melt events in the existing snow storage, but only within a
preset storage limit (CWH).

Snowmelt and rainfall were simulated to enter directly to the unsaturated zone storage. No
overland flow processes were simulated, as they were not deemed significant in the area. When
the unsaturated storage exceeded field capacity, the excess water was added to the saturated
zone. A capillary rise term provided a return water flux from the groundwater to the unsaturated
zone. Discharge was dependent on an active saturated storage volume, specified as the saturated
storage above a dead-zone depth (DZ), and was calculated with a power-law equation.

Evapotranspiration (ET) was modelled as a function of daily PET and a root zone (RZ) moisture
deficit index. Obviously, the ET sub-model was an aggregation of complex root zone processes.

However, as with other process representations in HBV-Forsmark, a simpler ET sub-model was

adhered to with the purpose to keep the overall model structure as simple as possible.

Input data time series

The model required input time series for daily precipitation, potential evapotranspiration, air
temperature, and solar radiation. Time series of meteorological data from Hogmasten and
Storskéret were available from May 2003, and these data were complemented with earlier data
from SMHI for several regional sites to provide a complete input time series from January 1,
2002 (see Section 2.2.1 for available meteorological data). All simulations were run beginning
from this date.
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Observation data for model calibration

Simulated model responses for discharge, catchment-average groundwater depth, and snow
accumulation were compared to observed data from the study site. Discharge and groundwater
level time series were used for model calibration, while snow accumulation data were used for
comparison (validation) only.

Discharge data from the four gauging stations, and hence for the four catchment outflows, were
discussed in detail in Section 3.3.3. Groundwater data for all wells in Quaternary deposits in
the study site were presented in Section 3.4.1. As described below, only a small subset of these
wells were used for model calibrations. Data from the two snow measurement stations in forest
(AFMO000072 and AFM001172) were pooled and used for validation of model predictions (see
Figure 2-3 for location of the stations).

The discharge gauging stations had different start dates for data availability: April 15, 2004 for
PFM005764 and December 8, 2004 for the other three stations. Groundwater level data were
typically available from spring 2004 and therefore May 1, 2004, was chosen at the start date

for the data comparison intervals. Daily simulations between January 1, 2002 and the differing
start dates of the discharge time series were used for starting up the model and initializing model
storages before the data comparison intervals (Table 4-2).

In the data comparison intervals, observed data were divided into calibration and validation
periods for split-sample comparisons as shown in Table 4-2. As noted, simulations were run
with the validation period proceeding the calibration period. The reason for this was that it

was desirable to calibrate the four catchments to identical time intervals of data for meaningful
comparisons of parameter distributions. Since the start dates of available discharge data were
not the same in all four catchments, the usual order of calibration and then validation periods
was reversed. Calibration intervals for all catchments were from August 1, 2005 through

April 30, 2007 and enclosed two complete winter seasons. The durations of validation intervals
were shorter and variable amongst catchments (Table 4-2).

As described above, the Forsmark-HBV model functioned on an aggregated catchment scale,
and simulated groundwater depths represented catchment-average responses. The catchment-
averaged groundwater depths for comparison to the simulations were estimated from the avail-
able network of groundwater wells in Quaternary deposits (Figure 2-7). For each catchment, a
group of 8-9 wells were selected as representative for that catchment. The wells selected for
each catchment are listed in Table 4-3. Where possible, the representative wells were enclosed
by the catchment boundary. For example, all eight wells used to represent the aggregated
response in PFM005764 were enclosed within the catchment boundary. On the other hand, no
wells were enclosed within PFM002669 and only 1-2 wells were enclosed within the other two
catchments.

The supplemental wells (those from outside the catchment boundary) were chosen to be
representative of the range of recharge and discharge conditions that might be expected in the
catchments. The group of representative wells for PEM002667, PFM002668, and PFM002669
was the same. Therefore, for each of the two different groupings, an average groundwater depth
time series was calculated using the representative wells. Additionally, standard deviation time
series were calculated as measures of uncertainty. These values were combined into a perform-
ance measure for calibration as described in the next section.

Table 4-2. Summary of calibration and validation intervals for the four catchments.

Catchment Simulation Validation Calibration Simulation Calibration Validation
start date start date start date end date days days
PFM005764  Jan. 1, 2002 May 1, 2004 Aug. 1, 2005 Apr. 30, 2007 638 457
PFM002667 Jan. 1, 2002 Dec. 8, 2004 Aug. 1, 2005 Apr. 30, 2007 638 236
PFM002668 Jan. 1, 2002 Dec. 8, 2004 Aug. 1, 2005 Apr. 30, 2007 638 236
PFM002669  Jan. 1, 2002 Dec. 8, 2004 Aug. 1, 2005 Apr. 30, 2007 638 236
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Table 4-3. Wells used for estimating an averaged groundwater response in each catchment.
Well descriptors in bold type were enclosed within the respective catchments’ boundaries.

Catchment Groundwater wells in Quaternary deposits used for calibrating simulated groundwater

PFM005764 SFM0010, SFM0011, SFM0013, SFM0014, SFM0017, SFM0019, SFM0030, SFM0057.

PFM002667 SFM0003, SFM0004, SFM0010, SFM0014, SFM0019, SFM0021, SFM0033, SFM0049,
SFMO0057.

PFM002668 SFM0003, SFM0004, SFM0010, SFM0014, SFM0019, SFM0021, SFM0033, SFM0049,
SFMO0057.

PFM002669 SFM0003, SFM0004, SFM0010, SFM0014, SFM0019, SFM0021, SFM0033, SFM0049,
SFMO0057.

Calibration objectives

Performance measures were defined for simulated discharge and groundwater time series.
Calibration objectives were defined with stepwise criteria:

1. Solutions were accepted if the cumulative error in simulated discharge was within = 15%
of the observed total over the calibration interval.

2. Within the subset of solutions that satisfied this water balance criterium, solutions were
further screened with a threshold criterium on performance index for simulated discharge
and groundwater time series.

Simulated discharge time series were evaluated with the Nash-Sutcliffe efficiency (N-S) /Nash
and Sutcliffe 1970/. It is expressed as one minus the quotient of the sum of squared model errors
divided by the observed data variance. Calculated values for N-S can vary between one for a
perfect simulation (zero error) and large negative numbers for highly imperfect simulations.

The performance index for simulated groundwater depth time series followed a methodology
proposed by /Beven 2006/ that has proven useful for calibrating to uncertain targets. Here,

the calculated mean and standard deviation time series from the representative wells for each
catchment (Table 4-3) were used to define a window of acceptability for simulated values. At
each daily time step in the calibration periods, simulated groundwater depths were compared

to the mean and standard deviation of the representative observations. If the simulated value
was within one-half standard deviation of the observed mean, then full credit (value = 1) was
given for that day. If the simulated value was outside one S.D. of the mean, then no credit (value
= 0) was given. Simulated values between one-half and one-full S.D. were given credit graded
linearly between one and zero.

The net score for a simulated time series was the average of all daily scores. In this way, a
perfect score of 1.0 implied all simulated values were at least within one-half standard deviation
of the mean time series, while scores less than one reflected the degree to which the simulated
time series adhered to the target range. Other studies have used similar approaches for defining
windowed and/or fuzzy targets to uncertain targets /Seibert 2000, Freer et al. 2004, Beven 2006/.

Uncertainty Analysis

All calibrations were conducted within the framework of a Monte Carlo analysis using the
GLUE methodology /Beven and Binley 1992, Beven and Freer 2001/. For each catchment
simulation, two million combinations of randomly selected parameter values were evaluated
within the predefined ranges (Table 4-1). For each parameter set in the Monte Carlo samples,
model output was compared to measured data using the calibration objectives described in the
previous section. Desirable parameter sets were first screened from the Monte Carlo runs based
on the = 15% error constraint on the simulated water balance, and then with a user-defined
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threshold on the combined (averaged) criteria for discharge and groundwater simulations. In the
vocabulary of the GLUE methodology, the accepted solutions (those that passed these screening
criteria) are referred to as the “behavioral” simulations. Information from behavioral simulations
(parameter sets and simulated time series) was retained for post-processing after the Monte
Carlo run was completed.

In GLUE, the number of accepted behavioral solutions is directly controlled by the magnitude
of the user-defined threshold criteria. Lower thresholds for acceptance imply more behavioral
solutions, higher thresholds imply fewer, and clearly calibrations to different time series could
respond differently to the same threshold criteria. Therefore, in order to provide a basis of
comparison amongst the different catchment simulations, the acceptance threshold was varied
for each catchment such that each Monte Carlo run produced approximately the same number
of behavioral solutions (N = c¢. 100 of the two million runs). In this way, post-processing
comparisons were made amongst similar sample sizes representing only the upper echelons of
achievable simulations with Forsmark-HBV in each catchment.

Variations in parameter sets and time series simulations in the behavioral solutions were used
to express predictive uncertainty. For uncertainty in time series simulations, “credibility bands”
were estimated from the range of simulated values in all behavioral simulations on each day.
To account for variations introduced by unequal sample sizes and the possibility of outliers,

the credibility bands were represented as the 5% and 95" percentiles of the range of behavioral
values at each time step.

Cumulative distribution functions (CDFs) were calculated from the behavioral parameter sets
for each parameter value. CDFs were presented instead of probability distribution functions
(PDFs) since the relatively small sample size of accepted solutions resulted in lumpy PDFs (but
smooth CDFs). Here, only marginal distributions are presented, but co-variation can also exist
between various parameters.

It is important to keep in mind when evaluating the results presented below that uncertainty in
the GLUE method is conditioned on several user-defined parameters, such as the likelihood
measures and acceptance threshold defined above. Changing those parameters (and the modeler
is free to do that in GLUE) would change the represented uncertainties. Therefore, to high
degree, these results represent the best judgment of the modelers with regard to their experience
with the Forsmark data and the Forsmark-HBV model.

4.2.2 Results
Time series

Credibility bands for time series simulations of discharge, groundwater depth, and snow water
content are shown in Figures 4-2, 4-3, 4-4 and 4-5 for PFM005764, PFM002667, PFM002668,
and PFM002669, respectively. Performance measures from the simulations are summarized in
Table 4-4. The table shows ranges for N-S efficiencies for discharge, cumulative flow errors,
and groundwater acceptability indices for calibration and validation intervals for each catch-
ment. All results in this section were derived from the set of behavioral solutions (sample size
between 90 and 105) from two million random variations of the predefined parameter space
(Table 4-1). Since the simulation results for individual catchments share many similarities, they
will be discussed together.

Simulated discharges during the calibration intervals were generally quite good. Nash-Sutcliffe
efficiencies typically varied between 0.82—0.92 for accepted solutions in each catchment
(Table 4-4), with the average of this range being approximately 0.87 for all catchments.
Simulated discharges during the validation range were less accurate. The average N-S efficien-
cies for accepted solutions during validation intervals were 0.53, 0.44, 0.66, and 0.16 for
PFMO005764, PFM002667, PFM002668, and PFM002669, respectively.
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Figure 4-2. Credibility bands and calibration targets for hydrological simulations of the PEFM005764
catchment for a) discharge, b) catchment-average groundwater depth, and c) water storage in snow. In
the graph for groundwater simulations, the “target range” indicates a plus and minus one-half standard
deviation range around the mean time series calculated from the representative wells for that catchment
(see Table 4-3), and the “acceptability range” indicates a full standard deviation range. In the snow
accumulation graph, the error bars indicate a range of the observations from two nearby stations.
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Figure 4-3. Credibility bands and calibration targets for hydrological simulations of the PFM002667
catchment for a) discharge, b) catchment-average groundwater depth, and c) water storage in snow, see
Figure 4-2 for explanations of “target range” and “acceptability range” in b) and the error bars in c).
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Figure 4-5. Credibility bands and calibration targets for hydrological simulations of the PFM002669
catchment for a) discharge, b) catchment-average groundwater depth, and c) water storage in snow, see
Figure 4-2 for explanations of “target range” and “acceptability range’in b) and the error bars in c).

Table 4-4. Summary of performance indices for calibration and validation intervals.

Catchment Interval Nash-Sutcliffe Cumulative flow error (%) Window of
efficiency (Discharge) Acceptability Score
(Discharge) (Groundwater)
PFM005764  Calibration 0.82-0.90 4-15 0.83-0.92
Validation 0.18-0.71 (-25)-1 0.75-0.94
PFM002667  Calibration 0.82-0.89 (-1)-15 0.74-0.86
Validation 0.23-0.60 (-8)-23 0.67-0.95
PFM002668  Calibration 0.82-0.90 0-15 0.73-0.85
Validation 0.46-0.79 (-11)-16 0.66-0.94
PFM002669  Calibration 0.83-0.92 2-15 0.76-0.89
Validation —-0.40-0.37 (-14)-9 0.64-0.92
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Cumulative flow error was constrained to be less than 15% for all accepted solutions as part
of the acceptance criteria. Therefore, it is no surprise that the average cumulative flow error
during the calibration interval was approximately +10% in all catchment simulations. During
the validation interval, average cumulative flow errors were —14%, 10%, 3%, and —1% for
PFMO005764, PFM002667, PFM002668, and PFM002669, respectively. Therefore, although
the N-S efficiencies were less satisfactory during the validation interval, the simulation errors
appear more related to timing rather than quantity of discharges.

The largest discharge event in all four time series occurred during the late season snow melt in
April 2006 (Figures 4-2a, 4-3a, 4-4a and 4-5a). This peak was more than two times larger than
the next highest peaks in each catchment and was well simulated by Forsmark-HBV in all cases.
This, however, is also not a surprise since since minimising errors in peak events is an efficient
path towards maximising Nash-Sutcliffe efficiencies.

Interestingly, many other qualities of the discharge simulations amongst the four catchments are
also quite similar. None of the simulated credibility bands completely enveloped the observed
data for any catchment. The falling limb of the January 2005 snow melt event was consistently
simulated for all catchments with a 1-2 week delay compared to the measured data. Conversely,
the subsequent rising limb of the April 2005 snow melt event was consistently simulated with

a several day lead compared to the data. The June 2005 rainfall event was underestimated in

all catchment simulations. The rainfall-driven peak in December 2005 was generally well
simulated in all catchments, but all catchment simulations created a peak in February 2006 that
was not as prevalent in the measured data. As discussed above, the large late season snow melt
event in April 2006 was well-simulated in all catchments. Both the rising and falling limbs of
the rainfall-driven peak in December 2006 were lagging in the simulations compared to the
data. The subsequent January 2007 snow melt event was not very well simulated in any of the
catchments, but the final March 2007 snow melt looked better in all.

Simulated groundwater depths were also acceptable in all catchments (Figures 4-2b, 4-3b, 4-4b
and 4-5b). The average score of the window of acceptability target, as described above, was 0.88,
0.80, 0.80, and 0.83 for PFM005764, PFM002667, PFM002668, and PFM002669, respectively.
These scores suggest that on average between 80—-88% of the simulated groundwater depths

fell within the desired target range. Scores for the simulated groundwater depths were closer in
calibration and validation intervals than they were for discharge (Table 4-4). The most noticeable
issue in the groundwater simulations, and this was consistent amongst catchments, was that the
depth of simulated groundwater during the dry summer seasons was substantially underestimated.
For instance, the range of simulated groundwater depths in all catchments in August 2006 did
not dip below approximately 1.1 m below ground, whereas the average observed data in each
grouping of observed wells (Table 4-3) were often up to a full metre deeper.

Simulated water storage in snow also looked good compared to the measured data (Figures 4-2c,
4-3c, 4-4c and 4-5c). Recall that the snow data was not used for calibration and was for valida-
tion only. In all catchments, simulated water storage in snow was close to the upper boundary of
the data range reported from the two measurement stations. The upper boundary in the measured
data was in all cases from AFM000072. This station is an inland station located in the forest in
very close proximity to the discharge gauging station at PFM005764 (see Figures 2-4 and 2-6).
The other station is located closer to the sea. It seems sensible that the simulated water storage
in snow closer followed the inland upstream station’s data.

4.2.3 Parameter distributions

Figure 4-6 summarizes cumulative distribution functions (CDFs) calculated for each model
parameter (see Table 4-1) from the subset of accepted behavioral parameter sets and for each
catchment simulation. There are many interesting features of these distributions. Distributions
for most parameters, with the exception of depth to dead zone (DZ), were refined during calibra-
tion (Figure 4-6); prior distributions would appear as corner-to-corner straight lines in these
plots. In other words, the behavioral solutions demonstrated focused regions within the initial
parameter ranges that produced the best simulations.
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Figure 4-6. Cumulative marginal probability distributions for the accepted behavioral model parameters
for Forsmark-HBYV from each catchment simulation.

In the context of the model structure, differences in the hydrological performance of the four
catchments seemed to be attributable to differences in four model parameters: the degree-day
constant for snow melt (CFMAX), the inverse groundwater storage constant (KS), and the
constant and exponent that defined the discharge relationship (K and KQ). This is evident in sub-
stantial differences in CDF’s between catchments for these parameters. CDFs for the other five
model parameters (tt, DRY, RZ, DZ, and CRM) were comparatively similar amongst catchments.

Interestingly, the parameter distributions for PFM005764 and PFM002667 were virtually indis-
tinguishable for all parameters. This suggests very similar conditions in the catchments, which
is sensible given that PFM002667 is nested within PFM005764 and comprises 54% of its area.
PFMO002668 is also nested within both PFM002667 and PFM005764, and parameter distri-
butions were also quite similar here except for the two parameters that defined the discharge
response, K and KQ. Perhaps these differences reflect the larger influence of the lake response
(Lake Eckarfjarden) in the smaller PFM002668 catchment compared to the other two. Direct
discharge from lakes was not explicitly modeled in Forsmark-HBYV, and instead this response
was aggregated within the storage-discharge equation (Figure 4-1).

PFMO002669 also shared similar parameter ranges compared to the other three catchments, but
differed substantially in terms of both the inverse storage constant (KS) and discharge scalar
(K). It is difficult to assess these differences since the PFM002669 catchment contained no
groundwater wells itself. Recall that the calibration target for simulated groundwater in this
catchment was synthesized from a grouping of external wells (Table 4-3). Therefore, these
differences could reflect either a rather sensible outcome if the synthesized calibration target
was indeed fairly accurate, or a direct inference of an erroneous assumption regarding the
synthesized calibration target. It is impossible to tell with no data for reference.
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4.2.4 Simulated annual ET

Figure 4-7 shows simulation results for predicted annual ET on rolling basis for the four catch-
ments. As above, results are presented as credibility bands produced from the range of predicted
values in accepted simulations from the Monte Carlo runs. Annual totals are shown from
January 2005 onward for consistent comparison amongst catchments.

As seen, annual total ET varies in time in all catchments, depending on the antecedent years’
moisture conditions. The average annual total ET (calculated for all behavioral simulations and
all annual totals between January 2004 and April 2007) was 400, 409, 413, and 396 mm/yr for
PFMO005764, PFM002667, PFM002668, and PFM002669, respectively. The average width

of the credibility band around the mean predicted annual ET time series was 36, 43, 43, and

42 mm/yr, respectively, corresponded to approximately = 5% uncertainty on the mean simulated
series.
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¢) PFM002668, and d) PFM002669.
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4.2.5 Discussion

The Forsmark-HBV model provided good simulation results of discharge and aggregated
groundwater responses in four catchments within the Forsmark study site. Discharge time series
from the four catchments were simulated with Nash-Sutcliffe efficiencies that averaged 0.87 and
groundwater time series were simulated with average acceptability scores of 0.83 (1.0 is max).
Although there were consistent deficiencies amongst the four catchment simulations, seasonal
and event dynamics in discharge and groundwater time series were generally very well-repli-
cated by model predictions. This is a good result that reinforces the conceptual understanding of
the near-surface hydrology in the area.

Calibration of the Forsmark-HBV model within the framework of an uncertainty analysis
provided several important insights:

* Credibility bands on time series simulations showed remarkably consistent patterns for the
four catchment simulations, in terms of well simulated behavior. The uncertainty analysis
was a powerful tool for highlighting the positive aspects of the model capabilities.

* There were also consistent patterns of error in the simulations amongst catchments and
this suggests structural errors in the model that may be amendable with future refinements.
Indeed, all models introduce some form of error and here again the uncertainty analysis was
a powerful tool for exposing those in Forsmark-HBV. Since some efforts have already been
undertaken to optimize Forsmark-HBV (not reported here), it seems that these remaining
issues may reflect the somewhat expected and inherent limitations of applying an aggregated,
one-dimensional, 14-parameter model to complex catchment-scale responses.

» Distributions of parameters from accepted “behavioral” simulations were also remarkably
similar amongst the four catchment simulations. This is a credible finding given the largely
similar topographic and land cover characteristics in the catchments. Where parameter
distributions differed amongst catchments, they differed in ways that seemed credible and
that provided insight for explaining differing hydrological responses in the catchments.

An important question that remains after a modeling effort is to what extent additional data
could help refine the model or decrease predictive uncertainty. Here, it seems doubtful that
increased duration in the pre-existing time series would contribute significantly to resolving
modeling errors or further reducing parameter uncertainties. On the other hand, if future efforts
are planned for modelling on the catchment scale in the Forsmark study site, then an increased
density of snow and/or near-surface groundwater monitoring points in the catchments of interest
could indeed provide useful information for reducing uncertainty and possibly improving
simulations. In particular, the Forsmark-HBV model would likely benefit from data collection
focused to refine the storage-discharge relationship.

4.3 MIKE SHE modelling

In this section a summary of the MIKE SHE modelling conducted as a part of Forsmark SDM-
Site is presented. For a detailed description of the modelling the reader is referred to /Bosson
et al. 2008/. MIKE SHE is a dynamic, physically based, modelling tool that describes the main
processes of the land phase of the hydrological cycle /DHI Software 2007/. It has been used

in previous stages of the Forsmark and Laxemar-Simpevarp modelling for site descriptions
and safety assessments, /Johansson et al. 2005, Bosson and Berglund 2006/ and /Werner et al.
2005ab/, respectively.
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4.3.1 Overview of the modelling tool

The model structure of MIKE SHE is shown in Figure 4-8. In the model, precipitation can

be either intercepted by vegetation or fall to the ground. The water on the ground surface can
infiltrate, evaporate or form overland flow. Once the water has infiltrated into the soil, it enters
the unsaturated zone. In the unsaturated zone, it can be either extracted by roots and leave the
system as transpiration, or it can percolate down to the saturated zone. MIKE SHE is fully inte-
grated with a channel-flow code, MIKE11. The exchange of water between the two modelling
tools takes place during the whole simulation, i.e. the two programs run simultaneously.

MIKE SHE is developed primarily for modelling of groundwater flow in porous media.
However, in the present modelling the fractured bedrock is also included. The bedrock
was parameterised by use of data from the deep-rock modelling performed with the
CONNECTFLOW modelling tool,which involved a transformation of data on fractures
and deformation zones to a continuum (“porous medium”) model /Follin et al. 2007a,
2008/. Hydrogeological parameters were imported from this continuum description in
CONNECTFLOW, in some cases after up- or downscaling to overcome differences in
grid resolution, to the elements in the MIKE SHE model /Bosson et al. 2008/.

Rain and snow

Canopy interception
model R

Net precipitation

Snow melt model

Infiltration

Water table
rise and fall
1-dimensional
unsaturated flow
model for each
grid element

3-dimensional saturated across boundaries
flow groundwater model
({rectangular grid) through seepage faces

Figure 4-8. Overview of the model structure and the processes included in MIKE SHE /DHI Software 2007/.
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MIKE SHE consists of the following model components:
* Precipitation (rain or snow).

* Evapotranspiration, including canopy interception, which is calculated according to
/Kristensen and Jensen 1975/.

* Overland flow, which is calculated with a 2D finite difference diffusive wave approximation
of the Saint-Venant equations, using the same 2D mesh as the groundwater component.
Overland flow interacts with rivers, the unsaturated zone, and the saturated (groundwater)
zone.

* Channel flow, which is described through the river modelling component, MIKE11, a model-
ling system for river hydraulics. MIKE11 is a dynamic, 1D modelling tool for the design,
management and operation of river and channel systems. MIKE11 supports any level of
complexity and offers simulation tools that cover the entire range from simple Muskingum
routing to high-order dynamic wave formulations of the Saint-Venant equations.

» Unsaturated water flow, which in MIKE SHE is described as a vertical soil profile model
that interacts with both the overland flow (through ponding) and the groundwater model (the
groundwater table is the lower boundary for the unsaturated zone). MIKE SHE offers three
different modelling approaches, including a simple 2-layer root-zone mass balance approach,
a gravity flow model, and a full Richards’s equation model. The last option was used in the
present application.

» Saturated (groundwater) flow allowing for 3D flow in a heterogeneous aquifer, with condi-
tions shifting between unconfined and confined. The spatial and temporal variations of the
dependent variable (the hydraulic head) are described mathematically by the 3D Darcy
equation and solved numerically by an iterative implicit finite difference technique.

The code used in this project is software release versions 2007 and 2008. For a detailed
description of the processes included in MIKE SHE and MIKE11, see /Werner et al. 2005a,
DHI Software 2007, 2008/.

4.3.2 Implementation of the field observation-based conceptual model
Model domain and grid

Most of the on-land part of the Forsmark regional model area is included in the MIKE SHE
model area. However, the upstream (inland) boundary follows the surface water divide towards
River Forsmarksan catchment, rather than the boundary of the regional model area. The MIKE
SHE model area, which has a size of 37 km?, is shown in Figure 4-9. It can be seen that the
southwestern part of the regional model area is excluded, and that the eastern part of the
candidate area also is outside the model area. The MIKE SHE model area extends some distance
into the sea, but its offshore part is much smaller than that of the regional model area.

When defining the horizontal extent of the model area, the candidate area, the surface water
divides, and the regional fracture zones were taken into consideration. The surface water divide
towards River Forsmarksan is a natural boundary for the southwestern part of the model area.
In addition, the field-checked catchment area boundaries were used to determine the position
of the on-land part of the northwestern boundary. Previous particle tracking simulations,

where particles have been released inside the area of the planned repository, indicated that the
near-shore bays might be discharge areas for the repository. Therefore, it was decided to include
parts of the sea in the model. The Singd deformation zone is a major hydrogeological structure
at sea, and the MIKE SHE model area was extended approximately one kilometre beyond

this zone. The main deformation zones, the Forsmark and the Eckarfjarden deformation zones
in the southwest, and the Sing6 deformation zone (in the northeast at sea), are also shown in
Figure 4-9. The reason for using the bedrock geology when defining the model boundaries is
that the major deformation zones also constitute major hydrogeological structures, that may act
as boundaries for horizontal flow and transport, see e.g. /Follin et al. 2007a/.
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Figure 4-9. The MIKE SHE model area, the regional model area in Forsmark and the candidate area.
The regional deformation zones (from southwest to northeast: the Forsmark zone, the Eckarfjdrden zone
and the Singo zone) are marked in the figure /Bosson et al. 2008/.

The vertical extent of the base setup of the model was from the ground surface down to

150 m.b.s.l. After analysing the effect of the position of the bottom boundary and the bottom
boundary condition in a sensitivity analysis during the calibration process, it was decided to
extend the final model down to 600 m.b.s.1.

The horizontal resolution of the calculation grid is 40 x 40 m in the whole model area, and it is
applied to all of the flow components in MIKE SHE, i.e. the overland flow, the unsaturated zone
(incl. evapotranspiration), and the saturated zone. The unsaturated zone, which is a 1D vertical
model description, is however treated in a semi-distributed manner, see below. Hydrogeological
input data for the bedrock and the Quaternary deposits, and geometrical data for the bedrock and
QD-layers are given on a 20 m x 20 m grid. An arithmetic mean of four data points is used in
the pre-processing of data converting the 20 x 20 m grid to the 40 x 40 m model grid.
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The vertical resolution varies with depth, both for the unsaturated and the saturated zone,
according to the description below. The vertical geologic distribution is interpolated to the
vertical grid as follows:

* In each horizontal model grid cell, the vertical geological model is scanned downwards and
the properties from the geological model are assigned to the cell. The properties are based
on the average of the values found in the cell, weighted by the thickness of each geological
layer /DHI Software 2007/. For the vertical hydraulic conductivity a harmonic mean is used.

* In the Quaternary deposits several geological layers might be included in the same calcula-
tion layer. The calculation layers in the bedrock follow the geological layers given in the
CONNECTFLOW modelling /Follin et al. 2008/.

Boundary conditions, initial conditions and time step

The groundwater divides are assumed to coincide with the surface water divides, see Figure 3-4.
Thus, a no-flow boundary condition is used for the on-land part of the model boundary. The sea
forms the uppermost calculation layer in the off-shore parts of the model. Since large volumes
of overland water can cause numerical instabilities, the sea is described as a geological layer
consisting of highly permeable material. The hydraulic conductivity of this material is set to
0.001 m/s. The sea part of the uppermost calculation layer has a head boundary condition. The
measured sea level time series are used as input data.

The top boundary condition is expressed in terms of the precipitation and potential evapo-
transpiration. The precipitation is assumed to be uniformly distributed over the model area,
and is given as a time series. The actual evapotranspiration is calculated during the simulation.

In the base set up, the bottom boundary condition was a fixed-head condition at 150 m.b.s.1.
Model results from the Forsmark 2.2 CONNECTFLOW groundwater flow modelling /Follin
et al. 2007a/ were used as input data when setting the bottom boundary condition. The
calculated hydraulic head from 150 m.b.s.1. was imported to the MIKE SHE model. The time
step used in the CONNECTFLOW simulations was much longer than that in the MIKE SHE
modelling, which implies that short-term temporal variations cannot be captured. Thus, the
bottom boundary condition in the MIKE SHE model was assumed to be constant with time. In
later simulations a no-flow boundary was set at 600 m.b.s.1.

The calibration period is from May 15, 2003, through July, 2005. The simulations use a so
called hot start, which constitutes the initial conditions. Data representing the May 4, 2005,
were sed as initial conditions. The initial conditions were updated before the final version of
the model was run.

In MIKE SHE, a maximum time step is defined for each compartment of the model. During the
simulation the time step may be reduced. The maximum time steps for each compartment are
listed in Table 4-5.

Table 4-5. Maximum time steps for the different compartments of the
MIKE SHE-MIKE 11 model /Bosson et al. 2008/.

Compartment Maximum time step
Over land 1h
Unsaturated zone 1h
Saturated zone 3h

MIKE 11, water courses 5s
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Geometrical and hydraulic properties of objects/flow domains
Streams and lakes

The length of the surface stream network described in MIKE11 is ¢. 20 km, which is divided
into 96 calculation nodes for discharge and 119 calulation nodes for the water level. This gives
an average length between calculation nodes for flow of 208 m and for water level 168 m.
Cross-sections are given at the majority of the head calculation nodes.

The surface stream network in MIKE11 is laterally communicating with the overland flow com-
ponent and the saturated zone in MIKE SHE. Lakes are not geometrically specified in the model
input, but are created during the simulation by ponding water in topographical depressions.

Unsaturated zone

In order to speed up the simulation, only a number of grid cells are simulated in the unsaturated
zone. The selection is done through a special classification system where the unsaturated zone
columns having the same conditions (i.e. the same land use, soil profile, and approximate
groundwater depth) are grouped together. From each group, only one column, randomly
selected, is simulated. In the Forsmark model, an exception from this is made in areas with
ponding water on the surface, i.e. lakes and wetland areas, excluding the sea. In these areas, the
unsaturated zone simulation is executed in all grid cells.

The vertical discretization is the same for all soil profiles, see Table 4-6.

Saturated zone

MIKE SHE distinguishes between geological layers and calculation layers. The geological
layers (cf. Section 3.1, Figure 3-1, Section 3.2.1, Figure 3-2 and Table 3-1, and Section 3.4.2)
are the basis for the model parameterisation, which means that the hydrogeological parameters
are assigned to the different geological layers. The calculation layers are the units considered in
the numerical flow model. In cases where several geological layers are included in one calcula-
tions layer, the properties of the latter are obtained by averaging of the properties of the former.
The base set up of the present model consisted of 10 calculation layers (total model depth

150 m). During the calibration process, the vertical extent of the model was increased. The final
model consisted of 14 calculation layers and had a total depth of ¢. 600 m.

In general, the calculation layers follow the geological layers. However, the Quaternary deposits
and lake sediments are included in the two uppermost calculation layers. The uppermost
calculation layer has a minimum thickness of two metres (2.5 metres in the final simulations)
and the other calculation layers have a minimum thickness of one metre. The lake sediments are
included in the uppermost calculation layer, thus if the thickness of the lake sediments are more
than two metres (2.5 metres), the lower level of calculation layer 1 follows the lower level of the
lake sediments (cf. Figure 3-2).

Table 4-6. Vertical discretization of the unsaturated zone (metres) /Bosson et al. 2008/.

From depth To depth Cell height Number of cells
0 1 0.1 10
1 5 0.5
5 10 1

10 20 2 5
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In the sea, the lower boundary of the uppermost calculation layer follows the sea bottom.
Modelling large volumes of overland water is very time-consuming in MIKE SHE and may
cause numerical instabilities. Therefore, the sea is described as a geological layer filled with
gravel of high hydraulic conductivity. The “sea-gravel” is present from the sea bottom up to the
level of the lowest measured sea-level during the simulation period.

The “sea-gravel” is included in the uppermost calculation layer; therefore, the model topography
is flat at the sea. The reason why the minimum sea level is chosen as the upper limit for the

“sea gravel” is that the littoral zone in the model should be able to vary with time. When the
measured sea level rises above the minimum sea level, overland water is built up in the littoral
zone and the water level/the sea can rise and move towards land during periods of high water
levels.

The model topography (i.e. the upper boundary of the uppermost calculation layer) is defined as
follows:

If DEM (Digital elevation model) > minimum sea level — Topography = DEM
If DEM < minimum sea level — Topography = minimum sea level

The part of calculation layer 1 containing the sea has an internal boundary condition with a
prescribed time-varying head given by the measured sea-level. Since the internal boundary
is set from the sea bottom up to the minimum sea-level, the littoral zone may vary during the
simulation. The lower layer of calculation layer one is calculated in six steps:

If lake sediment is present — Lower level = Lower level of L3.

If Topography > minimum sea level — Lower level = Topography — 2 m.
If Topography < minimum sea level — Lower level = Sea bottom (DEM).
Calculate the thickness, T, of calculation layer one based on step 1 and 2.

Correct for the littoral zone: If T<2 m — set T to 2 m.

AN

Lower level of calculation layer 1 = Topography — T

2m

Minimum sea level during simulation period (model topography)

- LOWer level calculation layer 1
_______ Lower level calculation layer 2

Figure 4-10. Illustration of the calculation layers in Quaternary deposits /Bosson et al. 2008/.
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The lower layer of calculation layer 2 follows the lower level of Z6, with the condition that the
minimum thickness of the layer has to be one metre. In areas where the thickness is less than
one metre, calculation layer 2 enters the uppermost geological bedrock layer (with a maximum
of one metre). Since all the geological bedrock layers are 20 m or thicker, the impact from
calculation layer 2 is only affecting the uppermost bedrock layer. For all the other bedrock
layers geological layers and the calculation layers coincide.

4.3.3 Calibration and sensitivity analyses

A summary of the calibration and sensitivity analyses is given below. For a more detailed
description the reader is referred to /Bosson et al. 2008/.

Strategy and procedure

The calibration and sensitivity analyses were performed in two phases. Figure 4-11 summarises
the calibration process and all the steps taken to reach the final calibrated model of Phase 1.

The period May 15, 2003, through July, 2005, was used for calibration while Aug., 2005 through
March, 2007, was used for validation. The procedure was an iterative process since each action
taken resulted in changed conditions in many processes. Figure 4-11 illustrates the main sub-
versions of the model during Phase I, main actions taken in each step, and the target of each
calibration step.

An extensive sensitivity analysis was conducted. Since the focus of the MIKE SHE modelling
was to describe the dynamics of the surface waters, the groundwater - surface water interaction,
and the near surface groundwater dynamics, the sensitivity analysis was focused on the hydraulic
properties of the Quaternary deposits and the unsaturated zone parameters. Only a few sensitivity
simulations were performed in order to analyse the hydraulic properties of the bedrock. The
model was, however, not calibrated to the results of these analyses of the bedrock, i.e. the hydrau-
lic properties of the bedrock was not updated even if some sensitivity cases generated better
results compared with observed groundwater levels in the bedrock than the original properties.

In the middle of the calibration process of Phase 1 a new version of the bedrock hydrogeology
dataset with lower conductivity values of the rock was delivered. The vertical flow through the
bedrock had so far in the modelling process supplied water to the surface and contributed to the
discharge in the brooks. Once the new conductivity values were implemented, the surface water
discharge was reduced. Previous analyses had shown that the only way to reach a considerable
increase of the surface water discharge was to decrease the potential evapotranspiration. The
main reason for this is that wetlands dominate the area, which means that the modelled actual
evapotranspiration can be expected to be controlled by the potential evapotranspiration. Thus,
the potential evapotranspiration was reduced by 15% compared to the original values, as
illustrated by the dotted arrows in Figure 4-11.

Five main sub models were defined during the calibration process of Phase 1. The Base model,
the Base case surface water with updated parameters as a result of the analysis of the surface
water dynamics, the Base case groundwater containing updated properties of the till and the sur-
face bedrock, and the Base case groundwater 2 containing the updated version of the bedrock
properties and the additional reduction of the potential evapotranspiration. The Final calibrated
model is the resulting model after all the sensitivity analyses and calibration steps. This model
was validated using data from the period Sep, 2005, through March, 2007.

In the final calibrated model of Phase 1, there were still some discrepancies compared with the
conceptual model and field observations which were considered to be important:

* the underestimated and delayed surface water dynamics in the spring and autumn of 2006,

» the dynamics of groundwater levels in some wells in Quaternary deposits in the summer of
2006,

» the overestimated groundwater levels in the bedrock.
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Figure 4-11. Summary of the calibration steps and sensitivity analysis performed in order to reach the
Final calibrated model of Phase 1 /Bosson et al. 2008/.

The overestimation of the groundwater levels in the bedrock (mean absolute error: 0.75 m)

was considered the most important of these discrepancies. This deviation implied that in some
central parts of the site investigation area the model showed upward flow from the bedrock to
the Quaternary deposits, whereas the field observations indicated the opposite. Thus the model
indicated discharge areas and the measurements recharge areas. Furthermore, the model was not
able to simulate the pumping tests in HFM14 in an acceptable way; the responses were too slow
and too small.

It was therefore decided to perform complementary calibration and sensitivity analyses in a
Phase 2, see Figure 4-12. Furthermore, in Phase 2 a new revised model of the stratigraphy and
depth of the Quaternary deposits was implemented, see /Hedenstrom et al. 2008/. However,
since it was found that the revision of the QD model had only small effects on the results
/Bosson et al. 2008/, the effect of the revised model is not discussed in detail here.
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Figure 4-12. The calibration steps and sensitivity analyses performed in Phase 2 in order to improve
the agreement between simulated and observed surface water dynamics in the summer and autumn of
2006, groundwater dynamics in QD in the summer and autumn of 2006, and groundwater levels of the
bedrock (after Bosson et al. 2008/.
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Boundary conditions

One important discovery in the calibration process was the outcome of the analysis of the
bottom boundary condition. This analysis showed that the bottom boundary condition used in
the base setup of the model generated input of water to the model, resulting in too high vertical
groundwater fluxes, compared with the CONNECTFLOW simulations, and too high groundwa-
ter elevations in the bedrock. After this analysis the model was extended to 600 m depth and a
no-flow boundary was used at the bottom of the model.

The effect of different bottom boundary conditions on the vertical flow is shown in Figure 4-13.
The percolation from the unsaturated zone to the saturated zone was not influenced by the
bottom boundary condition and the groundwater conditions in the Quaternary deposits seemed
to be independent of the bottom boundary condition of the model. However, the vertical flow in
the bedrock was highly dependent on whether there was a no-flow boundary or an open (presci-
bed head) boundary at the bottom of the model. The calculated vertical groundwater fluxes in
mm/year at the depth 150 m.b.s.l. are presented in Figure 4-13. In the model Base case ground-
water 2 of Phase I, the net vertical flow was 11 mm/year directed upwards. The corresponding
net calculated flow at the same depth in CONNECTFLOW modelling was almost zero, | mm
up and 1 mm down. When a no-flow boundary at 600 m depth was introduced in the MIKE
SHE model almost the same flux was obtained at 150 m depth as in the CONNECTFLOW
modelling.

The fact that the best overall performance was obtained for the model with a no-flow boundary
at 600 m.b.s.1. implied that the original approach to couple the deep hydrogeological model
(CONNECTFLOW) and the near-surface groundwater model (MIKE SHE) by a prescribed
head at the bottom boundary of the latter was abandoned. Instead, the coupling is obtained by
comparing the calculated fluxes in the bedrock at 150 m.b.s.l. and updating the MIKE SHE
model to improve the agreement, if needed.

Surface water
Phase 1

Simulated lake water levels were in good agreement with observed levels already for the Base
model. However, initial simulations by the Base model showed a lack of runoff in the surface
water system for all stations, especially for the surface discharge station at the outlet of Lake
Eckarfjarden. Also, the discharge peaks were too narrow, i.e. the model response was too
quick. Furthermore, in contrary to the field-based conceptual model, substantial overland flow
appeared in the simulations.

No flow, -
EWH, -150m 150m No flow, -600m  EWH -1m, -150m EWH, -250m
From Unsaturated zone
to the saturated zone,
mm/y 128 126 126 125.5 127
Flux at -150m, mm/year 12.5 0 0 8 55

b l l

12mmup 0.3 mmup* 0.96 mm up
1.04 mm down

1 mmdown 0.3 mm down*
*to the layer above, from the
layer above

1 mm up 6 mm up
9 mm down 0,5 mm down

Most equal
to CF.

Figure 4-13. Vertical flux, in mm/year, at the depth of 150 m in the Base case groundwater 2 model of
calibration phase 1 (EWH=environmental water head) /Bosson et al. 2008/.
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The calibration and sensitivity analysis contained the following steps:

» variation of the Manning number (to investigate the reasons for the too quick discharge
responses),

» activation and calibration of a sub-surface drainage function at a depth of 0.5 m below
ground to enhance the hydraulic conductivity of the uppermost part of the QD profile (to
study the influence of allowing a quick discharge response generated by an increase in
groundwater levels instead of overland flow),

» extension of the MIKE 11 stream flow system upstream Lake Eckarfjarden (the simulated
discharge from Lake Eckarfjarden was much too low indicating that water was diverted to
areas downstream of the discharge station at the outlet of the lake),

* sensitivity analyses of the vegetation parameters root distribution, interception storage and
leaf area index (to investigate possible reasons for the lack in surface discharge quantities),

* sensitivity analysis testing a reduction of the potential evapotranspiration (to investigate
possible reasons for the underestimated surface discharge).

In summary the changes made from the base model to the Base case surface water were:
 inclusion of subsurface drainage as a representation of high-conductive top soil layers,
» extension of the surface stream network upstream Lake Eckarfjarden,

» reduction of the potential evapotranspiration rates (with 7.5%).

Phase 2

During the model validation procedure of the final calibrated model from Phase I, two major
problems were identified: the underestimation of the surface discharge during the fast and
distinct snowmelt in the spring of 2006 and the inability to simulate the first run-off event in

the autumn after the dry summer of 2006, see Figure 4-14 where an example from PFM005764
(upstream of Lake Bolundsfjarden) is shown. During the snowmelt in April 2006, approximately
30% of the observed run-off was not captured by the model. The response of the surface water
dynamics in the model was somewhat slow and only 50% of the first run-off in the autumn was
captured. The same pattern was shown at all discharge stations.

In Phase 1, the description of snow accumulation and melting was managed outside the MIKE
SHE model code by a simple degree-day approach. In this approach, accumulation and melting
started at certain temperature thresholds and a certain melting intensity (the degree-day-
coefficient) was applied, see /Juston et al. 2007/. The output from this snow routine was used as
precipitation input in MIKE SHE. However, it was discovered that this procedure gave too large
evaporation losses from intercepted water. Because of this, the approach for snow handling was
changed to be included and managed fully by the MIKE SHE code.

The snow routine inside MIKE SHE is also based on the degree-day method, but melted water
from the internal snow routine goes directly to the ground surface in the model, without passing
the canopy storage, and consequently without any interception losses. In the MIKE SHE model
version 2008 used in Phase 2 /DHI Software 2008/, the description of snow melt also includes
a possibility to set a maximum wet snow fraction. The wet snow fraction is the amount of wet
snow divided by the total amount of snow storage. When the maximum wet snow fraction is
exceeded, any excess melted snow will be converted to ponded water. The ponded water is then
available for infiltration, evapotranspiration, or overland runoff.

Simulated discharge peaks in April 2006 are shown in Figure 4-15 for PFM005764, the station
immediately upstream of Lake Bolundsfjérden. Now the simulation of the peak, including the
snow fraction parameter, was acceptable containing approximately the correct volume of water
but still the peak was somewhat delayed.
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Figure 4-14. Discrepancy between measured and calculated discharges by the Final calibrated model
of Phase 1 in PFM005764, upstream Lake Bolundsfjdrden /Bosson et al. 2008/.
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Figure 4-15. Measured and simulated discharge peaks at the station PEFM005764, immediately upstream
of Lake Bolundsfjirden. The addition of the snow fraction parameter considerably improved the simulation

/Bosson et al. 2008/.
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After the dry summer of 2006 the model response to the rain seems to be too slow with regard to
the surface water discharge. Several sensitivity simulations were performed in order to improve
the model response after the summer, including by-pass flow in the unsaturated zone, changes in
leaf area index and decrease of specific yield. However, none of the simulations resulted in any
significant improvement of the first surface discharge peak after the summer. Figure 4-16 shows
the results from the sensitivity analysis for the gauging station immediately upstream of Lake
Bolundsfjarden. All the stations showed similar patterns.

Groundwater
Phase 1

Most of the area is covered by a layer of till. Hence, a sensitivity analysis of the conductivity
of the till layer was an important step in the groundwater modelling, including the introduction
of an anisotropy (in the original model setup the vertical and horizontal conductivities were set
equal). An introduction of an anisotropic hydraulic conductivity in the Quaternary deposits is
in line with the indications found in the site specific measurements presented in Section 3.4.1
under Hydraulic properties.

When evaluating the results from the simulations it was noted that the Base model was not
describing the dynamics of the groundwater correctly in areas with bedrock outcrops or in areas
with a thin QD layer. According to the CONNECTFLOW model /Follin et al. 2008/, this layer
describes the bedrock in an appropriate way from approximately 20 m below ground surface up
to 4 m below ground surface. It was decided to make a test with an additional, thinner layer in
the uppermost bedrock.

The head values at the bottom boundary in the original model were fresh water head values.
To see the impact of using fresh water head or environmental heads on the simulation results,
simulations were made with both types of head bottom boundaries. Based on the earlier
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Figure 4-16. Results from the calibration and sensitivity analyses conducted to improve the simula-
tion of the discharge peaks in the autumn of 2006 at PFM005764, immediately upstream of Lake
Bolundsfjiirden /Bosson et al. 2008/.
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sensitivity analysis of till hydraulic conductivity and the unsaturated zone specific yield it was
indicated that different monitoring points react differently in the sensitivity analysis. Hence, a
regionalisation of the these parameters was tested.

When the calibration proceeded to the groundwater levels in the bedrock, a new version of the
data set for hydraulic conductivities, porosities and calculated heads was delivered from the
CONNECTFLOW modelling /Follin et al. 2008/. The new lower vertical hydraulic conductivi-
ties resulted in a reduced vertical flow in the bedrock and in a reduced discharge in the brooks.

Based on the above-mentioned observations, the calibration and sensitivity analysis of the
groundwater components of the model contained the following steps:

» Test of an anisotropy in the hydraulic conductivity of the Quaternary deposits.

» Test of the effect of the introduction of a new geological layer describing the uppermost
bedrock in areas with a thin overburden.

» Simulations in order to evaluate the sensitivity of the different bottom boundary heads and
the hydraulic conductivity of the new surface bedrock layer.

» Test of a regionalisation of the hydraulic conductivities and specific yield of till.

» Test of further reduction of potential evapotranspiration to compensate for decreased surface
discharge due to the lower vertical hydraulic conductivities of the new hydrogeological
bedrock model.

» Test of a no-flow boundary at 600 m.b.s.1.

The calibration and sensitivity analysis gave as a result that the following changes were made in
the calibrated Base case groundwater model:

 Introduction of hydraulic anisotropy in saturated zone QD layers (horizontal conductivities
increased by a factor 5 of and vertical hydraulic conductivities reduced by a factor of 2).

* Introduction of a new surface bedrock geological layer (isotropic conductivity with
K,=K,=1-10"m/s).

» Regionalisation of till hydraulic conductivities and specific yields with increased values at
locally elevated areas in the vicinity of SFM0004, SFM0005 and SFM0009, and in the catch-
ment of Lake Eckarfjarden (the horizontal hydraulic conductivity in the till was increased by
a factor of 10 and the specific yield was increased by a factor of 1.5).

* Implementation of a new version of the data set for hydraulic conductivities, storage proper-
ties, and calculated heads in the bedrock.

» Reduction of the potential evapotranspiration by 15% compared with the original SMHI
dataset.

* Extention of the model by moving the bottom boundary to 600 m.b.s.l. where a no-flow
boundary was applied.

A final sensitivity analysis in Phase I was conducted with regard to the hydraulic parameters

of the bedrock. Five sensitivity cases were defined in which the horizontal and/or vertical
hydraulic conductivities were changed; two cases where all the geological layers concerning the
bedrock were modified and three cases where the hydraulic properties of the upper 200 m of the
bedrock were modified.

The SFM-wells were found to be almost independent of the changes in the hydraulic conductivi-
ties of the bedrock. Minor changes of the mean absolute error (MAE) were noticed in some
wells. However, the average value of all the MAE was not changed in the different sensitivity
cases. In the bedrock, however, there were considerable effects on the groundwater levels. The
best agreement with observed levels was obtained in the case where the horizontal hydraulic
conductivity of the upper 200 m of the bedrock was multiplied by a factor of 50.
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The MAE in seven selected percussion-drilled boreholes was 0.39 m and the mean error (ME)
was —0.21 m in this case (negative ME means that the simulated groundwater levels were too
high). When using the values delivered from CONNECTFLOW the corresponding errors were
0.79 and —0.78 m, respectively. However, in Phase I no changes were made of the bedrock
data set delivered from the CONNECTFLOW deep-rock modelling, implying that in the Final
calibrated model no changes were made of the hydraulic conductivities of the bedrock.

Phase 2

In some of the monitoring wells in QD it was noted that the simulated groundwater levels
during the dry summer of 2006 were very flat (i.e. constant in time). An interpretation of these
results revealed that the groundwater levels reached the bottom level of the upper calculation
layer and did not decrease further. As a consequence, the upper calculation layer thickness
was increased from 2 m to 2.5 m in Phase 2 to enable deeper root water uptake. No effects on
accumulated discharges were seen due to the increased layer thickness.

To further test the final calibrated model of Phase 1, a simulation was made of the pumping
test in HFM 14 performed July 4-25, 2006. Figure 2-9 shows the locations of the bedrock wells
and the drawdown data are presented in Section 3.4.2 (Figures 3-50 and 3-51) and Section 3.5.3
(Figures 3-72, 3-74, 3-76, 3-78 and 3-81). The simulated response of the pumping in HFM 14
was too slow and the calculated drawdowns in the majority of the HFM-wells were more than
50% less than the observed. In agreement with the changes of the bedrock properties made

in the CONNECTFLOW modelling during the calibration, the specific storage (S,) was set

to a homogenous value of 5-10~° 1/m (in the base model, S, was based on a relationship with
hydraulic conductivity defined by /Rhen et al. 1997/ and varied between 1-10”7 and 1-107° 1/m).
The response of the pumping was better captured by the model with the lower S,-value, but still
the drawdown was too small.

Since the calculated drawdown in the pumping test was too small and the problem with the
generally too high groundwater levels in the bedrock still was not solved, additional sensitivity
analyses of the hydraulic properties of the bedrock were performed. Eight cases were defined
where S, was set to 5-10° 1/m in all cases. The horizontal hydraulic conductivities (K;) of

the sheet joints in the upper rock (implemented in the calculation layers at 10-30, 50-70 and
90-110 m.b.s.I) were modified in combination with different combinations of modification of
K, in the bedrock and K, in the lake sediments and the layer of the QD-model in direct contact
with the bedrock. Also, a modification of K,, of all bedrock above 200 m.b.s.l. was tested.

The best overall performance of the model compared with measured surface discharge, surface
water levels and groundwater levels in QD and bedrock was obtained when K;, of the sheet
joints was increased by a factor of 10 and K, in the upper 200 m of the bedrock was reduced by
a factor of 10, while the K-values of the QD were kept unchanged.

The surface discharge, surface water levels and the groundwater levels in QD were only
marginally affected by these changes in K-values and the performance of the revised model

was very similar to the final calibrated model of Phase I. Groundwater levels in bedrock were
more affected and the MAE of the HFM-wells was decreased from 0.75 to 0.67 m, but still the
simulated groundwater levels in bedrock were generally too high (ME: —0.63 m). However, the
revised model showed a dramatically improved performance with regard to the simulation of the
pumping test in HFM 14, see the example in Figure 4-17.

Despite the improved ability of the model to mimic field observations, the problem of too high
groundwater levels in the bedrock in central parts of the site investigation area remained. In
/Follin et al. 2007a/ and in Section 3.5.3 of the present report it is discussed if one possible
explanation to the observed very low groundwater levels and the downward gradient from the
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Figure 4-17. Comparison of measured and calculated drawdowns in HFM?2, section 1 and 2, the
calculated curves, "HFM2 1" and “HFM2 2", represent the pumping test for the revised model (case 5),
while the two curves for the “Validated model” are from the final model of Phase 1 /Bosson et al. 2008/.

central parts of Lake Bolundsfjarden to the QD and further to the near-surface bedrock could, at
least partly, be the pumping for drainage of SFR (c. 6 L/s) below the sea at Forsmark Harbour
(cf. Figures 3-80 to 3-82). To investigate whether the drainage of the SFR facility can influence
the hydrogeology of the site investigation area an additional simulation with the revised model
was conducted.

The sink at SFR was introduced in a fairly simplistic way in the model as a pumping well
screened from 40 to 140 m.b.s.l. The pumping at SFR caused numerical instabilities in MIKE
SHE and therefore the storage coefficient (S;) was multiplied by a factor of ten. This change
gave a numerically stable model without having any negative influence on the simulations of
undisturbed conditions and the pumping tests in HFM14. Consequently, the SFR-pumping
simulation was run with a storage coefficient of 5-10% 1/m.

The introduction of the pumping at SFR had a strong influence on the simulated groundwater
levels in the bedrock in the central parts of the site investigation area, especially in the northern
part of the tectonic lens. The MAE and ME in simulated groundwater levels in the HFM-wells
decreased to 0.41 and —0.05 m, respectively (negative mean error indicating too high simulated
groundwater levels). Most wells showed errors of ¢. + 0.2 m. Of the wells within the northern
part of the tectonic lens, only HFM16 and HFM32 showed considerably larger errors with an
overestimation and underestimation of the groundwater levels by c. one metre, respectively. The
QD-wells were not affected by the pumping. The simulated drawdowns at 100 m.b.s.1., i.e. the
difference in head at that level between simulations with and without pumping, are shown in
Figure 4-18.
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Figure 4-18. Simulated drawdown (metres) at 100 m.b.s.l. caused by the pumping in SFR /Bosson et al. 2008/.

4.3.4 Interpretation of modelling results
Performance of the final model

The performance of the final model resulting from the calibrations and sensitivity analyses

in Phase 1 and Phase 2 is presented below. In many figures comparisons are made between
measurements and the performance of the final model of Phase 1 (called Validated model), and
the final model after the Phase 2 calibration without and with the pumping at SFR (called Case
5 and Case 5 with SFR, respectively).

Surface water levels and surface water discharge

There is a good agreement between measured and simulated surface water levels during the
calibration period (May 15, 2003 until July 31, 2005) as well as during the validation period
(Aug. 1, 2005 until March 31, 2007). The MAE between measured and simulated water levels
for all the lakes during the combined calibration and validation period was 0.06 m. Concerning
lake water levels there was no difference between the final models of Phase 1 and 2. The time
series from Lake Bolundsfjarden are shown in Figure 4-19 as an example (from the final model
of Phase 1).

Comparisons of measured and simulated surface discharges from two of the four discharge
gauging stations are shown in Figures 4-20 and 4-21. The major discharge peaks in April 2006,
due to snowmelt, are much better simulated in the final model of Phase 2, but still the first dis-
charge peaks in November and December 2006 are underestimated. The accumulated discharge
at the discharge station immediately upstream of Lake Bolundsfjarden (PFM005764) is shown
in Figure 4-22, and in Table 4-7 accumulated calculated and measured discharge are compared
for all four discharge gauging stations.
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Figure 4-19. Calculated and measured water levels in Lake Bolundsfjdrden (from the final model of
Phase 1) /Bosson et al. 2008/.
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Figure 4-20. Comparison between measured and calculated discharges in PFM002668, downstream of
Lake Eckarfjdrden (the curves of Case 5 and Case 5 with SFR are identical, why only one of them can
be seen in the figure) /Bosson et al. 2008/.
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Figure 4-21. Comparison between measured and calculated discharges in PFM005764, upstream of
Lake Bolundsfiirden (the curves of Case 5 and Case 5 with SFR are identical, why only one of them can
be seen in the figure) /Bosson et al. 2008/.
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Figure 4-22. Accumulated measured and calculated discharges at gauging station PFM005764,
immediately upstream of Lake Bolundsfjdrden /Bosson et al. 2008/.
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Table 4-7. Comparison of calculated and measured accumulated discharges at the four
gauging stations (see Figure 2-5 for the locations of the stations) /Bosson et al. 2008/.

Calculated accumulated surface discharge
in % of measured accumulated discharge

Station Period for comparison Validated model Case 5 Case 5 with SFR
PFM002668 041208-070331 83 87 87

(Lake Eckarfjarden)

PFM002667 041208-070331 86 92 92

(Lake Stocksjon)

PFM002669 041208-070331 79 83 83

(Lake Gunnarsbotrasket)

PFMO005764 040414-070331 89 92 92

(Lake Bolundsfjarden)

Groundwater levels

In general, the correspondence was good between measured and simulated groundwater levels
in Quaternary deposits. The effects of the model changes between the final models of Phase 1
and 2 were small, both on the mean absolute error and mean error, see Table 4-8. Note that
whereas most of the comparisons between measured and calculated heads are made in terms of
absolute head elevations (i.e. heads expressed in RHB70), depths below ground surface are used
for some monitoring wells. In Figure 4-23 a cross-plot of measured and simulated groundwater
levels are shown from the final model of Phase 1.

The observed levels during the summer of 2006 were considerably lower than the calculated
ones in some boreholes. This implies that the effects of the very dry summer were not fully
described by the model. The groundwater levels in some areas reached the bottom of the
uppermost calculation layer in the Phase I modelling. To overcome this problem, simulations
with an uppermost calculation layer of 2.5 m were made to enable deeper root water uptake. No
negative effects of this increase of the depth were found, and consequently a 2.5 m uppermost
calculation layer was used in the final model of Phase 2.
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Figure 4-23. Correlation between measured and calculated mean groundwater levels (based on the
period May 15, 2003—March 31, 2007) /Bosson et al. 2008/.
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Table 4-8. Mean absolute error (MAE) and mean error (ME) of simulated groundwater levels
by the final models of Phase 1 (validated model) and Phase 2 (Case 5) in wells in Quaternary
deposits /Bosson et al. 2008/.

ID code SFM-well Validated model Case 5
Calculated head MAE ME MAE ME
SFMO0003 0.21 -0.20 0.19 —-0.09
SFMO0004 0.23 -0.12 0.21 -0.01
SFMO0005 0.21 -0.11 0.21 -0.15
SFMO0012 0.08 —-0.05 0.08 0.01
SFMO0013 0.23 -0.07 0.27 0.00
SFMO0014 0.24 -0.24 0.34 -0.34
SFMO0015 0.09 —-0.08 0.09 —-0.08
SFMO0016 0.15 -0.15 0.14 -0.14
SFMO0017 0.37 0.37 0.63 -0.63
SFMO0019 0.51 0.51 0.53 0.53
SFM0022 0.05 —-0.02 0.06 —-0.02
SFMO0023 0.07 —-0.06 0.07 -0.05
SFMO0026 0.34 —-0.04 0.32 —-0.09
SFMO0030 0.74 -0.74 0.76 -0.76
SFMO0033 0.32 0.24 0.35 0.32
SFMO0034 0.28 -0.25 0.29 -0.10
SFMO0036 0.26 -0.22 0.24 -0.15
SFMO0039 0.04 -0.03 0.05 -0.03
SFMO0057 0.31 -0.27 0.63 -0.59
SFMO0062 0.11 0.04 0.11 0.05
SFMO0065 0.20 -0.07 0.21 —-0.08
SFMO0066 0.11 0.02 0.12 0.03
Depth to phreatic surface

SFMO0001 0.16 0.08 0.21 0.16
SFMO0002 0.28 0.27 0.37 0.37
SFMO0009 0.38 0.36 0.36 0.35
SFMO0010 0.39 0.37 0.31 0.29
SFMO0011 0.11 -0.11 0.10 —-0.09
SFMO0018 0.17 —-0.05 0.17 —-0.04
SFMO0019 0.32 -0.31 0.32 -0.29
SFMO0020 0.22 -0.22 0.26 -0.26
SFMO0021 0.53 0.53 0.48 0.48
SFMO0028 0.16 —-0.05 0.15 —-0.04
SFMO0030 0.61 0.52 0.63 0.61
SFMO0049 0.19 —-0.03 0.20 0.01
SMF0058 0.57 0.58 0.43 -0.28
MEAN SFM 0.26 0.01 0.28 -0.03
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In Figure 4-24 a comparison between simulations of groundwater levels in SFM0036 with
uppermost calculation layer thicknesses of 2.0 and 2.5 m is shown (see Figure 2-7 for the
location of the well). The flat curve in the summer of 2006 indicates that the bottom of the
calculation layer was reached with an uppermost calculation layer thickness of 2.0 m.

The hydraulic contact between the lakes and the underlaying till seemed well described by the
model. Figures 4-25 and 4-26 show the calculated surface water level and groundwater level in
the till below Lake Eckarfjarden and Lake Bolundsfjérden, respectively. The limited hydraulic
contact between the lakes and the till due to low-permeable sediments of gyttja and clay, which
was indicated by pumping tests and effects of evapotranspiration (cf. Sections 3.4.1 and 3.5.2),
was implemented in the model via the low hydraulic conductivities of clay (1-10-® m/s) and
gyttja (1-107 m/s). There was no need for changes of these values during the calibration process.

The final model after the calibration in Phase 2 was run both without and with the SFR-
pumping. Table 4-9 shows the mean absolute errors and mean errors in simulated groundwater
levels in HFM-boreholes in these two simulations.

Measured head elevation SFM0036 [m] o o
Calculated head SFM0036
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Figure 4-24. Comparison of measured and simulated groundwater levels in well SFM0036 with an
uppermost calculation layer of 2.0 m (top) and 2.5 m (bottom) /Bosson et al. 2008/.
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Figure 4-25. Comparison between measured and simulated groundwater levels in the till (SFM0015) below
Lake Eckarfidrden and measured and simulated surface water levels (SFM0041) /Bosson et al. 2008/.
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Figure 4-26. Comparison between measured and simulated groundwater levels in the till (SFM0023)
below Lake Bolundsfjdrden and measured and simulated surface water levels (SFM0040). The low
measured levels in SFM0023 during the summers of 2005 and 2006 are in some cases caused by test
pumpings during the site investigations /Bosson et al. 2008/.
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Table 4-9. MAE and ME for the HFM-wells in Case 5, with and without pumping at SFR
/Bosson et al. 2008/.

ID code HFM-well Case 5 Case 5 with SFR
Calculated head MAE ME MAE ME
HFMO01_1 0.81 —-0.81 0.28 0.28
HFMO01_2 0.89 -0.89 0.26 -0.26
HFMO02_1 0.82 -0.82 0.25 0.19
HFM02_2 0.78 -0.78 0.22 -0.14
HFMO02_3 0.81 —-0.81 0.21 -0.16
HFMO03_1 0.75 -0.75 0.39 -0.39
HFMO03_2 0.74 -0.74 0.38 —-0.38
HFMO04_1 0.08 —-0.01 0.09 0.06
HFMO04_2 0.15 -0.12 0.13 -0.09
HFM9 0.18 -0.16 0.13 0.07
HFM10_1 0.39 -0.39 0.23 -0.22
HFM10_2 0.27 -0.22 0.22 -0.09
HFM11_1 0.28 -0.28 0.28 -0.27
HFM11_2 0.26 -0.22 0.25 -0.22
HFM12_1 0.24 —-0.04 0.24 -0.04
HFM12_2 0.17 -0.01 0.17 —-0.01
HFM13_2 0.28 -0.24 0.66 0.66
HFM13_3 0.32 -0.17 0.38 0.28
HFM14 0.71 -0.71 0.21 0.19
HFM15_1 0.68 —-0.68 0.25 0.23
HFM15_2 0.62 -0.62 0.30 0.28
HFM16_1 0.40 -0.40 1.02 1.02
HFM16_2 0.47 -0.47 0.54 0.54
HFM16_3 0.56 -0.56 0.22 0.16
HFM19_2 0.57 -0.57 0.37 0.37
HFM19_3 0.47 -0.47 0.24 -0.11
HFM20_2 0.48 —-0.48 0.71 0.71
HFM20_3 0.44 -0.44 0.76 0.76
HFM20_4 0.79 -0.79 0.43 -0.34
HFM24 0.23 -0.07 0.25 0.14
HFM26 0.50 -0.50 0.50 -0.50
HFM30 0.23 -0.07 0.23 -0.07
HFM32_1 1.38 -1.38 0.78 -0.78
HFM32_2 1.43 -1.43 0.94 -0.94
HFM32_3 1.32 -1.32 0.98 -0.98
HFM32_4 1.37 -1.37 0.77 -0.77
HFM34_2 3.89 -3.89 0.77 -0.77
HFM34_3 1.09 -1.09 0.45 —-0.45
MEAN HFM 0.68 -0.65 0.41 -0.05
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The model performance was considerably improved when the SFR-pumping was included.
Figure 4-27 shows graphs of a number of wells in the central part of the site investigation area
where a very good agreement is reach between measured and simulated groundwater levels

in bedrock when the SFR-pumping is included. In Figure 4-28 graphs from the HFM16 and
HFM32 wells are shown. In these wells, an improvement is achieved when the SFR-pumping is
included but the groundwater level in the deepest section of HFM16 is underestimated while the
groundwater levels in HFM32 are overestimated for all sections (only the deepest and shallow-
est sections are shown in the figure).

Correlation plots of measured and simulated groundwater levels in the HFM-boreholes from
the final model without and with SFR-pumping are shown in Figures 4-29. The correlation is
improved when the SFR-pumping is included with R? increasing from 0.89 to 0.95.

Without SFR With SFR
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Figure 4-27. Measured and simulated groundwater levels in the HFM borehole sections HFM02 1,
HFMO03 1, HFM13 2, HFM14 and HFM15 1 /Bosson et al. 2008/.
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Figure 4-28. Measured and simulated groundwater levels in HFM borehole sections HFM16 1,
HFMI16 3, HFM32 1 and HFM32 4 /Bosson et al. 2008/.
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Figure 4-29. Correlation plot of measured and simulated groundwater levels in HF M-boreholes without
and with inclusion of the SFR-pumping /Bosson et al. 2008/.
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Recharge and discharge areas

The distribution of recharge and discharge areas was explored in the final calibrated model

of Phase 2. In this context the groundwater head difference between calculation layer 1 and

2 was used for the definition of recharge and discharge areas; i.e. areas where the head was
higher in layer 1 than in layer 2 were defined as recharge areas and vice versa for discharge
areas. Furthermore, a comparison was performed between the heads in calculation layers 4
and 5 (between c. 20 and 40 m depth), in order to investigate the head differences in the upper
bedrock.

The mean situation of the period Sep.1, 2003 to Sep. 1, 2006 is presented in Figures 4-30 and
4-31. The sea, the brook valleys and the lakes are discharge areas in the Quaternary deposits and
these areas also have an upward gradient in the upper bedrock. In the QD, the local topography
creates a split pattern of recharge and discharge areas, while the areas with upward gradient

in the upper bedrock are concentrated close to and below the lakes. The depressions along

the brooks also have upward gradients in the upper bedrock. The head differences within the
Quaternary deposits are somewhat smaller than the difference between the two layers in the
upper bedrock. The mean head difference in the recharge areas in QD was 0.05 m between
layers 1 and 2, and 0.34 m between layers 4 and 5. The mean head difference in the discharge
areas in QD is —0.02 m between layers 1 and 2 and —0.14 m in the bedrock between layers 4
and 5.
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Figure 4-30. Mean head difference between calculation layers 1 and 2 in the Quaternary deposits for

the whole period Sep. 1, 2003 to Sep. 1, 2006 (positive values indicate recharge areas and negative
values indicate discharge areas) /Bosson et al. 2008/.
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Figure 4-31. Mean head difference between calculation layers 4 and 5 in the upper bedrock (between
¢. 20 and 40 depth) for the whole period Sep. 1, 2003 to Sep. 1, 2006 (positive values indicate downward
gradients) /Bosson et al. 2008/.

In order to analyse the changes in recharge and discharge areas in QD and in the vertical flow
direction in the upper bedrock between dry and wet conditions, the distribution of areas was
evaluated during two different periods. The dry conditions are represented by the mean head
gradient during July 10-25, 2006, and the wet condition by the mean head gradient during
March 15-30, 2004.

During the dry period, the overall pattern of recharge and discharge areas in the QD was similar
to that of the average conditions, see Figure 4-32. However, the total size of discharge areas in
the QD increased during dry conditions. This is due to the strong impact of transpiration on the
vertical gradient between the two uppermost layers in the QD. Thus, upward flow is created by
the water uptake of the vegetation, especially in areas with very shallow groundwater.

In Lake Fiskarfjiarden there is a big difference where areas simulated as recharge areas during
average conditions are converted to discharge areas during dry conditions. Conversely, an area
in the southwestern part of Lake Eckarfjérden is turned into a recharge area under dry condi-
tions. In the bedrock, the pattern during dry conditions is very similar to the mean situation.
However, in an area to the west of Lake Bolundfjarden the vertical gradient is turned from
downward to upward during the dry period, see Figure 4-33.

During the wet period some discharge areas in the Quaternary deposits turn into recharge areas,
see Figure 4-34. This is in contradiction to the common concept of expanding discharge areas
during wet conditions. Again, the explanation is the shallow groundwater and the influence of
transpiration. In some areas transpiration causes an upward flow during dry condition as well
as during average conditions. That is, the area is a discharge area with the definition used of
discharge as water leaving the saturated zone, while during periods of abundant precipitation
these areas are recharge areas.
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Figure 4-32. Mean head difference between layer 1 and 2 in the Quaternary deposits during a period
of dry conditions (positive values indicate recharge areas and negative values indicate discharge areas)
/Bosson et al. 2008/.
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Figure 4-33. Mean head difference between calculation layers 4 and 5 in the upper bedrock (between
c. 20 and 40 depth) during a period of dry conditions (positive values indicate downward gradients)
/Bosson et al. 2008/.
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Figure 4-34. Mean head difference between calculation layers 1 and 2 in the Quaternary deposits
during a period of wet conditions (positive values indicate recharge areas and negative values indicate

discharge areas) /Bosson et al. 2008/.

Furthermore, the simulated water levels in the lakes become higher than the groundwater heads
in the underlying till during wet periods, i.e the lakes turn into recharge areas. This result is in
contradiction to the field observations, which show slightly higher groundwater levels compared
with lake levels during wet periods and slighly lower during dry periods, cf. Section 3.5.2
(Figures 3-65 and 3-66). The pattern of vertical gradients in the upper bedrock (between c. 20
and 40 m depth) under wet conditions is almost identical to the pattern under average condi-
tions, see Figure 4-35.

Tables 4-10 and 4-11 summarise Figures 4-30 to 4-35. Table 4-10 shows how the sizes of
recharge and discharge areas in Quaternary deposits are varying with the weather conditions.
Since the sea is mostly a discharge area that shows small changes between the various cases
studies, and hence mainly obscures the changes in the on-land part of the model area, results

are shown both for the whole model area and the on-land part only. The difference between the
sizes of recharge and discharge areas of the three averaging periods are most obvious for the dry
situation. The discharge areas in Quaternary deposits increase by 30% during the dry period for
the whole area compared with the average conditions, and by 44% if only the on-land part is
considered.
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Figure 4-35. Mean head difference between calculation layers 4 and 5 in the upper bedrock (between
c. 20 and 40 depth) during a period of wet conditions (positive values indicate downward gradients)

/Bosson et al. 2008/.

Table 4-10. The sizes of recharge and discharge areas in the Quaternary deposits during
mean, wet, and dry conditions /Bosson et al. 2008/.

Recharge area, km?

Discharge area, km?

Whole model area  On-land part Whole model area On-land part
Mean 16.91 14.91 19.10 9.90
Wet 16.79 16.16 19.17 8.64
Dry 11.26 10.54 24.71 14.26

Table 4-11. The distribution of areas with downward and upward gradients in groundwater
heads between calculation layers 4 and 5 in shallow bedrock at c. 40 m depth during mean,

wet, and dry conditions /Bosson et al. 2008/.

Downward gradien, km?

Upward gradient, km?

Whole model area  On-land part Whole model area On-land part
Mean 14.48 14.21 21.49 10.60
Wet 15.39 15.01 20.58 9.80
Dry 14.21 13.60 21.76 11.21

185



Overall water balance

The calculated water balance of the simulation is shown in Figure 4-36. The numbers are based
on annual mean values for the period Sep.1, 2003—Sep. 1, 2006. The water balance is calculated
for the on-land part of the model area, including the littoral zone. The red figures represent the
situation when the SFR-pumping is not active and the blue figures represent the calculations
when this pumping is activated. The SFR-pumping does not have a strong influence on the
overall water balance.

The mean annual precipitation was 533 mm and the total annual evapotranspiration was

405 mm. The total evapotranspiration is a sum of the different evaporation components and
transpiration. The transpiration from plants was 169 mm/year, the evaporation from soil was
56 mm/year and the evaporation from flooded areas was 28 mm/year. The amount of water
intercepted by plant leaves was calculated to 122 mm/year and the evaporation from the
saturated zone was 30 mm/year. The annual runoff in the brooks was calculated to 144 mm.

In the model, the water in saturated areas is classified as “overland water”. Therefore, a large
amount of water (74 mm) is transported from the overland compartment (OL) to the brooks
(i.e. the MIKE 11 model). This should not be interpreted as Hortonian overland flow. Instead,
the water is transported in the saturated zone (SZ) towards the river links in MIKE SHE.

The cells in direct contact with MIKE 11 are often saturated or flooded. In the water balance
calculation, MIKE SHE does not take this into consideration and the water transported from
SZ to the brooks via the OL compartment is classified as flow “from overland to river”. The
annual infiltration from the OL compartment to the unsaturated zone is 351 mm and the net
groundwater recharge, defined as net the water flow from the unsaturated to the saturated zone,
is 124 mm/year.

The water balance shown in Figure 4-36 is made for the area with a higher altitude than the
minimum sea level during the simulation, i.e the land parts and the littoral zone of the model
area. Due to the boundary condition at the coastline, overland water is produced in the littoral
zone and the depth of this water is varying with the sea water level. This causes a water
exchange between the overland compartment and the saturated zone and also a net outflow of
water to the sea. Thus the numbers 437 mm from SZ to OL, 358 mm from OL to SZ, and 42 mm
net out flow to the sea, are water fluxes due to the boundary condition. The average storage in

533
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Figure 4-36. Mean annual water balance in mm for the period Sep. 1 2003=Sep. 1, 2006 (also storage
changes are given in mm/year). Red and blue figures show the results of the simulations without and
with the SFR-pumping activated, respectively /Bosson et al. 2008/.
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SZ is decreased by c. 40 mm/year during the simulation period. This is mainly due to the very
dry summer of 2006.

The annual water balance for each layer in the saturated zone is presented in Figure 4-37. The
figures shown only represent the on-land part of model area. All the flows outside the saturated
zone except for the infiltration from the unsaturated zone are removed from the figure. The
average net groundwater recharge from the unsaturated zone to the uppermost calculation layer
containing the Quaternary deposits is 124 mm. The flow to the second calculation layer in QD,
at 2.5 m depth, is c. 45 mm. There are many local recharge and discharge areas within this layer;
41 mm was transported back to the uppermost QD layer.

Only c.11 mm was flowing down to the uppermost bedrock, calculation layer 3. The upward
flow from the rock to the QD corresponds to some 8—9 mm, which means that the net downward
flow is only 2-3 mm. In the uppermost c. 100 m there is a slight increase of the downward flow
when the SFR-drainage is included in the simulation, 1-2 mm/year. The pumping is active down
to 140 m.b.s.I. and below this level the effects of the SFR-pumping are insignificant. (The SFR-
pumping has a stronger influence on the flow in the bedrock below the sea but this area is not
included in water balance in Figure 4-37.) The vertical groundwater flow at the level of =150 m,
which was the original bottom boundary level, was 0.3 mm downward and 0.2 mm upward.
This implies a net flow in the same range as the calculated flow at the corresponding level in the
CONNECTFLOW model /Follin et al. 2008/.
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Figure 4-37. The annual average water balance for each layer in the saturated zone (in mm/year), ver-
tical flows between each calculation layer and horizontal flows at the coastline (only the on-land part of
the model area included). The mean lower boundary of each calculation layer is marked in the middle
of the figure. Red and blue figures show values from the simulation without and with SFR-drainage
included, respectively /Bosson et al. 2008/.

187



Gradient between different model compartments

The gradients between different model compartments in the flow model are crucial for any kind
of transport analyses. The conditions around the lakes are of specific interest because they may
act as discharge areas for sub-flow systems restricted to QD but also for sub-systems involving
the bedrock to different depths (cf. Section 3.5.3). The spatial and temporal distributions of

the vertical flow directions in the bedrock and up to the QD are most important, but also the
horizontal gradients around the lakes in the QD and the upper bedrock are of interest. Unless
explicitly stated, all of the simulated results in this section are with the SFR-pumping included
in the model.

Figure 4-38 shows the simulated and observed groundwater levels around Lake Eckarfjarden
and Lake Bolundsfjarden. In the Lake Eckarfarden area, two of the QD-wells are located on
each side of the lake in the littoral zone, SFM0014 on the western side and SFM0016 on the
eastern side, and one in the centre of the lake, SFM0015. The modelled horizontal gradient
directions coincide with the observed ones during most of the year, with a gradient from the
west of the lake to the centre and further from the centre to the east.

At Lake Bolundsfjdrden, one of the QD-wells is located on the western side of the lake, in the
littoral zone (SFM0033), one well 100 m out in the lake (SFM0062), and one well in the centre
of the lake (SFM0023). During wet periods, the observed direction of the gradient is from the
littoral zone to the centre of the lake, and vice versa during dry conditions (cf. Figure 3-65).

In the simulation there is a gradient from the littoral zone only during very short periods.
Furthermore, the simulated head difference between the two boreholes in the lake is much
smaller than the observed.
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Figure 4-38. Comparison of measured (left) and simulated (right) groundwater levels at Lake
Eckarfjirden and Lake Bolundsfjirden for the period Jan. 1-Dec. 31, 2006 /Bosson et al. 2008/.
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Figure 4-39 shows the surface water levels in Lake Eckarfjarden and Lake Bolundsfjdrden as
well as the groundwater levels in QD and bedrock below the central parts of the lakes (only
measured groundwater level in QD was available below Lake Eckarfjarden). The observed
surface water level in Lake Eckarfjarden and the groundwater level below the lake show an
upward gradient during all seasons in 2006 except for some short periods during the summer,
which was dry that year (cf. Figure 3-66; during long periods, the level difference is within the
measurement error limits). The same pattern as observed in the data from the site can be seen in
the model results, with a few short periods of fast level increases as exceptions. The differences
during these periods are due to slightly faster responses in the simulated surface water level
compared with the simulated groundwater level. Differences are also observed during the short
summer periods with downward gradient.

Regarding the surface water level in Lake Bolundsfjarden and the groundwater level in the

QD below the lake, the level difference is very small, mostly within the measurement error
limits. However, during the dry summer of 2006 there is a downward gradient; the difference is
considered to be well outside the measurement error limits. In the simulation, no difference can
be seen between the surface water level and the groundwater level in QD below the lake (i.e.
these two curves are identical in the figure).

For the observed groundwater levels in the bedrock below Lake Bolundsfjarden, there is a
continuous downward gradient all the way down to the deepest well section below —96 m
RHB70, although the level difference is small between the two lowest well sections (HFM32-1
and HFM32-2). If the measured point water heads are re-calculated to environmental water
heads the gradient is actually upward from the lowest to the next lowest section of the well,
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Figure 4-39. Lake water levels and groundwater levels below the central parts of the lakes in Lake
Eckarfjirden and Lake Bolundfjdrden for the period Jan. 1-Dec. 31, 2006. Observed levels are shown to
the left and simulated levels to the right.The borehole sections of HFM32 are numbered starting with 1
for the deepest section /Bosson et al. 2008/.
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see Appendix 2. The simulated groundwater levels in the bedrock are generally too high even
when the SFR-pumping is active and higher than the lake water level and the groundwater level
in QD most of the time. Section HFM32-2 has the lowest simulated head indicating both an
upward and downward gradient toward this section. However, the head difference between the
uppermost bedrock section and the QD is larger than between the uppermost and the second
uppermost bedrock section.

Figure 4-40 shows the observed and simulated vertical gradients at two locations in the vicinity
of Lake Bolundsfjarden; observations wells SFM0058 and HFM15, 100 m west of the lake,
and SFM0004 and HFMO04, 1,000 m southeast of the lake (see Figures 2-7 and 2-9 for locations
of the wells). At both locations, a clear downward gradient can be seen from the QD, both in
observed and simulated levels, and the downward gradient continues within the bedrock. The
observed groundwater levels indicate, however, a smaller downward gradient between the QD
and the bedrock during the dry summer months and for one period even an upward gradient.
This seems to be an effect of direct or indirect (via capillary rise) root water uptake in the QD.

The present version of the MIKE SHE model code supports these processes in the upper

saturated zone layer only, why the response from these phenomena cannot be fully developed in
the model. Because of this, the drawdown in the QD during very dry periods, like in the summer
of 2006, may be underestimated by the model.

In Figures 4-41 and 4-42 the impact of evapotranspiration is illustrated by presentation of
accumulated net flow between unsaturated zone and saturated zones in 120 x 120 m squares

at SFMO0011 and SFM0019, classified as located in typical discharge and recharge areas,
respectively. A considerable upward flow from the saturated to the unsaturated zone takes place
at both sites during the dry summer of 2006 according to the modelling. In the figures also the
accumulated direct root water uptake from the saturated zone is shown.
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Figure 4-40. Observed (left) and simulated (rvight) groundwater levels in HFM04 and HFM15 in bedrock
and in nearby monitoring wells in Quaternary deposits, SFM0004 and SFM0058, respectively (lowest
HFM-well index indicate the deepest section) /Bosson et al. 2008/.
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Figure 4-43 shows a summary of the simulated and observed vertical gradients in four HFM-
wells; HFM32, HFM 16, HFM15 and HFM04, and in adjacent monitoring wells in QD, which
are all located in the vicinity of Lake Bolundsfjdrden. Results are shown for April 2006, being
a wet period, and August the same year, being a dry period. In April, the simulated gradients
give the same flow directions as the observed, except between the upper part of the bedrock
in HFM32 and the QD in SFM0023 (represented as “QD” in the HFM32 section), where the
simulated groundwater levels in the bedrock are too high.

In August, the simulated gradients in HFM04 are still correct, while some deviations appear in
the other wells. The levels in the bedrock at HFM32 are still too high. The observed level in
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Figure 4-43. Comparison of measured and simulated direction of the vertical gradients in HFM32, HFM1 35,
HFM16 and HFMO04 in April and August 2006 (upper and lower graphs, respectively) /Bosson et al. 2008/.
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the lowest section is lower than higher up, which is not the case in the model. However, if the
observed point water heads are re-calculated to environmental heads, the level in the lowest
section is higher than in the section above.

In HFM15 and HFM16, the gradients are switched from downward in April to upward in
August, according to observed gradients in Figure 4-43. This is most likely due to root water
uptake in the QD. In the model, these processes are limited to the upper layer of the saturated
zone, being 2.5 m in most parts of the model.

Figure 4-44 shows simulated groundwater levels in a west-east profile through Lake Eckar-
fjarden at SFMOO015 (see Figure 2-7 for well location). In the upper graph the conditions in
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Figure 4-44. Simulated groundwater heads in a west-east profile crossing Lake Eckarfjdrden at
SFMO0015 in April and August 2006 (upper and lower graphs, respectively) /Bosson et al. 2008/.
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April 2006 (a wet period) are shown, and in the lower graph the conditions in August 2006
(a dry period). The red arrows in the figure indicate the prevailing flow directions. Under wet
conditions, Lake Eckarfjiarden acts as discharge area for the upper parts of the profile, quite
weak though with higher gradients in the horizontal direction. Deeper down in the profile, a
downward gradient to the east can be seen.

During the period of dry conditions, the principal flow directions are to a large extent the same
as under wet conditions, with the difference that during the dry period the effect of transpiration
on the gradients in the littoral zones results in upward gradients along the lake perimeter induc-
ing a flow both from the land and the lake side.

In Figure 4-45 the simulated accumulated net flow through the bottom of Lake Eckarfjarden
is shown. Specifically, it shows the average net flow within the area with a water depth of

> (0.5 m; the accumulated flow increases when discharge takes place. The recharge of water
from the lake to the groundwater zone during the dry summer of 2006 is clearly seen as a
drop in the cumlative discharge.

In Figure 4-46, a profile of simulated groundwater heads in a west-east profile across Lake
Bolundsfjarden at SFM0023 is shown (see Figure 2-7 for well location). Under wet conditions,
also Lake Bolundsfjérden acts as discharge area for the upper parts of the bedrock according

to the model. The comments to Figures 4-39, 4-40 and 4-43 above, however, make it clear that
observed data do not support this. The reason for the discrepancy is that the simulated heads

in the bedrock are higher than the observed levels. In the model, the simulated gradients in the
upper part of Figure 4-46 show that layer 4 (c. 10-30 m.b.s.1), being part of the high-conductive
sheet joints in this area, transports water from the higher altitude areas around the lake in under
the lake.

During the period of dry conditions, the effect of transpiration on the gradients in the littoral
zones is even more pronounced at Lake Bolundsfjarden than at Lake Eckarfdrden. At the eastern
side of the lake, a significant upward gradient is simulated by the model, i.e. according to the
model the root water uptake together with the capillary forces are important sinks. This is the
case not only for the QD but also for the upper bedrock, especially in the littoral zones around
the lakes.
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Figure 4-45. Accumulated net discharge from the groundwater zone through the bottom of Lake Eckar-
fidrden (within the area of water depth > 0.5 m).

194



[meter]
1

Bolundsfjarden 0 e

30 head elevalion In salurated zone
Layer 1 Top
Layer 1 Botlom
Layer 2 Botiom
Layer 3 Botiom
Layer 4 Bofiom
Layer 5 Botlom
Layer & Botiom
Layer 7 Botlom
Layer 8 Botiom
Layer 3 Botiom
Layer 10 Bollom
Layer 11 Boflom
Layer 12 Boiom
Layer 13 Beflom
Layer 14 Boflom

M11ltems
A1 oross seckon

30 heao elevaiion In

Undefined Value

800 1000
[meter]

o — Bolundsfjarden ; 0 Graphical ems

30 he ad elevation in saturated zone
Layer 1 Top
Layer 1 Botlom
Layer 2 Botiom
Layer 3 Bottom
Layer 4 Botiom
Layer 5 Botlom
Layer 6 Botiom
‘Layer 7 Botiom
‘Layer & Boflom
Layer 9 Botiom
“Layer 10 Beflom
Layer 11 Boflom
‘Layer 12 Boflom
Layer 13 Bellom
Layer 14 Boflom

M11ltems
11 cross soclon

3D head elevaiicn in
uratod zona

o 200 400 600 B00 1000 1200 1400 1600

Figure 4-46. Simulated groundwater heads in a west-east profile crossing Lake Bolundsfjdrden at
SEM0023 in April and August 2006 (upper and lower graphs, respectively) /Bosson et al. 2008/.

In Figure 4-47 the effect of the SFR-pumping on the simulated vertical gradients at four
HFM-wells (HFM32, HFM16, HFM15 and HFM04), all in the vicinity of Lake Bolundsfjarden,
are shown (see Figure 2-9 for well locations). The influence on the flow directions during wet
periods, like in April 2006 (shown in the upper graph of Figure 4-47), is minor. However, it is
interesting to note the change from downward to upward flow direction deep down in HFM16.
The simulated downward flow directions below —110 m are reversed due to the drawdown
caused by the highly conductive sheet joints connecting to the SFR-pumping at this depth in

the model.
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Figure 4-47. Simulated vertical groundwater flow directions without and with the SFR-pumping included
in the model during April and August 2006 (upper and lower graph, respectively) /Bosson et al. 2008/.

The flow directions during dry periods, here exemplified by August 2006 (shown in the lower
part of Figure 4-47), are much more influenced than those under wet conditions. The only
borehole where the flow directions are unchanged is HFMO04. The pattern at the other locations
is a switch to a downward flow direction to the layer where the deepest sheet joints are located
(atc. 90 to 110 m.b.s.1.), and a switch to an upward direction to the same layer from the deeper
bedrock layers below the sheet joints.
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Figures 4-48 and 4-49 show simulated groundwater levels in a south-north profile from the
location of HFM32 in Lake Bolundsfjarden, through Lake Puttan, to the location of HFM34
(see Figure 2-9 for well locations). In Figure 4-48 the conditions in April 2006 are shown. The
upper graph shows the simulated conditions without the SFR-pumping and the lower one shows
the conditions with the SFR-pumping. The lakes and the sea act as quite strong discharge arecas
when SFR is not included. When the SFR-pumping is included a pronounced downward and
northeast-directed gradient is created, leaving smaller and weaker discharge areas. The same
holds for the conditions in August 2006, shown in Figure 4-49, but even more pronounced, with
almost no upward directed gradients when SFR is included.
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Figure 4-48. SW-NE profile from HFM32 to HFM34 showing simulated groundwater heads in April
2006 without (upper graph) and with (lower graph) the SFR-pumping included in the model /Bosson
et al. 2008/.
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Figure 4-49. SW-NE profile from HFM32 to HFM34 showing simulated groundwater heads in August
2006 without (upper graph) and with (lower graph) the SFR-pumping included in the model /Bosson
et al. 2008/.

Transport modelling

Both particle tracking and advection-dispersion modelling were performed using the final three-
dimensional flow fields simulated by MIKE SHE. Only the results of the particle tracking will
be summarised here. For a more detailed presentation of the particle tracking and the advection-
dispersion modelling the reader is referred to /Bosson et al. 2008/ and /Gustafsson et al. 2008/.
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Particle tracking was performed based on the final model from Phase 2 of the calibration, both
without and with the SFR-pumping activated in the model. For each of these two cases, two
particle release cases were simulated:

* PT5-allover: One particle was introduced in each cell at 140 m.b.s.l. in the whole MIKE
SHE model area.

*  PT5_repository: One particle was introduced in all cells at 140 m.b.s.l. within an area
corresponding to that of the planned repository (the repository is planned to be built at 500
m.b.s.l.).

The selected simulation time was 300 years, using the transient flow modelling results obtained
for the simulated one-year period of Oct. 2003—Sep. 2004 as input. This means that the model
results from the MIKE SHE flow field simulation for this one-year period were cycled 300
times. The overall results for PT5_allover with and without the SFR-pumping, expressed in
terms of where the particles left the saturated zone (i.e. to which other model compartments or
boundaries they went), are summarised in Table 4-12.

According to the simulations, the dominating sink without SFR is the combined unsaturated
zone/overland compartment. (It is not possible to separate these two sinks in the model.) At the
end of the simulation, 65% of the particles were still in the model volume, i.e. it took less than
300 years for 35% of the particles to reach the ground surface or the sea from 150 m depth.
When pumping at SFR, the sink “particles removed by wells” (i.e. SFR) was the dominating
sink with 15% of the particles leaving the model volume through the pumping at SFR. Only 5%
of the particles moved to the sea when pumping at SFR, compared with 14% when the SFR-
pumping was not active.

When pumping at SFR, 66% of the particles were still in the model volume after 300 years.
Ilustrations of the numbers in Table 4-12 are shown in Figures 4-50 and 4-51. The figures
shows the position of each particle where it left the saturated zone and moved to a specific

sink. Results are shown both without (Figure 4-50) and with (Figure 4-51) the SFR-pumping
activated. The different sinks are marked with different colours. The blue dots represent the
particles that moved to the combined unsaturated zone/overland sink. Since the majority of
these dots are situated in the lakes and close to the brooks, i.e in saturated areas, the majority of
the particles registered in this sink have moved to the overland compartment. When pumping at
SFR, the majority of the particles that have gone to sinks outside the on-land part of the model
area have been removed by this pumping.

Table 4-12. List of particle sinks and the distribution of particles on the sinks in the
PT5_allover modelling without and with the SFR-pumping activated /Bosson et al. 2008/.

PT5-allover, no SFR PT5-allover, SFR

Sink Number of particles % Number of particles %

Particles removed to OL-UZ* 3,460 15 2,480 11
Particles removed directly to brooks 817 4 468 2
Particles removed by drain to brooks 415 2 352 1
Particles gone to the sea 3,349 14 1,149 5
Particles removed by wells 0 0 3,404 15
Particles left in model 14,826 65 15,014 66
Sum 22,867 100 22,867 100

*OL-UZ is the combined Overland flow-Unsaturated zone sink.
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Figure 4-50. Sinks for the particles in PT5_allover without the SFR-drainage /Bosson et al. 2008/.
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Figure 4-51. Sinks for the particles in PT5_allover with the SFR-drainage /Bosson et al. 2008/.
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Figure 4-52 shows the accumulated particle count for each cell at 150, 130, 110 and 90 m.b.s.1.
at the end of the simulation. The accumulated particle count is a way to present the density of
the flow paths. Each time a particle passes a cell the accumulated particle count is increased,
i.e. the higher the value for a particular cell in the model, the more particles have passed that
specific cell. The particles are introduced at 140 m.b.s.1. Since one particle has been introduced
to each cell, the minimum accumulated particle count at this level is one. The pink colour
indicates that no particles have passed the cell.
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Figure 4-52. Accumulated particle count at 150, 130, 110, and 90 m.b.s.l. The particles move towards
the sheet joints in the layer at 110 m.b.s.l. The graphs to the left present the results from PT5_allover
without the SFR-drainage, and the graphs to the right the results from the PT5 allover with the SFR-
drainage /Bosson et al. 2008/.
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The flow paths concentrate to specific areas on their way towards the surface. At 110 m.b.s.1.
the horizontal sheet joints have their deepest representation in the model. It can be seen that

the particles concentrate to this layer, see the red areas in the figure. The same pattern is seen
for both cases, without and with the SFR-pumping included. When pumping at SFR, particles
released in the northeastern part of the model area, move towards SFR. The majority of the
particles moves towards SFR at 110 m.b.s.l. Above this level only 40% of the cells that received
a particle at 110 m.b.s.1. is hit by a particle.

In PT5 repository, 1,501 particles were released at 140 m.b.s.I. inside the area corresponding
to the planned repository. After 300 years only 10% of the particles had left the model volume
and all these particles had gone to the sea. When pumping at SFR, 18% of the particles had left
the model volume through the pumping in SFR. The rest of the particles were still in the model.
For both cases, without and with SFR-drainage, the major part of the particles moved toward
the sea at 110 m.b.s.1. (Figure 4-53). The particles concentrated to this sheet-joint layer and the
horizontal transport was dominating.

Above this level only a few cells were passed by a particle. When pumping at SFR, no particles
reached higher than 70 m.b.s.1. Thus, there were no exit points at the surface after 300 years

of simulation when pumping at SFR. When the SFR-pumping was not active, a few particles
reached the sea. These exit points were located close to the shoreline.

Since many particles were still in the model volume after 300 years, an additional longer
simulation was run for P75 _repository. The simulation was run for 5,000 years. The exit points
at the surface after 5,000 years are shown in Figure 4-54. As a comparison the exit points after
300 years are also shown in the same figure. The transport times were long and even after
5,000 years 81% of the particles were still in the model volume.

No exit points were found in the on-land part of the model area. All the particles left the model
volume at sea. 79 particles, 5% of the total number of introduced particles, were stuck in the
marine sediments. Apart from this, no particles were left in the upper calculation layers. All the
particles that were left in the model after 5,000 years were found in the deeper bedrock between
layer 8 at 110 m.b.s.l and layer 14 at 600 m.b.s.1.
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Figure 4-53. Accumulated particle count at 110 m.b.s.l. for the case with particle release within the reposi-
tory area only. The particles concentrate to the sheet joints layer at this level. The simulation without the
SFR-pumping is shown to the left and the simulation with the SFR-pumping activated to the right /Bosson
et al. 2008/.
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5 Resulting site description

5.1 Summary of the site description
5.1.1 Physiographic setting

The Forsmark area is situated on the eastern coast of Sweden in the northeastern part of Uppsala
county, ¢. 120 km north of Stockholm. The land area within the site investigation area is character-
ized by a low relief with a small-scale topography. The study area is almost entirely situated below
20 m.a.s.l. Forest is the dominating land cover. Only in the southeastern part of the area, at
Storskéret, agriculture is an important landuse.

The main lakes, Lake Fiskarfjarden, Lake Bolundsfjdrden, Lake Eckarfjdrden and Lake
Gallsbotrisket have all sizes of less than one km? and are quite shallow. No major water courses
flow through the central parts of the site investigation area. The brooks downstream Lake
Gunnarsbotrisket, Lake Eckarfjarden and Lake Gallsbotrasket carry water most of the year, but
can still be dry for long time periods during dry summers. Wetlands are frequent and cover more
than 25% of some sub-catchments. Bogs are only found in the most elevated parts of the area.
The peat in the wetlands can rest directly on till, or be underlain by gyttja and/or sand and clay
above the till.

Till is the dominating Quaternary deposit, covering c. 75% of the terrestrial area. Bedrock
outcrops are frequent, but constitute only c. 5% of the area. Wave-washed sand and gravel, clay,
gyttja clay and peat cover 3—4% each. The only glaciofluvial deposit, the Borstildsen esker, runs
in a north-south direction along the coast. The Quaternary deposits are shallow, usually less
than 5 m deep.The greatest depth to bedrock recorded in a drilling is 16 m southeast of Lake
Fiskarfjarden.

Granitic rocks are dominating in the area. The bedrock hydrogeology reveals a significant
hydraulic anisotropy within the tectonic lens, which covers the body of the candidate area. The
upper c. 150 m of bedrock contains high-transmissive horizontal fractures/sheet joints. The
horizontal fractures/sheet joints have transmissivities in the range ¢. 1-10¢ —1-103 m?%s (hydrau-
lic conductivity c. 1:10° —1-103 m/s). The bedrock in between the horizontal fractures/sheet
joints, however, is considerably less conductive (hydraulic conductivity c. 1-10"" —1-10*m/s)
except where it is intersected by transmissive steeply-dipping or gently-dipping deformation
zones. Below the uppermost c. 150 m of bedrock the occurrence of high-transmissive horizontal
fractures/sheet joints vanish and the conductive fracture frequency becomes very sparse and
fairly low-transmissive (fracture transmissivity c. 1:107'° —1-107m?%/s). In some of the 1,000 m
deep cored boreholes there are almost no flowing fractures observed below c. 150 m depth.

5.1.2 Boundary conditions
External boundaries
Top boundary

The meteorological conditions constitute the top boundary of the hydrological and near-
surface hydrogeological system. Water is added to the system by rainfall and snowmelt and
abstracted by evapotranspiration. There is a relatively strong west-east gradient in precipitation
in the region; the highest precipitation occurring some distance inland from the coast. The
mean annual precipitation at Lovsta, approximately 15 km inland, is 690 mm, which can be
compared with the corresponding value of 492 mm at the island of Orskir, c. 15 km northeast
of Forsmark (corrected mean values for the period 1994-2006). From regional data the mean
annual precipitation in the Forsmark site investigation area has been estimated to 559 mm for
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the period 1961-1990. The precipitation during the site investigation has been quite close to the
longterm average. For the 4-year period of June 2003—May 2007, the mean annual precipitation
was 563 mm. The mean annual calculated potential evapotranspiration for the same period was
526 mm.

In the MIKE SHE modelling, a reduction of the calculated potential evapotranspiration by

15% was necessary to obtain a good agreement with the measured runoff. A comprehensive
sensitivity analysis was performed, testing the parameters involved in the calculation of the
actual evapotranspiration (root distribution, interception storage, leaf area index etc), within
reasonable limits. However, the only possible way found to get a good matching between
measured and simulated total runoff, was a reduction of the potential evapotranspiration. No
definite conclusion can be drawn regarding to what extent the need for reduction of the potential
evapotranspiration in the modelling was caused by an inability of the model to simulate the
actual evapotranpriration processes. An alternative (or complementary) explanation could be
that the calculated potential evapotranspiration used as input was overestimated.

Inland boundary

The close correlation between the topography of the ground surface and the groundwater level
in the Quaternary deposits (QD) means that surface water and groundwater divides for the QD
can be assumed to coincide. Regarding groundwater levels in the upper bedrock there is no
strong coupling to the topography of the ground surface. This is most evident in the central part
of the site investigation area, i.e. in the tectonic lens where the upper c. 150 m of the bedrock is
known to have frequent horizontal and sub-horizonal highly transmissive fractures. However,
westward increasing groundwater levels in the bedrock outside the tectonic lens indicate that
the water divides of the flow systems involving the near-surface bedrock follow the surface
water divide towards River Forsmarksan, i.e. the topography can be used for delineation of

the inland boundary. No major fracture zones crossing the inland surface water divide against
River Forsmarksan are known, with exception of the Eckarfjarden zone crossing south of Lake
Eckarfjérden.

Sea boundary

From the conclusion that groundwater divides for the shallow groundwater systems limited to QD
(till), where the major part of the water flow takes place, coincide with the surface water divides
follows that such systems only may have lateral boundaries to the sea in the “rest” catchments
adjacent to the sea and with no surface discharge in water courses. For the flow systems involving
also the near-surface bedrock the situation is different due to the highly transmissive horizontal
and sub-horizontal fracture zones extending below the sea. The vertical contact between these
zones and the sea (direct via outcropping or indirectly via vertical fractures) will determine the
boundary conditions of these systems. The superficial horizontal sheet joints have a tendency to
follow the topography of the bedrock surface implying that direct hydraulic contact with the sea
via outcropping is considered to be less common. The sea bottom is to a great extent covered by
fine sediments (silt and clay) and till. However, areas with coarse sediments and also outcropping
bedrock are frequent. The described features will determine the boundary conditions and the degree
of hydraulic contact between the sea and the flow systems involving the near-surface bedrock.

During events of very high sea water levels, sea water flows into several of the lakes (Norra
Bassdngen, Puttan, Bolundsfjarden, Lillfjdrden and Fiskarfjdrden). During these events the sea
obviously has an impact on both surface and groundwater flow systems in these lakes and their
surroundings.

The conceptual hydrological and hydrogeological model, as implemented in the MIKE SHE
model, resulted in a mean simulated annual outflow to the sea of 42 mm. The outflow of water
from c. 150 m depth to the sea, traced in the particle tracking analyses performed in the MIKE
SHE modelling, is manifested in a number of exit points at sea. However, according to the mod-
elling, the residence times are quite long with only a few particles exiting within 5,000 years.
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5.1.3 Infiltration and recharge

The infiltration capacity of the soils in the area exceeds the rainfall and snowmelt intensity
with few exceptions. However, unsaturated (Hortonian) overland flow may appear over short
distances, mainly on agricultural land covered with clayey till and on frozen ground where the
soil water content was high during freezing. Also on outcropping bedrock, unsaturated overland
flow may appear, but just over very short distances before the water reaches open fractures or
the contact zone between bedrock and QD.

In the initial simulations with MIKE SHE, ponding and overland flow was generated, causing
to sharp discharge peaks in brooks compared with the observations. This was not caused by an
insufficient infiltration capacity, but merely by application of a too low hydraulic conductivity
in the uppermost soil profile, see Section 5.1.4 below.

The shallow groundwater levels mean that there will be a strong interaction between evapo-
transpiration, soil moisture and groundwater. The groundwater levels in many monitoring wells
in Quaternary deposits were within one metre below the ground all the year, and the groundwater
level on average was less than 0.7 m below ground during 50% of the time. Also in what can
be considered as typical recharge areas, the average groundwater level was not more than 1.2 m
below ground. Only in locally elevated areas with relative steep slopes, considerably deeper
groundwater levels can be assumed to exist. The annual variation in the groundwater level is
mostly less than one metre in discharge areas, and 1.5 m in typical recharge areas. Diurnal fluctu-
ations of the groundwater levels, driven by evapotranspiration cycles, were evident in the data
from many of the groundwater monitoring wells in Quaternary deposits.

The very fast and strong responses of the groundwater level to rainfall also when the level is
relatively deep below ground and the unsaturated zone deficit could be assumed to be relatively
large, as in the summer/autumn of 2005 and 2006, indicate some kind of by-pass flow and/

or a quite small specific yield. When the specific yields derived from the measurement were
implemented in the Forsmark-HBV and MIKE SHE models, the responses in the groundwater
levels and discharge were in most cases quite well captured. However, especially in the MIKE
SHE modelling the responses after long dry periods were too slow and too small.

Direct recharge from precipitation is obviously the dominant source of groundwater recharge.
However, the groundwater level measurements in the vicinity of Lake Bolundsfjarden and Lake
Eckarfjarden show that the lakes may act as recharge sources to the till aquifers in the immedi-
ate vicinity of the lakes during summer. While the groundwater levels are well above the lake
water levels during most of the year, they are considerably below the lake water levels during
dry summer conditions. This is very clear close to the lake shores but also below the middle

of the lakes the groundwater levels are slightly below the lake levels under such conditions

(the difference is well outside the probable measurement error). The gradients from the lakes

to the surrounding areas are created by direct and indirect groundwater abstraction caused by
evapotranspiration. However, due to the low permeability of the bottom sediments, the resulting
water fluxes can be assumed to be relatively small.

The observed phenomenon, with a drawdown of groundwater levels well below the lake water
levels in the vicinity of the lakes caused by evapotranspiration, was well captured by the MIKE
SHE model with the parameter settings from the conceptual model. The simulation of the
recharge from Lake Eckarfjarden supported the assumption of small fluxes. During the dry
summer of 2006, the simulated recharge from the lake was c. 10 mm.

The Baltic Sea can potentially also act as a source of groundwater recharge, especially during
periods of high sea water levels. However, there is no correlation between the sea water level and
the groundwater levels in QD-wells on land for most monitoring wells. Therefore, the influence of
this recharge can be assumed to be restricted to areas below the sea and areas in the immediate
vicinity of the coastline. Special conditions occur during events with extremely high sea water
levels when relatively large low-lying areas at the shoreline and around some of the lakes are
flooded and direct groundwater recharge from sea water may take place.
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The prevailing conditions, with a strong interaction between evapotranspiration and the
groundwater, imply that a clear definition of groundwater recharge is required. A commonly
used definition is: “Process by which water is added from outside to the zone of saturation of
an aquifer, either directly into a formation, or indirectly by way of another formation”. In the
present situation, however, with very shallow groundwater, there is a large difference between
gross and net recharge to the QD. The diurnal groundwater level fluctuations clearly illustrate
the influence of evapotranspiration on the groundwater zone during dry periods. Of course, this
influence is most accentuated in locations with very shallow groundwater, but it is also evident
in some areas where the groundwater table is more than two metres below the ground surface.
Therefore, when describing groundwater recharge and discharge there is a need to be quite
specific and it is recommended to base the description on the downward och upward flow com-
ponent across the soil water-groundwater zone interface or in the shallow groundwater zone.
There is also a need for specifying if a certain time-period or average conditions are discussed

Studies of simulated water flow between the unsaturated and saturated zones by MIKE SHE

in small areas at some wells, classified as situated either in typical discharge or recharge areas,
showed a considerable upward transport in both types of areas during the dry summer of 2006.
Furthermore, the analysis of the MIKE SHE simulations showed an upward flow between the
uppermost two calculation layers of the saturated zone in extensive areas during dry conditions.
The flow was induced by root water uptake and implied an expansion of discharge areas during
dry conditions, if the existence of an upward flow component in the uppermost part of the
groundwater zone was used as the definition of a discharge area.

5.1.4 Sub flow systems and discharge

Similar to the external boundaries of the model area, the internal surface water divides and

the groundwater divides of the groundwater systems restricted to the QD are assumed to
coincide. The strong correlation between the mean groundwater elevations observed in the till
and ground surface elevation data means that the average vertical hydraulic flux at some point
below the surface is less than the net infiltration into the saturated zone of the till. The decrease
in hydraulic conductivity with depth and the anisotropy of the till, with K, <K, are plausible
explanations, but a contribution from a contrast in vertical hydraulic conductivity between the
till and the bedrock is also possible (the uppermost bedrock having a lower K,). The small-scale
topography and the hydraulic conductivity profile of the tills, dominating in the area, imply that
many small catchments will be formed with local shallow groundwater flow systems in the QD,
and that a dominating part of the groundwater will move along these shallow flow paths.

According to the conceptual model, the horizontal hydraulic conductivity of the till dominating
the area decreases from more than 10 m/s in the uppermost part of the profile to ¢.10¢and

107 m/s deeper down in the profile for coarse and fine-grained till, respectively. The specific
yield decreases from 0.15—-0.20 to 0.03—0.05. The permeability and storage characteristics of
the till profile mean that very little water needs to be added to raise the groundwater table below
a depth of approximately one metre. A groundwater recharge of 10 mm will give an increase

in the groundwater level of ¢. 20 cm. During periods of abundant groundwater recharge the
groundwater level, also in most recharge areas, reaches the shallow part of the QD-profile where
the hydraulic conductivity is much higher and a significant lateral groundwater flow will take
place. However, the transmissivity of this upper layer is so high that the groundwater level does
not reach much closer to the ground surface than 0.5 m in typical recharge areas.

In the initial simulations with MIKE SHE, based on hydraulic properties of the Quaternary
deposits from the conceptual model, ponding, overland flow, and too high groundwater levels
were obtained. Furthermore, the low groundwater levels during dry conditions could not be
simulated. The problem was mainly caused by the limitation of refinement in the vertical spatial
resolution of the model in combination with the inability to simulate root water uptake in any
layer but the topmost calculation layer. The problems met illustrated the importance of the
vertical trend in the hydraulic properties in the uppermost part of the till for the dynamics in
groundwater levels and the groundwater generated surface discharge.

208



The Forsmark-HBV modelling demonstrated the possibilities to simulate groundwater and
surface water dynamics using the specific yields of the uppermost soil profile derived from
site-specific measurements. In the MIKE SHE modelling the problems met were solved by
introduction of a sub-surface drainage option simulating the measured high hydraulic conductiv-
ity of the uppermost soil layer and by using a 2.5 m deep upper calculation layer for the
saturated zone. However, the sensitivity analyses also showed that introdution of an anisotropy
where the horizontal hydraulic conductivity was increased by a factor of five and the vertical
hydraulic conductivity was decreased by a factor of two considerably improved the agreement
between measured and simulated groundwater levels. The introduction of the anisotropy is in
good agreement with the site-specific measurements, but the simulations indicate at the scale of
the modelling, a slightly higher hydraulic conductivity than the geometric mean of the measure-
ments.

The local, small-scale recharge and discharge areas only involving groundwater flow systems
restricted to QD will overlay the more large-scale flow systems associated with groundwater
flow at greater depths. Interesting observations were made in groundwater level time series
from nearby wells in till and bedrock within the tectonic lens, constituting the central part of the
investigation area. Specifically, the groundwater levels in the till seem to be considerably higher
than those in the bedrock in the central part of the site investigation area (within the tectonic
lens). The differences between the levels in till and rock are generally much larger than between
different sections in the bedrock boreholes sealed off by packers. In general, the groundwater
levels in the bedrock in the central areas of the investigation area are still above the QD/rock
interface, indicating that no unsaturated zone exists below the QD/rock interface. However,
during dry summer conditions the QD-levels may fall below the groundwater levels in bedrock.

The groundwater levels in the till and the bedrock are well correlated. The natural groundwater
level fluctuations are, however, smaller in the bedrock, but still to a great extent controlled by
the annual precipitation and evapotranspiration cycles. The conditions prevailing within the
northern part of the tectonic lens, with a lower groundwater level in bedrock than in QD, mean
that the groundwater flow has a downward component at the sites studied and consequently

an inflow from the till to the bedrock. The difference between the levels in till and bedrock
indicates a limited hydraulic contact between QD and rock. This conclusion is supported by the
observation that in general there is no discernable response in the groundwater levels in QD to
disturbances (e.g. caused by pumping) of the groundwater levels in the bedrock.

A probable explanation for the low levels measured in the bedrock boreholes is that these inter-
sect one/some of the highly conductive horizontal to sub-horizontal zones shown to exist in the
shallow bedrock in the Forsmark area. The highly transmissive shallow bedrock acts a drain for
water coming from above as well as from below. The available data indicate that flow systems
involving the bedrock do not have discharge areas in the northern part of the tectonic lens but
discharge into the sea. The only occasions when data from this area show a continuous upward
flow gradient are during dry summers when the groundwater level in QD decrease below the
levels in the bedrock.

Data gathered from monitoring wells in the till and bedrock below the middle of Lake Bolunds-
fjarden are of specific interest. The lake level and the groundwater level in till are considerably
higher than the groundwater levels in the bedrock (HFM32). The levels are lowest in the two
deepest sections. The difference between these two sections is small but after re-calculation

to environmental head the second deepest section has the lowest head, i.e. the fractures in this
section act as drains for water coming from above as well as from below. Interestingly, during a
pumping test in bedrock in a well 500 m away, the responses were strongest in the two deepest
well sections, but were also obvious in the upper two sections and also in the till well

Of the percussion-drilled boreholes around Lake Bolundsfjdrden, the borehole in the middle of
the lake (HFM32) has the lowest point water head. Only boreholes at the inlet of the cooling
water canal (HFM38) and at SFR, have occasionally point water heads at the same low level
or below. The groundwater level in HFM32 was below the sea level during the summer and
autumn of 2006. Two possible, perhaps superposed, phenomena could explain this: (i) the
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groundwater level in the bedrock is indirectly influenced by evapotranspiration extracting water
from the groundwater zone in the QD inducing an upward flow from the bedrock, and/or (ii) the
borehole is influenced by the pumping at SFR (c. 6 L/s). An influence from evapotranspiration
requires that the groundwater level in the bedrock is above the QD/rock interface, which is the
case in the low-lying areas surrounding Lake Bolundsfjarden, so that no unsaturated zone exists
in the bedrock. The MIKE SHE simulations, with the field-based parameter setting, showed a
clear upward flow gradient from the bedrock to the Quaternary deposits in the littoral zone of
Lake Bolundsfjarden during the dry summer of 2006.

An influence from the pumping at SFR requires a good hydraulic contact all the way to SFR.
From a pumping test in HFM33, immediately west of SFR, it is known that quick and strong
responses were observed in e.g. HFMO02 (c. 0.3 m) and HFM15 (c. 0.1 m) located c. 1.5 km
from the pumping well. The pumping rate in HFM33 was approximately 3.8 L/s. Pumping
tests in HFM 14 have also shown quick and strong responses in other quite distant HFM-wells
(c. 1 km away, such as HFM 16 and HFM38), confirming the high transmissivity and low
storativity of the upper bedrock.

The prevailing situation, with relatively low groundwater levels in the shallow bedrock within
the northern parts of the tectonic lens, may partly be caused by the pumping at SFR. However,
no definite conclusions on this issue can be drawn based on existing data.

Outside the tectonic lens, the groundwater level in the bedrock may be well above the ground-
water levels in QD in nearby low-lying areas, implying that flow systems involving the bedrock
may have local discharge areas in these parts of the site investigation area.

The lake water level-groundwater level relationship indicates that the lake sediments, the
underlying till, and/or the uppermost bedrock have low vertical hydraulic conductivities. If

the surface water-groundwater hydraulic contact had been good, the situation with groundwater
level drawdown from evapotranspiration extending below the lakes, and the quick and extensive
drawdowns from the pumping tests in percussion-drilled boreholes HFM 14 and HFM33 in the
rock below Lake Bolundfjarden and the sea, would not appear.

During the MIKE SHE modelling there was a general problem with too high simulated
groundwater levels in the bedrock, whereas there was a good agreement between measured

and simulated groundwater levels in the Quaternary deposits. Furthermore, with the original
parameter settings the model was unable to simulate the drawdowns in the pumping tests in

the percussion-drilled borehole HFM14; the pumping caused fast and extensive resposes in
monitoring wells in bedrock more than one km from the borehole. To overcome these problems,
several test simulations were conducted with different combinations of increased hydraulic
conductivity of the bedrock, decreased vertical hydraulic conductivity of the bedrock and

the Quaternary deposits, and a decreased specific storage of the bedrock compared with the
data set obtained from the CONNECTFLOW-modelling.

The outcome of these tests was that the specific storage had to be lowered considerably from
the values used initially (varying from 1-107 to 1-10° 1/m) to obtain a good match between
measured and simulated responses in the pumping test. In the final calibrated model a value of
5-10® 1/m was used. Furthermore, an increase of the horizontal hydraulic conductivity of the
sheet joints, as implemented in the upper bedrock part of the model, by a factor 10 was found to
be necessary together with a decrease of the vertical hydraulic conductivity of the upper 200 m
of the bedrock by a factor 10 to obtain a good fit between measured and simulated pumping test
responses. A further decrease of the vertical hydraulic conductivity of the Quaternary deposits
turned out to have only a marginal effect on the groundwater levels.

However, the problem with the generally too high groundwater levels was only partly solved by
the changes introduced. As a final test, the drainage pumping in the SFR-facility was introduced
in a quite simplistic manner, i.e. as a well screened between c. 40 and 140 m depth. The
introduction of this sink drastically improved the agreement between measured and simulated
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groundwater levels in the bedrock, with the mean absolute error and mean error in the monitor-
ing wells decreasing from 0.68 to 0.41 and —0.65 to —0.05 m, respectively (negative mean error
indicates too high simulated level). Most wells showed errors of c¢. + 0.2 m. Of the wells within
the northern part of the tectonic lens, only HFM16 and HFM32 showed considerably larger
errors with an overestimation and underestimation of ¢. one metre, respectively.

In discharge areas by definition no groundwater recharge takes place. However, not all discharge
areas are saturated up to the ground surface, but water flows in the uppermost most permeable
part of the soil profile. In unsaturated discharge areas, the soil water deficit is usually quite
small and in these areas water levels respond quickly to rainfall and snowmelt and contribute

to runoff generation. So-called saturated overland flow appears in discharge areas where the
groundwater level reaches the ground surface. This type of discharge areas is quite common in
the flat landscape of the site investigation area.

The brooks are considered as permanent discharge areas, although dry during parts of the year.
The wetlands can either be in direct contact with the groundwater zone and constitute typical
discharge areas or be separate hydrological systems with low-permeable bottom materials

and have little hydraulic contact with the underlying aquifer. The flat terrain and the shallow
groundwater within the area imply that the spatial extents of recharge and discharge areas may
vary during the year. The flow systems around and below the lakes appear quite complex.

The chemistry of the waters below the lakes indicates a very limited flow since relict water

of marine origin is found.

Particle tracking simulations were performed using the final calibrated MIKE SHE model.
Particles were released at 150 m below sea level; in one simulation case with particles all over
the model area and in one simulation case only above the area of the planned repository. The
first set of simulations was run for 300 years, both with and without the SFR-pumping included.
For the case where particles were released all over the model area, the dominating sink without
SFR-pumping is the combined overland compartment/unsaturated zone. It is not possible to
separate these two sinks in the model. At the end of the simulation 65% of the particles were
still in the model volume, i.e. it took less than 300 years for 35% of the particles to reach the
ground surface or the sea from 150 m depth.

When including the pumping at SFR, 66% of the particles were still in the model volume after
300 years. SFR was the dominating sink with 15% of the particles leaving the model volume
through this pumping, and only 5% of the particles moved to the sea, compared with 14% when
the SFR-pumping was not active. In the model, the deepest layer with horizontal sheet joints is
located at 110 m.b.s.1. The results show that the particles concentrate to this layer. The pattern is
the same for both cases, with and without the SFR-pumping included. When pumping at SFR,
the majority of the particles released in the northeastern part of the model area move towards
SFR at 110 m.b.s.1. Above this level only 40% of the cells that received a particle at 110 m.b.s.1.
is hit by a particle.

When particles were released at 140 m.b.s.l. only inside the area corresponding to the planned
repository, only 10% of the particles had left the model volume after 300 years and all these
particles had gone to the sea. When pumping at SFR, 18% of the particles had left the model
volume through the pumping in SFR. The rest of the particles were still in the model. For

both cases, the particles concentrated to the sheet joint layer at 110 m.b.s.l. and the horizontal
transport was dominating. Above this level only a few cells were passed by a particle. When
pumping at SFR, no particles reached higher than 70 m.b.s.1. Thus, there were no exit points at
the surface after 300 years of simulation when pumping at SFR. When the SFR-pumping was
not activated, a few particles reached the sea with exit points close to the shoreline.

Since many particles were still in the model volume after 300 years, an additional longer
simulation was run for 5,000 years with particles only released above the planned repository.
The transport times were long and even after 5,000 years 81% of the particles were still in the
model volume. No exit points were found in the on-land part of the model area. All the particles
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exited the model volume at sea. It was also found that 79 particles, 5% of the total number of
introduced particles, were stuck in the marine sediments. Apart from them, no particles were
left in the upper calculation layers. All the particles that were left in the model after 5,000 years
were found in the deeper bedrock between layer 8 at 110 m.b.s.l and layer 14 at 600 m.b.s.1.

Although providing potentially important information guiding further analyses, the particle
tracking results presented should be interpreted with great caution. The results heavily depend
on the geometry and hydraulic properties of the hydrogeological structures of the bedrock which
are implemented in the model in a quite simplistic way.

5.1.5 Water balance

A longterm overall water balance of the area may be estimated based on 30-year precipitation
data from SMHI-stations surrounding the site investigation area and the shortterm site specific
meterorological and hydrological monitoring data. If the full three-year period of April 15,
2004 until April 14, 2007 is considered, the corrected mean precipitation was 546 mm/year
while the mean specific discharge of the largest catchment of 5.6 km* was 154 mm/year. From

a comparison of groundwater and surface water levels at the start and end of the period it

can be concluded that the these storages were a little smaller at the end of the period but only
corresponding to a difference of c. 5 mm/year. The mean precipitation was 13 mm/year lower
than the 30-year normal precipitation estimated by SMHI. Since approximately 2/3 of the pre-
cipitation goes to evapotranspiration, the precipitation deficit should correspond to a discharge
deficit of approximately 5 mm/year. These estimates of storage changes and precipitation
deficit indicate that the measured three-year mean discharge should be close to the longterm
normal discharge. A rough estimate of the longterm overall water balance of the area is then:
P (precipitation) = 560 mm/year, ET (actual evapotranspiration) = 400-410 mm/year, and

R (runoff) = 150-160 mm/year.

The water balance in the MIKE SHE modelling was calculated for the four-year period Sep.
2003—Aug. 2007 for the on-land part of the model area (the sea excluded). The mean annual
precipitation for this period was 533 mm and the mean annual actual evapotranspiration
was 405 mm. The annual total interception was 122 mm/year, the transpiration from plants
169 mm/year, and the calculated runoff (discharge) was 144 mm/year.

The infiltration to the unsaturated zone was 351 mm/year, whereas the groundwater recharge
from the unsaturated zone to the uppermost calculation layer of the saturated zone was 124 mm/
year. The flow to the second calculation layer in QD, at 2.5 m depth, was c. 45 mm. There are
many local recharge and discharge areas within this layer; 41 mm was transported back to the
uppermost QD layer. Only ¢.11 mm was flowing down to the uppermost bedrock, calculation
layer 3. The upward flow from the rock to the QD corresponded to some 8—9 mm, which means
that the net downward flow was only 2—3 mm. When the SFR-pumping was active in the model,
the downward flow in the upper bedrock was somewhat increased, but below 150 depth the
influence of the pumping was insignificant. The simulated vertical flow at this depth was very
small, 0.3 mm/year downward and 0.2 mm/year upward. These flows correspond well to the
flows calculated in the CONNECTFLOW modelling at 150 m depth.
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5.2 Summary of uncertainties

The comprehensive investigation and monitoring programme forms a strong basis for the
developed conceptual and descriptive model of the hydrological and near-surface hydrological
system of the site investigation area. However, there are some remaining uncertainties regarding
the interaction of deep and near-surface groundwater, and surface water of importance for the
understanding of the system:

The groundwaters in till below Lake Eckarfjarden, Lake Gillsbotrésket, Lake Fiskar-
fjédrden and Lake Bolundsfjarden have high salinity. The hydrological and hydrochemical
interpretations indicate that these waters are relict waters of mainly marine origin. From the
perspective of the overall water balance, the water below the central parts of the lakes can be
considered as stagnant. However, according to the hydrochemical interpretation, these waters
also contain weak signatures of deep saline water /Tr6jbom et al. 2007/. Rough chloride
budget calculations for the Géllbotrasket depression also raise the question of a possible
upward flow of deep groundwater. No absolute conclusion can be drawn from the existing
data analyses regarding the key question of whether there is a small ongoing upward flow of
deep saline water. However, Lake Bolundsfjirden is an exception where the clear downward
flow gradient from the till to the bedrock excludes the possibility of an active deep saline
source.

The available data indicate that there are no discharge areas for flow systems involving deep
bedrock groundwater in the northern part of the tectonic lens, where the repository is planned
to be located. However, it can not be excluded that such areas exist. Data indicate that the
prevailing downward vertical flow gradients from the Quaternary deposits to the bedrock

are highly dependent on the very transmissive horizontal and sub-horizontal fractures of the
uppermost bedrock and that evapotranspiration induced flow may change these directions
during dry conditions in some areas.

Data as well as the simulations with MIKE SHE raise the question if the prevailing ground-
water levels in the northern part of the tectonic lens are influenced by the pumping for the
drainage of SFR (c. 6 L/s). Another possibly influencing sink is the pumping for drainage of
the Forsmark nuclear plant reactor buildings 1 and 2 (c. 1-2 L/s). These sinks may influence
the vertical flow gradients within some parts of the investigation area, and it is strongly
recommended that additional investigations are performed to resolve this uncertainty.

213



References

Albrecht J, 2005. Study of Quaternary sediments in connection with investigations of bedrock
lineaments. Forsmark site investigation. SKB P-05-138, Svensk Kérnbrinslehantering AB.

Alexandersson H, 2003. Korrektion av nederbdrd enligt enkel klimatologisk metodik. SMHI,
Meteorologi, Nr 111. (In Swedish.)

Alm P, Gebrezghi M, Werner K, 2006. Supplementary hydraulic tests in Quaternary deposits.
Forsmark site investigation. SKB P-06-224, Svensk Kdrnbrénslehantering AB.

Andersson A-C, Andersson O, Gustafson G, 1984. Brunnar. Undersdkning — Dimensionering
— Drift. BFR Report R42:1984. Byggforskningsradet (BFR). (In Swedish.)

Andrejev O, Sokolov A, 1997. The data assimilation system for data analysis in the Baltic Sea.
System Ecology Contributions No. 3.

Aquilonius K, Karlsson S, 2003. Snow depth, frost in ground and ice cover during the winter
2002/2003. Forsmark site investigation. SKB P-03-117, Svensk Kérnbréanslehantering AB.

Berg C, Nilsson A-C, Borgiel M, 2006. Hydrochemical monitoring of near surface
groundwaters. Results from sampling of five shallow soil monitoring wells, one BAT pipe
and three private wells, July 2005—April 2006. Forsmark site investigation. SKB P-06-304,
Svensk Kérnbréanslehantering AB.

Bergman B, Palm H, Juhlin C, 2004. Estimate of bedrock topography using seismic
tomography along reflection seismic profiles. Forsmark site investigation. SKB P-04-99,
Svensk Kérnbrénslehantering AB.

Bergstrom S, 1976. Development and application of a conceptual runoff model for
Scandinavian catchments. SMHI RHO7, Norrképing, Sweden.

Bergstrom S, Sandberg G, 1983. Simulation of groundwater response by conceptual models
— Three case studies. Nordic Hydrology, vol. 14, pp. 71-84.

Beven K J, Kirby M J, 1979. A physically based variable contributing area model of basin
hydrology. Hydrological Sciences Bulletin, vol. 24, pp. 43—69.

Beven K J, Binley A M, 1992. The future of distributed models: model calibration and
uncertainty prediction, Hydrological Processes, vol. 6, pp. 279-298.

Beven K J, Freer J, 2001. Equifinality, data assimilation, and uncertainty estimation in
mechanistic modelling of complex environmental systems using the GLUE methodology, J. of
Hydrology, vol. 249, pp. 11-29.

Beven K J, 2006. A manifesto for the equifinality thesis, J. of Hydrology, vol. 320, pp.18-36.

Boresjo Bronge L, Wester K, 2003. Vegetation mapping with satellite data of the Forsmark,
Tierp and Oskarshamn regions. SKB P-03-83, Svensk Kérnbrinslehantering AB.

Bosson E, Berglund S, 2006. Near-surface hydrogeological model of Forsmark.
Open repository and solute transport applications — Forsmark 1.2. SKB R-06-52,
Svensk Kérnbrinslehantering AB.

Bosson E, Gustafsson L-G, Sassner M, 2008. Numerical modelling of surface hydrology
and near-surface hydrogeology at Forsmark. Site descriptive modelling, SDM-Site Forsmark.
SKB R-08-09, Svensk Kérnbranslehantering AB.

215



Brunberg A-K, Blomqvist P, 1998. Vatten i Uppsala lidn. 1997. Beskrivning, utvirdering,
atgardsforslag. Rapport nr 8/1998. Upplandsstiftelsen. (In Swedish.)

Brunberg A-K, Carlsson T, Blomqvist P, Brydsten L, Stromgren M, 2004. Identifi-
cation of catchments, lake-related drainage parameters and lake habitats. SKB P-04-25,
Svensk Kérnbrinslehantering AB.

Brydsten L, 2004. A method for construction of digital elevation models for site investigation
program in Forsmark and Simpevarp. SKB P-04-03, Svensk Kérnbranslehantering AB.

Brydsten L, Stromgren M, 2004. Digital elevation models for site investigation programme in
Forsmark. Site description version 1.2. SKB R-04-70, Svensk Kadrnbrénslehantering AB.

Brydsten L, Stromgren M, 2005. Measurements of brook gradients and lake thresholds.
SKB P-04-141, Svensk Kéarnbranslehantering AB.

Brydsten L, 2006a. A model for landscape development in terms of shoreline displacement,
sediment dynamics, lake formation, and lake choke-up processes. SKB TR-06-40,
Svensk Kérnbréanslehantering AB.

Brydsten L, 2006b. Modelling groundwater discharge areas using only digital elevation models
as input data. SKB TR-06-39, Svensk Kérnbrinslehantering AB.

Butler J J Jr, 1998. The design, performance and analysis of slug tests. Lewis Publisher, Boca
Raton, Florida, U.S.A.

Carlsson T, Brunberg A-K, Brydsten L, Stromgren M, 2005. Characterisation of run-
ning waters, including vegetation, substrate and technical encroachments. SKB P-05-150,
Svensk Kérnbréanslehantering AB.

Chow Ven Te, 1959. Open channel hydraulics. McGraw Hill Book Co, New York, U.S.A.

Chyssanthakis P, Tunbridge L, 2005a. Borechole KFM06A. Determination of
P-wave velocity, transverse borehole core. Forsmark site investigation. SKB P-05-04,
Svensk Kérnbréanslehantering AB.

Chyssanthakis P, Tunbridge L, 2005b. Borehole KFMO07A. Determination of
P-wave velocity transverse borehole core. Forsmark site investigation. SKB P-05-125,
Svensk Kérnbrianslehantering AB.

Chyssanthakis P, Tunbridge L, 2005c¢. Borehole: KFMO8A. Determination of
P-wave velocity, transverse borehole core. Forsmark site investigation. SKB P-05-216,
Svensk Kérnbréanslehantering AB.

Chyssanthakis P, Tunbridge L, 2006. Borehole KFMO09A Determination of P-wave
velocity, transverse borehole core. Forsmark site investigation. SKB P-06-24,
Svensk Kérnbréanslehantering AB.

DHI Software, 2007. MIKE SHE — User Manual. DHI Water & Environment, Horsholm,
Denmark.

DHI Software, 2008. MIKE SHE — User Manual. DHI Water & Environment, Horsholm,
Denmark.

Elhammer A, Sandkvist A, 2004. Detailed marine geological mapping. Forsmark site investi-
gation. SKB P-03-101, Svensk Kérnbrianslehantering AB.

Engelen G B, Jones G P (eds.), 1986. Developments in the analysis of groundwater flow
systems. IAHS Publ. no. 163.

216



Engqvist A, Omstedt A, 1992. Water exchange and density structure in a multi-basin estuary.
Continental Shelf Research, 12, 1003-1026.

Engqvist A, Stenstrom P, 2004. Archipelago strait exchange processes — an overview. Deep
Sea Research 11, 51, 371-392.

Engqvist A, Andrejev O, 2008. Validation of coastal oceanographic models at Forsmark. Site
descriptive modelling. SDM-Site Forsmark. SKB TR-08-01, Svensk Kirnbrinslehantering AB.

Eriksson B, 1981. Den “potentiella” evapotranspirationen i Sverige. SMHI RMK Nr 28.
Sveriges Meteorologiska och Hydrologiska Institut (SMHI). (In Swedish.)

Follin S, Arebick M, Jacks G, 1996. Forstudie Osthammar. Grundvattnets rorelse, kemi och
langsiktiga fordndringar. SKB Djupforvar, PR D-96-017, Svensk Kédrnbranslehantering AB.

Follin S, Johansson P-O, Hartley L, Jackson P, Roberts D, Marsic N, 2007a. Hydrogeological
conceptual model development and numerical modelling using CONNECTFLOW. Forsmark
modelling stage 2.2. SKB R-07-49, Svensk Karnbréanslehantering AB.

Follin S, Johansson P-O, Levén J, Hartley L, Holton D, McCarthy R, Roberts D, 2007b.
Updated strategy and test of new concepts for groundwater flow modelling in Forsmark in prepa-
ration of site descriptive modelling stage 2.2. SKB R-07-20, Svensk Kérnbranslehantering AB.

Follin S, Levén J, Hartley L, Jackson P, Joyce S, Roberts D, Swift B, 2007¢. Hydro-
geological characterisation and modelling of deformation zones and fracture domains, Forsmark
modelling stage 2.2. SKB R-07-48, Svensk Kérnbrianslehantering AB.

Follin S, Hartley L, Jackson P, Roberts D, Marsic N, 2008. Conceptual model develop-
ment and numerical modelling using CONNECTFLOW, Forsmark modelling stage 2.3.
SKB R-08-23, Svensk Kérnbranslehantering AB.

Forssberg O, Maersk Hansen L, Koyi S, Vestgard J, Ohman J, Petersson J, Albrecht J,
Hedenstrom A, Gustafsson J, 2007. Detailed fracture and bedrock mapping, Quaternary
investigations and GPR measurements at excavated outcrop AFM001264. Forsmark site
investigation. SKB P-05-269, Svensk Kdrnbrénslehantering AB.

Fredriksson D, 2004. Peatland investigation Forsmark. Forsmark site investigation.
SKB P-04-127, Svensk Kéarnbranslehantering AB.

Freer J E, McMillan H, McDonnell J J, Beven K J, 2004. Constraining dynamic
TOPMODEL responses for imprecise water table information using fuzzy rule based perfor-
mance measures. J. of Hydrology, vol. 291, pp. 254-277.

Freeze R A, Cherry J A, 1979. Groundwater. Prentice-Hall Inc., Englewood Cliffs, New
Jersey, U.S.A.

Gokall-Norman K, Ludvigson J-E, 2005. Hydraulic interference tests. Boreholes HFM16, HFM19
and KFMO02A. Forsmark site investigation. SKB P-05-78, Svensk Kérnbrénslehantering AB.

Gokall-Norman K, Ludvigson J-E, 2007a. Hydraulic interference test in borehole HFM14.
Forsmark site investigation. SKB P-06-196, Svensk Kérnbranslehantering AB.

Gokall-Norman K, Ludvigson J-E, 2007b. Hydraulic interference test in borehole HFM 14,
summer of 2007. SKB P-07-228, Svensk Karnbrinslehantering AB.

Gokall-Norman K, Ludvigson J-E, 2008. Hydraulic interference test in borehole HFM33,
autumn 2007. SKB P-07-229, Svensk Kdrmnbrénslehantering AB.

Grip H, Rodhe A, 1985. Vattnets vig fran regn till back. Forskningsradens forlagsstjénst,
156 pp. (In Swedish.)

217



Gustafsson J, Gustafsson C, 2004. RAMAC and BIPS logging in borehole KFM03A and
KFMO3B. Forsmark site investigation. SKB P-04-41. Svensk Kérnbranslehantering AB.

Gustafsson L-G, Sassner M, Bosson E, 2008. Numerical modelling of solute transport at
Forsmark with MIKE SHE. Site descriptive modelling, SDM-Site Forsmark. SKB R-08-106,
Svensk Kérnbrinslehantering AB.

Hedenstréom A, 2003. Investigation of marine and lacustrine sediments in lakes. Field data
2003. Forsmark site investigation. SKB P-03-24, Svensk Kérnbréanslehantering AB.

Hedenstrom A, Sohlenius G, Albrecht J, 2004. Stratigraphical and analytical data from auger
drillings and pits. Forsmark site investigation. SKB P-04-111, Svensk Kérnbrénslehantering AB.

Hedenstrom A, 2004a. Investigation of marine and lacustrine sediments in lakes.
Stratigraphical and analytical data. Forsmark site investigation. SKB P-04-86,
Svensk Karnbrianslehantering AB.

Hedenstrom A, 2004b. Stratigraphical and analytical data of Quaternary deposits. Forsmark
site investigation. SKB P-04-148, Svensk Kérnbranslehantering AB.

Hedenstrom A, Sohlenius G, 2008. Description of the regolith at Forsmark. Site descriptive
modelling. SDM-Site Forsmark. SKB R-08-04, Svensk Kérnbrinslehantering AB.

Hedenstrom A, Sohlenius G, Stromgren M, Brydsten L, Nyman H, 2008. Depth and
stratigraphy of regolith at Forsmark. Site descriptive modelling. SDM-Site Forsmark.
SKB R-08-07, Svensk Kérnbranslehantering AB.

Heneryd N, 2004. Snow depth, ground frost and ice cover during the winter 2003/2004.
Forsmark site investigation. SKB P-04-137, Svensk Kdrnbrénslehantering AB.

Heneryd N, 2005. Snow depth, ground frost and ice cover during the winter 2004/2005.
Forsmark site investigation. SKB P-05-134, Svensk Kdrnbrénslehantering AB.

Heneryd N, 2006. Snow depth, ground frost and ice cover during the winter 2005/2006.
Forsmark site investigation. SKB P-06-97, Svensk Kérnbrénslehantering AB.

Heneryd N, 2007. Snow depth, snow water content and ice cover during the winter 2006/2007.
Forsmark site investigation. SKB P-07-81, Svensk Karnbranslehantering AB.

Hock R, 2003. Temperature index melt modeling in mountain areas. J. of Hydrology, vol. 282,
pp-104-115.

Isaksson H, Keisu M, 2005. Interpretation of airborne geophysics and integration with topography
Stage 2 (2002-2004). An integration of bathymetry, topography, refraction seismics and airborne
geophysics. Forsmark site investigation. SKB P-04-282, Svensk Kérnbrinslehantering AB.

Jarsjo J, ShibuoY, Prieto C, Destouni G, 2005. GIS-based modelling of coupled
groundwater — surface water hydrology in the Forsmark and Simpevarp areas. SKB R-05-67.
Svensk Kérnbréanslehantering AB.

Jarsjo J, Destouni G, Persson K, Prieto C, 2007. Solute transport in coupled inland-coastal
water systems. General conceptualisation and application to Forsmark. SKB R-07-65,
Svensk Kérnbréanslehantering AB.

Johansson P-O, 1987a. Estimation of groundwater recharge in till with two different methods
using groundwater level fluctuations. J. of Hydrology, vol. 90, pp. 183-198.

Johansson P-O, 1987b. Spring discharge and aquifer characteristics in a sandy till area in
southeastern Sweden. Nordic Hydrology, vol. 18, pp. 203-218.

Johansson P-O, 2003. Drilling and sampling in soil. Installation of groundwater
monitoring wells and surface water gauges. Forsmark site investigation. SKB P-03-64,
Svensk Kérnbrinslehantering AB.

218



Johansson P-O, 2004. Undisturbed pore water sampling and permeability measurements
with BAT filter tips. Soil sampling for pore water analyses. Forsmark site investigation.
SKB P-04-136, Svensk Karnbranslehantering AB.

Johansson P-O, Werner K, Bosson E, Juston J, 2005. Description of climate, surface
hydrology, and near-surface hydrogeology. Preliminary site description. Forsmark area —
version 1.2. SKB R-05-06, Svensk Kérnbranslehantering AB.

Johansson P-O, 2005a. Installation of brook discharge gauging stations. Forsmark site
investigation. SKB P-05-154, Svensk Karnbrinslehantering AB.

Johansson P-O, 2005b. Manual discharge measurements in brooks, April 2002—April 2005.
Forsmark site investigation. SKB P-05-153, Svensk Kadrnbrénslehantering AB.

Johansson P-O, Juston J, 2007. Monitoring of brook levels, water electrical conductivities,
temperatures and discharges from April 2004 until March 2007. Forsmark site investigation.
SKB P-07-135, Svensk Kérnbrianslehantering AB.

Johansson P-O, Ohman J, 2008. Presentation of meteorological, hydrological and
hydrogeological monitoring data from Forsmark. Site descriptive modelling, SDM-Site
Forsmark. SKB R-08-10, Svensk Kérnbréinslehantering AB.

Juhlin C, Bergman B, 2004. Reflection seismics in the Forsmark area. Updated interpretation
of Stage 1 (previous report R-02-43). Updated estimate of bedrock topography (previous report
P-04-99). SKB P-04-158, Svensk Kdrnbrénslehantering AB.

Juston J, Johansson P-O, 2005. Analysis of meteorological data, surface water
level data, and groundwater level data. Forsmark site investigation. SKB P-05-152,
Svensk Kérnbrianslehantering AB.

Juston J, Johansson P-O, Levén J, Trojbom M, Follin S, 2007. Analysis of meteorological,
hydrological and hydrogeological monitoring data. Forsmark — stage 2.1. SKB R-06-49,
Svensk Kérnbrénslehantering AB.

Kellner E, 2004. Wetlands — different types, their properties and functions. SKB TR-04-08,
Svensk Kérnbrénslehantering AB.

Kristensen K-J, Jensen S-E, 1975. A model for estimating actual evapotranspiration from
potential evaporation. Nordic Hydrology, vol. 6, pp. 170—188.

Laaksoharju M, Smellie J, Tullborg E-L, Gimeno M, Hallbeck L, Molinero J, Waber N,
2008. Bedrock hydrogeochemistry Forsmark. Site descriptive modelling. SDM-Site Forsmark.
SKB R-08-47, Svensk Kérnbranslehantering AB.

Larsson-McCann S, Karlsson A, Nord M, Sjogren J, Johansson L, Ivarsson M, Kindell S,
2002. Meteorological, hydrological and oceanographical information and data for the site inves-
tigation program in the communities of Osthammar and Tierp in the northern part of Uppland.
SKB TR-02-02, Svensk Kérnbranslehantering AB.

Lind B, Lundin L, 1990. Saturated hydraulic conductivity of Scandinavian tills. Nordic
Hydrology, vol. 21, pp. 107-118.

Lindborg T (ed.), 2005. Description of surface systems. Preliminary site description. Forsmark
area — version 1.2. SKB R-05-03, Svensk Kérnbranslehantering AB.

Lindborg T (ed.), 2008. Surface system Forsmark. Site descriptive modelling. SDM-Site
Forsmark. SKB R-08-11, Svensk Kérnbrinslehantering AB.

Lindell S, Ambjoérn C, Juhlin B, Larsson-McCann S, Lindqvist K, 2000. Available
climatological and oceanographical data for site investigation program. SKB R-99-70,
Svensk Kérnbréanslehantering AB.

219



Lindstrom G, Johansson B, Persson M, Gardelin M, Bergstrom S, 1997. Development and
test of the distributed HBV-96 hydrological model. J. of Hydrology, vol. 201, pp. 272-288.

Lokrantz H, Hedenstréom A, 2006. Description, sampling and analyses of Quaternary deposits
in connection with groundwater monitoring wells, pumping wells and BAT filter tips. Forsmark
site investigation. SKB P-06-92, Svensk Karnbranslehantering AB.

Ludvigson J-E, 2002. Brunnsinventering i Forsmark. SKB R-02-17,
Svensk Kérnbréanslehantering AB. (In Swedish.)

Lundin L, Lode E, Stendahl J, Melkerud P-A, Bjérkvald L, Thorstensson A, 2004. Soils
and site types in the Forsmark area. SKB R-04-08, Svensk Karnbrianslehantering AB.

Lundin L, Stendahl J, Lode E, 2005. Soils in two large trenches. Forsmark site investigation.
SKB P-05-166, Svensk Kdrnbranslehantering AB.

Lusczynski N J, 1961. Head and flow of groundwater of variable density. J. of Geophysical
Research, vol. 66, no. 12, pp. 4247-4256.

Lofgren, A (ed.), 2008. The terrestrial ecosystems at Forsmark and Laxemar-Simpevarp. Site
descriptive modelling. SDM-Site. SKB R-08-01, Svensk Kérnbridnslehantering AB.

Marek R, 2004a. A co-ordinated interpretation of ground penetrating radar data from the
Forsmark site. Forsmark site investigation. SKB P-04-156, Svensk Kérnbranslehantering AB.

Marek R, 2004b. Ground penetrating radar survey 2003. Forsmark site investigation.
SKB P-04-78, Svensk Kérnbranslehantering AB.

Nash J E, Sutcliffe I V, 1970. River flow forecasting through conceptual models: Part 1 —
A discussion of principles. J. of Hydrology, vol. 10, pp. 282-290.

Nilsson A-C, Karlsson S, Borgiel M, 2003. Sampling and analyses of surface waters.
Results from sampling in the Forsmark area, March 2002 to March 2003. SKB P-03-27,
Svensk Kérnbréanslehantering AB.

Nilsson A-C, Borgiel M, 2004. Sampling and analyses of surface waters. Results from sampling in
the Forsmark area, March 2003 to March 2004. SKB P-04-146, Svensk Kérnbranslehantering AB.

Nilsson A-C, Borgiel M, 2005a. Sampling and analyses of surface waters. Results from sam-
pling in the Forsmark area, March 2004—June 2005. Forsmark site investigation. SKB P-05-274,
Svensk Kérnbréanslehantering AB.

Nilsson A-C, Borgiel M, 2005b. Sampling and analyses of near surface groundwaters.
Results from sampling of shallow soil monitoring wells, BAT pipes, a natural spring
and private wells, May 2003—April 2005. Forsmark site investigation. SKB P-05-171,
Svensk Kérnbréanslehantering AB.

Nilsson A-C, Borgiel M, 2007. Sampling and analyses of surface waters. Results from sampling
in the Forsmark area, July 2005—June 2006. Forsmark site investigation. SKB P-07-95, Svensk
Kérnbranslehantering AB.

Nissen J, 2004. Ground penetrating radar (GPR) and resistivity (CVES) surveys — inter-
pretation of new and previous measurements. Forsmark site investigation. SKB P-04-105,
Svensk Kérnbréanslehantering AB.

Nyberg G, Wass E, Askling P, Johansson P-O, 2004. Hydro monitoring program. Report for June
2002—July 2004. Forsmark site investigation. SKB P-04-313, Svensk Karnbranslehantering AB.

Nyberg G, Wass E, 2005. Hydro monitoring program. Report for August 2004—July 2005.
Forsmark site investigation. SKB P-05-245, Svensk Kadrnbrénslehantering AB.

220



Nyberg G, Wass E, 2006. Hydro monitoring program. Report for August 2005—September
2006. Forsmark site investigation. SKB P-06-263, Svensk Kadrnbrénslehantering AB.

Nyberg G, Wass E, 2007. Hydro monitoring program. Report for October 2006—March 2007.
Forsmark site investigation. SKB P-07-113, Svensk Kérnbrénslehantering AB.

Petersson J, Skogsmo G, Vestgard J, Albrecht J, Hedenstrom A, Gustafsson J, 2007.
Bedrock mapping and magnetic susceptibility measurements, Quaternary investigations and
GPR measurements in trench AFM001265. Forsmark site investigation. SKB P-06-136,
Svensk Kérnbréanslehantering AB.

Post V, Kooi H, Simmons C, 2007. Using hydraulic head measurements in variable-density
ground water flow analyses. Ground Water, vol. 45, no. 6, pp. 664—671.

Rhén I, Gustafson G, Wikberg P, 1997. Aspo HRL — Geoscientific evaluation 1997/5. Models
based on site characterization 1986—1995. SKB TR-97-06, Svensk Kéarnbranslehantering AB.

Rhén I, Follin S, Hermanson J, 2003. Hydrogeological site descriptive model — a strategy for
its development during site investigations. SKB R-03-08, Svensk Kadmnbrénslehantering AB.

Seibert J, 2000. Multi-criteria calibration of a conceptual runoff model using a genetic
algorithm. Hydrologic and Earth System Sciences 4(2), pp. 215-244.

SKB, 2000. Forstudie Osthammar. Slutrapport. ISBN-91-972810-4-2,
Svensk Kérnbréanslehantering AB. (In Swedish.)

SKB, 2001. Site investigations. Investigation methods and general execution programme.
SKB TR-01-29, Svensk Karnbrinslehantering AB.

SKB, 2002. Forsmark — site descriptive model version 0. SKB R-02-32,
Svensk Kérnbrénslehantering AB

SKB, 2004. Preliminary site description. Forsmark area — version 1.1. SKB R-04-15,
Svensk Kérnbrénslehantering AB.

SKB, 2005a. Preliminary site description. Forsmark area — version 1.2. SKB R-05-18,
Svensk Kérnbrianslehantering AB.

SKB, 2005b. Programme for further investigations of geosphere and biosphere. Forsmark site
investigation. SKB R-05-14, Svensk Kadrmnbrénslehantering AB.

SKB, 2008. Site description of Forsmark at completion of the site investigation phase.
SKB TR-08-05, Svensk Karnbrdnslehantering AB.

SMHI, 1985. Svenskt vattenarkiv. Vattendragsregistret. Sveriges Meteorologiska och
Hydrologiska Institut (SMHI). (In Swedish.)

Sohlenius G, Rudmark L, 2003. Mapping of unconsolidated Quaternary depos-
its. Stratigraphical and analytical data. Forsmark site investigation. SKB P-03-14,
Svensk Kérnbréinslehantering AB.

Sohlenius G, Rudmark L, Hedenstrom A, 2003. Mapping of unconsolidated Quaternary
deposits. Field data 2002. Forsmark. SKB P-03-11, Svensk Kadrnbrinslehantering AB.

Sohlenius G, Hedenstrom, Rudmark L, 2004. Mapping of unconsolidated Quaternary
deposits 2002-2003. Map description. Forsmark site investigation. SKB R-04-39,
Svensk Kérnbrénslehantering AB.

Stromgren M, Brydsten L, 2008. Digital elevation models for Forsmark. Site descriptive
modelling. SDM-Site Forsmark. SKB R-08-62, Svensk Kérnbranslehantering AB.

Sundh M, Sohlenius G, Hedenstrom A, 2004. Stratigraphical investigation of till in machine
cut trenches. Forsmark site investigation. SKB P-04-34, Svensk Kémbrénslehantering AB.

221



Toresson B, 2005. Seismic refraction survey 2004. Forsmark site investigation. SKB P-05-12,
Svensk Kérnbréanslehantering AB.

Toresson B, 2006. Seismic refraction survey 2005-2006. Forsmark site investigation.
SKB P-06-138, Svensk Kérnbrénslehantering AB.

Tréjbom M, Séderbick B, 2006. Chemical characteristics of surface systems in the Forsmark
area. Visualisation and statistical evaluation of data from shallow groundwater, precipitation,
and regolith. SKB R-06-19, Svensk Kérnbrinslehantering AB.

Trojbom M, Soderbick B, Johansson P-O, 2007. Hydrochemistry in surface water and
shallow groundwater. Site descriptive modelling. SDM-Site Forsmark. SKB R-07-55,
Svensk Kérnbréanslehantering AB.

UNESCO, 1992. International Glossary of Hydrology. UNESCO, Paris.

Vikstrom M, 2005. Modelling of soil depth and lake sediments. An application of the
GeoEditor at the Forsmark site. SKB R-05-07, Svensk Kadrnbranslehantering AB.

Wern L, Jones J, 2006. Meteorological monitoring at Forsmark, June 2003 until July 2005.
Forsmark site investigation. SKB P-05-221, Svensk Kdrnbrénslehantering AB.

Wern L, Jones J, 2007a. Meteorological monitoring at Forsmark, August 2005 until September
2006. Forsmark site investigation. SKB P-06-322, Svensk Kirnbrénslehantering AB.

Wern L, Jones J, 2007b. Meteorological monitoring at Forsmark, October 2006 until June
2007. Forsmark site investigation. SKB P-07-175, Svensk Kédrnbrénslehantering AB.

Werner K, 2004. Supplementary slug tests in groundwater monitoring wells in soil. Forsmark
site investigation. SKB P-04-140, Svensk Kérnbranslehantering AB.

Werner K, Johansson P-O, 2003. Slug tests in groundwater monitoring wells in soil. Forsmark
site investigation. SKB P-03-65, Svensk Kadrnbrénslehantering AB.

Werner K, Lundholm L, 2004a. Pumping test in wells SFM0074. Forsmark site investigation.
SKB P-04-142, Svensk Kéarnbranslehantering AB.

Werner K, Lundholm L, 2004b. Supplementary drilling and soil sampling, installation of
groundwater monitoring wells, a pumping well and surface water level gauges. Forsmark site
investigation. SKB P-04-139, Svensk Karnbrénslehantering AB.

Werner K, Lundholm L, Johanssson P-O, 2004. Drilling and pumping test of wells at
Borstildsen. Forsmark site investigation. SKB P-04-138, Svensk Kidrmnbrénslehantering AB.

Werner K, Bosson E, Berglund S, 2005a. Description of climate, surface hydrology, and near-
surface hydrogeology. Simpevarp 1.2. SKB R-05-04, Svensk Kérnbranslehantering AB.

Werner K, Bosson E, Berglund S, 2005b. Description of climate, surface hydrology, and
near-surface hydrogeology. Preliminary site description. Laxemar subarea — version 1.2.
SKB R-05-61, Svensk Kérnbranslehantering AB.

Werner K, Lundholm L, Johansson P-O, 2006. Supplementary drilling and soil sampling, and
installation of groundwater monitoring wells, pumping wells and BAT filter tips. Forsmark site
investigation. SKB P-06-89, Svensk Kdrnbranslehantering AB.

Werner K, Johansson P-O, Brydsten L, Bosson E, Berglund S, Trojbom M, Nyman
H, 2007. Recharge and discharge of near-surface groundwater in Forsmark. Comparison of
classification methods. SKB R-07-08, Svensk Kérnbrinslehantering AB.

Wijnbladh E, Aquilonius K, Floderus S, 2008. The marine ecosystems at Forsmark
and Laxemar-Simpevarp. Site descriptive modelling. SDM-Site. SKB R-08-03,
Svensk Kérnbréanslehantering AB.

222



Appendix 1

PM by the Swedish Meterorological Institute (SMHI)
(originally in Swedish, translated by the author)

Monthly precipitation at Forsmark and Oskarshamn

Introduction

SKB has need for extension of the time series of monthly precipitation from the four SKB-
stations Forsmark (Hogmasten), Storskéret, Plittorp, and Asp6. SKB also needs return periods
for different monthly sums of precipitation.

Methodology

To enable extension of the time series, correlation coefficients between the SKB-stations and
the nearby SMHI-stations have been calculated, see Tables A-1a and A-1b. From Table Al-1a

it can be seen that Aspd and Plittorp have the highest correlation with Krikemala followed by
Oskarshamn. Forsmark and Storskiret have the highest correlation with Osthammar followed by
Risinge and Films Kyrkby, respectively (Table A1-1b). Unfortunately, data were missing from
numerous months at Films Kyrkby. Therefore, Risinge was seclected as the second station also
for Storskéret.

Quotients of monthly precipitation between SKB- and SMHI-stations are presented in

Tables A1-2a and A1-2b. The time series for the SKB-stations have been extended by multiply-
ing the monthly precipitation from the selected SMHI-stations by the quotients in the tables.
From this, continuous time series of monthly precipitation have been obtained for Plittorp and
Aspd from January 1961 and for Forsmark and Storskiret from February 1962.

The extended time series of measured precipitation have been corrected to “true” precipitation
by corrections for measurement losses, mainly wind losses. The corrections have been made
according to the method of /Alexandersson 2003/, see Table A1-3.

Table A1-1a. Correlation coefficients of monthly precipitation for the Oskarshamn area.

Plittorp Aspd Time period
Oskarshamn 0.79 0.86 Jan-61-Aug-05
Krokshult 0.77 0.85 Jan-68—Aug-05
Krakemala 0.94 0.97 Jun-90-Aug-05
Olands norra udde 0.68 0.78 Jan-61-Aug-05

Table A1-1b. Correlation coefficients of monthly precipitation for the Forsmark area.

Forsmark Storskaret Time period
Films kyrkby 0.60 0.84 Apr-63-Aug-05
Lovsta 0.63 0.77 Jan-68-Jul-05
Risinge 0.72 0.77 Feb-62—-Aug-05
Osthammar 0.82 0.85 Nov-88-Aug-05
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Table A1-2a. Quotients of monthly precipitation between SKB- and SMHI-stations at
Oskarshamn.

Plittorp Aspo
Krakemala 1.07 0.90
Oskarshamn 1.03 0.86

Table A1-2b. Quotients of monthly precipitation between SKB- and SMHI-stations at
Forsmark.

Forsmark Storskaret
Osthammar 0.93 0.90
Risinge 0.83 0.82

Table A1-3. Corrections for measurement losses at SKB’s precipitations stations (%).

Station Jan. Feb. Mar Apr May Jun.  Jul Aug. Sep. Oct. Nov. Dec.
Forsmark 13 14 13 11 10 10 10 10 10 10 11 12
Storskaret 13 14 13 11 10 10 10 10 10 10 11 12
Aspd 21 21 19 16 14 14 14 14 14 16 17 20
Plittorp 12 13 12 10 10 9 9 10 10 10 10 12

Return periods

The montly precipitation values have been been analysed by extreme value analysis. An
example of different fittings to data are shown in Figure A1-1.

200

150

100

Value

-50 — T T T T T T T T T

01 1 10 100
Return period (years)

Figure AI-1. An example of fitting to data in the extreme value analysis performed on the monthly
precipitation data.
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Below the equations used for calculation of return periods of different monthly precipitation

values are given. Theta, sigma, and my are given in Tables A1-4 to A1-11 below.

High precipitation values
f = exp(—(1-theta*(z-my)/sigma)**(1/theta))
R = exp(-log(-log(f)))

Low precipitation values

f = exp(—(1-theta*(-z-my)/sigma)**(1/theta))
R = exp(-log(-log(f)))

where z = monthly precipitation i mm, and R = return period in years.

Table A1-4. Forsmark. Variable values. High precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta 0.151  0.151  0.151 0.151 -0.036 -0.036 -0.036 -0.036 -0.036 -0.036 0.151  0.151  0.140
Sigma  17.397 17.797 13.401 18.745 15.144 22257 28.220 30.118 24.127 24.513 25.532 26.531 90.378
My 34.760 25.388 24.006 26.875 21.858 34.557 52.099 48.069 43.088 40.502 47.484 37.759 539.813
Table A1-5. Storskaret. Variable values. High precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta 0.145 0.145 0.145 0.145 -0.030 -0.030 -0.030 -0.030 -0.030 -0.030 0.145 0.145 0.140
Sigma  16.949 17.311 12.837 18.002 14.946 21.656 26.234 29.095 22.673 23.717 24.193 25.613 88.872
My 33.720 24.321 22.744 25829 21.374 33.502 50.607 46.255 42992 38.893 45.715 37.052 516.639
Table A1-6. Aspd. Variable values. High precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta  -0.007 -0.007 -0.007 -0.007 -0.017 -0.017 -0.017 -0.017 -0.017 -0.017 -0.007 -0.007  0.100
Sigma 24.059 16.062 14.518 18.741 15.618 24.363 30.462 22732 25.370 27.708 21.787 26.233 97.034
My 31.723 27.825 22.083 28.746 29.488 37.042 48.058 43.501 42.160 34.292 42.412 38.629 536.998
Table A1-7. Plittorp Variable values. High precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta -0.003 -0.003 -0.003 -0.003 -0.013 -0.013 -0.013 -0.013 -0.013 -0.013 -0.003 -0.003 0.100
Sigma 27.069 18.590 16.520 21.350 18.123 28.110 34.550 26.575 29.481 31.564 24.275 29.437 108.826
My 35.515 30.967 24.773 32.625 34.005 42.594 54967 50.212 48.834 38.831 47.649 43.256 610.420
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Table A1-8. Forsmark. Variable values. Low precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta 0.271 0.405 0.353 0.395 0949 0.701 0543 0559 0594 0.661 0.485 0.699 0.324
Sigma  18.725 20.377 15.019 21.384 21.837 32.001 39.446 42.268 34.118 35.065 30.050 32.631 100.704
My -49.264 -39.005 -34.619 -41.309 -31.631 -52.389 —77.548 -74.918 —64.061 —60.771 —65.939 -53.861 —613.772
Table A1-9. Storskaret. Variable values. Low precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta 0.254 0.500 0.386 0408 0917 0.676 0536 0.567 0.614 0.679 0499 0.687 0.326
Sigma  18.150 20.554 14.651 20.725 21.471 30.861 36.392 40.669 31.995 33.809 28.716 31.592 99.140
My —48.097 -36.791 -32.767 -39.677 —31.206 -51.027 -74.159 -71.799 —62.237 -58.049 —63.155 —52.889 —589.256
Table A1-10. Aspo. Variable values. Low precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta 0.726  0.658  0.494 0.695 0500 0.501 0505 0.250 0.713 0.850 0.538 0.633 0.365
Sigma  33.725 22337 19479 26.186 21.187 33.062 41.391 27.756 35.853 39.399 29.584 36.337 113.432
My —49.799 —40.566 —-35.066 -43.192 —43.599 -59.038 -75.478 —67.412 —61.724 -53.287 —61.312 -59.853 —618.497
Table A1-11. Plittorp. Variable values. Low precipitation values.

Var. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Theta 0.722 0.646 0.495 0.697 0500 0499 0488 0.257 0.709 0.852 0526 0.628 0.371
Sigma  37.788 25.707 22.086 29.727 24493 37.974 46.526 32.445 41490 44.711 32735 40.590 127.548
My —-55.841 —45.798 -39.482 -48.986 —50.284 —67.870 —86.260 —77.910 —-71.499 —60.292 -68.807 —67.062 —701.472
Results

The average montly precipitation for the years 1961-1990 have been calculated. This time
period is seclected because it is a meteorological standard time period.

Table A1-12. Calculated average precipitation (P) och standard deviation (SD) in mm

for the years 1961-1990.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Forsmark P 44 33 29 35 27 39 71 66 61 53 61 50 568
Forsmark SD 18 19 15 17 17 22 34 41 32 33 29 31 108
Storskaret P 42 32 28 34 26 38 69 64 59 51 59 49 549
Storskaret SD 17 19 15 17 17 21 33 40 31 32 28 30 104
Plittorp P 54 39 36 43 45 51 73 61 64 51 56 56 630
Plittorp SD 41 25 23 25 24 32 39 30 34 41 27 39 122
Aspd ) 49 35 32 38 39 44 64 53 55 45 49 50 553
Aspo SD 37 22 20 22 21 28 34 26 29 36 24 35 108
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By use of the extended corrected time series, precipitation values for different return periods

have been calculated according to the extreme value analysis briefly described above, see
Tables A1-13 and Al-14.

Table A1-13a. High precipitation values in mm for different return periods for Forsmark.

Return period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 61 51 44 54 46 71 100 99 84 81 83 73 675
10 years 70 60 51 64 57 88 121 122 102 99 97 87 722
20 years 78 68 57 72 69 105 143 145 120 118 108 99 766
50 years 87 78 64 83 84 128 172 176 145 144 122 114 817
100 years 94 85 69 89 97 146 195 200 165 163 132 123 851
Table A1-13b. High precipitation values in mm for different return periods for Storskaret.
Return period Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 60 49 41 52 45 69 95 95 81 78 80 72 649
10 years 68 58 48 61 56 85 114 117 97 95 93 85 696
20 years 76 67 54 70 67 101 134 139 115 113 104 97 739
50 years 86 76 61 80 83 124 161 169 138 138 117 111 789
100 years 92 83 66 87 95 141 182 192 156 157 126 121 823
Table A1-13c. High precipitation values in mm for different return periods for Plittorp.

Return period Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 78 61 52 67 63 90 113 98 96 88 88 91 778
10 years 97 74 64 82 76 110 138 117 117 111 105 111 840
20 years 116 87 75 96 89 130 162 136 138 133 122 132 898
50 years 141 104 91 116 106 157 196 161 166 164 144 159 968
100 years 160 117 102 131 120 177 221 181 188 187 161 180 1,017
Table A1-13d. High precipitation values in mm for different return periods for Aspé.

Return period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 70 54 46 59 55 78 99 85 83 78 78 81 686
10 years 87 65 57 72 66 96 121 101 101 98 94 99 742
20 years 104 76 67 85 77 113 143 117 120 118 109 118 793
50 years 126 91 80 103 92 137 173 140 144 145 130 143 856
100 years 144 103 91 116 104 155 196 156 163 165 145 161 900
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Table A1-14a. Low precipitation values in mm for different return periods for Forsmark.

Return period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 25 15 16 16 14 22 35 30 29 26 32 22 488
10 years 17 9 11 9 11 16 26 20 21 19 24 17 450
20 years 11 4 7 4 10 12 19 14 16 15 19 13 421
50 years 4 0 3 0 9 10 14 12 12 13 10 390
100 years 0 0 1 0 9 9 11 10 10 11 9 373
Table A1-14b. Low precipitation values in mm for different return periods for Storskaret.
Return period Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 24 15 15 15 13 21 35 29 30 25 31 22 465
10 years 16 10 10 9 11 15 26 20 23 19 24 16 429
20 years 10 6 7 4 9 11 20 13 18 15 19 13 400
50 years 3 2 3 0 8 9 15 8 15 12 14 10 370
100 years 0 1 1 0 8 7 12 5 13 10 11 9 353
Table A1-14c. Low precipitation values in mm for different return periods for Plittorp.

Return period Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 20 20 15 20 21 26 34 35 32 21 33 26 547
10 years 13 15 9 15 15 16 22 22 24 15 25 18 504
20 years 10 12 5 12 10 9 13 10 20 12 19 12 471
50 years 7 9 1 9 6 3 5 0 17 10 15 8 438
100 years 5 8 0 8 4 0 1 0 15 9 12 6 420
Table A1-14d. Low precipitation values in mm for different return periods for Aspa.

Return period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
5 years 18 18 13 18 18 23 30 31 27 19 30 23 480
10 years 12 14 8 13 13 14 19 19 21 14 22 16 442
20 years 9 11 5 10 9 8 12 9 17 11 17 11 412
50 years 6 9 1 8 5 2 5 -2 15 9 13 7 382
100 years 5 8 0 7 3 0 2 -9 13 8 11 6 365
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Appendix 2

Comparison of point water heads and environmental heads in
percussion-drilled borehole sections

Measured groundwater levels, i.e. point water heads, have been registered in HFM-boreholes
and SFM-boreholes. HFM-boreholes are equipped with packers, dividing the water column into
sections. Groundwater densities have been measured in these sections.

The point water heads, densities and borehole geometry (depth, packer positions /secup and
seclow/) have been used to calculate environmental water heads per section according to the
method presented in Section 1.4.2 of the main report. When applicable, groundwater head
values in corresponding SFM-borehole close to the HFM-borehole have been used in the
calculation to obtain the direction of the vertical flow gradient all the way to the ground surface.
For some HFM-boreholes, the calculations have been made with reference to two different
SFM-wells. Other HFM-boreholes are not located close to any SFM-wells and the calculations
have therefore been done internally for that borehole (calculating heads in lower sections with
reference to measurements in the topmost section). According to the applied method, the vertical
gradient in a borehole is calculated as head difference between two sections.

The tables below illustrate the vertical gradient components based on differences in point water
heads (PWH) and environmental water heads (EWH) between borehole sections. They also
present the mean compensation per section between the two head components (EWH-PWH).

Arrows and colours show gradients, where:
* Blue (}) > 0.05 m difference, downward gradient.
*  Yellow (<) <0.05 and > —0.05 m difference, no or small vertical gradient.

* Red (1) <-0.05 m difference, upward gradient.

Examples can be found (i.e. in HFM15) where the average differences between section heads
indicate the same direction of the gradient through all sections both for PWH and EWH. Other
examples can be found (i.e.in HFM19) where the average differences between section heads
indicae downward gradient for PWH, whereas the gradient varies for EWH.

The frequency of the three gradient classes above has been analysed. In the tables average
conditions as well as the 0.02 and 0.98 percentiles are shown (2% correspond to a duration of
approximately one week per year of the gradient).
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Compensation

HFM1 (Constant) QD =SFM0003 EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
Qb
3 0.01
2 0.01
1 0.03
Compensation
HFM2 (Constant) QD =SFM0003 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil0.98 | Max | Section mean
QD PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD QD
3 3 0.00
2 2 0.03
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.12
Compensation
HFM2 (Constant) QD =SFM0104 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil0.98 | Max | Section mean
QD PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD QD
3 PWH3 | EWH3 | PWH3 | EWH3 [ PWH3 | EWH3 | 3 0.00
2 2 0.03
1 1 0.11
Compensation
HFM3 (Constant) QD =SFM0003 EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
Qb
2 0.00
1 0.00
Compensation
HFM3 (Constant) QD =SFM0104 EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
PWHQD | EWHQD QD
2 0.00
1 0.00
Compensation
HFM4 (Constant) QD =SFM0004 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil0.98 | Max | Section mean
QD PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD QD
3 3 0.00
2 2 0.00
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.00
Compensation
HFM8 (Constant) EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 2
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.68
Compensation
HFM10 (Constant) QD =SFM0057 EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
QD PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD QD
2 2 0.00
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.51
Compensation
HFM11 (Constant) EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 2 0.00
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.00
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Compensation

HFM12 (Constant) EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 2 0.00
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.04

Compensation

HFM13 (Constant) EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil0.98 | Max | Section mean
PWH3 3 0.00
2 0.00
1 0.83
Compensation
HFM15 (Constant) QD =SFM0058 EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
PWHQD | EWHQD Qb
2 0.00
1 0.01
Compensation
HFM16 (Constant) QD =SFM0021 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil 0.98 | Max | Section mean
PWHQD | EWHQD Qb
3 0.00
2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 2 0.00
005« | 004 ] 005« | -0.03< | -0.01 < 0« 0.01 & 0.02 & 001 & 0.02 &
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.01
Compensation
HFM16 (Constant) QD =SFM0105 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil 0.98 | Max | Section mean
PWHQD | EWHQD EWHQD | PWHQD Qb
3 0.00
2 PWH2 | EWH2 | PWH2 | EWH2 | PWH2 | EWH2 | PWH2 | EWH2 | PWH2 | EWH2 2 -0.01
-0.05 < 0« -0.05 < 0« -0.01 & 0.01 & 0.01 < 0.02 & 0.01 & 0.02 &
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 0.01
Compensation
HFM18 (Constant) QD =SFM0106 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil 0.98 | Max | Section mean
PWHQD | EWHQD QD
3 0.00
2 0.00
1 0.00
Compensation
HFM19 (Constant) QD =SFM0058 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil 0.98 | Max | Section mean
PWHQD | EWHQD QD
3 0.00
2 0.21
1 0.76
Compensation
HFM20 (Constant) QD =SFM0107 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil 0.98 | Max | Section mean
PWHQD | EWHQD QD
4 0.00
3 0.00
2 -0.03
1 -0.03
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Compensation

HFM27 (Constant) QD =SFM0003 EWH-PWH
Section | Min Percentil 0.02 | Ave |  Percentil0.98 | Max | Section mean
Qb
4 0.00
3 0.00
2 0.12
1 0.14
Compensation
HFM27 (Constant) QD =SFM0104 EWH-PWH
Section | Min Percentil 0.02 | Ave |  Percentil 0.98 Max Section mean
PWHQD | EWHQD | PWHQD | EWHQD QD
-0.04 o | -0.04 > | -0.02 | -0.02
PWH4 EWH4 PWH4 EWH4 4 0.00
-0.03 & 0.01 & 0.01 & 0.01 &
PWH3 3 0.00
2 0.12
1 0.14
Compensation
HFM32 (Constant) QD =SFM0023 EWH-PWH
Section Min Percentil 0.02 Ave Percentil 0.98 Max Section mean
Qb
4 0.00
3 0.01
2 0.01
1 0.10
Compensation
HFM32 (Constant) QD =SFM0040 EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil 0.98 | Max | Section mean
QD QD
4 4 0.00
3 3 0.01
2 2 0.01
1 1 0.10
Compensation
HFM34 (Constant) EWH-PWH
Section | Min | Percentil 0.02 | Ave | Percentil 0.98 | Max | Section mean
3 PWH3 EWH3 PWH3 EWH3 PWH3 EWH3 PWH3 EWH3 PWH3 EWH3 3 0.00
2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 PWH2 EWH2 2 0.00
Missing Missing Missing Missing Missing Missing Missing Missing Missing Missing
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 Missing
Compensation
HFM35 (Constant) EWH-PWH
Section | Min |  Percentil 0.02 | Ave |  Percentil 0.98 | Max | Section mean
4 0.00
3 0.00
2 0.01
1 0.01
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To further illustrate the measured and calculated heads of the different sections, selected
HFM-boreholes with differences between PWH and EWH greater than 0.1 m are presented
below as graphs. Both the PWH and EWH per section are presented. For reference, the graphs
are presented with the level of the sea and/or a nearby lake, and whenever appropriate with the
groundwater level of a nearby SFM-well. For quick reference, the tables corresponding to the
HFM-borehole (selected from the tables presented above) are presented below the graphs on the
same page.

HFM2 Point water head (const)

200
1.50 -
1.00 4
¥ | —+—Sea level
e j 9 : : —8— Lake level
o it : HFMZ:1 PWH
0.50 - : S B % :
E : Gl ™~ 2 ’ _ —¥—HFM2.3 PWH
nX Tt —&—SFMD003
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Date
HFM2 Envircnmental water heads (const)
200
150 bal\a | ) e |
{]
1.00
—#—Sea level
e —8— | ake level
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I 050
3 HFM2:2 EWH
E —¥—HFM2:3 EWH
—&—SFEMD003
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050
1.00 - : .
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Date
Com pensation
HFM2 (Constant) QD =SFMOC03 EWH-PWH
Percentil 0.02 Percentil 0.98 mean
[~13]
3 0.00
2 0.03
1 012
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HFM8 Point water head (const)
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HFMB8 Environmental water heads (const)
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HFM10 Point water head (const)

5.00
£.00
3.00
- —+—Sea level
; —®—Lake lavel
z 2.00 HFM10:1 PWH
E HFWM10:2 PWH
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Date
HFM1D Environmental water heads (const)
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—4—5ea level
=
; —8— Lake level
E HFM10:1 EWH
E HFM10:2 EWH
—&—SFMO057
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-1.00 - - - - - - -
2004-08- 2004-11- 2005-02- 2005-05- 2005-09- 2005-12- 2006-03- 2006-07- 2006-10- 2007-01- 2007-04- 2007-08-
01 09 17 28 05 14 24 02 10 18 28 06
Date
Compensation
HFM10 (Constant) QD =SFMD057 EWH-PWH
Section Min Percentil 0.02 Ave Percentil 0.98 Max | Section mean
ap Qo
2 2 0.00
1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 051
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3.00

HFM19 Point water head (const)
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Compensation
HFM19 (Constant) QD =SFM0058 EWH-PWH
Section Min Percentil 0.02 Ave Percentil 0.98 Max | Sect mean
[1s] ap
3 3 0.00
2 2 0.21
1 1 0.76
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200

150

HFM27 Point water head (const)
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HFM27 (Constanf) QD =SFMO003 _ EWH-PWH
Section Min Percentil 0.02 Ave Percentil 0.98 Max | Secti mean
QDb PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQGD | EWHQD Qb
4 | PWH4 | EWHd | PWH4 | EWH4 | PWH4 | EWH4 | PWH4 | EWH4 | PWH4 | EWH4 | 4 0.00
003+ | 003 | 001 | 001 | 001 | 001
3 PWH3 | EWH3 | PWH3 | EWH3 | PWH3 | EWH3 | PWH3 | EWH3 | PWH3 | EWH3 3 0.00
001 0. 0.01 002 002 —
2 PWHZ | EWHZ | PWH2 | EWH2 | PWH2 | EWH2 | PWH2 | EWHZ | PWH? 2 0.12
004
1 PWH1 EWHA1 PWH1 | EWHA1 PWH1 EWH1 [ PWH1 EWH1 | PWH1 EWH1 1 0.14
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HFM32 Point water heads
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Compensation
HFM32 (Constant) QD =SFM0023 EWH-PWH
Secti Min |  Percentiivoz | Ave |  Percentiinss | Max | mean
Qp PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD | PWHQD | EWHQD abp
4 PWH4 EWH4 PWH4 EWH4 PWH4 EWH4 PWH4 EWH4 PWH4 EWH4 4 000
004~ | 005~ | -0.03+ 0.02 — 0.04 —~
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1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 PWH1 EWH1 1 010
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