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ABSTRACT 

Posiva Oy is preparing for the final disposal of spent nuclear fuel in the crystalline 
bedrock in Finland. Olkiluoto in Eurajoki has been selected as the primary site for the 
repository, subject to further detailed characterisation which is currently focused on the 
construction of an underground rock characterisation and research facility (the 
ONKALO). An essential part of the site investigation programme is analysis of the deep 
groundwater flow by means of numerical flow modelling. This study is the latest update 
concerning the site-scale flow modelling and is based on all the hydrogeological data 
gathered from field investigations by the end of 2007. The work is divided into two 
separate modelling tasks: 1) characterization of the baseline groundwater flow 
conditions before excavation of the ONKALO, and 2) a prediction/outcome (P/O) study 
of the potential hydrogeological disturbances due to the ONKALO. 

The flow model was calibrated by using all the available data that was appropriate for 
the applied, deterministic, equivalent porous medium (EPM) / dual-porosity (DP) 
approach. In the baseline modelling, calibration of the flow model focused on 
improving the agreement between the calculated results and the undisturbed 
observations. The calibration resulted in a satisfactory agreement with the measured 
pumping test responses, a very good overall agreement with the observed pressures in 
the deep drill holes and a fairly good agreement with the observed salinity. Some 
discrepancies still remained in a few single drill hole sections, because the fresh water 
infiltration in the model tends to dilute the groundwater too much at shallow depths. 

In the P/O calculations the flow model was further calibrated by using the monitoring 
data on the ONKALO disturbances. Having significantly more information on the 
inflows to the tunnel (compared with the previous study) allowed better calibration of 
the model, which allowed it to capture very well the observed inflow, the groundwater 
level and the hydraulic heads in the deep drill holes. However, due to a lack of 
representative salinity samples in the monitoring system and, in particular, a lack of a 
time series for the observations, it was difficult to judge the validity of the salinity 
model when tunnels were present. 

The current study also took the first steps to incorporate more heterogeneity (with 
respect to the transmissivity of the zones and the conductivity of sparsely fractured 
rock) in the flow model. In addition, a preliminary analysis was conducted to evaluate 
uncertainties and sensitivities by means of the Ensemble Kalman filter. 

Keywords: groundwater flow, salt transport, numerical modelling, spent nuclear fuel, 
Olkiluoto 



POHJAVEDEN VIRTAUKSEN JA SUOLAN KULKEUTUMISEN MALLINNUS 
OLKILUODOSSA – PÄIVITYS 2008 

TIIVISTELMÄ 

Posiva Oy valmistautuu loppusijoittamaan käytetyn ydinpolttoaineen Suomen kallio-
perään. Olkiluoto Eurajoella on valittu ensisijaiseksi loppusijoituspaikaksi, johon 
tehtävät tarkemmat tutkimukset keskittyvät parhaillaan maanalaisten tutkimustilojen 
(ONKALO) rakentamiseen. Paikkatutkimusten oleellisena osana on syvän kalliopohja-
veden numeerinen mallinnus. Tämä tutkimus käsittää viimeisimmän päivityksen Olki-
luodon alueen mallinnuksen ja se perustuu kaikkeen paikkatutkimuksissa vuoden 2007 
loppuun mennessä saatuun hydrogeologiseen mittaustietoon. Työ jakaantuu kahteen 
erilliseen osatehtävään: 1) luonnontilan pohjavesivirtausten karakterisointi ennen 
ONKALOn rakentamista ja 2) ONKALOn hydrogeologisten vaikutusten tarkastelu. 

Virtausmalli kalibroitiin käyttäen hyväksi kaikkea käytettävissä ollutta mittaustietoa, 
ottaen huomioon sovelletun deterministisen huokoisen väliaineen/kaksoishuokoisuus –
mallin piirteet. Luonnontilan virtausmallin kalibroinnissa keskityttiin parantamaan 
laskettujen tulosten vastaavuutta häiriöttömässä tilanteessa tehtyihin mittauksiin. 
Kalibroinnilla saavutettiin riittävä vastaavuus pumppauskoevasteiden kanssa, erittäin 
hyvä vastaavuus syvissä kairanrei’issä mitattuihin paineisiin ja melko hyvä vastaavuus 
suolaisuushavaintoihin. Eroavaisuuksia jäi kuitenkin edelleen joidenkin reikien yksit-
täisiin tulppaväleihin, koska mallissa makean veden tunkeutuminen pyrkii laimenta-
maan pohjavettä liikaa kallion yläosassa.  

ONKALOn vaikutusten mallinnuksessa virtausmallia kalibroitiin edelleen käyttäen
hyväksi monitorointimittauksista saatuja tuloksia tunneleiden aiheuttamista häiriöistä.  
Koska käytössä oli huomattavasti enemmän mittaustietoa (kuin edellisessä tutkimuk-
sessa), kalibroidulla mallilla saatiin erittäin hyvä vastaavuus havaittuihin vuotovesiin, 
pohjaveden pinnan tasoon ja hydraulisiin korkeuksiin syvissä kairanrei’issä. Edustavien 
suolaisuushavaintojen vajavaisuudesta (esim. aikasarjojen puuttuessa) johtuen virtaus-
mallin hyvyyttä pohjaveden suolaisuuden kannalta oli vaikea arvioida. 

Tutkimuksessa otettiin myös ensimmäiset askeleet heterogeenisyyden (ruhjeiden trans-
missiviteetti, harvaan rakoilleen kallion johtavuus) sisällyttämiseen virtausmalliin. 
Lisäksi suoritettiin alustava epävarmuus- ja herkkyystarkastelu käyttäen Ensemble 
Kalman filter –menetelmää. 

Avainsanat: Pohjaveden virtaus, suolan kulkeutuminen, numeerinen mallinnus, 
käytetty ydinpolttoaine, Olkiluoto 



1

TABLE OF CONTENTS 

ABSTRACT 

TIIVISTELMÄ 

PREFACE ..................................................................................................................... 3

1 INTRODUCTION.................................................................................................. 5

2 MODELLING APPROACH.................................................................................... 9
2.1 Conceptual model of fractured flow system .................................................. 9
2.2 Flow and salt transport model..................................................................... 11

2.2.1 Mathematical model.......................................................................... 11
2.2.2 Numerical solution method................................................................ 15

2.3 Free surface approach ............................................................................... 16
2.3.1 Mathematical model.......................................................................... 16
2.3.2 Numerical solution method................................................................ 18

3 SITE-SPECIFIC FLOW MODEL ......................................................................... 23
3.1 Modelled volume ........................................................................................ 23
3.2 Hydrogeological zones ............................................................................... 23
3.3 Hydraulic conductivity of the sparsely fractured rock .................................. 26
3.4 Flow porosity .............................................................................................. 28
3.5 Diffusion porosity........................................................................................ 28
3.6 Dispersion .................................................................................................. 29
3.7 Miscellaneous properties of water .............................................................. 30
3.8 Paleohydrogeological evolution of the site.................................................. 38
3.9 Initial and boundary conditions in the baseline modelling ........................... 40

4 CALIBRATION OF THE BASELINE FLOW MODEL........................................... 53
4.1 Pumping tests............................................................................................. 53
4.2 Measured pressure in the deep drill holes .................................................. 62
4.3 Measured salinity in the deep drill holes ..................................................... 65

5 BASELINE GROUNDWATER CONDITIONS ..................................................... 79
5.1 Evolution of flow conditions ........................................................................ 79
5.2 Current flow conditions ............................................................................... 80

5.2.1 Flow pattern...................................................................................... 80
5.2.2 Discharge areas................................................................................ 81
5.2.3 Groundwater fluxes/flow rates........................................................... 81

6 EVALUATION OF UNCERTAINTIES AND SENSITIVITIES IN BASELINE 
MODELLING – A MANUAL APPROACH............................................................ 99
6.1 Hydraulic conductivity................................................................................. 99
6.2 Transmissivity........................................................................................... 100
6.3 Porosity .................................................................................................... 102
6.4 Dispersivity............................................................................................... 103
6.5 Initial conditions........................................................................................ 103

7 EVALUATION OF UNCERTAINTIES AND SENSITIVITIES IN BASELINE 
MODELLING – THE EnKF APPROACH........................................................... 105
7.1 Methodology............................................................................................. 105



2

7.1.1 Definitions....................................................................................... 105
7.1.2 Quantification of uncertainty............................................................ 106
7.1.3 Ensemble Kalman filter ................................................................... 108

7.2 Calibration of KR4 pumping test ............................................................... 109
7.2.1 Pumping test setup ......................................................................... 109
7.2.2 Observations and uncertainty estimation ........................................ 109
7.2.3 Calibration of the flow model........................................................... 112
7.2.4 Results............................................................................................ 115

7.3 Sensitivity and uncertainty of the results................................................... 124
7.4 Summary and conclusions........................................................................ 136

8 COMPARISON BETWEEN EPM AND DFN-BASED GROUNDWATER FLOW 139

9 HYDROGEOLOGICAL IMPACTS OF THE ONKALO....................................... 151
9.1 Modelling approaches and assumptions................................................... 151
9.2 Modelling the ONKALO tunnels ................................................................ 152
9.3 Calibration ................................................................................................ 158
9.4 Results ..................................................................................................... 161

9.4.1 Inflow of water to the ONKALO ....................................................... 162
9.4.2 Groundwater level........................................................................... 165
9.4.3 Hydraulic heads in the deep drill holes............................................ 169
9.4.4 Groundwater salinity ....................................................................... 178

10 SUMMARY AND CONCLUSIONS.................................................................... 195
10.1 Baseline groundwater conditions .............................................................. 195
10.2 Hydrogeologic impacts of the ONKALO.................................................... 201

REFERENCES ......................................................................................................... 205

APPENDIX A: Heterogeneous transmissivity of the hydrogeological zones .............. 211

APPENDIX B: Baseline modelling............................................................................. 221

APPENDIX C: Hydrogeological impacts of the ONKALO .......................................... 257

APPENDIX D: Description of the EnKF approach ..................................................... 269



3
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1 INTRODUCTION 

Posiva Oy is preparing for the final disposal of spent nuclear fuel in the crystalline 
bedrock of Finland. The site for the repository is being chosen on the basis of site 
investigations. In 1999 preliminary investigations were finished for four sites, and 
Olkiluoto in Eurajoki was proposed as the primary site for the repository, subject to 
further detailed characterisation. Currently, the site investigation programme is focused 
on the construction of an underground rock characterisation and research facility (the 
ONKALO) at Olkiluoto. The facility will consist of a 9000 m long and 420 m deep 
system of tunnels, to be potentially extended with the drifts of the repository. Up to the 
present time (June 2009), 3700 metres of tunnels, extending to a depth of 350 metres, 
have been excavated (http://www.posiva.fi).  

The ONKALO will be a part of the final repository, which will consist of tunnels 
excavated at a depth of about 400 m and located at about 25 m from each other (Figure 
1-1). The spent fuel will be encapsulated in final disposal canisters made of cast iron, 
enclosed in a copper shell. These canisters will be placed in holes drilled at the bottom 
of the repository tunnels and surrounded with bentonite clay, which not only prevents 
direct groundwater flow to the surface of the canister, but also protects the canister 
against minor bedrock movements. After placement of the canisters, the tunnel will be 
backfilled with a mixture of bentonite and crushed rock. If the canisters fail, the 
radioactive material may be released from the repository into the biosphere as a result of 
dissolution in the groundwater and subsequent migration with the groundwater flow to 
surface water systems. In addition, the amount of groundwater flowing through the 
repository and in its immediate vicinity will affect the long-term durability of the 
technical barriers and the rate of dissolution of the radioactive material.  

During the repository operation the open tunnel system may constitute a major 
hydrological disturbance to the site's natural groundwater system. The inflow of 
groundwater to the open tunnels will result in a drawdown of the water table, as well as 
the intrusion of surface water and seawater deep into the bedrock. In particular, upward 
flow below the tunnels may give rise to the upconing of more saline groundwater 
observed deep in the bedrock of Olkiluoto. Saline water is a major concern with regard 
to the performance of the tunnel backfill material after tunnel closure. 

An essential part of the ongoing site investigation programme is the analysis of deep 
groundwater flow by means of numerical flow modelling. Descriptive modelling strives 
for site understanding by identifying the processes and properties that affect the 
groundwater flow conditions in various circumstances (e.g. natural or disturbed 
conditions) at different scales of space (e.g. detailed canister scale or large site scale) 
and time (e.g. from a few years up to thousands of years). The modelling provides a set 
of calculated results which characterize the groundwater flow conditions and which can 
be used in the hydrogeological evaluation of the site. 

The understanding of the Olkiluoto site has continuously increased due to the surface-
based investigations and to the knowledge and experience obtained underground as a 
result of the excavation of the ONKALO. In particular, new field data has resulted in 
increasingly accurate hydrogeological descriptions of the bedrock at Olkiluoto. This 
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study is the latest update concerning site-scale flow modelling and is based on all the 
hydrogeological data gathered from field investigations by the end of 2007. The 
experience gained from previous studies (Posiva 2005; Andersson et al. 2007) has also 
been utilized. The modelling applies a deterministic, equivalent porous medium (EPM) / 
dual-porosity (DP) approach for the description of the fractured rock. 

The work is divided into two separate modelling tasks: 1) characterization of the 
baseline groundwater flow conditions before excavation of the ONKALO, and 2) a 
prediction/outcome (P/O) study of the potential hydrogeological impacts due to 
excavation of the ONKALO. The objective of the baseline modelling is to characterize 
the overall dynamics of the natural groundwater conditions that prevailed before 
excavation of the ONKALO. The simulations have been carried out for a period starting 
from the early Littorina Stage (about 8000 years BP) up to the present day. The 
objective of the P/O study is to assess the impacts of the ONKALO and the accuracy of 
previous predictions (Andersson et al. 2007), and to provide new predictions. The P/O 
simulations will be carried out from the start of the ONKALO excavations (September 
2004) up to the approximate start of excavation of the repository facilities in 2015. 

The report is organised in the following manner. Section 1 is a description of the 
conceptual models used for the fractured rock and the mathematical and numerical 
models related to both the baseline and the P/O calculations. The site-specific data 
required in both modelling tasks is presented in Section 3. Sections 4 through 7 deal 
with the baseline modelling (calibration, results, evaluation of uncertainties and 
sensitivities). Section 8 presents a preliminary comparison of the groundwater flow in 
the bedrock, based on the equivalent porous medium (EPM) and discrete fracture 
network (DFN) models. Section 9 assesses the impacts of the ONKALO, and, finally, 
Section 10 summarizes the baseline and P/O calculations.  
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Figure 1-1. A schematic layout of the potential repository excavated at a depth of about 
420 metres in the bedrock of Olkiluoto (http://www.posiva.fi). An underground rock 
characterisation and research facility (the ONKALO), which will be a part of the 
repository, consists of the access tunnel and three shafts.
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2 MODELLING APPROACH 

The current work is divided into two separate modelling tasks: 1) characterization of the 
baseline groundwater flow conditions before excavation of the ONKALO, and 2) a 
prediction/outcome (P/O) study of the hydrogeological impacts of the ONKALO. The 
objective of the baseline modelling is to characterize the overall dynamics of the natural 
groundwater conditions that prevailed before excavation of the ONKALO. The 
simulations have been carried out for a period starting from the early Littorina Stage 
(about 8000 years BP) up until the excavations started in 2004. Until the highest hills on 
Olkiluoto Island rose above sea level about 2800 years BP, groundwater flow was 
driven purely by density differences caused by saline groundwater. Thereafter, 
postglacial land uplift gradually enlarged the area of the island and fresh water started to 
infiltrate the bedrock and replace brackish and saline water below the widening area of 
the island. Consideration of the processes characterizing flow dynamics requires 
coupled and transient modelling of groundwater flow and solute (salt) transport, which 
are described by the partial differential equations written for pressure and TDS 
concentration (Section 1.1).

The objective of the P/O study is to assess the potential hydrological disturbances of 
excavation of the ONKALO and the accuracy of previous predictions (Andersson et al. 
2007), and to provide new predictions for inflow, groundwater levels, hydraulic heads 
and salinity distribution. The P/O simulations will be carried out from the start of the 
ONKALO excavations (September 2004) up to the start of excavation of the repository 
facilities in 2015. During the excavations the flow will be mainly affected by the 
disturbances introduced by open tunnels (e.g. inflow of groundwater into the open 
tunnels, drawdown of the groundwater table, intrusion of surface water containing 
oxygen and carbon dioxide deep into the bedrock, and upconing of deep saline 
groundwater). Consideration of the evolution of salinity distribution requires coupled 
and transient modelling of groundwater flow and solute (salt) transport (Section 1.1). 
Due to the potential sinking of the water table, the transient free-surface approach is 
needed for modelling the evolution of groundwater levels (Section 2.3).

2.1 Conceptual model of fractured flow system 

The fractured bedrock is modelled by an approach in which the rock volume is 
conceptually divided into two hydraulic units: planar hydrogeological zones (HZ) and 
the sparsely fractured rock (SFR) between the zones. In both of these units the averaged 
hydraulic characteristics of the fractured rock were used. 

From the standpoint of groundwater flow, the hydraulic characteristics of the HZs and 
the SFR were modelled separately by using the equivalent porous medium (EPM) 
approach. In the EPM approach, the fractured system in each hydraulic unit is treated as 
a single continuum with representative averaged characteristics, and water is assumed to 
flow everywhere in the system (Figure 2-1). From the flow perspective, the matrix 
blocks with essentially stagnant water are not important and can be approximated to be 
in pressure equilibrium with the fractures, which justifies the use of the EPM approach.  
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From the standpoint of solute transport, the fractured rock is modelled by using the 
dual-porosity (DP) approach. In the DP model, the system is assumed to consist of two 
overlapping continua: the fractures with flowing water and the matrix blocks with 
essentially stagnant water representing the rest of the system (Figure 2-1). Advection 
and dispersion are the dominant processes within the water-bearing fractures, whereas 
in the matrix, solutes are transported only by diffusion. Salt t

In the DP system, the matrix diffusion of 
solutes from the rock blocks with stagnant water moderates the transport of solutes in 
the water-bearing fractures. The EPM and DP concepts were applied to both the HZs 
and the SFR (see Figure 2-1 for the EPM representation of bedrock with the zones). 

Figure 2-1. A schematic description of the real bedrock (top left, bottom left) and its 
equivalent porous medium (top middle, bottom right) and dual-porosity (top right) 
representations. The top row represents a case without the hydrogeological zones and 
the bottom row a case with the zones.
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2.2 Flow and salt transport model 

The evolution of the salinity distribution is simulated by employing a coupled (flow and 
salt transport) and transient model. The same mathematical model is applied for the 
calculation of the baseline conditions and the impacts of the ONKALO. The modelled 
volume is of regular shape and remains the same throughout. Thus, when calculating the 
impact of the ONKALO on the salinity field, the water table was not allowed to sink, 
but remained the same throughout, in contrast to the free surface approach presented in 
Section 2.3.

2.2.1 Mathematical model 

Flow equation in the equivalent porous medium (EPM) 

Temporal variations in the flow field were assumed to follow solely from the evolution 
of the salinity field, and the density-dependent flow equation is written in a steady state 
for the residual pressure pr [Pa] (the total pressure without the hydrostatic component of 
fresh water) as follows (Huyakorn and Pinder 1983): 

  (2-1) 

where  is the density of the water [kg/m3], 0 is the density of the fresh water [kg/m3], 
k is the permeability tensor of the rock [m2],  is the dynamic viscosity of the water 
[kg/m/s], g is the gravitational acceleration [m/s2], z is the elevation relative to the sea 
level [m], and Q is the rate of water flowing out of the system [1/s]. 

The permeability k in Equation (2-1) is related to the hydraulic conductivity K [m/s] as 

Kk
g

.  (2-2) 

The dependence of the water density on the solute (TDS) concentration c [g/L] is
approximated linearly as 

cac0 ,  (2-3) 

where ac is the coefficient for the density dependence of the salinity concentration [-].  

The dependence of the viscosity of the water on the salinity is expressed by (Zhou et 
al. 2005) as

  (2-4)

where 0 is the viscosity of the fresh water. 
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Salt transport equation in the dual-porosity (DP) medium 

The DP representation of the fractured medium is assumed to be macroscopically 
uniform and is approximated by the parallel fracture model (Figure 2-2). The parallel  
fracture model employs a rectangular prismatic block idealization, in which the system 
of fractures and matrix blocks is assumed to consist of equally spaced and parallel 
water-bearing fractures separated by blocks of saturated porous rock with stagnant 
water. Because the fracture/matrix geometry repeats itself, and because each fracture is 
symmetrical, only one half of the fractures and one half of the intervening porous matrix 
blocks have to be considered in the mathematical model. 

Figure 2-2. A parallel fracture approximation of the dual porosity representation of the 
fractured bedrock (see also Figure 2-1). The bottom figure has been taken from 
Huyakorn et al. (1983).
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Transport in the DP medium is modelled by two coupled equations (Huyakorn et al. 
1983; Löfman & Taivassalo 1995). The first equation describes the amount of mass 
transported by flowing water in the fracture domain, while the second equation 
represents the amount of mass transported by molecular diffusion in the matrix blocks. 
The matrix system is one-dimensional and perpendicular to the fractures. Transport of 
solute particles in the matrix parallel to the fractures is assumed to be negligible. The 
exchange of the solute particles between the water-bearing fractures and the porous 
matrix blocks with stagnant water is represented by a term that describes the rate of 
mass transfer between the two systems. The mass transfer term acts as a source/sink 
term that results from solution of the equation for the matrix blocks and that is 
proportional to the concentration difference between the matrix and fracture systems. 

Salt transport in the water-bearing fractures of the DP medium 

The transport equations are written in terms of TDS concentration c [g/L]. The equation 
in the water-bearing fractures is written as follows (Huyakorn et al. 1983; Löfman & 
Taivassalo 1995): 

,   (2-5) 

where q is the Darcy velocity [m/s], Γ is the mass transfer term between the two 
continua, i.e. the rate of solute transfer from the matrix block to the fracture [kg/m3/s], 
Qout is the rate of the out flowing water [1/s], f [-] is the flow porosity [-] and D is the 
dispersion tensor [m2/s], which is expressed as  

,   (2-6)

where L is the longitudinal dispersion length [m], T is the transversal dispersion length 
[m], and ij is the Kronecker delta function [-]. The molecular diffusion coefficient 
usually included in the dispersion tensor was omitted, because its effect is insignificant 
compared to that of dispersion. 

The Darcy velocity in Equations (2-5) and (2-6) is expressed in terms of the residual 
pressure, as follows: 

   (2-7) 

Salt transport in the matrix blocks of the DP medium 

Mass transport in the matrix blocks (Figure 2-2) is dominated by molecular diffusion 
and can be described by a one-dimensional diffusion equation written for the solute 
concentration of water in the matrix blocks c' [kg/m3] 
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,''
'
''

' t
c

z
cD

z e   (2-8) 

where D'e' is the effective diffusion coefficient [m2/s], ' is the diffusion (or matrix) 
porosity in the matrix blocks [-], and z' is the abstract space dimension in the matrix 
blocks. The effective diffusion coefficient D'e' includes the effects of tortuosity, the 
formation factor and the diffusion porosity. 

Equations (2-5) and (2-8) are coupled by the continuity of the diffusive mass flux at the 
interface of the fracture and the matrix block. The rate of solute transfer from the matrix 
block to the fracture can be expressed by applying Fick's law (de Marsily 1986; Fetter 
1988). Thus, for a rectangular matrix block unit (Figure 2-2), the mass transfer term is 
given by 

azeaze z
cD

adla
dl

z
cD '' '

''1
2
2

'
''   (2-9) 

where a is half of the matrix block thickness [m], and l and d are the length and the 
width of the area, across which the mass flux occurs [m]. 

According to Archie's law (Valkiainen 1992), there is a connection between the 
effective diffusion coefficient D'e' and the diffusion porosity ' that can be expressed as 

,'71.0' 58.1
0DD e    (2-10) 

where D0 is the molecular diffusion coefficient in the water [m2/s] . 

Flow porosity 

Assuming the parallel fracture idealization (Figure 2-2) in which the bedrock consists of 
equally spaced and parallel fractures separated by matrix blocks, the flow porosity ( f in 
Equation 2-5) can be defined as the volume of water-bearing fractures per unit volume 
of the entire system  

ba
b

f ,   (2-11) 

where b is half of the fracture aperture [m] and  a is half of the fracture spacing [m]. The 
fracture properties are based on the experimental data from which the transmissivity of 
the HZs and the hydraulic conductivity of the SFR were obtained (Vaittinen et al. 2009, 
Section 3.4). In the calibration, however, the transmissivity of some zones is adjusted. 
Thus, the fracture aperture and the flow porosity are modified in accordance with the 
cubic law in which the (volume) fracture aperture 2b [m] is expressed as a function of 
the fracture spacing 2a and the transmissivity T as follows (Taivassalo & Saarenheimo 
1991; Vieno et al. 1992): 
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3/1

0

122 T
g

Cb vh ,   (2-12) 

where Cvh is the coefficient for the dependence between the volume and the hydraulic  
fracture aperture [-]. The ratio Cvh is not a constant, but is dependent on the different  
properties of the fractures such as the aperture and flow channels. According to the 
experimental data, the ratio between the volume and the hydraulic fracture aperture is 
inversely proportional to the hydraulic conductivity (Taivassalo & Saarenheimo 1991). 

The ratio between the volume and the hydraulic apertures is not a constant, but is 
dependent on the different properties of the fractures such as the aperture and the flow 
channels. According to the experimental data, the ratio between the volume and the 
hydraulic fracture aperture is inversely proportional to the hydraulic conductivity 
(Taivassalo & Saarenheimo 1991). On the basis of tracer experiments, the average 
volume aperture of the fractures has been estimated to be 5 to 20 times the hydraulic 
aperture when the latter is of the order of 10 to 100 μm (Geier 1992). For smaller 
fractures (5-10 μm) a factor of 20-60 has been estimated as the difference between the 
volume and the hydraulic apertures (Geier 1992). Based on (Vieno et al. 1992) and 
(Taivassalo & Saarenheimo 1991) a constant value of 10 is used for the dependence 
between the volume and the hydraulic fracture aperture. 

2.2.2 Numerical solution method 

The partial differential equation describing the groundwater flow, Equation (2-1), and 
the equation for transport of the DP medium in the matrix blocks, Equation (2-8), were 
solved numerically by employing the conventional Galerkin finite-element method 
(Huyakorn and Pinder 1983), whereas the streamline-upwind/Petrov-Galerkin (SUPG) 
method was applied for the transport equation in the water-bearing fractures of the DP 
medium, Equation (2-5). The resulting matrix equations were solved by employing a 
preconditioned conjugate-gradient and a Gauss-Seidel method, respectively. The 
solution of the coupled system of flow and transport equations, Equations (2-1) and (2-
5), was obtained by using the Picard iteration scheme with under-relaxation (Huyakorn 
and Pinder 1983), which was applied sequentially for the flow and transport equations 
until sufficient convergence was attained. The solution of the coupled transport 
equations, Equations (2-5) and (2-8), was obtained by an efficient direct solution 
scheme (Huyakorn et al. 1983; Löfman & Taivassalo 1995). The time discretization was 
implemented by using a fully implicit difference scheme. 

The complex geometry of the hydrogeological zones is discretized into a finite-element 
mesh by an adaptive and recursive FEFTRA/octree algorithm that adapts the element 
size to the Well Characterized Area (WCA), the zones and the tunnels. The zones were 
gridded with sets of triangles of appropriate hydrogeological properties fitted onto the 
faces of tetrahedra along their planes. In the baseline modelling (Sections 4 through 8)
the element size ranged from 16 m (SFR at a depth of 0-200 m inside the WCA; HZ19 
and HZ20 zones) to 130 m (over the sea). The resulting mesh consisted of approx. 
700,000 nodes and 4 million tetrahedral and triangular elements, which required 4 
Gbytes of computer memory. The impact of the ONKALO (Section 9) was analysed 
with a similar discretization, except that the mesh was refined around the tunnels so that 
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the average length of the sides of the tetrahedral and triangular elements was about 4 m. 
The resulting mesh consisted of approx. 850,000 nodes and 5.2 million tetrahedral and 
triangular elements, which required 4.6 Gbytes of computer memory. 

The equations were solved numerically by using the finite-element program package 
FEFTRA (Löfman et al. 2007) developed at VTT for groundwater flow modelling in 
site investigations for the spent fuel repository. 

2.3 Free surface approach 

The evolution of the groundwater levels and hydraulic heads was simulated by 
employing the free-surface approach, in which only the saturated zone is included in the 
modelled volume and the evolving water table constitutes a free surface. If the water 
table sinks below the sea level, the top of the modelled volume is of an irregular shape 
and time-dependent. The salinity was neglected in the simulations. On the other hand, 
the density-dependent flow does not significantly account for the drawdown of the 
water table in the upper part of the bedrock (containing fresh/ brackish water), to which 
the drawdown is confined. 

2.3.1 Mathematical model 

As construction of the ONKALO progresses, the open tunnels generate a hydraulic 
gradient in their vicinity. This will cause an inflow of groundwater into the open tunnel 
system. The inflow of water will decrease the water content of the bedrock and may 
cause the sinking of the groundwater table at the locations where the influence of the 
ONKALO is at its greatest.  

The sinking water table is modelled by using the implicit free surface approach 
(Huyakorn & Pinder 1983), in which only the saturated zone is included in the modelled 
volume, and the transiently moving water table constitutes the free surface, an irregular 
and time-dependent top to the modelled volume (Figure 2-3). The approach assumes a 
sharp interface between the saturated and unsaturated zones. The salinity was neglected 
in the simulations. On the other hand, the density-dependent flow does not significantly 
account for the drawdown of the water table in the upper part of the bedrock (containing 
fresh/ brackish water), to which the drawdown is confined. 
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Figure 2-3. A schematic description of the free surface approach for modelling the
sinking water table (Huyakorn & Pinder 1983). ζ denotes the elevation of the free 
surface, the location and geometric shape of which are a priori unknown.

Assuming that the effect of storativity is negligible compared to that of specific yield, 
the steady-state groundwater flow is governed by the following equation (Bear 1979; 
Huyakorn & Pinder 1983) 

  (2-13) 

where K is the hydraulic conductivity tensor of the rock [m/s] and h is the hydraulic 
head [m]. On the free surface, the location and geometric shape of which is a priori
unknown, the atmospheric pressure and continuity conditions must be satisfied 
simultaneously. This is expressed by imposing two simultaneous boundary conditions 
for the flow equation (Figure 2-3):

ζh   (2-14) 

  (2-15) 

where ζ = ζ(x,y,t) is the elevation of the free surface [m], n is the unit normal vector of 
the free surface [-] and I is the rate of infiltration through the free surface [m/s]. Sy is the 
specific yield [-], which is approximated by the flow porosity. The transient behaviour 
of the system follows from the transient boundary conditions at the moving free surface. 

The open tunnels are modelled as a set of nodes arranged along the ONKALO layout. 
Atmospheric pressure is prescribed as a boundary condition for each node representing 
an open tunnel section. This generates a sink at the location of the tunnel, with the 
strength of the sink depending on the hydraulic conductivity of the surrounding rock 
matrix and on the depth of the sink node. In terms of the hydraulic head this boundary 
condition is expressed as 
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,zh    (2-16) 

where z is the elevation of the node representing the open tunnel [m]. 

The transient boundary condition described in equation (2-15) requires initial values for 
the position of the water table, i.e. ζ = ζ(x,y,0). The initially modelled volume was of 
regular shape, with the flat top surface located at the present sea level (z = 0 m). The 
initial conditions for the simulation are set up by prescribing the long-term mean of the 
observed water table (Figure 3-12 and Figure 3-14) as the initial elevation on the free 
surface (initially the flat top surface). The excavation of the ONKALO is then 
transiently modelled by using the annual average of the actual excavation rates. The 
increasing length of the open tunnel system draws water from the groundwater system 
and may eventually cause depression of the water table, as the water content of the 
bedrock is reduced faster than infiltration is able to recharge it. While the water table is 
above the present sea level, the top surface will remain flat. After the water table has 
been depressed below the present sea level (z = 0 m), the top surface will start to follow 
the transiently moving water table, constituting an irregular and time-dependent top to 
the modelled volume. 

2.3.2 Numerical solution method 

The Galerkin finite element method with linear elements was applied in solving the case 
numerically. Nonlinearity in the governing equations is treated with the implicit scheme 
suggested by Neuman and Witherspoon (1971) and Huyakorn and Pinder (1983). Each 
time step involves a meshing and a finite element analysis phase, the latter of which is 
further divided into two stages.  

Meshing phase

The meshing phase discretizes the actual saturated zone. However, while the water table 
is above the present sea level, the top surface will remain flat. After the water table has 
been depressed below the present sea level (z = 0 m), the top surface will start to follow 
the transiently moving water table and the mesh will be generated in accordance with 
the position of the free surface (the top of the water table). The discretization of the 
irregular free surface is based on the recursive octree algorithm, which is an adaptive 
mesh generation technique enabling an efficient local refinement of the mesh around 
natural and engineered structures (e.g. hydrogeological zones, tunnels, free surface). 
The FEFTRA/octree mesh generator applies the algorithm to successively divide the 
saturated zone into tetrahedral elements until the desired level of refinement is achieved. 
At the location of the free surface, the element resolution is set significantly higher than 
elsewhere in the model to successfully discretize the changing surface of the model. 
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Finite element analysis phase

The finite element analysis (FEM) phase receives the discretized model from the 
meshing phase, uses the static hydrogeological properties defined in the model input 
and prescribes the boundary conditions. The FEM phase is divided into two iteration 
stages. The task of the first stage is to re-create the results of the previous time step on 
the actual mesh, since they are needed in calculating the transient term in Equation (2-
15) during the second stage. The task of the second stage of the iteration is to actually 
compute the new location of the free surface. This is accomplished by prescribing an 
implicit and as yet unknown flux boundary condition, Equation (2-15), over the free 
surface. The new geometry for the free surface is then obtained from the solution of the 
flow equation (2-13), and a new adaptive mesh is constructed by continuing to the 
meshing phase. 

Discretization

The complex geometry of the hydrogeological zones is discretized into a finite-element 
mesh with an adaptive and recursive octree algorithm that adapts the element size to the 
Well Characterized Area (WCA), the zones and the tunnels. The zones were gridded 
with sets of triangles of appropriate hydrogeological properties fitted onto the faces of 
tetrahedra along their planes. The element size ranged from 4 m (around the tunnels) to 
130 m (over the sea). The resulting mesh consists of approx. 840,000 nodes and 5.2 
million tetrahedral and triangular elements, which required 4.6 Gbytes of computer 
memory.  

Handling of infiltration 

The flux term I in Equation (2-15) determines the amount of water that enters or leaves 
the model through the water table, and hence this term is responsible for the coupling 
between the unsaturated and saturated zones. In reality the infiltration varies spatially 
and temporally. Due to the lack of data a numerical algorithm for spatially varying 
infiltration was applied in a similar fashion as in Andersson et al. (2007). In the 
algorithm, infiltration is temporarily switched off between successive time steps at 
locations where the models’ water table would rise above the observed elevation of the 
water table, i.e. zero infiltration is used at the next time step if the currently calculated 
elevation is above the measured water table (Figure 2-4). At locations where the water 
table is beginning to sink below the observed water table, uniform and constant 
infiltration is applied. The magnitude of the constant infiltration is calibrated to produce 
the observed freshwater head responses at the deep drill holes inside the depression 
area. When sufficiently dense time stepping is used, the infiltration is averaged to 
approximately retain the initial position of the water table at locations where the effect 
of the ONKALO is not observed. The numerical algorithm can be validated with the 
undisturbed case and reproduces the undisturbed water table with reasonably good 
accuracy (Figure 2-5).  

In Andersson et al. (2007), the currently implemented numerical algorithm was found to 
produce realistic behaviour of the water table and head field when the model was 
calibrated to the head observations at the deep drill holes. The calibrated local 
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infiltration rate of 22 mm/yr (4% of annual precipitation) was found to produce 
reasonable agreement with observations (the average total infiltration was 1.5%). 

The applied numerical algorithm averages the effect of infiltration over time and takes 
into account the net effect of the physical processes associated with infiltration (not the 
processes themselves). The net effect is the calculated time-dependent free surface,
which is compared to the observations in the deep drill holes. The physical processes 
(airborne precipitation, surface runoff, evaporation/evapotranspiration and disturbance 
of the ONKALO) are themselves considered in surface hydrology modelling (Karvonen 
2008; Karvonen 2009), which may produce input for the subsurface free surface 
modelling approach to be applied in the future. 

Figure 2-4. A schematic description of the numerical algorithm for spatially varying 
infiltration. In the algorithm, infiltration is temporarily switched off between the 
successive time steps at locations where the models’ water table would rise above the 
observed elevation of the water table, i.e. zero infiltration is used at the next time step if 
the currently calculated elevation is above the observations. At locations where the 
water table is beginning to sink below the observed water table, uniform and constant 
infiltration is applied.



21

Figure 2-5. A validation of the numerical algorithm for spatially varying infiltration. 
The validation can be performed by calculating the undisturbed case and comparing the 
results with the initial water table (the observations at Olkiluoto). The algorithm 
reproduces the undisturbed initial water table with reasonably good accuracy.
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3 SITE-SPECIFIC FLOW MODEL 

The flow model is a simplified representation of the Olkiluoto site from the perspective 
of groundwater flow and salt transport. The current model is based on the latest  
hydrogeological and hydrogeochemical field investigations (those taking place before 
the end of 2007, the data freeze time) and contains all the data necessary for numerical 
simulations, i.e. the groundwater table and topography, the conceptual geometry of the 
hydrogeological zones, the hydraulic properties of the bedrock and water as well as the 
description of the modelling volume, the postglacial land uplift and the initial and 
boundary conditions. This section presents a comprehensive description of the site-
specific flow model for Olkiluoto. 

3.1 Modelled volume 

The modelled bedrock volume covers the whole of Olkiluoto Island, and is approx. 
28 km2 horizontally and 2 km in depth (Figure 3-1). The location of the lateral 
boundaries follows the lineaments which surround Olkiluoto Island in the flow model. 
The highly transmissive lineaments constitute a natural, closed flow system around the 
island. Because the lineaments are located far away outside the island, the impact of the 
uncertainty associated with boundary conditions can be considered minimal in the area 
of primary interest (the potential repository volume in the centre of the island). The top 
surface of the model is flat throughout the modelling (except in the free surface model, 
if the water table sinks below the sea level due to the open tunnels; see Section 2.3) and 
is located at the present sea level (z = 0 m). The variations in the topography (or the 
water table) of the land surface are handled with the boundary conditions assigned on 
the top surface of the model (see Section 3.8).

3.2 Hydrogeological zones 

The fractured bedrock is modelled by an approach in which the modelled bedrock 
volume is conceptually divided into two hydraulic units: 1) deterministic planar (or 
partially planar) hydrogeological zones (HZ, the section of the bedrock featuring a 
higher fracture density and a greater ability to conduct water) and 2) sparsely fractured 
rock between the zones (SFR, the remaining part of the bedrock in which fracture 
density and conductivity is low). Conventionally, both of these units have been treated 
separately as isotropic or anisotropic media with representative averaged hydraulic 
properties (see Section 2.1 for a conceptual model of fractured rock). 

The HZs are based on the hydrogeological bedrock model, which is a descriptive model 
of the actual bedrock and consists of all the geological, geophysical and 
hydrogeological knowledge gathered from field investigations carried out for the 
Olkiluoto site. The first bedrock model for the Olkiluoto site was compiled in 1992 
(Saksa et al. 1993) and since then the bedrock models have undergone several changes 
due to continuing investigations and interpretations which have resulted in the 
introduction of new hydrogeological zones, as well as modifications to the properties 
and geometries of many existing zones. Whilst the bedrock model is a simplification of 
the real bedrock, and the conceptual zone geometry in the groundwater flow model is a 
simplification of the bedrock model, special emphasis has always been placed on 
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preserving the essential hydrogeological similarities or consistency of these models. 
Although the continuing site investigations and interpretations have resulted in evolving 
bedrock and hydrogeological structural models, the overall conception of the flow 
conditions in Olkiluoto has not changed. In particular, all these models include, in one 
way or another, the zones representing the HZ19, HZ20 and HZ21 systems, which are 
considered to dominate flow in the Well Characterized Area (WCA, the potential 
repository rock volume where the drill hole investigations have been focused so far).

The hydrogeological structure model for numerical groundwater flow modelling 
consists of the hydraulically significant site-scale zones that are considered to dominate 
flow in the potential repository rock volume. Basically, the geometry of each individual 
zone is defined to follow the associated drill hole intersections, which, however, may 
lead to a relatively limited scope for most of the zones. Thus, unless the observations 
from surrounding drill holes are contradictory, some zones will be extended to the 
nearest zone(s) in order to maintain the natural hydraulic connections between zones 
falling close to each other. In a similar fashion, some zones will be joined together 
and/or extended to the boundaries of the modelled volume (or to the bounding 
lineaments). The model does not explicitly contain all the small-scale zones which may 
have been observed only in single boreholes. Those structures, with small extensions 
and low transmissivity, are isolated and do not intersect with other zones. From the 
point of view of site-scale flow modelling, such isolated, small structures would not 
participate in the flow and would not constitute flow routes. However, these small-scale, 
isolated structures are included in the flow model implicitly by relating them to the SFR 
and they affect the hydraulic conductivity of the SFR correspondingly. The 
simplifications referred to above do not affect the essential hydrogeological 
characteristics between the descriptive bedrock model and the hydrogeological structure 
model.

The structures in the current numerical flow model are based on the latest 
hydrogeological structure model (Vaittinen et al. 2009; Figure 3-2 and Figure 3-3). The 
geometry contains ten site-scale HZ zones, most of which are located in the current 
WCA, because this is where the field investigations have been focused so far. It is, 
however, obvious that outside the WCA there are further unidentified zones, for which 
it has not been possible to construct a conceptual description due to the lack of data. In 
order to provide a natural continuation of the hydrogeological connections from the 
WCA to more distant areas beyond the island, five regional lineaments have been 
included in the flow model. The lineaments are vertical zones extending from the 
surface to the base of the model. They are not based on direct observations, but on 
topographical and geophysical interpretations (Korhonen et al. 2005; Vaittinen et al. 
2009), and, thus, they are obviously subject to high uncertainties.  

When constructing the current structure model, three zones (HZ004, HZ008, HZ21) 
were extended across the island to provide a connection between the WCA and the 
lineaments. HZ004 and HZ008 are highly uncertain, because they are based on only two 
to three measured transmissivities. On the other hand, although there are several direct 
observations of the existence of HZ21, its continuity outside the WCA is not known. In 
order to compensate for the lack of information of the HZs, the hydraulic conductivity 
of the SFR has conventionally been increased outside the WCA. Whereas higher 
conductivity affects the volumetric groundwater flow in the bedrock, it does not 
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compensate for the lack of hydrogeological connections, however. The connectivity of 
the network of HZs has considerable influence on the characteristics of the deep 
groundwater flow at the site. Thus, whereas the hydraulically significant site-scale zones 
inside the WCA are known, the lack of information on zones outside the WCA leads to 
high uncertainties in the numerical flow modelling. For example, although the missing 
zones of the flow model do not affect the final discharge areas of water flowing from 
the potential repository bedrock volume, they naturally have a large effect on the actual 
flow routes and travel times. 

In the basic approach, each HZ is separately treated as a homogeneous and isotropic 
continuum, with which a single effective transmissivity value is associated, thus 
disregarding the heterogeneity of the HZs. The applied (initial) transmissivity is a 
geometric mean of the measured local point values interpreted as being related to the 
individual zones (see details in Vaittinen et al. 2009; Table 3-1). Due to the lack of data, 
the lineaments were attached to high conservative transmissivity (1·10-5 m2/s), which 
was naturally highly uncertain. The sensitivity of the results to the lineaments was 
assessed by decreasing the transmissivity by one, two and three orders of magnitude. In 
the calibration (see details in Section 4) the transmissivities of the single HZs were 
modified separately in two steps (Table 3-2). In the first step, the transmissivity was 
adjusted by using the responses of the pumping tests carried out in 1992-2004, whereas 
in the second step, the modifications were based on the pressure measured in the drill 
holes by using the calibrated transmissivity from the first step. When analysing the 
impact of the ONKALO (Section 9), the transmissivity of the intersecting zones in the 
vicinity of the tunnels was decreased by calibration against the observed total inflow to 
the tunnel (Section 9.3).

Heterogeneity of the zones 

The transmissivities, which have been measured from the cored drill holes, show 
considerable variation within the individual zones (nearly four orders of magnitude at 
most; Vaittinen et al. 2009). In the basic approach, each HZ is separately treated as a 
homogeneous and isotropic continuum, with which a single effective transmissivity 
value is associated, thus disregarding the heterogeneity of the HZs. The comparison of 
the measured and calculated pressures in the drill holes (Section 4; Figure 4-7 through 
Figure 4-10) shows that the effective transmissivity is valid in the characterisation of the 
overall groundwater flow conditions in the bedrock. However, locally or within 
individual zones, its validity may be more restricting. In particular, the calculated flow 
rates and the flow paths along the plane of the HZs are obviously dependent on the 
transmissivity distribution associated with them. 

In this study, the impact of the heterogeneity of the zones was addressed preliminarily 
by using the measured data to calculate an interpolated and spatially variable 
transmissivity field along each plane of the HZs. Other hydrogeological properties were 
not considered and, thus, with respect to these properties, the zones remain 
homogeneous. The outcome of the interpolation is sensitive to the employed method, 
particularly when a physical quantity in the environment can range over several orders 
of magnitude, such as in the case of transmissivity. Kriging interpolation is a 
geostatistical technique that considers both the distance and the degree of variation 
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between known data points when estimating values in unknown areas (e.g. Journey and 
Huijbregts 1993). Of the many different types of Kriging, the so-called Ordinary 
Kriging is apparently the most widely used in geostatistical applications with similar 
objectives, and, thus, it was also applied in the current work.  

The Kriging algorithm was implemented in the FEFTRA code by applying the 
geostatistical software library GSLIB, which is a collection of geostatistical programs 
(Fortran77 source code and executables) developed at Stanford University (Deutsch and 
Journel 1997; Deutsch and Schnetzler 2009). GSLIB routines have been integrated into 
the inverse modelling program of TOUGH2, for example, which is a general-purpose 
numerical simulation program for multi-phase fluid and heat flow in porous and 
fractured media (Tough2 2009). The appropriate GSLIB routines were adapted and 
incorporated in the FEFTRA/octree module. 

Because the interpolation requires data from all over the zones and the measured values 
do not cover the whole zones, the FEFTRA package employs a set of constraints called 
control points at the edges of the HZs, which are assigned a value assumed by the user. 
Some other packages, such as TOUGH2, use the term ‘conditioning points’ for true 
measurements, and ‘pilot points’ for what is referred to here as control points. Many 
such assumptions may exist and their selection is based more on practical than on 
theoretical considerations. The current implementation of the algorithm offers two 
choices: either (1) the geometric mean of the true measurements is assigned to all edge 
control points, or (2) each control point is assigned the measurement value falling 
nearest to it. The calculated transmissivity distribution is obviously affected by the 
strategy chosen to set transmissivity values for the control points. 

The current implementation of the algorithm uses a single variogram for all HZs, and so 
the spatial variability of the measurements is essentially the same in all zones. This is 
mainly because (a) implementation was simpler this way and (b) in some of the zones, 
such as in HZ001, there are only a limited number of measurement points to calculate 
the variogram from. This approach may be refined in the future so that the Kriging 
algorithms, which produce the interpolated transmissivity field for the zones, take into 
consideration the spatial variability of the measured transmissivities in each zone. 

The interpolated transmissivity field for the HZ001 zones, the HZ19 and HZ20 systems 
and HZ21 is presented in Figure A-1 through Figure A-7 in Appendix A. The fields
were created with both of the strategies for the control points referred to above. Because 
of the preliminary nature of incorporating heterogeneity in the current flow model, the 
calculations with heterogeneous transmissivity in this study were limited mostly to a
few sensitivity cases. 

3.3 Hydraulic conductivity of the sparsely fractured rock 

The site-scale flow model is a simplified, larger-scale description of the bedrock. In the 
current flow model, the hydraulic characteristics of the sparsely fractured rock (SFR) 
between the hydrogeological zones (HZs) are modelled by the equivalent porous 
medium (EPM) approach, in which the fractured system (the water-bearing fractures) is 
treated as a single continuum with the effective hydraulic conductivity. The effective 
conductivity is based on the measured small-scale transmissivities (interpreted as being 
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related to the SFR), which are averaged to obtain a representation of the similar overall 
behaviour of the fracture network on a larger length scale (Vaittinen et al. 2009). Thus, 
single fractures have not been considered explicitly in the applied EPM flow model, but 
they have been included implicitly in the effective hydraulic conductivity, which is the 
geometric mean of the transmissivities measured from the small-scale fractures. 
Although the measured transmissivities show considerable variation at different depths 
(more than four orders of magnitude at most; Vaittinen et al. 2009), the resulting 
effective conductivity was not spatially variable, but changed only with depth 
throughout the modelled volume. 

Vaittinen et al. (2009) have proposed two alternative initial estimations of the effective 
conductivity for numerical flow modelling (Table 3-3, Figure 3-4 and Figure 3-5). For 
the first estimation, the modelled volume was divided into six depth classes, whereas, in
the second, more detailed depth classes were used, which resulted in more continuous 
depth dependency at shallow depths. The details of the estimation of the effective 
conductivity are presented in Vaittinen et al. (2009). In this study, the two alternative 
interpretations were applied as initial values in the calibration. Based on the calibration 
against the measured baseline pressures and salinities in the deep drill holes, the second 
estimation, together with the horizontal/vertical anisotropy ratio of 10 in the uppermost 
50 m layer of rock, was selected as the baseline conductivity (see Section 4.2 for details 
of the calibration). When analysing the impact of the ONKALO (Section 9), the 
conductivity in the vicinity of the tunnels was decreased by calibration against the 
observed inflows to the tunnel (Section 9.3).

The recent discrete fracture network (DFN) modelling by Hartley et al. (2009) enabled 
the incorporation of heterogeneous conductivity into the current flow model. Hartley et 
al. (2009) provided an independent alternative, which can be used alongside the 
approaches based on the geometric means of the measured transmissivities by Vaittinen 
et al. (2009). The DFN model was used to derive the upscaled hydraulic conductivity 
from a single realisation based on an underlying Hydro-DFN model. A more detailed 
discussion on the upscaled properties is presented by Hartley et al. (2009). In this study 
a preliminary comparison of the groundwater flow based on the geometric mean and the 
upscaled properties was carried out (Section 8). In addition, the upscaled conductivities 
were applied in one sensitivity case (Section 6.1).

The measured transmissivities have been interpreted as being related either to the SFR 
(mostly the lower values) or the HZs (mostly the higher values). The geometry of the 
deterministic HZs in the flow model is based on the transmissivities interpreted as being 
related to the HZs. Due to a lack of information on the conductive fractures outside the 
WCA, the HZs in the flow model have been focused mostly inside the WCA. Thus, the 
flow model outside the WCA consists mainly of the SFR, although it is obvious that in 
reality there are HZs throughout the bedrock of Olkiluoto. In the flow modelling which 
is based on the EPM approach, the lack of information (and the missing HZs) outside 
the WCA has conventionally been compensated by increasing the hydraulic 
conductivity outside the WCA. Data from the KR6 and KR45 drill holes, which are 
located at the periphery of the WCA, has indicated five to seven times higher 
conductivities on average than in the drill holes which are located at the centre of the 
WCA (Vaittinen et al. 2009). Thus, a simple and rough approximation was adopted and 
five-fold conductivity is used outside the WCA.  
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3.4 Flow porosity 

Flow porosity (or effective porosity) expresses the fraction of the total volume of rock 
in which groundwater flow is effectively taking place. Excluding dead-end pores or 
non-connected cavities (the major part of the rock, which contains essentially stagnant 
water), flow porosity is a very important parameter from the perspective of groundwater 
flow. In particular, when simulating salt transport, flow porosity affects the time scales 
of transport. Higher porosity moderates the transport of solutes, so that transport occurs 
over a longer time scale, whereas lower porosity induces higher velocities and a faster 
response of the flow system to phenomena such as saline seawater infiltration or fresh 
water infiltration. 

There is no direct site-specific data available for flow porosity, although a study by 
Autio et al. (1998) found total porosity of 1.4·10-3 for undisturbed rock. Conventionally, 
flow porosity is presented as a constant value throughout the modelled volume, albeit 
using different values for the HZs and the SFR. In reality, however, flow porosity varies 
and is also related to other properties of rock, such as transmissivity and/or hydraulic 
conductivity. Various simplified and uncertain relations exist between flow porosity and 
conductivity (e.g. Taivassalo and Saarenheimo 1991). Instead of being based on the 
conventional approach referred to above, the flow porosity in the current work is 
indirectly based on the transmissivity observations.  

Flow porosity was calculated from the fracture properties (aperture and spacing, Section 
2.2.1, Equation 2-11) separately for each HZ and the depth layer of the SFR. The 
averages (arithmetic means) of hydraulic aperture (void space) and fracture spacing 
were calculated from the transmissive fractures found by flow logging. The maximum 
values of fracture-specific transmissivities and an empiric factor (C=10) between the 
ideal parallel plate hydraulic aperture (cubic law, Equation 2-12) and the void space of 
actual flow was used as recommended in Taivassalo and Saarenheimo (1991). Mean 
fracture spacing and fracture apertures, as well as calculated flow porosities, are shown 
in Table 3-1 and Table 3-3. Due to a lack of data, assumed values were applied to
HZ008 and the lineaments. In the HZs, flow porosity is a single value related to 
transmissivity, whereas in the SFR it follows depth-dependent hydraulic conductivity. 

In the calibration (see details in Section 4), the transmissivities of the single HZs were 
modified. Thus, the fracture apertures were modified with the transmissivity in 
accordance with the cubic law (Equation 2-12), which also affects the flow porosity. 
The calibrated values are presented in Table 3-2. Corresponding values for the SFR 
between and outside the deterministic zones are shown in Table 3-3. In the sensitivity 
analysis, the flow porosities were varied between one fifth and five-fold compared to 
the ones applied in the base case (Table 3-1 through Table 3-3).

3.5 Diffusion porosity 

Diffusion (or matrix) porosity represents the portion of the interconnected cavities (or 
matrix blocks) that do not contribute to flow porosity. In the case of salt transport this 
porosity has the capacity to affect flow indirectly through diffusion, which changes the 
salinity of the water in the water-bearing fractures (the fraction of the total volume of 
rock represented by flow porosity). In the matrix, the solutes are transported only by 
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diffusion. Salt t

Similarly to flow porosity, diffusion porosity affects the time scales of transport. Higher 
porosity increases the impact of stagnant matrix blocks on the water-bearing fractures 
and moderates the transport of solutes, so that transport occurs over a longer time scale, 
whereas lower porosity decreases this impact, inducing higher velocities and faster salt 
transport. In the current study, the fractured system referred to above is modelled with 
the dual-porosity model (Section 1.1), in which diffusion porosity is a significant 
parameter. Because a major part of the rock contains essentially stagnant water, 
diffusion porosity is usually higher than flow porosity. 

The initial value for diffusion porosity (0.2%) is based on reports (Paulamäki & 
Paananen 1995; Paananen & Paulamäki 1995) in which the diffusion porosities for mica 
gneiss and granite have been estimated for the KR10 drill hole and the extended part of 
the KR2 drill hole in Olkiluoto. On the other hand, according to Hartikainen et al. 
(1996) the diffusion porosity in Olkiluoto may range between 0.05-11%. Based on the 
calibration (Section 4.3), the value of 1% was selected as the baseline value and was 
assumed to be constant throughout the modelled volume (in both the HZs and the SFR). 
In the sensitivity analysis diffusion porosity was varied between one fifth and five-fold 
compared to the baseline value. The applied porosities are summarised in Table 3-4. 

3.6 Dispersion 

Dispersion describes the spreading and mixing of a concentration front due to 
groundwater flow. This spreading and mixing process is caused primarily by spatial 
variations in groundwater flow velocity and is higher in the direction of the flow than in 
the transverse directions. Stronger dispersion causes the concentration front to increase 
in size and decrease in magnitude. Larger values reflect an increase in the spreading of 
solutes, resulting in a wider transition zone between fresh and saline water, for example, 
whereas lower dispersion values indicate that the transport of solutes is moderated so 
that the transition zone remains sharper. In addition to being dependent on velocity the 
magnitude of dispersion depends on the concentration gradient and the dispersivity 
values. In Equation (2-5) describing salt transport in the water-bearing fractures, 
dispersion is included in the dispersion tensor, Equation (2-6), in which the relevant 
parameter is the dispersivity, i.e. the longitudinal (in the direction of flow) and the 
transverse (perpendicular to the flow) dispersion lengths (or coefficients). No site-
specific information exists about dispersivity, and assigning proper values to it has 
proved difficult (de Marsily 1986; Anderson and Woessner 1992). An additional 
complicating factor is the scale effect, whereby the dispersivity values tend to increase 
with the size of the problem (or travel distance). Conventionally, dispersivities have 
been estimated through calibration of the flow model. Dispersivity is discussed in more 
detail in Andersson et al. (2007, pp. 217-218).

Due to the difficulties referred to above, the assumptions adopted in the previous studies 
(Löfman 1999; Posiva 2005; Andersson et al. 2007) concerning dispersivities were also 
applied in this study. Based on the observations (regarding the distribution of water 
types at Olkiluoto) that only a little mixing takes place between saline and non-saline 
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waters, the dispersion lengths were selected to be as small as possible (considering the 
numerical constraints associated with the velocity/element size/dispersivity ratio, the so-
called Peclet number) in order to decrease the spreading of solutes and to obtain a sharp 
interface between fresh and saline water. The stratified nature of and sharp interfaces 
between groundwater types, as well as the limited mixing of different end-member 
waters, tend to support the assumption of short dispersion lengths. In order to prevent 
the spreading of solutes in a vertical direction at shallow depths, a transverse dispersion 
length of one metre was used in the upper 50 m layer of the SFR. Throughout the rest of 
the modelled volume, the longitudinal dispersion length was selected to be 25 m and the 
transversal value was taken to be 25% of the longitudinal value. The impact of 
dispersivities on the results was assessed in the sensitivity analysis by using higher 
values (50 m and 100 m) for the longitudinal dispersion lengths (transversal lengths 
adjusted accordingly). In the P/O study (Section 9) a shorter modelling period (and time 
steps) also enabled the use of smaller dispersivity values (longitudinal 6.3 m and 12.5 
m). The applied dispersivities are summarised in Table 3-4. 

3.7 Miscellaneous properties of water 

The density of the fresh water and the dependence coefficient on TDS concentration 
were based on correlation of the measured density and salinity. The viscosity of water 
and the molecular diffusion coefficient are well-known parameters (e.g. Lide 1990). 
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Figure 3-1. The modelled volume on the ground surface (delineated by the solid-line
polygon) and the Well Characterized Area (the rock volume where the drill hole
investigations have been focused, delineated by the dashed-line rectangle). The 
modelled area is approx. 28 km2 horizontally and 2 km in depth.
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Figure 3-2. The conceptual description of the hydrogeological zones in the bedrock of 
Olkiluoto in the latest flow model 2008 (Vaittinen et al. 2009).  The size of the flow 
model domain is about 28 km2 horizontally and 2 km in depth.

Figure 3-3. The ONKALO and the selected nearby hydrogeological zones of the flow 
model 2008 (Vaittinen et al. 2009).
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Table 3-1. The initial hydraulic properties (the transmissivity T, the fracture aperture 
2b, the fracture spacing 2a, the flow porosity f and the thickness d) of the 
hydrogeological zones (HZ) in the flow model 2008 (Vaittinen et al. 2009). The 
calibrated values are presented in Table 3-2. All values except those marked in italics 
were based on the experimental data. As no data was available for the values marked in 
italics, assumed values were applied in the simulations. 

T [m2/s] 2b [m] 2a [m] f [-] dave [m] dmin [m] dmax [m]

HZ001 1.6·10-6 1.4·10-3 5.8 2.4·10-4 4.4 2.0 12.0

HZ004 1.3·10-7 0.4·10-3 2.5 1.6·10-4 5.0 2.0 8.9

HZ008 3.2·10-6 1.0·10-3 1.0 1.0·10-3 21.3 21.3 21.3

HZ19A 7.9·10-6 1.5·10-3 1.1 1.4·10-3 4.7 0.2 12.0

HZ19B 3.2·10-6 1.5·10-3 1.2 1.3·10-3 3.2 1.0 10.2

HZ19C 4.0·10-6 1.5·10-3 1.4 1.1·10-3 3.1 0.5 8.0

HZ20A 5.0·10-6 1.8·10-3 1.1 1.6·10-3 3.6 2.0 9.5

HZ20B 3.2·10-6 1.2·10-3 2.5 4.8·10-4 7.2 2.0 20.3

HZ21 1.3·10-8 0.4·10-3 1.5 2.3·10-4 10.4 2.0 22.1

HZ099 2.0·10-7 0.5·10-3 2.0 2.5·10-4 7.8 2.0 14.0

LIN1-5 1.0·10-5 1.0·10-3 1.0 1.0·10-3 1.0 1.0 1.0
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Table 3-2. The calibrated hydraulic properties (the transmissivity Tcal, the fracture aperture 2b, the flow p
zones (HZ) in the flow model 2008. The fracture aperture was modified with the transmissivity in accorda
2-12), which also affects flow porosity. The measured maximum and initial transmissivities are denoted by

Tmax
[m2/s]

Tinit
[m2/s]

Tcal
[m2/s]

Tcal /Tinit 
[-]

Tcal /Tmax 
[-]

2b [m] f [-] B

HZ001     
(0-200 m)

7.9·10-6 1.6·10-6 7.9·10-6 4.9 1.0 2.4·10-3 4.1·10-4 Pressure 

HZ001 
(200-300 m)

5.9·10-8 1.6·10-6 5.9·10-8 0.04 1.0 4.7·10-4 8.0·10-5 Pressure 

HZ004 1.3·10-7 1.3·10-7 1.3·10-7 1.0 1.0 0.4·10-3 1.6·10-4 No adjus

HZ008 1.0·10-5 3.2·10-6 3.2·10-6 1.0 0.3 1.0·10-3 1.0·10-3 No adjus

HZ19A 7.9·10-5 7.9·10-6 2.6·10-5 3.3 0.3 2.2·10-3 2.0·10-3 Pumping

HZ19B 6.3·10-5 3.2·10-6 3.2·10-7 0.1 0.005 7.0·10-4 5.8·10-4 Pumping

HZ19C 6.3·10-5 4.0·10-6 6.3·10-5 16 1.0 3.7·10-3 2.8·10-3 Pressure 

HZ20A 4.0·10-5 5.0·10-6 1.5·10-5 3.0 0.4 2.6·10-3 2.4·10-3 Pumping

HZ20B 1.3·10-5 3.2·10-6 9.0·10-6 2.8 0.7 1.7·10-3 6.8·10-4 Pumping

HZ21 3.1·10-6 1.3·10-8 3.0·10-6 230 1.0 2.5·10-3 1.6·10-4 Pumping

HZ099 6.3·10-7 2.0·10-7 2.0·10-7 1.0 0.3 0.5·10-3 2.5·10-4 No adjus
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Table 3-3. The hydraulic properties (the hydraulic conductivity K, the fracture aperture 
2b, the fracture spacing 2a, the flow porosity f) of the sparsely fractured rock (SFR) 
between the hydrogeological zones (HZ) of the flow model 2006 (Andersson et al. 2007) 
and the flow model 2008 (Vaittinen et al. 2009). The values represent the bedrock inside 
the Well Characterised Area (the rock volume where the drill hole investigations have 
been focused). The lack of information on the HZs outside the WCA has been 
compensated by using five-fold conductivity outside the WCA. Two alternative 
interpretations of K (K1 and K2) were available for the simulations. Based on the 
calibration the 2nd interpretation was selected as the base value, with the 
horizontal/vertical anisotropy ratio of 10 in the uppermost 50 m layer of rock (i.e. the 
vertical component of K2 was decreased to 1.0·10-8 m/s in calibration; see Section 4.2).
The graph of the latest properties is presented in Figure 3-4. 

2006 2008

Depth [m] K [m/s] K1 [m/s] K2 [m/s] 2b [m] 2a [m] f [-]

0-50 6.0·10-8 (xy) 

1.0·10-9 (z)

1.0·10-7 1.0·10-7 -
3.2·10-8 *)

5.5·10-4 1.7 3.2·10-4

50-100 1.0·10-9 2.0·10-8 3.2·10-8 -
5.0·10-9 *)

4.0 ·10-4 3.0 1.3·10-4

100-200 7.0·10-10 3.0·10-9 5.0·10-9 -
1.3·10-10 *)

3.0 ·10-4 6.1 4.9·10-5

200-300 4.0·10-10 6.0·10-10 1.3·10-10 2.5 ·10-4 11.8 2.1·10-5

300-400 4.0·10-10 6.0·10-10 1.3·10-10 3.3 ·10-4 18.7 1.8·10-5

400-500 1.5·10-10 6.0·10-10 3.0·10-11 3.3 ·10-4 18.7 1.8·10-5

500-2000 1.5·10-10 1.5·10-10 3.0·10-11 3.8 ·10-4 35.5 1.1·10-5

*) The logarithm decreases linearly from 1.0·10-7 to 1.3·10-10 m/s at a depth 
interval 0-200 m (see Figure 3-4).
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Table 3-4. Miscellaneous properties of the bedrock and water. From the standpoint of 
solute transport, the fractured bedrock was modelled as a dual-porosity (DP) medium. 
The symbols refer to the mathematical model presented in Section 2.2. 

Symbol Parameter Value

0 Fresh water density 998.8 kg/m3

ac Density dependence on salinity (TDS) 0.76 [-]

0 Viscosity of fresh water 1.0·10-3 kg/(ms)

L Longitudinal dispersion length 6.3 m (sensitivity case,  P/O-
study only, Section 9)

12.5 m (sensitivity case,  P/O-
study only, Section 9)

25 m (base case)

50 m (sensitivity case)

100 m (sensitivity case)

T Transverse dispersion length 1.0 m (depth 0-50m)

25% of L (depth 50-2000 m)

D0 Molecular diffusion in water (DP model) 1.0·10-9 m2/s

' Diffusion porosity (DP model) 2.0·10-3 (initial value)

5.0·10-3 (sensitivity case)

1.0·10-2 (calibrated base value)

2.0·10-2 (sensitivity case)

5.0·10-2 (sensitivity case)
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Figure 3-4. The hydraulic properties (the hydraulic conductivity K, the fracture 
aperture 2b, the fracture spacing 2a, the flow porosity f) of the sparsely fractured rock 
(SFR) between the hydrogeological zones (HZ) in the flow model 2008 (Vaittinen et al. 
2009). The values represent the bedrock inside the Well Characterised Area (the rock 
volume where the drill hole investigations have been focused). The lack of information 
on the HZs outside the WCA has been compensated by using five-fold conductivity 
outside the WCA. The actual values of the properties are presented in Table 3-3.
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Figure 3-5. The current estimations of the effective hydraulic conductivity of the 
sparsely fractured rock (K1 and K2) together with the estimations applied in the selected 
previous studies (Löfman 1999; Andersson et al. 2007).

3.8 Paleohydrogeological evolution of the site 

Understanding the transient postglacial evolution of the Baltic Sea region during the 
Holocene is vital when assessing hydrogeological and hydrogeochemical evolution in 
the bedrock at Olkiluoto, since it provides initial and boundary conditions on the 
groundwater flow (Figure 3-6).  

The interpretation of the glacial/postglacial events that have evidently affected the 
groundwater flow and composition around the Baltic Sea in the Fennoscandian Shield is 
based on Quaternary geological information from various sources, including Eronen et 
al. (1995), Eronen & Lehtinen (1996), Donner et al. (1999) and Salonen et al. (2002). It 
has been discovered that the glacial/postglacial geological information is reflected in the 
deep groundwater chemical and isotopic compositions, not only at Olkiluoto but at 
several other sites in Finland (Figure 3-6) and Sweden (Pitkänen et al. 1998, 2001,
2004; Smellie et. al. 2002; Andersson et al. 2007; Laaksoharju et al. 2008). 

Complete Weichselian deglaciation started about 11,500 years ago (Figure 3-6), and 
soon after that Olkiluoto emerged from the cover of ice (about 11,000 years ago), but 
remained below the surface of the mildly saline Yoldia Sea, which had a depth of about 
100 m. Glacial melt water close to the retreating ice margin was able to infiltrate the 
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bedrock under considerable pressure. The exact penetration depth is still unknown, but 
depths of 200 to 300 m seem likely, according to groundwater stable isotopic data 
(Pitkänen et al. 2004; Andersson et al. 2007). The impact of the Yoldia stage probably 
resulted in only minor contributions to the bedrock groundwater composition, since the 
margin of the retreating ice sheet was at the latitude of Olkiluoto at the time of the 
Yoldia Sea. That is, the seawater of the Yoldia Sea was probably fairly dilute close to 
the ice margin, due to the large volumes of glacial melt water. In addition, this sea stage 
lasted only a couple of hundred years at Olkiluoto. 

The Olkiluoto site also remained submerged during the stages of the fresh water 
Ancylus Lake (starting some 10,800 years ago) and the saline Littorina Sea (starting 
around 8500–8000 years ago). During the main part of the Littorina stage, between 
about 8000 and 4500 years ago, when the sea at Olkiluoto had a depth of about 50 to 30 
m, the TDS in the seawater was about 4 g/L higher than in the modern Baltic Sea at the 
Finnish coast (Donner et al. 1999). The peak salinity of the Littorina Sea has been 
estimated to be about 12 g/L (Westman et al. 1999). Since that time, the salinity of the 
seawater has been reduced steadily to its current value of about 6 g/L off Olkiluoto 
Island. The denser, brackish seawater of the Littorina Sea could have percolated into the 
bedrock by gravity, resulting in a density turnover, because the density of the 
groundwater in the bedrock had probably decreased due to melt water infiltration, at 
least in its upper part. As the Littorina Sea stage contained the most saline water, it is 
assumed to have had the greatest penetration depth, eventually mixing with the glacial 
and pre-glacial groundwater mixtures, which were already present in the bedrock. This 
mixing affected the groundwater composition more rapidly in the most conductive 
hydrogeological features, i.e. fractures and hydrogeological zones. In the low permeable 
parts of the bedrock between these features, the groundwater chemistry has been 
affected significantly less by advective mixing or diffusion.  

As a result of continuous land uplift, the Olkiluoto Island begun to emerge from the 
Baltic Sea about 3000–2500 years ago (Eronen & Lehtinen 1996) and currently the 
post-glacial uplift at the site is about 4–6 mm/yr (Eronen et al. 1995; Kakkuri 1987). 
The infiltration of fresh meteoric water (precipitation) successively formed a lens on top 
of the brackish water, because of its lower density. As the present topography of 
Olkiluoto Island is fairly subdued, the flushing of the bedrock is limited and the 
thickness of the freshwater lens is, therefore, moderate; the interface ranges from the 
surface down to a few tens of metres.  
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Figure 3-6. Postglacial shoreline in southern Finland from about 11,500 years ago 
until the present (after Eronen et al. 1995, Pitkänen et al. 2004). Marine regression 
and uplift was due mainly to crustal rebound after the Weichselian glaciation. Also 
shown are sites in Finland whose hydrogeochemical conditions are found to be related 
to their situation relative to deglaciation and Baltic Sea evolution.

3.9 Initial and boundary conditions in the baseline modelling 

The objective of the hydrogeological modelling is to characterize the overall dynamics 
of the natural groundwater conditions which prevailed before excavation of the 
ONKALO. The baseline groundwater flow conditions were simulated from the early 
Littorina Stage (about 8000 years BP) up to the present day. The simulation period can 
be divided into two parts in which there are special characteristics that dominate the 
groundwater flow conditions. Until the highest hills on Olkiluoto Island rose above sea 
level about 2800 years BP, groundwater flow was driven purely by density differences 
caused by saline groundwater. After that the postglacial land uplift gradually enlarged 
the area of the island and fresh water start to infiltrate the bedrock and to replace 
brackish and saline water below the widening area of the island. In addition to the 
Littorina simulation starting at 8000 years BP, a separate simulation starting at 2800 
years BP was carried out. 

Consideration of the processes characterizing the aforementioned flow dynamics 
requires coupled and transient modelling of groundwater flow and solute (salt) 
transport, which are described by the partial differential equations written for the 
pressure and TDS concentration (Section 2.2). The numerical finite element solution of 
the equations requires specification of the initial and boundary (external and internal) 
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conditions for the dependent variables (pressure and concentration). The initial 
conditions are specified everywhere within the modelled volume at the beginning of the 
simulation, whereas the external boundary conditions are specified on the model 
boundaries (vertical, top and bottom) throughout the simulation time frame of 8000 and 
2800 years. The internal boundary conditions are needed for the tunnels in the 
simulation of the disturbances due to the ONKALO (Section 9). 

Modelled volume 

The modelled bedrock volume covers the whole of Olkiluoto Island, and is approx. 
30 km2 horizontally and 2 km in depth (Figure 3-1). The location of the lateral 
boundaries follows the lineaments surrounding Olkiluoto Island. The highly 
transmissive lineaments constitute a natural, closed flow system around the island, and 
the location outside the lineaments make the uncertainty associated with the boundary 
conditions insignificant. In the coupled flow and salt transport modelling the top surface 
of the model is flat throughout and is located at the present sea level (z = 0 m).  

Initial salinity 

The initial conditions for the Littorina simulations starting at 8000 years BP are based 
on current TDS observations in the deep drill holes for natural undisturbed (baseline) 
conditions before excavation of the ONKALO (Pitkänen et al. 2007), and indirect 
knowledge of salinity in the early Littorina Sea stage (see previous Section 3.8). 
According to the geochemical interpretations the observations can be assumed to 
originate from either the pre-Littorina or Littorina Sea stage (~8000-2500 years BP). 
The observed salinity increases with depth and varies with location, but the extent of the 
spatial variability is not known. Thus, a simple, depth-dependent fit for the observations 
interpreted to originate from the pre-Littorina stage (saline and brackish water types 
which do not include Littorina or younger fractions) was used as the initial condition for 
salinity (Figure 3-7): 
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In addition to the Littorina case, the dynamics of the flow system were also studied with 
a case that started “halfway” in time, i.e. at 2800 years BP (the approximate time when 
the highest point of Olkiluoto Island rose above sea level). In the “halfway”case, a 
constant initial TDS of 8 g/L (representing the highest value observed in the upper part 
of the bedrock) is assumed to a depth of 335 m. Otherwise, the same fit, Equation (3-1), 
was used as in the Littorina case (Figure 3-8).  

The highest observed TDS is 83 g/L and has been measured at a depth of about 800 
metres. In a base case the exponential fit is applied to depths, which covers the 
observations. Due to the lack of observations at greater depths, a current maximum 
observation is applied as an initial condition from the deepest observation depth down 
to the base of the model. However, most of the TDS samples have been measured from 
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fractures that conduct fairly well (K > 10-9 - 10-8 m/s). Thus, it is possible that higher 
salinity values would be obtained, if the measurements were conducted in poorly 
conductive sections of rock (Ruotsalainen et al. 2000). On the other hand, it is very 
difficult to get water samples from deep, tight rocks. In the sensitivity case, the 
exponential fit in Equation (3-1) is extrapolated so that the highest initial value exceeds 
the current observed maximum and reaches a value of 110 g/L, which is applied down 
to the base of the model (Figure 3-8). 

In all cases the same initial salinity is assumed in the hydrogeological zones, in the 
sparsely fractured rock between the zones, and in the water-bearing fractures and the 
matrix blocks of the dual-porosity model. 

Initial pressure 

The initial pressure is assumed to be hydrostatic and is defined on the basis of the initial 
salinity as: 

  (3-2) 

where  is the density of the water [kg/m3] (see Equation 2-3), 0 is the density of the 
fresh water [kg/m3], g is the gravitational acceleration [m/s2], z is the elevation relative 
to the sea level [m] and ac is the coefficient for the density dependence of the salinity 
concentration [-]. The flow equation, which has been written for the residual pressure, is 
presented in Section 2.2.1.
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Boundary conditions 

The salinity of the water above Olkiluoto has evolved since the melting of the last ice 
sheet. The subsequent freshwater Ancylus Lake was followed eventually by the 
Littorina Sea, which was more saline than the current Baltic Sea. This increased salinity 
has been obtained indirectly from fossils of Littorina molluscs, which can only live in 
water with relatively high salinity. The peak salinity of the Littorina Sea has been 
estimated at about 12 g/L (Westman et al. 1999) and has been interpreted as occurring 
in the early Littorina Sea stage at about 8000 years BP. The peak value is used as a 
time-dependent boundary condition for salinity on the top of the model during 8000-
5000 years BP (Figure 3-9). After that it is assumed to decrease linearly to the value of 
the current Baltic Sea (5.6 g/L) during 5000-2500 years BP. A salinity value of 0 g/L is 
used as a boundary condition for the area of the surface, which at each time step is 
above the sea level after 2800 years BP. 

The specified pressure representing the current elevation of the groundwater table was 
used as a top boundary condition for the area, which at each time step is above the sea 
level, with zero pressure on the remaining area. Thus, zero pressure is applied on the 
whole top surface as long as the island is below sea level until 2800 years BP. After that 
the net effect of the post-glacial land uplift and global sea level rise start gradually to 
enlarge the area of the island and increase the elevation of the water table. The transient 
changes of the water table are taken into account with time-dependent boundary 
conditions on the surface of the model. The topography of the Olkiluoto area and the net 
land uplift are together used to define the moment at which each point of the island rose 
above the sea level. After that the elevation of the water table for each point on the 
surface is assumed to increase linearly to its present-day value. An example of the 
topography and the transient water table boundary condition at the highest point of 
Olkiluoto is presented in Figure 3-10. 

Currently the land is rising in relation to sea level by approx. 6 mm/a in the Olkiluoto 
area (Eronen et al. 1995; Påsse 1996). Changes in the shore level are due to the 
combined effect of two vertical movements, glacio-isostatic land uplift and glacio-
eustatic sea level rise. Northern Europe was covered by a huge ice sheet during the last 
ice age. The load of the thick ice sheet depressed the earth's crust by several hundreds of 
metres and the release of this load as the ice sheet melted resulted in a strong rebound. 
In early post-glacial time, land uplift was much more rapid than at present. Although the 
rate of uplift has decreased gradually over the past few thousands of years, the land is 
still expected to rise several tens of metres during the next thousands of years. Påsse 
(1996) has constructed a mathematical model for both land uplift and sea level rise in 
the area covered by the Scandinavian ice during the Weichselian glaciation. The change 
in shore level is obtained as a sum of the effects of uplift and eustasy. In the Olkiluoto 
area the glacio-isostatic land uplift U [m] is described by 

,
9500

12500arctan
9500

12500arctan2456366.0)( ttU   (3-3) 

whereas the glacio-eustatic sea level rise E [m] is written as 



44

.
1375

9350arctan
1375
9350arctan506366.0)( ttE   (3-4) 

Thus, the net land uplift Unet [m] is obtained as 

).()()( tEtUtUnet   (3-5) 

Eronen et al. (1995) have studied the shore level changes of the Baltic Sea and the land 
uplift process in south-western Finland during the last 8000 years, and the empirical 
data obtained from studies of sediments in small lakes is consistent with Påsse’s model
(Figure 3-11). 

The groundwater table is based on the long-term mean of the current undisturbed 
measurements over several years before excavation of the ONKALO started (Ahokas et 
al. 1997; Posiva 2003). As the water table data available for the Olkiluoto area is 
slightly incomplete (for example, it does not cover the mainland and neighbouring 
islands), a simple correlation between the island’s groundwater and ground levels (water 
table = 0.56 x topography; Figure 3-13 and Figure 3-14) is assumed for locations not 
covered by actual measurements. The time-dependent groundwater table for the whole 
top surface of the model is presented in Figure 3-15.

On the vertical and bottom boundaries, initial salinity values are used for the entire 
simulation period, whereas a no-flow boundary condition was applied for pressure. A
summary of the boundary conditions is presented in Table 3-5. 
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Figure 3-7. The initial salinity of groundwater (TDS) in the bedrock in the simulations 
starting from the early Littorina stage at 8000 years BP. The initial state is indicated by 
the approximate fit to the measured present day salinity from the drill holes 
representing the undisturbed conditions before excavation of the ONKALO.  The fit is 
not spatially variable, but changes only as a function of depth throughout the modelled 
volume.
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Figure 3-8. The initial salinity of groundwater (TDS) in the bedrock in the simulations 
starting at 2800 years BP. The initial state is indicated by the approximate fit to the 
measured present day salinity from the drill holes representing the undisturbed 
conditions before excavation of the ONKALO. The fit is not spatially variable, but 
changes only as a function of depth throughout the modelled volume. A constant initial 
TDS of 8 g/L representing the highest value observed in the upper part of the bedrock is
assumed down to a depth of 335 m. Otherwise the same fit was used as in the Littorina 
case (Figure 3-8). The sensitivity case is denoted by the dashed line.

Figure 3-9. The time-dependent top boundary for the salinity of groundwater (TDS) 
from the early Littorina stage at 8000 years BP until the present day.
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Figure 3-10. Example of the topography and the water table boundary conditions at the 
highest point of Olkiluoto (the current elevation of the topography is 18 m and the
current elevation of the water table is 10 m). The topography and the net land uplift 
(Figure 3-11) is used to define the moment at which each point of the Olkiluoto Island 
rose above sea level. After that, the topography and water table are assumed to 
increase linearly to the observed present day values. In areas where data was not 
available, the water table is calculated from the current topography assuming that the 
ratio between the groundwater and ground levels is 0.56 (Figure 3-13).

Figure 3-11. The postglacial land uplift and global sea level rise in the Olkiluoto area. 
The curves are based on the model by Påsse (1996). The circles denote the experimental 
data by Eronen et al. (1995). The negative axis represents the past and the positive 
represents the future, whereas zero denotes the present time. 
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Figure 3-12. The long-term mean groundwater table at Olkiluoto before 
commencement of the ONKALO excavation (Ahokas et al. 1997; Posiva 2003).

Figure 3-13. The observed average groundwater and ground levels and a 
corresponding linear fit for determination of the groundwater level in the area where 
water table data was not available.
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Figure 3-14. The present day groundwater table (top) based on the long-term mean of 
observations over several years before excavation of the ONKALO and the present day 
topography (bottom) on the surface of the model.
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Figure 3-15. The time-dependent groundwater table used as a boundary condition on the surface of the m
based on the long-term mean of observations over several years before excavation of the ONKALO s
between the topography and water table for locations not covered by actual measurements.
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Table 3-5. A summary of the boundary conditions for salinity (TDS) and pressure. The 
post-glacial land uplift divides the simulation period into two parts at about 2800 years 
BP. During the two sub-periods, there are different processes that characterise the flow 
conditions in the bedrock. In earlier times (before the year 2800 BP), the Olkiluoto 
Island was below the sea level and the flow was driven purely by density differences 
caused by Littorina seawater infiltration. In later times (from 2800 years BP onwards), 
the uplift resulted in a fresh water recharge, which gradually flushed the brackish water 
out of the upper part of the bedrock. 

Time 8000-2800 years BP 2800-0 years BP

Variable TDS Pressure TDS Pressure

Top 5.6-12 g/L for sea

0 g/L for land

0 Pa 5.6 g/L for sea

0 g/L for land

Water table

Lateral Initial value No-flow Initial value No-flow

Bottom Initial value No-flow Initial value No-flow



52



53

4 CALIBRATION OF THE BASELINE FLOW MODEL 

An essential part of groundwater flow analysis is calibration, which strives to ensure 
that the flow model corresponds with the hydraulic characteristics of the real system as 
much as possible. In calibration, the hydrogeological properties of the flow model are 
modified until an acceptable agreement with field observations is achieved. Any input 
parameter of the flow model can be calibrated, i.e. the shape and extent of the fracture 
zones, the hydrogeological properties of the bedrock, the boundary conditions, etc.  

The site-scale groundwater flow analysis in the Olkiluoto Site Description report 
consists of two modelling tasks: 1) characterising the baseline groundwater flow 
conditions before excavation of the ONKALO, and 2) prediction of the hydrogeological 
disturbances due to the ONKALO. The flow model is calibrated in both tasks by using 
all the available data which is appropriate for the applied deterministic equivalent 
porous medium (EPM) / dual porosity (DP) model. In the baseline modelling, 
calibration of the flow model is focused on improving the agreement between the 
simulated results and the undisturbed baseline observations. Calibration was carried out 
in three separate steps by using a manual trial-and-error technique. In the first step, the 
transmissivity of the hydrogeological zones (HZ) was adjusted by using the responses of 
the pumping tests carried out in 1992-2004. In the second step, the flow model was 
evaluated against the pressure measured in the drill holes by using the calibrated 
transmissivity from the first step and the conclusions to be drawn from the previous site 
description report of 2006 (Andersson et al 2007). In the third step, the flow model was 
adjusted against the measured salinity (TDS) in the drill holes by using the calibrated 
parameters from the two previous steps. 

The flow model that gave the best agreement with the baseline field data (pumping test 
responses, pressure and salinity) was chosen as the model to be used for both the 
characterisation of the natural groundwater flow conditions prevailing before excavation 
of the ONKALO and the initial flow model for prediction of the hydrogeological 
impacts of the ONKALO. In the predictive calculations (Section 9), the flow model is 
further calibrated by using the monitoring data on the ONKALO disturbances (Vaittinen 
et al. 2008b). The grouting efficiency and the hydraulic conductivity of the sparsely 
fractured rock (SFR) around the ONKALO are the key parameters affecting 
groundwater inflow to the ONKALO, and are determined by calibration against the 
observed inflows (Section 9.3). Infiltration, which is the key parameter when modelling 
the water table drawdown with the free surface approach, is adjusted against the 
observed groundwater levels. 

4.1 Pumping tests 

Drawdown histories that have become available from six hydraulic tests performed at 
the Olkiluoto site between 1992 and 2004 (Table 4-1; Vaittinen et al. 2008a) can be 
used to reinterpret and calibrate the transmissivities of the HZs in the updated structural 
model of the site (Vaittinen et al. 2009). The objective of this Section was to find a set 
of transmissivities for all (homogeneous) HZs that reproduce all of the selected 
pumping tests.  
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Mathematical model 

The pumping tests were simulated with steady-state calculations in the presence of 
withdrawal of water (Bear 1979; Huyakorn & Pinder 1983) 

(4-1) 

where K is the hydraulic conductivity tensor of the rock [m/s], h is the hydraulic head 
[m] and Q is the rate of pumping. 

Geometry of the models

The six hydraulic tests were all modelled with the same external boundaries that were 
set appropriately far from all the pumped drill hole sections. In the south, the boundaries 
extended beyond the HZ004 zone, while in the north and the west, they incorporated 
traces of the HZ21 and HZ008 zones in the surface, respectively. The eastern 
boundaries were defined by extension of the HZ19 system of zones. The depth of the 
model was 2000 m. 

Internally, the modelled volume was discretized by an adaptive mesh generator that 
created finite elements ranging in size from 2 m at the pumped sections to 230 m in
areas of low hydraulic gradient. The pumped sections were modelled with conductive 
1D elements, sometimes intersecting more than one fracture zone and also penetrating 
deep into 3D elements that represented the bedrock. The geometry of the HZs followed 
their definition as of 2008. The open boreholes were not taken into account. 

Hydraulic properties

In this study, a homogeneous transmissivity distribution was assumed over the planes of 
the HZs as the geometric mean of the measured transmissivities at the corresponding 
borehole intersections (Section 3.2; Vaittinen et al. 2009). Thus, the result of the 
calibration was a single transmissivity value for each calibrated HZ. The SFR between 
the HZs was modelled in six horizontal layers by using the second alternative 
conductivity (K2; Section 3.3; Table 3-3; Vaittinen et al. 2009). The conductance of the 
pumped sections, which were modelled with 1D elements, was set at 1.0 m3/s, allowing 
for no hydraulic gradient along it. 

Boundary conditions

For all of the pumping tests, no-drawdown (h = 0) was prescribed on the top of the 
model (z = 0) with no distinction between land and sea, and no-flow over the rest of the 
external surfaces. The withdrawal of water was modelled with outflows by using the 
actual pumping rate specific to each test (Table 4-1), prescribed on a node of the finite 
element mesh belonging to the pumped sections. 
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Calibration method

To better understand the role and behaviour of the HZs in the current structural model, 
all the hydraulic tests were first calibrated separately, i.e. with no regard to the rest. 
Some of the test setups involved only one pumped HZ and were thus simple enough that 
the calibration could be based on a manual, trial-and-error approach. This method was 
then extended to all the six hydraulic tests.  The success of the calibration rounds was 
evaluated by visually comparing the calculated drawdowns to the measured ones, 
primarily in the pumped drill hole sections, but also in a further 2-8 monitoring holes. 

Results

With the insight gained from these calculations, a set of hydraulic properties that 
relatively well reproduced most of the tests was found (Table 3-2). The reasoning 
behind the modifications introduced in the initial values (also summarised in Table 3-2)
is as follows: 

In the first test, the pumped section of the KR04 drill hole intersected the HZ20A 
and HZ20B zones, which were only connected to the surface boundary conditions 
via HZ004. As the initial transmissivities resulted in too high drawdowns, at least 
one of them had to be opened up for flow: THZ20A was increased from 5.0·10-6 to 
1.5·10-5 m2/s, and THZ20B was increased from 3.2·10-6 to 9.0·10-6 m2/s. These changes 
proved beneficial to the drawdowns calculated in the KR07, KR09 and KR10 
monitoring drill holes as well. 

In the second test, the pumped section of the KR01 drill hole intersected the HZ20A 
zone, and – since the measured transmissivity at their intersection was just 
THZ20A@KR01 = 1.5·10-5 m2/s – the change introduced in the previously mentioned 
KR04 test improved the drawdowns in this test as well. Drawdowns improved only 
in the KR04 monitoring hole, and did not get worse in the others. 

In the third test, the drawdown in the pumped section of the KR07 hole largely 
matched the measured value. However, because an unsatisfactorily small response 
was calculated in the neighbouring KR04 drill hole, the transmissivity of the 
connecting HZ19B zone was decreased by an order of magnitude from 3.2·10-6 to
3.2·10-7 m2/s. This step also improved the responses along the KR01 observation 
hole. 

The fourth test behaved rather independently of the others in that only a short 
pumping section was involved in the KR01 hole intersecting a single zone, HZ21.
As the transmissivity of HZ21 at its intersection with the pumped drill hole section 
(1.5·10-6 m2/s) differs very much from the geometrical mean of all measured 
transmissivities (1.3·10-8 m2/s), it comes as no surprise that this hydraulic test can
only be reproduced by a numerical model using homogeneous zones, if the 
transmissivity of the HZ21 zone is accordingly set this high. This result can be 
considered questionable, since there is no evidence to suggest that the transmissivity 
of HZ21 is indeed this high over its whole surface. 
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In the fifth test involving KR08 as the pumping hole, the initially too high 
drawdowns could be decreased by opening up the topmost HZ19A zone for flow: 
THZ19A was increased from 1.9·10-6 to 2.6·10-5 m2/s. This step did not influence the 
rest of the pumping tests, since no other pumping section intersected the HZ19A 
zone. However, drawdowns in the KR04 observation hole deteriorated. 

The sixth test involved two pumped sections in the KR24 drill hole, of which the 
upper did not intersect any HZs. Thus, any calibration led to modification of the 
hydraulic conductivities of the uppermost layers of rock – although this test alone 
was not a sound basis for such a move. Because of this, the modified hydraulic 
conductivities of the rock are left out of the final set of hydraulic properties. 

The drawdowns measured and calculated in the drill holes specific to the discussed 
hydraulic tests are shown in Figure 4-1 through Figure 4-5. 

Discussion

Hydraulic tests may, at least in theory, provide a most fundamental property of aquifers 
and other water-bearing structures like HZs – transmissivity, or, more precisely, the 
distribution of transmissivity along these hydrogeological entities. The distribution of 
transmissivity defines exactly where the subsurface flow occurs between areas 
characterised by high and low hydraulic head, and – all other circumstances being equal 
– also the rate of flow. 

Obviously, the transmissivity field that reproduces these tests is also a function of the 
geometry (and interconnectivity) of the zones and the prevailing boundary conditions. 
Thus, with the introduction of the new structural model of 2008, the task was to find the 
transmissivity values for each participating zone that consistently reproduce the 
responses in the selected hydraulic tests in the pumped drill hole sections, as well as in 
the neighbouring monitoring holes. These transmissivities were said to be calibrated to 
the six tests and the structural model. These calibrated transmissivities serve a sound 
basis for further calculations, like the subsequent calibration of the hydraulic 
conductivity of the SFR, and input parameters related to salt transport. 

With several rounds of manual, albeit systematic adjustments of the zones' 
transmissivities, these goals were partially met. The drawdowns in all the pumped 
sections show a satisfactory agreement with the measured values. On the other hand, the 
responses in some of the monitoring holes could not be reproduced with similar success. 

In addition, it should be noted that the currently used structural model, which was 
developed for site-scale measuring in kilometres, does not contain all the known 
connections that have been either detected or contemplated in block-scale measuring in 
100-m units (Vaittinen et al. 2009). Since the scale of the hydraulic tests fell closer to 
the block scale, it is believed that the remaining inconsistencies can be attributed to the 
hydraulic connections that are missing from the site-scale structural model. 
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Table 4-1. A summary of the pumping tests applied in the baseline calibration. The tests 
were performed at the Olkiluoto site between 1992 and 2004 (Vaittinen et al. 2008a).

Test no Drill hole Year in 
which the 
test was 

performed

Length [m] Flow rate 
[L/min]

Drawdown in 
the pumped 
section [m]

# 1 KR04 1998 293.5-375.2 17.0 17.8

# 2 KR01 1992 40.0-400.0 36.4 17.0

# 3 KR07 1995 20-300 15.4 10.0

# 4 KR01 1998 610-628 4.5 (20-30)

# 5 KR08 1995 20-315 17.0 5.0

# 6 KR24 2004 20-81, 82-551
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Figure 4-1. Measured and calculated hydraulic head in selected drill holes when 
simulating the pumping test performed in the KR04 drill hole in 1998 (Test #1 in
Table 4-1). See the legend in Figure 4-5.
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Figure 4-2. Measured and calculated hydraulic head in selected drill holes when 
simulating the pumping test performed in the KR01 drill hole in 1992 (Test #2 in 
Table 4-1). See the legend in Figure 4-5.
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Figure 4-3. Measured and calculated hydraulic head in selected drill holes when 
simulating the pumping test performed in the KR07 drill hole in 1995 (Test #3 in Table 4-
1). See the legend in Figure 4-5.
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Figure 4-4. Measured and calculated hydraulic head in selected drill holes when 
simulating the pumping test performed in the KR01 drill hole in 1998 (Test #4 in Table 
4-1). See the legend in Figure 4-5.
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Figure 4-5. Measured and calculated hydraulic head in selected drill holes when 
simulating the pumping test performed in the KR08 drill hole in 1995 (Test #5 in Table 
4-1).

4.2 Measured pressure in the deep drill holes 

In the second step of the baseline calibration, the flow model was evaluated against the 
measured pressures in the drill holes (Ahokas et al. 2008). Undisturbed baseline 
pressures were available in drill holes KR1-15, KR20, KR23 and KR25. The starting 
point for calibration was the flow model that was modified on the basis of the pumping 
tests (Section 4.1; Table 3-2), and the conclusions to be drawn from the previous site 
description reports for 2004 (Posiva 2005) and for 2006 (Andersson et al. 2007). If data 
was available for the calibrated parameters, the data was respected so that the 
parameters were allowed to range only between the measured minimum and maximum.  

The pressures calculated with the initial parameter values (Section 3.3, Table 3-1) and 
with the adjusted transmissivities show a fairly good agreement between the simulated 
and measured pressures (Figure 4-7 through Figure 4-10). However, some discrepancies 
remain, which require further calibration of the flow model.  
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In Posiva (2005) and Andersson et al. (2007), the conductivity of the upper 50 m depth 
layer was assumed to be anisotropic, because of indirect evidence that the bedrock tends 
to be continuously conductive in horizontal directions to a depth of 50–100 m. The 
geological measurements taken in the ONKALO access tunnel from chainage of 25–990 
m (Paulamäki et al. 2006) have also indicated the dominance of horizontal or sub-
horizontal fracture orientations. In addition to the indirect evidence referred to above, 
recent DFN modelling has provided support for the anisotropy. Hartley et al. (2009) 
have developed a hydrogeological DFN model for Olkiluoto. The upscaled hydraulic 
conductivities, which were calculated from a single site-scale DFN realisation, indicated 
anisotropy not only in the top layer, but also at greater depths. The anisotropy can also 
be motivated by the fact that most of the hydrogeological zones (HZ) are not vertical, 
but strongly inclined, which implies that horizontal hydraulic conductivity tends to be 
larger than vertical conductivity.  

Thus, the horizontal/vertical anisotropy ratio was adopted as a calibration parameter in 
this work as well. In the calibration, the best possible conformity between calculated 
results and observations was striven for, preserving the initial input parameters as much 
as possible. A decrease in the vertical component of hydraulic conductivity in the top 
50m layer was enough to clearly improve the calculated pressures at shallow depths in 
several drill holes (KR1, KR5, KR7, KR8, KR9, KR20, KR23 and KR25). After 
varying the horizontal/vertical anisotropy ratios from 1 to 60 (the latter is the ratio used 
in the previous site description report 2006), the best overall agreement with the 
observed pressures in the deep drill holes was found with a ratio of 10 (five-fold that of 
the upscaled DFN conductivity referred to above). The sensitivity of the results to the 
anisotropy ratio is studied in the sensitivity analysis (Section 6; Figure B-10 through 
Figure B-15). One of the objectives of descriptive groundwater flow modelling is to 
identify the processes and properties that may affect groundwater flow conditions. 
Calibration against the observed pressures showed that anisotropy is one factor which 
affects the flow conditions and can be applied in the model to explain observations – in 
particular, the pressure at shallow depths. 

After the aforementioned adjustments, the flow model was still not able to reproduce all 
the observations. The discrepancy in KR5 at a depth of 100-250 m is related to the 
HZ001 zone, which is located along the northern shoreline of Olkiluoto Island and is 
based on the existence of measured low heads in several drill holes (Vaittinen et al. 
2009). In order to obtain lower pressures, the connection to the surface (low elevation of 
the water table) is strengthened by increasing the transmissivity of HZ001 to a value 
representing the maximum measured value (Table 3-2). The results showed that the use 
of the maximum value was not enough, as the model still overestimates the pressure in 
KR5, whereas the modified transmissivity resulted in worse pressure in KR13. Because 
the measured transmissivity in KR13 was about two orders of magnitude lower than in 
the rest of the drill holes (Vaittinen et al. 2009), HZ001 was divided into two depth 
layers (0-200 m and 200-300 m) as in Andersson et al. (2007). The transmissivity of 
HZ19C was increased to the maximum value in order to strengthen the connection of 
KR9 and KR11 to the surface (higher elevation of the water table) and, thus, to increase 
the calculated pressure at a depth of 100-150 m. 

The decrease in vertical conductivity also improved the calculated infiltration shown by 
the calculated flux through the horizontal cross-section at a depth of 25 m (Figure 5-2,
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Figure 5-12 and Figure 8-4). The annual precipitation in the Olkiluoto area is about 550 
mm, of which about 1–2% (= 5.5·10-3–1.1·10-2 m/a) is estimated to infiltrate the 
bedrock. The calculated current flux with an anisotropy ratio of 10 is mostly 0.2–2%,
which is clearly more in line with the estimated infiltration than the ones calculated with 
two alternative initial conductivities. 

Although the calibrated flow model results in a very good overall agreement between 
the observed and calculated pressures, there are still some discrepancies which should 
be noted. As in the previous studies (Posiva 2005; Andersson et al. 2007), the current 
flow model overestimates the pressure in the KR3 drill hole (not intersected by any 
HZs), which refers to a missing low pressure connection(s).  

In contrast to the previous flow model, the current model is not able to reproduce the 
low pressures observed in KR5 at a depth of 175 m and in KR6 at a depth of 25-100 m. 
The difference between the models is that, due to the new interpretations (Vaittinen et 
al. 2009), the current HZ001 does not extend as far to the east (and to the sea) as before, 
and therefore does not intersect KR6 anymore.  However, although the previous 
geometry of HZ001 gives better results in KR5 and KR6, the results will be worse in 
other drill holes intersecting HZ001. Thus, the overall agreement between the 
observations and calculated pressures is better with the current geometry.  

Another difference between the flow models of 2006 and 2008 is the anisotropy ratio,
which affects the results especially at shallow depths. In the current model, a ratio of 10 
was used, whereas it was 60 in the previous model. The low pressures observed in KR6 
at a depth of 25-100 m, which were reproduced with the previous model, cannot be 
obtained with the current model in which the anisotropy is lower and the extension of 
HZ001 smaller. Similarly, the calculated pressure at shallow depths in KR14 and KR25 
require stronger anisotropy. 

In some of the drill holes, the discrepancies at shallow depths may be partly attributed to 
the groundwater table used as a top boundary condition. For example, the simulations 
underestimate the pressure in the upper sections of the KR12 drill hole (located in the 
vicinity of the Korvensuo reservoir), which suggests that the boundary condition for the 
pressure on the surface may be too low. The water table and surface elevation are 6 m 
and 8 m, respectively, near KR12, and thus a slight increase in the water table boundary 
condition would probably result in a better agreement. The top boundary condition is 
based on the mean of the current undisturbed long-term measurements over several 
years before excavation of the ONKALO started, whereas the observations are from a 
short time series subject to seasonal fluctuations (Vaittinen et al. 2008b), for example. 
Although these short-term effects have been considered by converting measurements to 
correspond with the long-term average, uncertainties remain. Thus, it was considered
more appropriate to merely recognise the source of uncertainty, rather than modifying 
individual points of the water table. 

In KR11 there seem to be anomalies in the measured values at a depth of 250 m, which 
are subject to great uncertainty. At greater depths in all drill holes the discrepancies can 
be attributed to an overly simplistic form of assumed initial salinity distribution with 
depth, which controls the pressure field, as indicated by the similar shape of all the 
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pressure curves in the deepest drill holes. The pressures along the selected deep drill 
holes at a depth scale of 1000 metres are presented in Figure B-1 in Appendix B. 

Other potential reasons for differences between the observations and calculations may 
be too simple transmissivity of the HZs, i.e. the use of effective transmissivity based on 
the geometric means of the measured point values, thus disregarding the heterogeneity 
of the HZs. Although the use of a single value for each HZ results in a good overall 
agreement between the measured and calculated pressures in the drill holes, locally the 
calculated results might be improved by using heterogeneous transmissivity. The 
heterogeneity within the HZs will be addressed in the sensitivity analysis (Section 6.2)
with an algorithm which interpolates the measured point-value transmissivities, 
resulting in a heterogeneous transmissivity distribution along each plane of the HZs 
(Section 3.2). Similarly, the lack of heterogeneity in the SFR may affect the results.

The current site-scale flow model is a simplified, larger-scale description of the 
bedrock. For example, it does not explicitly contain all known connections that have 
been detected on a smaller scale, but they have been considered implicitly by using 
effective hydraulic conductivity outside the deterministic HZs. Thus, the flow model 
may simply be too coarse to capture all observations originating from smaller-scale 
features. 

4.3 Measured salinity in the deep drill holes 

In Posiva (2005) and Andersson et al. (2007), special emphasis was placed on the 
integration of hydrogeology and hydrogeochemistry. Hydrogeochemical data was used 
to improve the flow model, whereas the results of flow simulations were compared with 
the corresponding interpretation of the hydrogeochemical conditions. The studies 
included a calibration that was focused on improving the agreement between the 
simulated results and the hydrogeochemistry, especially in the upper part of the 
bedrock. The main problem in previous studies was generating values at shallow depths to 
be as great as those measured in the field. Although calibration has improved the results, 
some discrepancies have remained between the simulated present day salinities (TDS) 
and the undisturbed baseline observations in a few drill hole sections. The calibration in 
this Section aims at further improving the agreement between the simulated and 
measured salinities. 

Post-glacial land uplift divides the simulation period into two parts at about 2800 years 
BP (the approximate time when the highest point of the Olkiluoto Island rose above sea 
level). During the two sub-periods there are different processes characterising the flow 
conditions in the bedrock. In earlier times (before the year 2800 BP) the Olkiluoto 
Island was below sea level and the flow was driven purely by density differences. In
later times (from 2800 years BP onwards), uplift results in fresh water recharge, which 
gradually flushes the brackish water out of the upper part of the bedrock.  

The initial conditions at about 8000 years BP are based on the current baseline TDS 
observations and indirect knowledge of salinity in the early Littorina Sea stage (Section 
3.8 and Section 3.9). According to geochemical interpretations, the observations can be 
assumed to originate from either the pre-Littorina or Littorina Sea stage (~8000-2500 
years BP). The initial salinity (a simple depth-dependent fit) was based on observations 
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interpreted to originate from the pre-Littorina stage. The rest of the current observations, 
measured from the upper part of the bedrock, are assumed to originate from the 
Littorina stage or later.  

The aim of “Littorina flow modelling” has been to reproduce the geochemical 
interpretation of the current observations, especially at shallow depths. Thus, the peak 
salinity of the Littorina Sea (12 g/L) is applied as a top boundary condition during 8000-
5000 years BP. Because the Littorina Sea water is more saline (down to a depth of 400 
metres) than the pre-Littorina water assigned as the initial condition in the bedrock, it 
starts to infiltrate the bedrock through the seabed and increase salinity at the depths at
which the target salinities (the interpreted Littorina sea stage samples) have been 
measured. 

In earlier times, the model (with initial parameter values) acts according to the 
geochemical interpretation, i.e. heavier water seeks to move downwards to depths at
which the target salinities have been measured, and the calculated salinity increases 
from the lower initial values (the pre-Littorina water) to the higher level of the observed 
values (the interpreted Littorina water). However, in later times after the island starts to 
rise above sea level, fresh water infiltration is sufficient to flush the brackish water out 
of the upper part of the model and the calculated present day salinity at shallow depths 
remains clearly lower than the observations (see the initial results in Figure 4-11).  

The starting point of calibration is the flow model that was modified in the previous 
sections on the basis of the pumping tests (Section 4.1; Table 3-2), the pressures 
measured in the drill holes (Section 4.2) and the conclusions to be drawn from the 
previous site description reports of 2004 (Posiva 2005) and 2006 (Andersson et al. 
2007). As concluded above, in later times the initial flow model dilutes the groundwater 
too much due to excessive fresh water infiltration and/or too fast salt transport. 
Infiltration depends on the water table boundary conditions and the conductivity of rock 
(HZs and SFR) at shallow depths. The boundary conditions are based on the long-term 
mean of the measured groundwater table. Due to the low uncertainty related to the water 
table, it was not calibrated, but considered a fixed input parameter. Thus, there remained 
only one parameter, hydraulic conductivity at shallow depths, which could be used to 
decrease fresh water infiltration. The additional parameters to be adjusted in this Section 
were chosen with due regard to these previous results and the assumed effects on the 
time scales of salt transport (i.e. the parameters which would decrease the dilution of 
groundwater).  

The assumptions adopted in the previous study concerning dispersion were applied in 
this study as well. In order to prevent the spreading of solutes in the vertical direction, 
the transverse dispersion length was decreased to one metre in the upper 50 m layer and, 
in addition, the dispersion lengths in the other parts of the bedrock were selected to be 
as small as possible. The stratified nature of, and sharp interfaces between, groundwater 
types, as well as the limited mixing of different end-member waters tend to support the 
assumption of short dispersion lengths (see Section 3.6).  

The assumed dispersion, together with the anisotropic conductivity which was 
introduced in the previous study and in Section 4.2, were not sufficient to prevent the 
fresh water from flushing out the brackish water at shallow depths. The hydraulic 
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conductivity of the sparsely fractured rock (SFR) is one factor that affects the 
magnitude of fresh water infiltration. A higher conductivity allows more fresh water to 
penetrate deeper than when lower conductivity values are used, thus resulting in more 
diluted water. Two alternative interpretations of the effective conductivity of the SFR 
were provided by Vaittinen et al. (2009) for the site-scale modelling of groundwater 
flow (Table 3-3 and Figure 3-4). The second interpretation with lower conductivity 
(especially deeper in the bedrock) and lower infiltration was selected for subsequent 
calculations.  

The parameters affecting the time scales of salt transport are flow and diffusion (or 
matrix) porosity. The flow porosity of this study was determined from the averages of 
the hydraulic aperture and the spacing of fractures based on the transmissive fractures 
found by flow logging (Section 3.4), whereas diffusion porosity was based on the 
measurements of the drill core samples by the through-diffusion method (Section 3.5).
Higher porosities moderate the transport of solutes, so that transport occurs over a 
longer time scale, whereas lower porosity induces higher velocities and a faster 
response by the flow system to saline seawater infiltration (in earlier times, before the 
year 2800 BP) and to fresh water infiltration (from 2800 years BP onwards).  

As mentioned above, the main problem of TDS-based calibration was to generate values 
in the upper part of the solution domain that would be as great as those measured in the 
field, i.e. to prevent fresh water from flushing out brackish water from the upper part of 
the bedrock. This can be achieved by adjusting the parameters affecting infiltration (the 
hydraulic conductivity of the SFR; the water table boundary conditions were assumed to 
be a fixed input parameter) and the time scales of salt transport (flow and diffusion 
porosity). However, these adjustments decrease not only the impact of fresh water 
infiltration in later times, but also saline seawater infiltration in earlier times, which 
contradicts the geochemical interpretation of the origin (the samples from the Littorina 
stage or later) of the current observations at shallow depths. By preventing fresh water 
from diluting the groundwater at shallow depths, the adjustments also prevent the 
deeper penetration of the heavier Littorina seawater to depths at which the target 
salinities have been measured. On the other hand, if the flow model is adjusted so that it 
allows the Littorina seawater to penetrate deep enough in earlier times, it also allows 
fresh water to penetrate too deep in later times. Thus, two sets of parameters can be 
composed by which the current flow model will behave as expected for the two periods 
(before and after the year 2800 BP) separately. However, no single set of parameters 
was found that would produce the desired (flow and transport) dynamics of the system 
over the whole period from 8000 years BP until the present day. These notions suggest 
that the hydraulic properties of the two sub-periods may be different. However, there is 
no independent supporting basis for such changes in the flow model. 

One way to overcome the aforementioned problems is to use an approach that was 
preliminary introduced in the previous site report for 2006 (Andersson et al. 2007). The 
calculations are started at 2800 years BP assuming a constant initial TDS (8 g/L) down 
to a depth of 360 metres, and otherwise the same fit is used as for the early Littorina 
stage (8000 years BP; Figure 3-8). The constant salinity assigned to the upper part of the 
bedrock represents the maximum measured value interpreted to originate from the 
Littorina stage or later, whereas the fit for the deeper values represents the values 
originating from the pre-Littorina stage. The flushing out of brackish water from the 



68

upper part of the bedrock by fresh water infiltration is prevented by applying a diffusion 
porosity of 1% (according to Hartikainen et al. 1996, the diffusion porosity measured at
Olkiluoto ranges between 0.05-11%; Section 3.5). Naturally, a similar effect could also 
be obtained by increasing flow porosity instead of diffusion porosity, but it was not 
considered “free” to calibrate, because it was linked to conductivity and transmissivity. 

All of the aforementioned actions (the second conductivity alternative together with 
anisotropy, the starting time at 2800 years BP, higher diffusion porosity) collectively 
improved the agreement between the measured and calculated salinity, compared with 
the results calculated with initial values and the results from the Littorina calculations 
(Figure 4-11). When examining salinities in the KR1-5 drill holes, which were the holes 
covered most extensively by the undisturbed baseline TDS observations (about 40% of 
a total of 92 TDS observations from the KR1-42 drill holes were from KR1-5), one can 
notice that the calculated results agree fairly well with the observations. The most 
notable discrepancies are related to KR3 and the two values at depths of 50-70 m and 
90-120 m in KR5. Similarly to the previous flow models (Posiva 2005; Andersson et al. 
2007) KR3 is not intersected by the HZs in the current flow model either. With a 
diffusion porosity of 1%, the drill hole sections that do not intersect any interpreted HZs 
are practically in a stagnant state below a level of about 200 m during the course of the 
simulation period of 2800 years, and it is the assigned initial state that solely determines 
the results. The initial salinity is an overall fit for the TDS observations from all drill 
holes (Figure 3-8). The fit, which is not spatially variable, is not optimal for all drill 
holes (e.g. KR3), and, thus, the results are not optimal either. Deeper in the bedrock
(from a depth of about 300–400 m) the discrepancies between calculations and 
observations in all drill holes can be attributed to the overly simplistic form of the 
assumed initial salinity distribution. Like pressure calibration, additional potential 
reasons for the discrepancies may be a disregard for the heterogeneity of the HZs and 
the SFR. 

The use of a spatially variable initial salinity field and heterogeneous parameter values 
would certainly help in achieving a better agreement between the calculated salinities 
and the observations. In the sensitivity analysis (Section 6), the initial salinity around 
KR3 and the diffusion porosity at shallow depths around KR3-5 were adjusted, which 
resulted in better salinity than the base case. Thus, it is evident that, by adjusting the 
appropriate parameters in the vicinity of each drill hole section in which there are 
discrepancies, better results could be obtained. However, it is also questionable whether 
it is worthwhile trying to reproduce every single local observation with the current flow 
model, which has been designed for the site-scale description of the evolution and 
dynamics of groundwater conditions (especially if there is no independent support, i.e. 
data, for the adjustments, which was the case in the aforementioned sensitivity case). It
is also a fact, as was stated in the previous section concerning pressures, that the site-
scale geometry of the HZs does not contain all known connections that have been 
detected on a smaller scale. Thus, it may simply be too coarse to capture all of the 
observations originating from smaller-scale features, especially a few single high TDS 
observations at shallow depths, which have proved to be difficult to reproduce. 

Finally, the effective conductivity of the SFR applied was not spatially variable, but 
changed only with depth throughout the modelled volume. Similarly, the flow porosity 
of the SFR changed only with depth because it was linked to conductivity, whereas 
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diffusion porosity, another parameter affecting salt transport, was assumed as constant 
throughout the modelled volume. The initial conditions were not spatially variable 
either, but changed only as a function of depth throughout the modelled volume. Thus, 
as the HZs constitute practically the only heterogeneity in the flow model, it may be too 
homogeneous to capture all the observations originating from the heterogeneous 
smaller-scale features.  

The comparison of the calculated TDS values with the all observations, which have 
been classified by depth classes, shows that while the initial parameter values result in 
clearly too low salinity, the calibrated parameters give results, which fall within the 
range of variation in each depth class (Figure 4-14). Due to the depth dedendent input 
parameters (the hydraulic conductivity, the flow porosity, the initial salinity), the 
comparison of the results against the range of data variation by depth provides an 
appropriate alternative to the corresponding point-wise comparison. 

Figure 4-6. The topography and location of the drill holes from which most of the 
undisturbed baseline pressure and TDS have been measured.
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Figure 4-7. Measured (Ahokas et al. 2008) and calculated residual pressure (the
present day) along drill holes KR1-KR5 with flow model for 2006 (Andersson et al. 
2007) and current flow model. The depth of the intersection between the drill hole and
the hydrogeological zones is marked in the subfigures with black (current flow model)
and green (flow model for 2006) numbers. The horizontal red bars denote the 
measurement error range. See Figure B-1 in Appendix B for a scale of 1000 m.
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Figure 4-8. Measured (Ahokas et al. 2008) and calculated residual pressure (the
present day) along drill holes KR6-KR10 with flow model for 2006 (Andersson et al. 
2007) and current flow model. The depth of the intersection between the drill hole and
the hydrogeological zones is marked in the subfigures with black (current flow model)
and green (flow model for 2006) numbers. The horizontal red bars denote the 
measurement error range.
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Figure 4-9. Measured (Ahokas et al. 2008) and calculated residual pressure (the
present day) along drill holes KR11-KR15 with flow model for 2006 (Andersson et al. 
2007) and current flow model. The depth of the intersection between the drill hole and
the hydrogeological zones is marked in the subfigures with black (current flow model)
and green (flow model for 2006) numbers. The horizontal red bars denote the 
measurement error range. See Figure B-1 in Appendix B for a scale of 1000 m.
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Figure 4-10. Measured (Ahokas et al. 2008) and calculated residual pressure (the
present day) along deep drill holes KR20, KR23 and KR25 with flow model for 2006
(Andersson et al. 2007) and the current flow model. The depth of the intersection 
between the drill hole and the hydrogeological zones is marked in the subfigures with 
black (current flow model) and green (flow model for 2006) numbers. The horizontal
red bars denote the measurement error range (base case).
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Figure 4-11. Measured and calculated present day TDS along deep drill holes KR1-
KR5 with the previous flow model for 2006 (Andersson et al. 2007) and current flow 
model for 2008. The depth of the intersection between the drill hole and the 
hydrogeological zones is marked in the subfigures with black (current flow model) and 
blue (flow model for 2006) numbers. The calculations were started at 8000 years BP
and 2800 years BP (base case, black curve).
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Figure 4-12. The evolution of the salinity field during 8000-2800 years BP along the 
drill holes KR3 (not intersected by the hydrogeological zones) and KR5 (intersected by 
the highly transmissive zone HZ001). The calculation is based on the initial hydraulic 
properties. The green curve denotes the TDS initial conditions at 8000 years BP, 
whereas the black curve denotes the assigned initial conditions for the simulations 
started from 2800 years BP (see Figure 4-13). The depth of the intersection between the 
drill hole and the zones is marked in the subfigures with black numbers.
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Figure 4-13. The evolution of the salinity field from 2800 years BP until the present day 
along the drill holes KR3 (not intersected by the hydrogeological zones) and KR5 
(intersected by the highly transmissive zone HZ001). The calculation is based on the 
calibrated hydraulic properties. The depth of the intersection between the drill hole and 
the zones is marked in the subfigures with black numbers.
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Figure 4-14. Measured (all the values from the drill holes KR1-KR42) and calculated 
present day TDS (the drill holes KR1-KR5). The measured values are presented as point 
values and averages classified by depth classes. The vertical black lines denote the 
average TDS related to each class, while the horizontal black line represents the range 
of variation. The calculations were started at 2800 years BP (base case, black curve).
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5 BASELINE GROUNDWATER CONDITIONS 

The objective of baseline flow modelling is to characterize the overall dynamics of the 
natural groundwater conditions that prevailed before excavation of the ONKALO. 
Although continuing site investigations and interpretations have resulted in evolving 
flow models, the overall conception of the evolution and dynamics of the groundwater 
conditions has not changed since the previous groundwater flow analysis (Posiva 2005; 
Andersson et al. 2007). Changes in the properties of the bedrock have naturally affected 
the time scales of some related processes (e.g. salt transport), but the overall dynamics 
have not changed because the most important model parameters have remained 
essentially the same – the groundwater table together with the post-glacial land uplift 
(applied as a top boundary condition) and the geometry of the hydrogeological zones. In 
particular, all these models include, in one way or another, the zones representing the 
HZ19, HZ20 and HZ21 systems, which are considered to dominate flow in the Well 
Characterized Area (WCA: the potential repository rock volume where the drill hole 
investigations have been focused so far). Consequently, the current overall flow pattern has 
not changed either. On the other hand, changes in the hydraulic properties of the bedrock 
have naturally somewhat affected the current flow rates and salinity distribution. 

5.1 Evolution of flow conditions 

The evolution of the groundwater flow conditions has been simulated from the early 
Littorina Stage (about 8000 years BP) up to the present day. Post-glacial land uplift 
divides the simulation period into two parts at about 2800 years BP (the approximate 
time when the highest point of Olkiluoto Island rose above sea level). During the two 
sub-periods there were different processes characterising the flow conditions in the 
bedrock. In earlier times (before the year 2800 BP) Olkiluoto Island was below sea level 
and the flow was driven purely by density differences. In later times (from 2800 years 
BP onwards) the uplift resulted in fresh water infiltration, which gradually diluted the 
upper part of the bedrock.  Due to the excessive dilution simulations were also carried 
out starting at 2800 years BP, in addition to the actual Littorina simulation starting at 
8000 years BP (see calibration of the flow model in Section 4.3).

Initially, at 8000 years BP, the upper part of the bedrock was assumed to be mostly 
saturated with brackish groundwater, which is a mixture of sub-glacial groundwater and 
glacial melt water (Section 3.8 and 3.9; Figure 3-7). Deeper in the bedrock the salinity 
increased and the groundwater was composed of brackish and saline water layers, which 
follow the present measured values. Because the Littorina Sea water (applied as a top 
boundary condition during 8000-5000 years BP; Figure 3-9) is more saline (down to a 
depth of about 400 metres) than the pre-Littorina water (assigned as the initial condition 
in the bedrock), it started to infiltrate the bedrock through the seabed and increase 
salinity at depths (Figure 4-12). The higher concentration of seawater resulted in a flow, 
driven purely by density differences, and this flow gradually mixed the recharging and 
deeper saline waters with the former brackish water. The mixing process was more 
rapid along the hydrogeological zones (HZ) due to their higher conductivity, but less 
rapid in the sparsely fractured rock (SFR) due to its lower conductivity and the 
anisotropy assigned to the upper layer of the SFR (Figure 4-12). The time scales of the 
mixing are dependent on the hydraulic conductivity and the porosity of the rock. 
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Groundwater flow was driven purely by density differences until the highest hills on 
Olkiluoto Island rose above sea level about 2800 years BP.  The uplift increased fresh 
water infiltration of the bedrock (Figure 5-2 through Figure 5-6) and caused fresh water 
to replace brackish and saline water below the widening area of the island (Figure 5-7 
and Figure 5-8). The fresh water not only forced brackish and saline water deeper into 
the bedrock, but in some areas also forced it horizontally outwards and upwards. 
Calibration of the model parameters affecting infiltration and the time scales of salt 
transport prevented excessive recharge of fresh water deeper into the SFR.  Currently, 
the system is generally diluted to a depth of 50–100 m, which corresponds relatively 
well with the hydrogeochemical observations.  In the most conductive HZs, the fresh 
water naturally flows to greater depths (to about 100–200 m), similarly to the infiltration 
of Littorina seawater (Figure 4-12). This can be observed, for example, in the KR5 drill 
hole at a depth of 154 m at the intersection of HZ001 (Figure 4-12 and Figure 5-8). The 
time scale of fresh water infiltration at greater depths depends on the hydraulic 
conductivity and the porosity of the rock. The salinity field has not yet reached a steady 
state and fresh water will continue to push the brackish and saline water deeper into the 
bedrock for thousands of years to come.  

5.2 Current flow conditions 

5.2.1 Flow pattern 

Characterization of the current flow conditions is based on calculations that started from 
2800 years BP.

The present-day results shown in the cross-sections displayed in Figure 5-9 through 
Figure 5-11 demonstrate how groundwater flow is controlled by local variations in the 
topography and by the network of conductive HZs. The flow direction is mostly 
downwards below the hills, whereas, near the shoreline and below areas of lower 
elevation, water flows horizontally and/or upwards.  In the vicinity of the ONKALO the 
flow is dominated by the presence of the HZ19, HZ20 and HZ21 systems. The 
anisotropy assigned to the upper layer of the SFR tends to make the flow more 
horizontal at shallow depths. Deeper in the SFR, the water flows towards the more 
conductive zones which are connected directly or indirectly to the sea.  In the upper part 
of the HZs, the topography controls the flow (Figure B-7 through Figure B-9 in the 
Appendix B). Deeper in the zones, the water flows towards the HZ004 vertical zone, 
which passes through Olkiluoto Island in a southwest-northeast direction and connects 
the zones in the HZ19, HZ20 and HZ21 systems to the sea.  

The magnitude of flow in the bedrock varies considerably in the WCA. The highest 
velocities are ~10-7 m/s and appear at shallow depths of HZ19C and HZ20A (Figure B-7 
through Figure B-9 in the Appendix B). The lowest velocities along the HZs are ~10-11

m/s. In the upper part of the SFR (to a depth of ~100 m) the Darcy velocity ranges 
between 10-10-10-8 m/s, while at a potential repository depth of 400 m it is mostly 10-13-
10-12 m/s. 



81

5.2.2 Discharge areas 

In this study, the discharge areas for groundwater originating from the potential 
repository rock volume at a depth of 420 m were estimated by calculating the flow paths 
starting from the area covered by the latest layout description of the one-storey 
repository (Saanio et al. 2006). The paths were calculated from the current baseline flow 
conditions and were not affected by the transiently changing flow conditions, but they 
represent a current snapshot of the evolving system. The flow paths were obtained by 
calculating the Darcy velocity from the current pressure and salinity field, placing a 
fixed number of “particles” around the tunnels and following the advance of the 
particles according to the Darcy velocity field. The destination of the water was 
determined by calculating the positions of the particles forward in time.  

The calculated paths show that the HZ21 hydrogeological zone, which is a wide sub-
horizontal zone covering the central area of the island, constitutes a major flow route 
from the repository to the surface. The water from a potential repository depth flows 
mostly downwards to HZ21 and further on upwards to the sea. From the south-west part 
of the repository rock volume the water flows up towards HZ004 and further on to the 
sea south-west of Olkiluoto. Thus, the discharge areas from the potential repository rock 
volume were located at the coast, north and southwest of the WCA (Figure 5-15).

5.2.3 Groundwater fluxes/flow rates 

The groundwater fluxes were calculated through the horizontal cross-sections located in 
the WCA in the vicinity of the ONKALO (Figure 5-1) at depths of 25-1000 m (the 
upmost cross-section was selected to be in the middle of the upper anisotropic 50 m
layer of bedrock). Each cross-section was 3.1 x 2.4 km2 in area and was divided into 
smaller 50 x 50 m2 subareas. The amount of water flowing through each subarea was 
calculated by the perpendicular component of the Darcy velocity. The final quantity was 
an average groundwater flux for each subarea. The total flow rates through the cross-
sections were obtained by integrating the fluxes over the whole cross-section. 

As was stated above, the groundwater flow is controlled by local variations in the 
topography and by the network of conductive HZs. The flow direction is mostly 
downwards below the hills, whereas, near the shoreline and below areas of lower 
elevation, water flows horizontally and/or upwards. This flow pattern can also be 
observed in the calculated groundwater fluxes and flow rates (Figure 5-11 and Figure 5-
12), which depend on the boundary condition assigned on the surface of the model (i.e. 
the groundwater table), the transmissivity of the HZs and the hydraulic conductivity of 
the SFR. The highest fluxes (0.1–1 m/a) occur at shallow depths upwards along the 
lineament LIN3 at the south-east corner of the cross-section. The fluxes and the flow 
rates through the HZs and the SFR decrease with depth, because of the decreasing 
hydraulic conductivity of the SFR (Table 3-3). At a repository depth of 400 m the 
highest fluxes (1.0·10-4–1.0·10-3 m/a) are related to HZ004, whereas in the potential 
repository rock volume (according to the layout by Saanio et al. 2006; Figure 5-13), the 
flow direction is mostly downwards and the fluxes are of the order of 1.0·10-6–1.0·10-5

m/a. The sensitivity of the total flow rates to the input parameters is assessed in Section 
6. The annual precipitation in the Olkiluoto area is about 550 mm, of which about 1–2% 
(= 5.5·10-3–1.1·10-2 m/a) is estimated to infiltrate the bedrock. The calculated current 
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flux through the uppermost horizontal cross-section is mostly 0.2–2%, which is well in 
line with the estimated infiltration (Figure 5-2 and Figure 5-12).

Understanding the site involves estimating the amount of water flowing through the 
planned repository rock volume in natural, undisturbed conditions, although the 
repository itself is not taken into account in the simulations. The groundwater flow rates 
are estimated by placing a control box into the planned repository bedrock volume and 
by calculating groundwater flow rates through the faces of the box (Andersson et al. 
2007). The box is 100 m high (at a depth of 370–470 m) and covers approximately the 
area of the repository according to the latest layout description of the one-storey 
repository (Saanio et al. 2006; Figure 5-13). In order to avoid intersections with the 
additional zones in the current flow model (HZ004, HZ20 and HZ21 systems), the box 
was made slightly smaller than the proposed layout. 

The calculated flow rates (Figure 5-14) show that most of the water (96%) flows into 
the repository volume from above, through the SFR. 70% of the water flows out of the 
box downwards, with the remainder leaving the control box through three vertical faces, 
with the exception of the southeast face. This is consistent with the flow directions 
discussed above; i.e. the flow is mainly vertical immediately below the repository, 
turning upwards to the northeast and the southwest soon afterwards. HZ099 drains 
water from the SFR, which is indicated by the higher total outflow than inflow rate (vice 
versa in the case of the SFR). Due to the lower hydraulic conductivity of the SFR and 
the transmissivity of HZ099 the total flow rate (approx. 12 m3/a) is somewhat lower 
than those (approx. 38 m3/a and 44–54 m3/a) calculated in the previous analyses
(Andersson et al. 2007; Löfman 1999, respectively). For reference, the calculated 
downward flow rate through the horizontal cross-section at a depth 400 m along the 
SFR is 37 m3/a, which is well in line with the one through the top face of the box (the 
area of the cross-section is larger than the box area). 
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Figure 5-1. Outlines of modelled volume on the ground surface and the location of the 
horizontal (3.1 x 2.4 km2) and vertical (2 x 1 m2) cross-sections, along which some of 
the results are presented. A schematic example of the potential repository layout has 
been marked on the figure. According to the disposal concept, hydrogeological zones 
with transmissivity between 1.0·10-5–1.0·10-7 m2/s (e.g. HZ004) are allowed to intersect 
with the disposal tunnels, but not with the disposal holes.
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Figure 5-2. The calculated downward groundwater fluxes [m/a] through the horizontal cross-section (Fig
during the course of simulation. The flux was obtained by dividing the cross-section into 50 x 50 m
perpendicular component of the Darcy velocity in each sub-area. The white space at the cross-sect
direction. The location of the schematic repository layout at a depth of 420 metres is marked on the figur
rates through the cross-section are presented in Figure 5-6. A percentage of the flux of the annual aver
area is denoted by %.
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Figure 5-3. The calculated upward groundwater fluxes [m/a] through the horizontal cross-section (Figu
during the course of simulation. The flux was obtained by dividing the cross-section into 50 x 50 m
perpendicular component of the Darcy velocity in each sub-area. The white space at the cross-sect
direction. The location of the schematic repository layout at a depth of 420 metres is marked on the figur
rates through the cross-section are presented in Figure 5-6. A percentage of the flux of the annual aver
area is denoted by %.
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Figure 5-4. The calculated downward groundwater fluxes [m/a] through the horizontal cross-section 
metres during the course of simulation. The flux was obtained by dividing the cross-section into 50 x 50 m
perpendicular component of the Darcy velocity in each sub-area. The white space at the cross-sect
direction. The location of the schematic repository layout at a depth of 420 metres is marked on the figur
rates through the cross-section are presented in Figure 5-6. A percentage of the flux of the annual aver
area is denoted by %.
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Figure 5-5. The calculated upward groundwater fluxes [m/a] through the horizontal cross-section (Figu
during the course of simulation. The flux was obtained by dividing the cross-section into 50 x 50 m
perpendicular component of the Darcy velocity in each sub-area. The white space at the cross-sect
direction. The location of the schematic repository layout at a depth of 420 metres is marked on the figur
rates through the cross-section are presented in Figure 5-6. A percentage of the flux of the annual aver
area is denoted by %.
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Figure 5-6. The calculated flow rates through the horizontal cross-sections (Figure 5-
1) at depths of 25 m and 400 m during the course of simulation (for the sparsely 
fractured rock between the zones). The corresponding fluxes through the cross-sections 
are presented in Figure 5-2 through Figure 5-5.
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Figure 5-7. Evolution of groundwater salinity along the vertical northwest-southeast cross-section (Fig
included in the simulations, although it is marked in the figure.

  

2800 years BP

800 years BP
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Figure 5-8. The evolution of the salinity field from 2800 years BP until the present day 
along the KR1-5 drill holes. The calculation is based on the calibrated baseline 
hydraulic properties. The depth of the intersection between the drill hole and the zones
is marked in the subfigures with black numbers.

z      zone 
-99   HZ20A
-493 HZ099
-566 HZ21

z      zone 
-446 HZ099
-544 HZ21

z      zone
-69   HZ19A
-98   HZ19C
-103 HZ19B
-286 HZ20A
-348 HZ20B
-723 HZ21

z      zone 
-46   HZ20A
-154 HZ001
-221 HZ099
-405 HZ21
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Figure 5-9. The present day Darcy velocity field along the vertical northwest-southeast 
(top) and southwest-northeast (bottom) cross-sections (see Figure 5-1). For the sake of 
clarity, the velocity is interpolated on the 40 x 40 m grid and, thus, not all the details in
the hydrogeological zones (modelled with higher resolution finite elements) can be 
recognized. The ONKALO was not included in the simulations, although it is marked in 
the figure.
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Figure 5-10. The present day Darcy velocity field along the horizontal cross-section at 
a depth of 400 metres (see Figure 5-1). For the sake of clarity, the velocity is
interpolated on the 40 x 40 m grid and, thus, not all the details in the hydrogeological 
zones (modelled with higher resolution finite elements) can be recognized. The 
ONKALO was not included in the simulations, although it is marked in the figure.
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Figure 5-11. The calculated downward (left) and upward (right) groundwater fluxes [m/a] through the h
5-1) at the present time. The vertical scale is exaggerated. The flux was obtained by dividing the cross-s
and calculating the perpendicular component of the Darcy velocity in each sub-area. The white space a
opposite flow direction. The location of the schematic repository layout at a depth of 420 metres 
corresponding total flow rates through the cross-sections are presented in Figure 5-12.
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Figure 5-12. The calculated flow rates through the horizontal cross-sections (Figure 5-
1) at depths of 25-1000 m. The corresponding fluxes through the cross-sections are 
presented in Figure 5-11. HZ and SFR denote the hydrogeological zones and the 
sparsely fractured rock between the zones, respectively.
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Figure 5-13. The control box (at a depth of 370–470 m) for calculation of the 
groundwater flow rates [m3/a] through the planned repository rock volume. The 
location of the box is based on the latest layout description of the one-storey repository 
(Saanio et al. 2006).
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Figure 5-14. The calculated present-day (before the ONKALO excavation) 
groundwater flow rates [m3/a] through the control box located in the planned 
repository rock volume (see Figure 5-13). SFR denotes the sparsely fractured rock 
between the hydrogeological zones.
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Figure 5-15. The flow paths from the repository rock block, which end up on the 
surface; i.e. the discharge areas.



98



99

6 EVALUATION OF UNCERTAINTIES AND SENSITIVITIES IN BASELINE 
MODELLING – A MANUAL APPROACH 

The numerical modelling of groundwater flow and salt transport is subject to many 
uncertainties related to the input parameters necessary for modelling. In order to 
understand how sensitive the flow model is, the values of the parameters should be 
methodically varied within a certain range, which usually leads to some changes in the 
final result. In this report, the evaluation of uncertainties and sensitivities is carried out 
in two steps. In this section the sensitivity of the primary result quantities (the residual 
pressure, the TDS concentration and the flow rates) to the key input parameters is 
evaluated by a straightforward “manual” approach. In Section 7, a more formal and 
sophisticated approach (Ensemble Kalman Filter, EnKF) is applied to assess the 
uncertainties and sensitivities. 

6.1 Hydraulic conductivity 

The site-scale flow model is a simplified, larger-scale description of the bedrock. In the 
current flow model, the hydraulic characteristics of the sparsely fractured rock (SFR) 
between the hydrogeological zones (HZs) are modelled by the equivalent continuum 
porous medium (EPM) approach, in which the fractured system (the water-bearing 
fractures) is treated as a single continuum with the effective hydraulic conductivity. The 
effective conductivity is based on the measured small-scale transmissivities (interpreted 
as being related to the SFR), which were averaged to obtain a representation of similar 
overall behaviour in the fracture network on a larger length scale (Vaittinen et al. 2009;
Section 3.3). Thus, single fractures have not been explicitly considered in the EPM flow 
model, but they have been included implicitly in the effective hydraulic conductivity, 
which is the geometric mean of the transmissivities measured from the small-scale 
fractures. Although the measured transmissivities show a considerable variation at 
different depths (more than four orders of magnitude at most; Vaittinen et al. 2009), the 
resulting effective conductivity was not spatially variable, but changed only with depth 
throughout the modelled volume. Thus, the use of effective values for representing the 
heterogeneous fractured system is obviously subject to considerable uncertainties.  

The sensitivity of the results to hydraulic conductivity was assessed by using the various 
interpretations of effective conductivity. In addition to two alternative current 
conductivities provided by Vaittinen et al. (2009), some of the interpretations employed 
in previous studies were also applied (Löfman 1999; Andersson et al. 2007; Figure 3-5).
On the basis of the observations and calibration (Section 4.2), the conductivity was 
assumed to be anisotropic (horizontal vs. vertical direction) in the uppermost 50 m layer 
of the model. The effect of the anisotropy on the results was assessed by varying the 
anisotropy ratio. Recent DFN modelling (Hartley et al. 2009; Section 8) also provided 
support for EPM modelling by calculating the upscaled hydraulic properties from the 
underlying DFN model. The upscaled conductivity, which constitutes an independent 
alternative to an approach based on geometric means, can be applied to assess the 
impact of heterogeneity on the results. 
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The different conductivity models showed that the pressure at shallow depths was 
sensitive to the applied anisotropy factor in several drill holes (Figure B-10 through 
Figure B-14 in the Appendices); otherwise the pressure was not particularly sensitive to 
the conductivity models assumed (Figure B-16 in the Appendix). The TDS 
concentration and the flow rates, however, were clearly affected by the hydraulic 
conductivity. Higher values allow more fresh water to penetrate to greater depths than 
lower values, resulting in more diluted groundwater (Figure B-17 in the Appendix).
Obviously, higher (lower) hydraulic conductivities also result in higher (lower) flow 
rates in the bedrock (Figure B-18 in the Appendix). The use of heterogeneous hydraulic 
conductivity resulted in clearly higher flow rates in the bedrock than those calculated 
with effective EPM conductivity. Thus, stronger fresh water infiltration flushed the 
saline water out of the shallow depths of the bedrock. A more detailed discussion of the 
use of upscaled conductivities is presented in Section 8.

Because the HZs drain water from the SFR, an increase or decrease in hydraulic 
conductivity also results in similar changes in the HZs, albeit to a lesser extent. Except 
for the initial 2006 values and the upscaled DFN-based conductivity (see Section 8), the 
calculated flow rates were within one order of magnitude of each other. 

6.2 Transmissivity 

In the numerical groundwater flow model, the hydrogeological zones (HZ) are 
described as piecewise planes. Each HZ is separately treated as a homogeneous and 
isotropic continuum, with which a single effective transmissivity value is associated, 
thus disregarding the heterogeneity of the HZs. Similarly to the hydraulic conductivity 
of the SFR, the applied (initial) transmissivity is a geometric mean of the measured 
local point values interpreted as being related to the individual zones (Vaittinen et al. 
2009; Section 3.2). The transmissivities, which have been measured from the cored drill 
holes, show considerable variation within the individual zones (nearly four orders of 
magnitude at most; Vaittinen et al. 2009). A comparison of the measured and calculated 
pressures in the drill holes (Section 4; Figure 4-7 through Figure 4-10) shows that the 
effective transmissivity is valid in the characterisation of the overall groundwater flow 
conditions in the bedrock. However, locally or within individual zones, its validity may 
be more restricting. In addition, some HZs (e.g. HZ004) are based on only indirect 
observations and few measured transmissivities and, accordingly, their geometric means 
were subject to high uncertainties. 

Vaittinen et al. (2009) provided the initial transmissivity values (geometric mean) for 
each zone (Table 3-1). In the calibration (Section 4) the transmissivities of the single 
HZs were modified separately in two steps (Table 3-2). In the first step, the 
transmissivity was adjusted by using the responses of the pumping tests carried out in 
1992-2004, whereas in the second step, the modifications were based on the pressure 
measured in the drill holes by using the calibrated transmissivity from the first step. In 
addition to the cases (initial, after the first step, after the second step; i.e. the final 
values) referred to above, three cases were introduced in the sensitivity analysis. The 
observed maximum transmissivity interpreted as being related to the zone was applied 
instead of the geometric mean or calibrated value. The impact of heterogeneity is 
addressed in two cases by applying a Kriging-based algorithm, which interpolates the 
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measured point-value transmissivities, resulting in a spatially variable transmissivity 
distribution along each plane of the HZs. Because the interpolation requires data from 
all over the zones and the measured values do not cover the whole zones, a set of 
constraints called control points were assumed at the edges of the HZs. The control 
points were assigned either (1) the geometric mean of the true measurements, or (2) the 
measured value falling nearest to it (see Section 3.2 for a more detailed description of 
the Kriging-based algorithm). 

The changes in the transmissivities of the HZs affected the results not only within the 
zones themselves, but also in the nearby SFR. The pressures in the drill holes (Figure B-
19 through Figure B-21 in the Appendix B) at the intersections of the zones were 
dependent on the properties of the zones, as was shown by the calibration process, in 
which the transmissivities of several zones were modified in order to obtain better 
agreement between the measured and calculated values. The highest changes were made 
for HZ001, HZ19C and HZ21 (Table 3-2), which was reflected in the calculated results. 
In particular, the pressures in several drill holes at greater depths (even if not intersected 
by HZ21, e.g. KR3) are affected by the transmissivity of HZ21, which was increased by 
more than two orders of magnitude in calibration. HZ21 is a large sub-horizontal zone, 
which intersects the surface at sea and dips to the south down at the base of the model. 
Because the top of the zone is located at sea the zone constitutes a low pressure 
hydrogeological connection at greater depths in the centre of the island. The magnitude 
of the connection is sensitive to transmissivity, which can be observed in the calculated 
pressures. At greater depths the overall effect of the use of the observed maximum 
transmissivity was moderate, because it was within one order of magnitude of the 
baseline values. At shallow depths (0-100 m), the pressure was insensitive to the used 
transmissivity. Heterogeneity did not have much effect on the calculated pressures, 
which were close to the ones calculated with the initial (geometric mean) values. Thus, 
considering the pressures, the use of geometric mean transmissivity (and disregarding 
heterogeneity) is a valid approach for the HZs.  

The changes in transmissivity did not affect the calculated groundwater salinity in the 
drill holes (Figure B-22 in the Appendix). Only at some intersections with the zones can 
a visible effect be observed. The flow rates within the zones, however, are naturally 
dependent on the transmissivity associated with them in the flow model. The calculated 
flow rates through the horizontal cross-section (Figure 5-1) show that higher values 
increase the magnitude of the flow along the zones (Figure B-23 and Figure B-24 in the 
Appendix). The impact of heterogeneity on the flow rates depends on the variation of 
the measured transmissivities (used in the interpolation). The higher the variation, the 
higher the difference compared to those calculated with the initial (geometric mean) 
values. For example, a variation of four orders of magnitude in HZ21 results in a 
difference of nearly two orders of magnitude (Figure B-24 in the Appendix B), whereas 
a lower variation in HZ20A (two orders of magnitude) results in less than one order of 
magnitude difference. Besides affecting the flow rates within the zones, heterogeneity 
affects the flow routes locally within the zones and in networks of several 
interconnected zones. 

In addition to the more local HZs observed in the WCA, five regional lineaments were 
included in the flow model in order to provide a natural continuation of the 
hydrogeological connections from the WCA to more distant areas beyond the island 
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(Figure 5-1). Because the lineaments are not based on direct observations, but on 
topographical and geophysical interpretations, they are obviously subject to large 
uncertainties. The lineaments in the flow model are vertical zones, extending from the 
surface to the base of the model, and have been assigned a high, conservative 
transmissivity of 1.0·10-5 m2/s. The sensitivity of the results to the lineaments was 
assessed by decreasing the transmissivity by one, two and three orders of magnitude. 
The pressure and TDS in the drill holes (located in the WCA) were not affected by a 
decrease in the transmissivity of the lineaments. However, a lower (higher) 
transmissivity affects the flow rates at depths greater than 600 m (Figure B-25 in the 
Appendix B). Due to their location with respect to the sea, a zero pressure boundary 
condition has been assigned on the top surface of the lineaments. Thus, the Olkiluoto 
Island is enclosed by these large, lower pressure features, which draw water from the 
island (which has higher pressures resulting from the elevated water table). Their higher 
transmissivity tends to change the flow direction more towards the lineaments at greater 
depths (Figure B-26 and Figure B-27). Although the amount of water flowing at greater 
depths in the bedrock remains minimal compared to that at more shallow depths, the 
transmissivity of the lineaments may affect the flow routes at greater depths in the SFR. 

6.3 Porosity 

When simulating salt transport, the flow and diffusion (or matrix) porosity, which affect 
the time scales of transport, constitute additional sources of uncertainty. In the DP 
approach applied in this study (Section 2.1), flow porosity affects transport in the water-
bearing fractures, whilst diffusion porosity is related to the matrix blocks containing 
essentially stagnant water. Higher porosity moderates the transport of solutes, so that 
transport occurs over a longer time scale, whereas lower porosity induces higher 
velocities and a faster response of the flow system to phenomena such as saline 
seawater infiltration (which occurred over the period 8000–2800 years BP) and fresh 
water infiltration (which occurred from 2800 years BP onwards). 

Instead of the customary approach, in which flow porosity is presented as a constant 
value, an alternative approach which relates it to the averages of the measured 
transmissive fractures by the cubic law (Section 3.4) is applied in this study. Thus, in 
the HZs, flow porosity is a single value related to transmissivity, whereas in the SFR it 
follows the depth-dependent hydraulic conductivity. Diffusion porosity (1%) was based 
on the calibration and was assumed to be constant throughout the modelled volume 
(having same value in both the HZs and the SFR). The sensitivity of the results to the 
porosities is studied by varying the values between one fifth and five-fold compared to 
the values applied in the base case (Table 3-1 through Table 3-3). 

The calculated pressure and salinity in the deep drill holes (Figure B-28 and Figure B-
29, Figure B-31 and Figure B-32 in the Appendix B) show clearly the time-scale effect 
mentioned above. Lower porosities resulted in fresh and brackish water penetrating 
deeper than was the case with higher porosities. Because temporal variations in the flow 
field were assumed to follow solely from the evolution of the salinity field (ignoring the 
effects of porosity or storativity in the flow equation), the calculated pressure remained 
lower with lower porosities at greater depths. At shallow depths the pressure was 
insensitive to the used porosity, due to the low salinity. Higher porosities increase 
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somewhat the calculated driving forces (or hydraulic gradients) deeper than 300 m (the 
initial salinity increases rapidly between a depth of 300-800 m, see Figure 3-8), leading 
to higher downward flow rates (Figure B-30 and Figure B-33). That can be attributed to 
the higher concentration gradients resulting from the opposite effects of land uplift, 
which pushes fresh water deeper and deeper into the bedrock, and the higher porosity, 
which moderates the transport of solutes. However, the differences in flow rates are 
relatively small (within one order of magnitude). 

6.4 Dispersivity 

No site-specific information exists concerning the longitudinal or transverse dispersion 
lengths, the main effect of which is to spread the concentration front (Section 3.6).
Stronger dispersion causes the concentration front to increase in size and decrease in 
magnitude. Larger values reflect an increase in the spreading of solutes, resulting in a 
wider transition zone between fresh and saline water, for example, whereas lower 
dispersion values indicate that the transport of solutes is moderated so that the transition 
zone remains sharper. Based on observations (concerning the distribution of water types 
at Olkiluoto) that only a little mixing takes place between saline and non-saline waters, 
the dispersion lengths were selected to be as small as possible in order to decrease the 
spreading of solutes and to obtain a sharp interface between fresh and saline water. In 
order to prevent the spreading of solutes in a vertical direction at shallow depths, a 
transverse dispersion length of one metre was used in the upper 50 m layer of the SFR. 
Throughout the rest of the modelled volume, the longitudinal dispersion length was 
selected to be 25 m and the transversal value was taken to be 25% of the longitudinal 
value. The impact of dispersivities on the results was assessed in the sensitivity analysis 
by using higher values (50 m and 100 m) for the longitudinal dispersion length. The 
applied dispersivities are summarised in Table 3-4. 

An increase in the dispersion length to 50 and 100 m resulted in stronger spreading of 
solutes and slightly lower present-day salinities than was the case with the lowest base 
value (Figure B-34). Thus, present-day salinity seems to be only moderately sensitive to 
dispersion length values. Flow rates at shallow depths were insensitive to the used 
dispersivity. At depths greater than 300 m (the initial salinity increases rapidly between 
depths of 300-800 m, see Figure 3-8), the somewhat higher flow rates can probably be 
attributed to stronger spreading of the concentration front. However, the differences in 
the flow rates are relatively small (within one order of magnitude). 

6.5 Initial conditions 

The initial conditions for salinity are based on current observations in the deep drill 
holes for natural undisturbed (baseline) conditions before excavation of the ONKALO, 
and indirect knowledge of the salinity in the early Littorina Sea stage (Section 3.8). The 
observed salinity increases with depth and varies with location, but the extent of the 
spatial variability is not known. Thus, a simple fit for the observations was used as the 
initial condition for salinity. The fit was not spatially variable, but it changed only as a 
function of depth throughout the modelled volume. 
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The effect of the heterogeneity of the initial conditions (and the diffusion porosity) was 
demonstrated in a case in which the initial salinity around OL-KR3 (not intersected by 
the zones) and the diffusion porosity at shallow depths around OL-KR3–5 were 
adjusted. The adjustments resulted in better salinity results than in the base case (Figure 
B-36 in the Appendix). Thus, the model is sensitive to such local changes, and it is 
evident that better results could be obtained by adjusting the appropriate parameters in 
the vicinity of each drill hole section in which there are discrepancies between 
observations and calculations. On the other hand, it is difficult to justify such 
adjustments without independent support, i.e. direct observations, which was the case in 
the sensitivity case referred to above. 
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7 EVALUATION OF UNCERTAINTIES AND SENSITIVITIES IN BASELINE 
MODELLING – THE ENKF APPROACH 

7.1 Methodology 

When descriptive groundwater flow modelling is performed, model calibration is used 
to condition the model to the available data about the groundwater system (e.g. Section 
4). Calibration is commonly performed assuming accurate observations that will 
produce a model with no intrinsic uncertainty. Therefore, the sensitivity of the model to
the used calibration data is not reflected in the results, and it is difficult to estimate their 
plausibility. Including an estimate of uncertainty in the field observations and 
calibrating the model to the uncertain observations better reflects the sensitivity of the 
modelling process to input data. 

In this Section, the propagation and implications of uncertainties related to field 
observations are analyzed and embedded in the flow modelling process by using Monte 
Carlo-based Ensemble Kalman filter calibration. The calibration in this work is focused 
on reducing the uncertainty of the properties of the hydrogeological zones (HZ) by 
taking advantage of the single pumping test conducted at KR4 in 1998 (Table 4-1;
Vaittinen et al. 2008a). The calibrated model is used to calculate fresh water head field 
and volumetric flow rates for the baseline groundwater system in a steady state. The 
differences between the calibrated and uncalibrated results are assessed and the 
sensitivities of the model are estimated. 

7.1.1 Definitions 

Uncertainty is defined as a concept of the lack of perfect information concerning the 
phenomena, processes and data involved in problem definition and resolution (Tung and 
Yen 2005). Uncertainty can be divided into objective uncertainty and subjective 
uncertainty, referring to the causes preventing the collection of perfect information. 
Objective uncertainty is associated with the random nature of the investigated 
phenomena, which can be deduced from statistical samples. The natural variability of 
the hydrological system and measurement tool accuracy are examples of sources of 
objective uncertainty. Subjective uncertainty is associated with the unquantifiable 
features of the phenomena, including interpretational uncertainty and model formulation 
uncertainty. 

In this work, the term observation uncertainty (or uncertainty of an observation) is used 
to refer to the total uncertainty, including both the objective and subjective uncertainty 
related to the measured value of an observation variable. The term model uncertainty (or 
parameter uncertainty) is used to refer to the variation of acceptable model parameter 
values, i.e. the values that are consistent with current knowledge about the modelled 
system. Thus the concept of model uncertainty quantifies our knowledge about the 
modelled system as a set of parameter values. Model uncertainty can be reduced by 
conditioning, or calibrating, the model to field observations under specified boundary 
conditions. During calibration, the parameter values that are not consistent with the field 
observations are excluded from the set of acceptable parameter values and some 
possibly more acceptable values are included. 
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The concept of model sensitivity concerns the dependence of the model outcome on the 
variations of model structure. Tung and Yen (2005) state an operational definition of 
model sensitivity as the degree to which model responses are affected by possible 
variation of model parameters (Definition 1). If the model formulation is based on field 
data, model sensitivity can also be understood as the dependence of the model results on 
the input data utilized during the model calibration (Definition 2). When understood in 
these forms, model sensitivity is conditional on the assumed conceptual model 
underlying the numerical implementation. In this work, Definition 1 is assessed by 
examination of the correlations between the model parameters and the model outcome. 
Definition 2 is assessed by estimating the change in the model outcome imposed by 
calibration. The model parameters dealt with in this work are the transmissivities of the 
HZs. The variations in the structural model are not considered. 

7.1.2 Quantification of uncertainty 

A practical way of quantifying the level of uncertainty is to use the statistical moments 
of the quantity. This presupposes the quantity to be produced by a random process, and 
that the quantity can be described as a random variable (Tung and Yen 2005). In this 
work, the uncertainty of observations from field tests are conceptually described by 
attaching to each observation a normally distributed probability distribution, which 
resembles the total uncertainty of the observation. The uncertainty related to a model 
parameter is likewise described by a probability distribution of the parameter values. 

The uncertainty is quantified by defining the half-width of the 95% confidence interval 
of the observation variable. Defined in this manner, the uncertainty uobs is twice the 
standard deviation of the normally distributed observation probability density function: 

obsobsu 2 .

In the absence of a robust methodology to estimate the uncertainty of field observations, 
the numerical value of uobs is approximated by expert judgement as a percentage of the 
observed value. It is somewhat arbitrary whether the uncertainty is defined as a relative 
quantity, as in this work, or as a quantity with fixed magnitude over the scale of interest. 
However, the field observations of drawdown vary from values close to 0.1 m all the 
way to 10-20 m, and therefore it is easier to produce systematic characterization of 
uncertainty using a relative formulation. 

Classification of uncertainty 

To facilitate a systematic, yet transparent, approach to estimating uncertainty in field 
observations (uobs), the observations are divided into three classes based on the 
interpreted reliability of the observation. The classes are: 1) Low uncertainty (10%), 2) 
Normal uncertainty (25%), and 3) High uncertainty (50%). For example, for an 
observation labelled as Low uncertainty, the correct value is assumed, with 0.95 
probability, to differ from the observation by 10% at most. For a drawdown value of 5
m, this means that, with 0.95 probability, the correct value is within 4.5 - 5.5 m. The 
uncertainty classification is illustrated along with the associated probability distributions 
in Figure 7-1. 
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The uncertainty classes are defined with relatively broad uncertainty bounds. The 
purpose of this conservativity is both to assure the convergence of the numerical 
methods, and to adapt to a simplified conceptual numerical flow model. In the actual 
bedrock of Olkiluoto, observations might be affected by heterogeneities and local 
features that cannot be explicitly included in the flow model. The approximations and 
simplifications within the structural model should therefore also be reflected in the 
assumed uncertainty of the field observations. 

Bias in observations 

Further classification of observations is conducted on the basis of possible bias in the 
observations. Bias is a systematic deviation of an observation from its representative 
(true) value (Tung and Yen 2005). If an observation has a negative bias, the observed 
value is likely to underestimate the true value. For an observation with a positive bias,
the observed value is likely to overestimate the true value. A common cause of 
negatively biased observations is an unattained steady state during pumping. In this 
work, a negative bias is implemented by shifting the probability density function of the 
observation in a positive direction, in such a way that the observed value is located at 
the lower 95% bound of the distribution. 

Methodology to estimate uncertainty of field observations

In this work, the classification of field observations is based on the following rules: 

1. Observations marked as uncertain in Vaittinen et al. (2008a) are classified as 
belonging to the 50% uncertainty class. 

2. Observations that show high temporal fluctuation are attached to the 50% 
uncertainty class. 

3. Observations with low fluctuation and low slope at the end of the pumping test 
are attached to the 10% uncertainty class. 

4. Observations that have not reached a steady state are attached to a negative bias. 

5. All remaining observations are attached to the 25% uncertainty class. 

The presented methodology is based on expert judgement and on the requirements 
imposed by the numerical flow model. 
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Figure 7-1. Example of the random variable associated with observations. The 
observation is assumed to be a drawdown value of 5 m, which is assigned the Low, 
Normal and High uncertainty classifications. The graph on the left presents the 
probability distribution functions for all uncertainty classes. The graph on the right 
presents the cumulative probability with 95% bounds for the three classes. 

7.1.3 Ensemble Kalman filter 

The link between field observation uncertainty and model uncertainty can be tied using 
the Ensemble Kalman filter (EnKF) method to calibrate the model against uncertain 
field observations. EnKF is a tool for statistical calibration that exploits the Monte Carlo 
methodology to sample the statistics of model behaviour. Each observation (calibration 
target) is assigned a probability distribution function (pdf) and each model parameter to 
be calibrated is likewise attached to a normally distributed pdf. The observation and 
parameter pdfs are sampled by using a large number of realizations. The EnKF is used 
to calibrate the parameter distributions in such a way that the model outcome 
distribution compares well with the assumed observation distribution. 

A full description of the EnKF implementation is presented in Appendix D and in 
Evensen (2003) and Bianco et al. (2007). The EnKF method has recently drawn 
attention in model calibration and uncertainty estimation, due to its easy implementation 
and the constantly increasing amount of available computer resources. The origins and 
first applications of ensemble data assimilation concerned weather forecasting, e.g. 
Houtekamer and Mitchell (2002). Zafari and Reynolds (2005) applied the EnKF 
approach to assess reservoir description uncertainty by using a toy model, whilst Chen 
and Zhang (2006) used the EnKF to calibrate the hydraulic conductivity field of 
synthetic 2D and 3D groundwater flow models. Recently the method has gained 
popularity in the calibration and continuous updating of reservoir models for petroleum 
engineering (see Gu and Oliver 2006 and Bianco et al. 2007). A recent contribution by 
Gu and Oliver (2007) utilized a modified EnKF for the highly non-linear problem of 
multiphase flow data assimilation in porous media, illustrating the versatility of the 
method in tackling problems of high dimension and strong intrinsic non-linearity. 
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7.2 Calibration of KR4 pumping test 

The propagation of uncertainty from the field observations to the model parameters and 
model predictions is illustratively quantified by calibrating the model to the 
observations from the KR4 pumping test conducted in 1998 (Table 4-1; Vaittinen et al. 
2008a). The drawdown observations monitored during the pumping test are analyzed 
and uncertainty estimation is conducted. The model is then calibrated using the EnKF 
approach, which results in an uncertainty estimate for the model parameters in the light 
of the KR4 pumping test. 

The calibration is conducted in two steps with two different parameterizations of the 
flow model. The first step is a sensitivity examination with a relatively coarse 
parameterization. During the second step, the results from the first step are used to 
refine the parameterization of the flow model. The model is then re-calibrated using a 
new parameterization and the obtained parameters with uncertainty bounds are used to 
calculate the freshwater head values and volumetric flow rates through the model in the 
undisturbed groundwater system.  

7.2.1 Pumping test setup 

The pumping test in the KR4 drill hole was carried out during 17.2-3.3.1998 in the 
packed-off section at a depth of 293.5-375.2 m, which intersects the HZ20A and HZ20B 
zones. The section was pumped at an average rate of 17 L/min, which was subsequently 
decreased to about 16 L/min on 23.2.1998. The responses were monitored in the deep 
packed-off KR1-KR3, KR5, KR7-KR10 drill holes, and at the multilevel EP2, EP4-EP6 
piezometers. Strong responses were observed at some observation locations (see Table 
7-1). A detailed description of the test can be found in Jääskeläinen (1998). 

7.2.2 Observations and uncertainty estimation 

The observations used for calibration purposes are presented in Table 7-1. All deep drill 
hole observations presented in Vaittinen et al. (2008a) are included in the calibration set 
and uncertainty estimation is conducted for each included observation. The detailed 
description and graphical presentation of the observations is presented in Jääskeläinen 
(1998). 

The uncertainties related to the calibration target observations are estimated as follows: 

After the initial transient period, the head at the pumped drill hole-section of 
KR4 (293.5-375.2 m) remains at the steady-state fresh water head value of 15 m 
below sea level. Based on tabulated data from Jääskeläinen (1998), the 
drawdown fluctuates between 16.3 m and 20.1 m but remains more or less 
steady for the latter half of the pumping period. The reported value in Vaittinen 
et al. (2008a) is 17.8 m. This observation is assigned to the 10% low uncertainty 
class, since at the end of the pumping the drawdown does not fluctuate and the 
slope of the drawdown curve is small. 

In KR7 the results can be assumed to have reached a steady state and there is no 
fluctuation. The uncertainty can be assumed to be low and observations are 
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attached to the 10% uncertainty class. The observations at KR07_L5 are marked 
as uncertain in Vaittinen et al. (2008a), which is respected here by attaching the 
observation to the 50% uncertainty class. 

In KR9 the drawdown does not show any significant fluctuation, but the 
pumping has not reached the steady-state value. The hydraulic head declines
steeply at the end of the pumping period and hence the observations are attached 
to a negative bias. 

In KR10 the steady-state assumption seems reasonable and drawdown can be 
assumed to be certain, apart from KR10_L4 which has not reached the steady 
state and is assigned a negative bias. 

Observations KR01_L6, KR01_L3, KR05_L7 and KR07_L5 are marked as 
uncertain in Vaittinen et al. (2008a) and these observations are attached to the 
50% uncertainty class. 

The remaining observations are assigned to the 25% uncertainty class. 

The observations with related uncertainty values are presented in Table 7-1. 
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Table 7-1. The observations and uncertainty interpretation of the KR4 (1998) pumping 
test (Vaittinen et al. 2008a). The observations in parentheses are marked as uncertain 
in Vaittinen et al. (2008a). The assumed uncertainty classes are marked with (-) if the 
observation has a negative bias. The last column presents the mean value and the 
uncertainty uobs assumed to be associated with the observations, which are used to 
construct the calibration targets. 

Drill hole
section

Upper 
packer

[m]

Lower 
packer

[m]

Observed 
drawdown

[m]

Uncertainty class Observation 
uncertainty

[mean ±  uobs]

KR04 293.5 375.2 17.8 10% 18.0 ± 1.8

KR01 L8 40.2 114.7 2.1 25% 2.1 ± 0.50

L7 149.7 158.1 1.6 25% 1.6 ± 0.40

L6 183.1 189.7 (1.6) 50% 1.6 ± 0.80

L3 529.5 542.9 (0.9) 50% 0.9 ± 0.45

KR05 L8 40.2 118.2 0.6 25% 0.6 ± 0.15

L7 118.2 133.2 (0.4) 50% 0.4 ± 0.20

KR07 L5 207.0 217.0 (7.3) 50% 7.3 ± 3.70

L4 217.0 232.0 7.3 10% 7.3 ± 0.73

L3 232.0 242.0 8.5 10% 8.5 ± 0.85

L2 242.0 252.0 8.5 10% 8.5 ± 0.85

L1 277.0 290.4 8.5 10% 8.5 ± 0.85

KR09 L4 440.4 447.0 6.2 25% (-) 7.2 ± 1.5

L3 467.0 475.4 6.2 25% (-) 7.2 ± 1.5

L2 518.8 525.4 4.6 25% (-) 5.6 ± 1.5

KR10 L6 249.6 291.2 7.5 10% 7.5 ± 0.75

L5 319.6 329.6 7.5 10% 7.5 ± 1.75

L4 364.6 374.6 5.5 10% (-) 6.1 ± 0.55
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7.2.3 Calibration of the flow model 

The flow model is calibrated by using the Ensemble Kalman filter approach presented 
in Appendix D. The forward model of the EnKF system is based on the finite-element 
code FEFTRATM developed at VTT for groundwater flow modelling (Löfman et al. 
2007). The code is used to solve the resulting drawdown field for given parameter sets 
during the forward model phase of the EnKF calibration process. 

Flow model and numerical solution method 

A submodel of the Olkiluoto Flow Model 2008 representing the central island and the 
Well Characterized Area (WCA) was constructed for calibration purposes. The model 
was truncated to limit the computational resources needed in calibration. The area of the 
submodel is illustrated in Figure 7-2. Only the saturated bedrock is modelled and the 
description of the overburden is excluded from the model. 

The finite element mesh was constructed based on the submodel geometry. The pumped 
drill hole section and all observation sections of the deep packed-off drill holes are 
explicitly included in the mesh as highly-conducting, one-dimensional bar elements. 
The hydrogeological zones (HZ) are modelled as two-dimensional triangle elements and 
the sparsely fractured rock between the zones (SFR) is modelled by using three 
dimensional tetrahedral elements. The total number of elements is approx. 2,130,000 
and the number of nodes is approx. 340,000. 

During the forward model step, the FEFTRATM software package (Löfman et al. 2007) 
is used to solve the steady-state flow equation for drawdown d, 

Here K is the hydraulic conductivity [m/s] (for the triangle elements, K is replaced by 
the transmissivity T [m2/s]), d is the drawdown field [m] and Q is the source term 
[m3/s]. The flow equation is solved by using the traditional Galerkin finite element 
method. The effects of salinity and water table drawdown are excluded, due to the 
excessive computational resources needed for a coupled simulation. 

The surface of the model is attached to a no-drawdown boundary condition, which 
implies that a large water reservoir is located above the bedrock. The overburden 
recharged by rainfall acts as such a reservoir and provides a supply of water replacing 
the pumped water. The lateral sides and bottom of the model are assumed to be no-flow 
boundaries. At the pumped drill hole section, a constant outflow boundary condition of 
17 L/min is applied at the deepest node of the highly conducting sequence of bar 
elements. The outcome of the finite element calculation is the drawdown values in the 
monitored drill hole sections. 

Parameterization 

The success of the EnKF approach depends on the selected parameterization of the 
model. Firstly, the outcome of the model should be reasonably sensitive to the 
calibration. An insensitive parameter does not affect the model output, and can thus not 
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be used to calibrate the model. Secondly, the parameters should be physically 
interpretable, if the calibration is understood as a process of assimilating information 
from observations into the model. The requirement of physically interpretable 
parameters is actually quite confining, since it excludes e.g. fully heterogeneous 
transmissivity fields. Another complication arises from the number of parameters. Using 
a large enough number of free and independent parameters (degrees of freedom), the 
model can be calibrated to any reasonable observations, even if the model structure is
severely wrong. 

In this work the calibration parameters are the log-transmissivities of the selected HZs 
or subzones. The hydraulic conductivity of the SFR is not included as a free calibration 
parameter, because the purpose of the calibrated KR4 (1998) pumping test was to 
estimate the properties of HZ20A and HZ20B, not that of the SFR. 

The calibration of the KR4 (1998) pumping test is conducted in two steps with two 
different sets of parameters. The first set of parameters, called Homogeneous 
parameterization, treats all the HZs as homogeneous planes with a single transmissivity 
value assigned to the whole zone. The second set of parameters, called Non-
homogeneous parameterization, is constructed based on the calibration results from the 
first step. The purpose of the second set of parameters is to exclude the insensitive 
parameters, and to describe in more detail the HZs, which are of importance in the KR4 
(1998) pumping test. In the second parameterization, HZ20A and HZ20B are 
subdivided into three subzones, and each subzone is assigned a unique transmissivity 
value, all of which are included in the parameterization. The subdivision is illustrated in 
Figure 7-3. Both parameter sets also include special parameters for calibrating the 
surface connection of HZ20A and HZ004. The surface connection of a zone is defined 
as the transmissivity of the zone above a depth of 50 m. 

The parameters included in the two sets are described along with their prior 
(uncalibrated) and posterior (calibrated) distributions in Table 7-2 and Table 7-3. The 
prior distribution of parameters reflects our knowledge about the parameter values 
before information from the field responses of the KR4 (1998) pumping test has been 
utilized, and is based on the measured drill hole-specific transmissivity values in each 
HZ (Vaittinen et al. 2009; Table 3-1). The posterior distribution of parameters reflects 
our updated knowledge of the parameters, after information from the pumping test 
responses is assimilated in the model. 

Calibration process

Calibration is conducted based on the EnKF calibration process described in Appendix 
D. Each parameter is assigned a prior distribution with a mean value and a standard 
deviation matching the distribution of the measured drill hole-specific transmissivities. 
The standard deviation is rounded upwards to be at least 1.0. For zones having a small 
number of drill hole intersections, the standard deviation is initially set at 2.5 to reflect 
the limited information available. Calibration is conducted in two steps. The first step is 
to calibrate the model using the first set of parameters, i.e. the Homogeneous 
parameterization. The second step is to calibrate the model with an updated set of 
parameters (non-homogeneous parameterization).
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The Ensemble Kalman filter is run for both calibration steps with an ensemble 
containing 75 individual realizations (ensemble members). A total of 6 assimilation 
iterations were performed to obtain the best match between the model outcome and the 
calibration targets for both calibration steps. Including the formulation of the prior 
distribution, the whole calibration process took 525 forward model runs and 
approximately 10 days of computer time to finish a calibration with a single parameter 
set, totalling 1050 model runs and 20 days of computer time for the two sets of 
parameters. Post-processing included an additional 375 forward model runs. 

Figure 7-2. Illustration of the submodel area for calibration. The red polygon indicates 
the boundary of the submodel, the blue polygon bounds the site-scale Flow Model 2008 
and the black line is the shoreline of Olkiluoto Island. The blue area at the centre of the 
island is the area used for calculating the flow rate results in Figure 7-10 and Figure 7-
13.
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Figure 7-3. The subdivision of HZ20A (upper figure) and HZ20B (lower figure) for 
non-homogeneous parameterization.  

7.2.4 Results 

Calibration using homogeneous parameter set

The first set of parameters is described in Table 7-2 along with the mean and standard 
deviation of the corresponding prior and posterior distributions. The prior and posterior 
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probability density functions of the parameters are presented in Figure 7-4 and the final 
model outcome is compared to the calibration targets in Figure 7-5. 

An exact match between the model outcome and the calibration targets is not a feasible 
requirement, due to the underlying simplifications included in the model design. 
However, calibration did find a distribution of parameters that produce a reasonably 
close match with the calibration targets. For some observations (e.g. KR01_L8, 
KR07_L5) the model outcome is significantly more constricted than the calibration 
target, which indicates that the parameterization might be too constrained. A 
homogeneous transmissivity for a hydrogeological zone limits the ability of the model 
to re-produce observations which depend on local variation of hydraulic conductivity. 

Several parameter distributions have not changed much during the calibration process. 
The mean and standard deviation of the posterior distribution of parameters HZ004_s, 
HZ19A, HZ19B, HZ19C and HZ21 are close to their prior counterparts, which implies 
that the calibrated pumping test does not have information which could be used to 
assess the transmissivity of these hydrogeological zones in the light of the current flow 
model. These parameters can be excluded in the subsequent analysis. 

The distributions of the log-transmissivity of HZ20A and HZ20B have overcome a 
major constriction during the calibration from prior standard deviations of 1.0 for both, 
to posterior values of 0.04 (HZ20A) and 0.19 (HZ20B). This reduction translates into a
96% reduction in uncertainty associated with the transmissivity of HZ20A and into an 
81% reduction for HZ20B. The mean log-transmissivity value of HZ20A has also 
increased from -5.3 to -4.7 (based on the manual pumping test calibration presented in 
Section 4.1, the log-transmissivity was increased to -4.8). The reduction of standard 
deviation – and uncertainty – in these zones reflects the design of the pumping test. The 
pumped drill hole section of KR4 intersects HZ20A and HZ20B, and hence pumping 
has the most influence in these zones. The information available from the drawdown 
values, combined with the known pumping rate, can be used to substantially reduce the 
uncertainty associated with the transmissivity of these zones. The distribution of the 
surface connection of HZ20A (parameter HZ20A_s) is not constricted, but shifted 
towards the low end of the transmissivity values. This implies that, in the light of this 
parameterization, better results for this pumping test can be achieved if the HZ20A zone 
is not directly connected to the surface boundary condition. 

Calibration using non-homogeneous parameter set

The second set of parameters was constructed on the basis of the first parameter set. 
Only the most sensitive parameters were included in the parameter set and the HZ20A 
and HZ20B zones were split into three subzones (see Figure 7-3). The transmissivity of 
the HZ008 zone was included in the set to provide an adjustable large-scale feature in 
the model. The parameter descriptions, along with their mean and standard deviations 
for prior and posterior distributions, are presented in Table 7-3.  The prior and posterior 
probability density functions are presented in Figure 7-6. The model outcome is 
compared to the calibration targets in Figure 7-7. 

The mean values of the calibration targets match even better with the second set of 
parameters (see Figure 7-7). The drawdown at the pumped drill hole section of KR4 is 
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matched perfectly and most of the other targets are likewise well matched. This is a 
natural consequence of the more detailed parameterization, since now the parameter set 
does not include insensitive parameters, but new degrees of freedom are added at the 
most sensitive locations in HZ20A and HZ20B, allowing local variation of drawdown at 
these zones. 

The parameter distributions are presented in Figure 7-6. The values for HZ20A_1, 
HZ20A_3 and HZ20B_2 are practically fixed with only minor variation. The HZ20A_1 
and HZ20B_2 parameters represent the subzones of HZ20A and HZ20B, which are in 
direct connection with the pumped section of KR4. The standard deviation of the log-
transmissivity of HZ20A_1 decreased from 1.0 to 0.03, whilst the mean value increased 
from -5.3 to -4.8. This translates into a 97% reduction in uncertainty associated with the 
transmissivity of this zone. Similarly, the mean log-transmissivity of HZ20B_2 
increased from -5.5 to -4.9 and the standard deviation decreased from 1.0 to 0.05, 
indicating a 95% reduction in uncertainty. The improved match between the model 
outcome and the observations might support an interpretation that the HZ20A and 
HZ20B zones have an intrinsic heterogeneity, which is reflected in field observations. 
However, it is not clear how these subzone-transmissivities could be interpreted in the 
context of a completely homogeneous transmissivity field. The transmissivity of HZ004 
has likewise been significantly contracted by the calibration, although the mean log-
transmissivity differs from that produced by the first parameterization. Hence, no 
unambiguous conclusions can be drawn concerning HZ004. 

The posterior distribution of HZ20A_s, the surface connection of HZ20A, is practically 
identical to its prior distribution. This contradicts the results of homogeneous 
parameterization, which exemplifies the dependence of the calibration results on the 
selected parameterization. Based on the results of the second parameterization, there are 
no indications that the surface connection of HZ20A may be weak. 
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Table 7-2. The parameters included in the set “Homogeneous parameterization”. The 
column “Prior distribution” presents the mean and standard deviations of a parameter 
before calibration. The column “Posterior distribution” presents the mean and 
standard deviations of the parameter after calibration. 

Parameter Description Prior
distribution

Posterior
distribution

mean s mean s

HZ001 logT -5.8 2.5 -5.1 2.30

HZ004 logT below z=-50 m -6.9 2.5 -6.3 0.72

HZ004_s logT above z=-50 m -6.9 2.5 -6.4 2.41

HZ008 logT -5.5 2.5 -4.4 2.42

HZ19A logT -5.1 1.0 -5.4 0.92

HZ19B logT -5.5 1.0 -5.6 0.85

HZ19C logT -5.4 1.0 -5.3 0.90

HZ20A logT below z=-50 m -5.3 1.0 -4.7 0.04

HZ20A_s logT above z=-50 m -5.3 2.0 -7.5 1.58

HZ20B logT -5.5 1.0 -5.6 0.19

HZ21 logT -7.9 1.5 -8.5 1.35

HZ099 logT -6.7 1.0 -6.2 0.43
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Table 7-3. The parameters included in the set “Non-homogeneous parameterization”.
The column “Prior distribution” presents the mean and standard deviations of a 
parameter before calibration. The column “Posterior distribution” presents the mean 
and standard deviatiosn of the parameter after calibration. The subdivision of HZ20A 
and HZ20B is illustrated in Figure 7-3. 

Parameter Description Prior
distribution

Posterior
distribution

mean s mean s

HZ004 logT below z=-50 m -6.9 2.5 -5.5 0.30

HZ004_s logT above z=-50 m -6.9 2.5 -7.3 2.24

HZ008 logT -5.5 2.5 -7.2 2.18

HZ20A_1 logT for subzone 1 -5.3 1.0 -4.8 0.03

HZ20A_2 logT for subzone 2 -5.3 1.0 -3.3 0.44

HZ20A_3 logT for subzone 3 -5.3 1.0 -5.7 0.06

HZ20A_s logT above z=-50 m -5.3 2.0 -4.8 1.60

HZ20B_1 logT for subzone 1 -5.5 1.0 -3.2 0.42

HZ20B_2 logT for subzone 2 -5.5 1.0 -4.9 0.05

HZ20B_3 logT for subzone 3 -5.5 1.0 -3.2 0.89
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Homogeneous parameterization – Parameter distributions 

Figure 7-4. Parameter distributions for homogeneous parameterization. The red line is 
the prior distribution of the parameter values based on the measured transmissivity 
values in each zone. The black line is the posterior distribution after calibration of the 
KR4 (1998) pumping test. The big dots indicate the mean of the distribution and the 
small dots the values of individual model realizations. The parameters are explained in 
Table 7-2. 
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Homogeneous parameterization – Drawdown values 

Figure 7-5. The calibration target and model outcome distributions using homogeneous 
parameterization. The red line is the probability distribution function associated with 
each drawdown observation of the KR4 (1998) pumping test. The black line is the model 
outcome when the calibrated parameter distributions are used as the model input. The 
big dots indicate the mean of the distribution and the small dots the values of individual 
model realizations. 
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Non-homogeneous parameterization – Parameter distributions 

Figure 7-6. Parameter distributions for non-homogeneous parameterization. The red 
line is the prior distribution of the parameter values based on the measured 
transmissivity values in each zone. The black line is the posterior distribution after 
calibration of the KR4 (1998) pumping test. The big dots indicate the mean of the 
distribution and the small dots the values of individual model realizations. The 
parameters are explained in Table 7-3. 



123

Non-homogeneous parameterization – Drawdown values 

Figure 7-7. The calibration target and model outcome distributions using non-
homogeneous parameterization. The red line is the probability distribution function 
associated with each drawdown observation of the KR4 (1998) pumping test. The black 
line is the model outcome when the calibrated parameter distributions are used as the 
model input. The big dots indicate the mean of the distribution and the small dots the 
values of individual model realizations. 
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7.3 Sensitivity and uncertainty of the results  

The objective of descriptive site-scale groundwater flow modelling is to characterize the 
flow conditions in various circumstances (e.g., natural or disturbed conditions) at 
different scales of space (e.g., a detailed canister scale or large site scale) and time (e.g., 
from a few years up to thousands of years). The parameter uncertainty has a direct 
influence on the results and the sensitivity analysis provides a means of estimating the 
uncertainty of the results. 

The Olkiluoto Flow Model 2008 is used to calculate the steady-state hydraulic head 
field and the corresponding flow rates in undisturbed conditions. Simulations are 
performed using prior and posterior parameter distributions. The salinity effects and 
water table drawdown are not considered. 

 Uncertainty of the results 

The resulting fresh water head fields are sampled at the locations of the KR01-KR30 
drill holes (see Figure 7-8 and Figure 7-9 for Homogeneous parameterization and Figure 
7-11 and Figure 7-12 for Non-homogeneous parameterization). The drill holes are not 
included in the model, but the drill hole locations are used to provide a fixed and 
meaningful spatial resolution at which the results can be presented. To offer a basis for 
comparison, the results were also calculated with a conventional reference model, in 
which a single transmissivity (geometric mean of the measured values) was applied to 
each HZ (Table 3-1). 

The variation of the hydraulic head field along a drill hole depends on the number of 
zone intersections, which is a consequence of restricting the parameter set to contain 
only the transmissivities of the HZs and excluding the hydraulic conductivity of the 
SFR. Due to the fixed-head boundary condition at the surface (observed groundwater 
table, see Section 3.9), the variation in hydraulic head diminishes close to the surface 
and increases with depth. At most of the drill holes, the reference model seems to 
produce head values from the highest quartile, when compared to the distribution of the 
sensitivity models. 

The homogeneous parameter set, including all the HZs whose transmissivities were 
varied, gives a more realistic picture of model sensitivity than the more restricted non-
homogeneous parameter set. For homogeneous parameterization, the approximate 
variation of extreme head values was calculated by using prior parameter set ranges 
between 0-5 m at a depth of 200 m, and between 2-4 m at a depth of 400 m. The 
variation is reduced by calibration, and, after updating the distributions with the KR4 
(1998) pumping test, the posterior variation of the head values ranges between 1-2 m, 
with slightly increasing trend with depth. The most drastic changes occur at the KR8, 
KR22-KR25 and KR27-KR29 drill holes (Figure 7-8 and Figure 7-9), in which the 
calibration has excluded all of the extreme values, and the posterior distribution of the 
hydraulic head values is clustered around the reference model. Interpretation of the head 
distributions resulting from non-homogeneous parameterization is not as clear, since 
this parameter set is tailored towards the KR4 (1998) pumping test. For example, 
HZ19A, HZ19B and HZ19C have a fixed transmissivity value throughout the sensitivity 
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runs and thus do not contribute to the spread of the head values. The results are included 
for reference in Figure 7-11 and in Figure 7-12. 

The volumetric net flow rates through horizontal planes at different depths in natural 
conditions were calculated using the computer code FRATE included in the FEFTRA-
package (Löfman et al. 2007). The flow rates were calculated through a 2 km x 2 km 
rectangular area centred at Olkiluoto Island (see Figure 7-2). The resulting volumetric 
net flow rates through the horizontal planes at depths of 25-500 m are presented for 
homogeneous parameterization in Table 7-4 and Figure 7-10. The flow rates along the 
HZ004, HZ20A and HZ20B structures are reported in the same figures (Figure 7-10).
The results for non-homogeneous parameterization are presented for reference in Figure 
7-13. 

The flow rates are the highest in the uppermost 100 m of the bedrock and they decrease 
considerably deeper in the bedrock. The mean value at level z = -25 m is 35 L/min 
downwards, which decreases already at the level z = -200 m to 1.6 L/min and at level z 
= -500 m down to 0.5 L/min. 

At a depth of 25 m, the 95% confidence interval of the net downward flow rate using 
the prior distribution of the parameters is 8-62 L/min. The calibration produces a 95% 
confidence interval of 29-33 L/min for the posterior distribution, indicating good 
confidence in the values. Below the level z = -25 m, the values produced by the 
reference model fit within the 95% confidence limits of both the prior and posterior 
results. 

Sensitivity of the model 

The myriad of simulation runs can be used to conduct a formal sensitivity analysis by 
calculating the correlation coefficients between the model parameters and the results 
quantities. Assessing Definition 1 of model sensitivity (see Section 7.1.1), Spearman’s 
rank correlation coefficients were calculated to estimate the dependence of the 
simulated flow rates at depths of 25, 100, 200 and 400 m on the transmissivity values of 
the zones (see Figure 7-14 and Figure 7-15). Spearman’s rank correlation coefficient 
assesses the strength of monotonic dependence between two random variables without 
assumptions about the distribution of the variables (Tung and Yen 2005). The higher the 
correlation coefficient is between a model parameter and a result variable, the more the 
uncertainty associated with the parameter affects the modelling results. 

The correlation between the transmissivity of the HZ004 zone and all of the flow rate 
variables is strong at all depths, which indicates that the uncertainty associated with 
HZ004 has a high impact on flow rate predictions and on the flow field in general (see 
Figure 7-14 and Figure 7-15). Another dominating feature is HZ20B at a depth of 400 
m, which is a consequence of HZ20B being connected to HZ004 and thus the influence 
of HZ004 is propagated to this zone. The interplay between HZ20A and HZ20B –
although they are not physically connected – becomes evident at depths below 200 m. 

The HZ19C zone provides a connection between the surface and HZ004, which is 
reflected in strong correlation coefficients between the flow rates and the transmissivity 
of HZ19C. The HZ19C zone has a high impact on flow rates even at a depth of 400 m. 
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On the contrary, the surface connections of HZ004 and HZ20A (parameters HZ004_s 
and HZ20A_s) have only a minor influence on flow rates below a depth of 100 m. This 
is explained by the connection to the surface provided by HZ19C and HZ004, which 
masks the influence of HZ004_s. On the other hand, the HZ21 zone becomes 
increasingly important with depth, since the zone has a direct connection to the sea and 
hence provides an effective sink at the deeper parts of the model (the manual sensitivity 
analysis presented in Section 6.2 showed that pressures at greater depths were affected 
by the transmissivity of HZ21). HZ008 does not seem to have any influence on flow 
rates. 

Definition 2 of model sensitivity (see Section 7.1.1), i.e. the sensitivity of the model 
outcome to the used calibration data, is reflected by the fresh water hydraulic head field 
distributions. In Figure 7-8 and Figure 7-9 the head field distributions are presented for 
the prior and posterior models. The prior model (uncalibrated model) reflects the model 
outcome for the acceptable parameter values, when only the drill hole-specific 
transmissivity measurements are used in formulating the model. The posterior model 
(calibrated model) reflects the model outcome, when both the measured transmissivity 
values and the information from the KR4 (1998) pumping test are used to estimate the 
model parameters. Hence, the posterior model reflects a formulation of the model which 
uses more field data than the formulation of the prior model. 

The posterior distribution of hydraulic head values is a subset of the prior distribution, 
except at KR09 and KR11 where an outlier is produced at the drill hole intersection of 
the HZ19C zone (Figure 7-8 and Figure 7-9). Although most of the extreme values of 
the prior results are missing in the posterior results, the mean values of the hydraulic 
head do not differ considerably between the prior and posterior models. This indicates 
that the sensitivity of the average model outcome is not very high in the used calibration 
data. The results are more defined when more data is used to formulate the model, but 
the overall pattern is not changed. 
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Figure 7-8. Simulated fresh water head distributions at the locations of the KR01-KR16 
drill holes using homogeneous parameterization. The grey lines are the simulated head 
values when the prior distribution of parameter values is used as an input to the model. 
The black lines are the head values when calibrated parameter value distributions are 
used. The red line indicates the head results when the geometric means of transmissivity 
values are used as parameters for the model. 
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Figure 7-9. Simulated fresh water head distributions at the locations of the KR17-KR30 
drill holes using homogeneous parameterization. The grey lines are the simulated head 
values when the prior distribution of parameter values is used as an input to the model. 
The black lines are the head values when calibrated parameter value distributions are 
used. The red line indicates the head results when the geometric means of transmissivity 
values are used as parameters for the model. 
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Table 7-4. The mean value and 95% confidence limits of the net flow rate through a 
horizontal plane calculated in the natural state of the groundwater system. 
Homogeneous parameterization is used. See Table 7-2. The Tgeom column refers to 
simulation results which use the geometric average of the measured transmissivity 
values for each zone. For graphical presentation of the distributions, see Figure 7-10. 
Positive values indicate upward flow and negative values indicate downward flow. 

z [m] Total flow rate [l/min]

Tgeom Prior Posterior

mean 95% interval mean 95% interval

-25 m -25 -35 -62 … -8 -31 -33 … -29

-100 m -0.2 -4.1 -27 … 19 -0.8 -2.2 … 0.5

-200 m -1.3 -1.6 -6.3 … 3.1 -1.6 -2.2 … -1.0

-300 m -1.0 -1.2 -2.2 … -0.3 -1.3 -1.5 … -1.0

-400 m -0.6 -0.8 -1.7 … 0.1 -0.8 -1.0 … -0.6

-500 m -0.4 -0.5 -1.3 … 0.3 -0.6 -0.8 … -0.4
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Figure 7-10. Simulated volumetric flow rate distributions through the model using 
homogeneous parameterization. The flow rates are calculated (1) through a horizontal 
plane intersecting Olkiluoto Island, (2) along the HZ004 zone, (3) along the HZ20A 
zone, and (4) along the HZ20B zone. The grey distributions are the results with prior 
parameter distribution. The blue distributions are the results with posterior parameter 
distribution. The red line shows the simulation results when geometric means of the 
transmissivity values are used for parameters. The negative flow rate is downwards. 
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Figure 7-11. Simulated fresh water head distributions at the locations of the KR01-
KR16 drill holes using non-homogeneous parameterization at HZ20A and HZ20B. The 
grey lines are the simulated head values when the prior distribution of parameter values 
is used as an input to the model. The black lines are the head values when calibrated 
parameter value distributions are used. The red line indicates the head results when the
geometric means of transmissivity values are used as parameters for the model. 
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Figure 7-12. Simulated fresh water head distributions at the locations of the KR17-
KR30 drill holes using non-homogeneous parameterization at HZ20A and HZ20B. The 
grey lines are the simulated head values when the prior distribution of parameter values 
is used as an input to the model. The black lines are the head values when calibrated 
parameter value distributions are used. The red line indicates the head results when the 
geometric means of transmissivity values are used as parameters for the model. 
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Figure 7-13. Simulated volumetric flow rate distributions using non-homogeneous 
parameterization for HZ20A and HZ20B. The flow rates are calculated (1) through a 
horizontal plane intersecting Olkiluoto Island, (2) along the HZ004 zone, (3) along the 
HZ20A zone, and (4) along the HZ20B zone. The grey distributions are the results with 
prior parameter distribution. The blue distributions are the results with posterior 
parameter distribution. The red line shows the simulation results when geometric means 
of the transmissivity values are used for parameters. The negative flow rate is 
downwards. 
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Figure 7-14. The correlations between model parameters and 
simulated flow rates at depths of 25 m and 100 m. The colours
reflect the strength of the correlation between the transmissivity of 
the zone (horizontal) and the flow rate (vertical). Variable frTOTAL 
is the total flow rate through the horizontal plane at the given depth, 
while frHZ20A, frHZ20B and frHZ004 are the flow rates along the 
HZ20A, HZ20B and HZ004 zones. The colours are calculated based 
on the absolute value of Spearman’s rank correlation coefficient 
(see the legend on the left; Tung and Yen 2005). Red indicates a 
strong correlation and light yellow indicates no correlation. White 
boxes indicate a non-existent zone at the given depth.
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Figure 7-15. The correlations between model parameters and 
simulated flow rates at depths of 200 m and 400 m. The colours
reflect the strength of the correlation between the transmissivity of
the zone (horizontal) and the flow rate (vertical). Variable frTOTAL 
is the total flow rate through the horizontal plane at the given depth, 
while frHZ20A, frHZ20B and frHZ004 are the flow rates along the 
HZ20A, HZ20B and HZ004 zones. The colours are calculated based 
on the absolute value of Spearman’s rank correlation coefficient 
(see the legend on the left; Tung and Yen 2005). Red indicates a 
strong correlation and light yellow indicates no correlation. White 
boxes indicate a non-existent zone at the given depth.
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7.4 Summary and conclusions 

An uncertainty and sensitivity analysis was performed for the groundwater flow model 
2008 of Olkiluoto. The propagation of input data uncertainty was followed through the 
modelling process to the model predictions using a Monte Carlo-based approach. Each 
model parameter was assigned a probability distribution representing the assumed 
knowledge on the acceptable values of the parameter. The observations from the 
pumping test conducted at KR4 in 1998 (Table 4-1; Vaittinen et al. 2008a) were used as 
an additional source of information, which was used to update the model parameter 
distributions. The undisturbed freshwater head values in a steady state and the 
corresponding flow rates through the model were calculated using the uncalibrated 
(prior) and calibrated (posterior) parameter distributions. 

Two parameterizations of the flow model were constructed and calibrated. Both 
calibration parameter sets were based on the transmissivities of the HZs, excluding the 
hydraulic conductivity of the SFR. The first set, the homogeneous parameterization
(Table 7-2), contains the transmissivities of all the HZs and serves as a basis for 
sensitivity estimation. Calibration of the homogeneous parameterization to match with 
the KR4 (1998) pumping test observations did not significantly reduce the uncertainty 
associated with the majority of the zones, but it did reduce the uncertainty associated 
with HZ20A and HZ20B by 96 % and 81 %, respectively. However, this reduction in 
uncertainty is based on a single pumping test and partly reflects the applied boundary 
conditions and relatively coarse parameterization. Hence, the reduction in uncertainty is 
overestimated. 

The second set of parameters was constructed based on the results provided by 
calibration of the first set. Non-homogeneous parameterization includes only the most 
sensitive parameters and a more detailed description of HZ20A and HZ20B (Figure 7-3
and Table 7-3). The second set improved the model outcome at all observation locations 
(Figure 7-7). Calibration reduced the uncertainty associated with the subareas of HZ20A 
and HZ20B, which were directly connected to the pumped drill hole, by 97% and 95% 
respectively. The subareas of HZ20A and HZ20B not connected to the pumped drill 
hole did not achieve as high a reduction of uncertainty. Whilst the results partly reflect a 
successful selection of parameters and an increased degree of freedoms in the vicinity of 
the pumped drill hole, the improved model outcome and narrow confidence limits 
support an interpretation that the HZ20A and HZ20B zones have an intrinsic 
heterogeneity affecting field observations. 

Although the calibrated pumping test was successful in increasing the understanding of 
the structure of the HZ20A and HZ20B zones, the test did not provide much 
information about the zones that are not in direct connection with these zones. 
Furthermore, the relevance and applicability of the transmissivity values obtained from 
a pumping test calibration in, e.g. undisturbed flow calculations, is ambiguous.. The 
behaviour of the flow model is restricted by the imposed boundary conditions and hence 
the transmissivity values have only a limited effect on the flow routes. The calculated 
groundwater flow routes begin from a boundary of the model (e.g. the surface) and find 
their ways to another boundary of the model (e.g. the pumped drill hole section). If the 
boundary conditions change, the flow routes also change, and the transmissivities, 
which are calibrated under the influence of one set of boundary conditions (e.g. a 
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pumped drill hole) might not necessarily describe the groundwater system faithfully 
under the second set of boundary conditions (e.g. without the pumped drill hole). If the 
groundwater system cannot be monitored under completely undisturbed – or natural –
conditions, the flow model cannot be calibrated for these conditions. Thus, ambiguity of 
the transmissivity values prevails between the pumping test calibration and the 
calculated undisturbed results. The importance and role of this ambiguity can be 
assessed through a sensitivity analysis. 

The uncertainty and sensitivity of the results was estimated by calculating 75 
realizations of the freshwater hydraulic head field and flow rates through the model. The 
head field was sampled at the locations of the KR01-KR30 drill holes. Although 
calibration decreased the variation of the sampled head field throughout the model, the 
mean value of the head distribution did not change substantially. A reference simulation 
applying the geometric mean of the measured transmissivity values for the HZs was 
performed to provide a basis for comparison. The reference simulation produced head 
values from the highest quartile when compared to the prior and posterior sensitivity 
distributions. 

Flow rates were calculated through 2 km x 2 km sized horizontal planes at different 
depths and along HZ004, HZ20A and HZ20B (Figure 7-10 and Table 7-4). Prior to 
calibration, the spread of the flow magnitudes were large in the upper parts of the 
model, but the spread decreased with depth. Calibration significantly reduced the 
posterior uncertainty associated with the flow rates. At level -25 m, the mean value of 
the flow rate changes only 10% during calibration, but the uncertainty decreases by 
90%. At levels below z = -100 m, the mean flow rate did not change, but uncertainties 
were reduced considerably (see Table 7-4). The magnitude of the flow rates produced 
by the reference model were lower than the mean magnitudes of the sensitivity 
simulations, but the reference model fits within the 95% confidence interval of both the 
prior and the posterior distributions. 

The uncertainty and sensitivity estimation provided information about the correlations 
between transmissivities of the zones and the flow rate results (Figure 7-14 and Figure 
7-15). Several conclusions about the importance of the hydrogeological zones were 
drawn. The model results are the most sensitive on the transmissivity of the HZ004 
vertical zone penetrating through the model. Hence, the uncertainty associated with this 
zone makes a strong contribution to the results. The calibration of the KR4 (1998) 
pumping test did offer information about the possible transmissivity of HZ004, as the 
mean transmissivity value of HZ004 increased and the uncertainty decreased 
considerably during calibration (see Table 7-3). However, the mean transmissivity and 
the associated uncertainty were dependent on the selected parameterization, and thus no 
unambiguous conclusions can be drawn from this exercise concerning HZ004. 

The sensitivity of the results to the utilized field data was examined by comparing the 
results based only on the measured transmissivities (prior model) to the results based on 
both the measured transmissivities and the analysis of the KR4 (1998) pumping test 
(posterior model). The additional data provided by the pumping test did narrow down 
the spread of the results, but the average pattern of the results did not change 
considerably, indicating a low sensitivity of the model to the input field data. This is 
partly explained by the strong dependence of the model behaviour on the imposed 
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boundary conditions, and partly by the robust nature of the structural model underlying 
the numerical implementation. The structural model of the HZs of Olkiluoto already 
utilizes a large amount of data from hydrogeological, geological and geochemical 
observations, and the numerical parameter values associated with the transmissivities of 
the HZs have a role in fine tuning the underlying model. 
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8 COMPARISON BETWEEN EPM AND DFN-BASED GROUNDWATER 
FLOW  

The site-scale flow model is a simplified, larger scale description of the bedrock. In the 
current flow model, the hydraulic characteristics of the sparsely fractured rock (SFR) 
between the hydrogeological zones (HZs) are modelled by the equivalent continuum 
porous medium (EPM) approach, in which the fractured system is treated as a single 
continuum with the effective hydraulic conductivity. The effective conductivity is based 
on the measured small-scale values, which were averaged to obtain a representation of 
the similar overall behaviour of the fracture network on a larger length scale (Vaittinen 
et al. 2009). Thus, single fractures have not been explicitly considered in the EPM flow 
model, but have been included implicitly in the effective hydraulic conductivity, which 
is calculated from the geometric means of the transmissivities measured from the small-
scale fractures. The resulting conductivity was not spatially variable, but changed only 
with depth throughout the modelled volume (similarly to the flow porosity, which was 
linked to the conductivity by the cubic law). In addition, the lack of information on the 
conductive fractures outside the well-characterised area (the rock volume where the drill 
hole investigations have been focused, WCA) has been compensated by using a five-
fold conductivity outside the WCA. Initially, two alternative interpretations based on 
the geometric means were available for the EPM flow simulations (Vaittinen et al. 
2009; Table 3-3; Figure 3-4). Based on the calibration, the second interpretation with a 
horizontal/vertical anisotropy ratio of 10 in the uppermost 50 m layer of rock was 
selected as the baseline conductivity (Section 4.2).

Whereas effective conductivity is valid in the characterisation of the overall 
groundwater flow conditions in the bedrock, locally (e.g. near the ONKALO) its 
validity may be more restricting. For example, when calculating the inflow to the 
ONKALO, the effective conductivity has proved to be too high, which has been 
compensated by decreasing the conductivity around the tunnels in order to obtain a 
match between the measured and observed inflow (Section 9.3). A discrete fracture 
network (DFN) approach provides an alternative to the EPM approach. DFN modelling 
is based on a statistical description of the fracture observations and hydraulic 
measurements in the drill holes, and it characterises the fracture network on a more 
detailed scale than the EPM model. The DFN model can also be used to derive the 
upscaled hydraulic properties of the bedrock for EPM modelling, providing an 
independent alternative to an approach based on the geometric means of the measured 
transmissivities (Vaittinen et al. 2009). The objective of this section is to perform a 
preliminary comparative study between groundwater flow in the bedrock based on the 
two approaches (the geometric mean properties and the upscaled properties from the 
DFN model). The comparison is based on the calculated groundwater fluxes through the 
horizontal cross-sections located at depths of 25-1000 m (Figure 5-1) and the flow paths 
at the potential repository depth of 420 m.

Hartley et al. (2009) have developed a hydrogeological discrete fracture network 
(Hydro-DFN) model for Olkiluoto, which includes hydrogeological DFN descriptions 
of the bedrock between the HZs needed for construction of 3D groundwater flow 
models of the Olkiluoto site as well as in the subsequent safety performance assessment. 
One of the objectives was to provide preliminary site-scale hydraulic and salt transport 
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properties in support of the EPM modelling carried out with the FEFTRA code (Löfman 
et al. 2007). The equivalent block hydraulic conductivity tensor (KDFN), the flow 
porosity ( DFN) and the fracture surface area per unit volume of connected fractures 
were all based on an underlying Hydro-DFN model and they were calculated from a 
single site-scale DFN realisation. The following three cases were considered:  

Upscaled properties for a 50 m block size (base case) 

Upscaled properties for a 30 m block size 

Upscaled properties for a 50 m block size with the ‘guard zone’ method

The 50 m case was also calculated with the ‘guard zone’ method, in which each block 
considered in the statistics has a ‘guard zone’ of 50 m in each direction to prevent 
fractures that are unconnected to the wider fracture network contributing to the 
conductivity of the block. Thus, the ‘guard zone’ method results in somewhat lower 
conductivities (and fluxes) than one without such zones. A summary and a detailed 
description of the upscaling method are given by Hartley et al. (2009) and Jackson et al. 
(2000), respectively. The resulting upscaled conductivity was a symmetrical, positive, 
definite, six-component tensor which varied spatially throughout the modelled volume.  

The comparative simulations were carried out in a steady state assuming fresh water 
conditions, with and without the HZs between the SFR. A summary of the hydraulic 
conductivities applied in the current study is presented in Table 8-1.  

The cross-checking calculations between the FEFTRA (Löfman et al. 2007) and 
NAMMU (2001) codes, which were performed without the HZs and applying the three 
upscaled conductivities, indicated that both codes gave similar flow rates through the 
horizontal cross-sections (Figure 8-1). The block size (30 or 50 m) affected the flow 
rates only moderately (later on in this study only 50-m block size values are used). 
However, the upscaled conductivities for the 50 m block size, which were obtained with 
the ‘guard zone’ method, resulted in lower flow rates than those obtained without the 
zones.  

The flow rates calculated from the geometric means of the measured transmissivities, 
the upscaled values and the underlying DFN model show a considerable variation 
(Figure 8-2 and Figure 8-3). At its highest, the difference is more than two orders of 
magnitude between the upward flow rates based on the calibrated second interpretation 
(K2,an) by Vaittinen et al. (2009) and the upscaled conductivity (KDFN). The flow rates 
based on the upscaled conductivity (KDFN) follow fairly well the flow rates calculated 
from the underlying Hydro-DFN model down to a depth of 600 m, which verifies the 
upscaling process. Deeper in the bedrock, the difference increases, because the fracture 
density in the DFN model decreases substantially, which the upscaling for a relatively
coarse block size of 30-50 m cannot follow. 

The upscaled hydraulic conductivity and transmissivity of the fracture network of the 
underlying Hydro-DFN model vary spatially throughout the modelled volume, resulting 
in spatially variable fluxes through the horizontal planes (Figure 8-4 through Figure 8-
6). On each plane there are areas with low and high fluxes. However, it is the high flux 
areas that dominate when calculating the total amount of water flowing through the 
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planes. The location and magnitude of the high flux areas vary by each DFN realisation.
In the (single) realisation on which this study is based, the total flow rates below a depth 
of 400 m are dominated by few highly transmissive stochastic sub-vertical fractures. On 
the other hand, the effective conductivity has been divided between depth layers with a 
constant conductivity based on the geometric means (of the measured transmissivities). 
The averaging process also smoothes the fluxes, so that there are no high flux areas that 
would dominate the calculated total flow rates, which, thus, remain lower than the flow 
rates calculated from the upscaled properties and the Hydro-DFN model. The upscaled 
conductivity seems to result in too high infiltration. The annual precipitation in the 
Olkiluoto area is about 550 mm, of which about 1–2% (= 5.5·10-3–1.1·10-2 m/a) is 
estimated to infiltrate the bedrock. However, the calculated upscaled infiltration is 2-
20% for large areas (locally even higher; Figure 8-4), whereas the infiltration calculated 
with the calibrated conductivity (K2,an) is mostly 0.2-2%, which is well in line with the 
estimated infiltration. 

The flow paths from the potential repository depth of 420 m (Figure 8-7 and Figure 8-8)
were calculated from the flow fields based on the first initial interpretation (K1) by 
Vaittinen et al. (2009) and the upscaled conductivity (KDFN). The paths in both cases 
leave the repository area in the same directions and also end up in the same discharge 
areas on the top surface of the model. However, the actual paths from the repository up 
to the surface differ from each other. The averaged hydraulic conductivity smoothes the 
flow field, resulting in orderly paths which cover the whole surrounding rock relatively
evenly. On the other hand, spatially variable conductivity naturally leads to channelized 
paths, of which a few main routes can be distinguished. 

The results obtained from the preliminary comparison between EPM and DFN-based 
groundwater flow were encouraging. The hydraulic properties upscaled from the DFN 
model provided a useful, independent alternative alongside the effective properties 
usually applied in the groundwater flow simulations based on the EPM approach. The 
upscaling process was verified by comparing the calculated flow rates based on the 
upscaled properties and the underlying Hydro-DFN model. The flow rates and flow 
paths confirmed fairly well the consistency between the effective and upscaled 
hydraulic conductivities (although some discrepancies remained). The discharge areas 
based on the effective and upscaled properties were similar, too. However, since the 
current study was based on the single DFN realisation only, more realisations should be 
applied before making any further conclusions. 
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Table 8-1. A summary of the hydraulic conductivities applied in the preliminary
comparison study between the equivalent continuum porous medium (EPM) and 
discrete fracture network (DFN) flow models. 

Symbol Description

K1 The first initial interpretation by Vaittinen et al. (2009), based on the 
geometric means of the measured transmissivities (Table 3-3; Figure 3-
4). The lack of information on the fractures outside the well-
characterised area (the rock volume where the drill hole investigations 
have been focused, WCA) has been compensated by using five-fold 
conductivity outside the WCA.

K2 The second initial interpretation by Vaittinen et al. (2009), based on the 
geometric means of the measured transmissivities (Table 3-3; Figure 3-
4). The lack of information outside the WCA has been compensated by 
using five-fold conductivity outside the WCA.

K2,an K2 with a horizontal/vertical anisotropy ratio of 10 in the uppermost 50 m 
layer of rock (i.e. the vertical component of K2 was decreased). The 
inclusion of the anisotropy was based on calibration against the 
undisturbed baseline observations before excavation of the ONKALO
(Section 4.2).

KDFN Upscaling from the discrete fracture network (DFN) model for a block 
size of 50 m (Hartley et al. 2009).

KDFNg Upscaling from the discrete fracture network (DFN) model for a block 
size of 50 m with the ‘guard zone’ method (Hartley et al. 2009).
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Figure 8-1. A comparison of the downward (top) and upward (bottom) flow rate in the 
sparsely fractured rock (SFR) with the FEFTRA (Löfman et al. 2007) and NAMMU 
(2009) codes. The flow rates have been calculated through the horizontal planes at 
depths of 25-1000 m (Figure 5-1) with a flow model that does not include the 
hydrogeological zones (HZ) and assuming steady-state fresh water conditions. The 
hydraulic conductivity of the SFR was upscaled from the discrete fracture network 
(Hydro-DFN) model for block sizes of 30m and 50m.
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Figure 8-2. The downward (top) and upward (bottom) flow rate in the sparsely 
fractured rock (SFR) through the horizontal planes at depths of 25-1000 m (Figure 5-
1). The flow model does not include the hydrogeological zones (HZ). The flow rates 
have been calculated from the equivalent continuum porous medium (EPM) model 
applying the hydraulic conductivities based on the geometric means of the measured 
transmissivities and upscaling from the discrete fracture network (DFN) model. In 
addition, the flow rates calculated from the underlying DFN model are included. 
Steady-state fresh water conditions were assumed in all cases. See description of the 
conductivities in Table 8-1.
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Figure 8-3. The flow rate through the horizontal planes at depths of 25-1000 m (Figure 
5-1). The flow model includes the hydrogeological zones (HZ). The flow rates have been 
calculated from the equivalent continuum porous medium (EPM) model applying the 
hydraulic conductivities based on the geometric means of the measured transmissivities 
and upscaling from the discrete fracture network (DFN) model. Steady-state fresh water 
conditions were assumed in all cases. See description of the conductivities in Table 8-1.
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Figure 8-4. The calculated downward groundwater fluxes [m/a] through the horizontal cross-section at a 
obtained by dividing the cross-section into 50 x 50 m2 sub-areas and calculating the perpendicular com
each sub-area. The white space at the cross-sections denotes the upward flow direction. The location of th
a depth of 420 metres is marked on the figures. The corresponding total flow rate though the plane is pr
characterised area (the rock volume where the drill hole investigations have been focused, WCA) is 
percentage of the flux of the annual average infiltration in the Olkiluoto area is denoted by %.
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Figure 8-5. The calculated downward groundwater fluxes [m/a] through the horizontal cross-section at
was obtained by dividing the cross-section into 50 x 50 m2 sub-areas and calculating the perpendicular co
each sub-area. The white space at the cross-sections denotes the upward flow direction. The location of th
a depth of 420 metres is marked on the figures. The corresponding total flow rate though the plane is pr
characterised area (the rock volume where the drill hole investigations have been focused, WCA) is
percentage of the flux of the annual average infiltration in the Olkiluoto area is denoted by %.
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Figure 8-6. The calculated downward groundwater fluxes [m/a] through the horizontal cross-section at 
was obtained by dividing the cross-section into 50 x 50 m2 sub-areas and calculating the perpendicular co
each sub-area. The white space at the cross-sections denotes the opposite flow direction. The location of
at a depth of 420 metres is marked on the figures. The corresponding total flow rate though the plane is pr
characterised area (the rock volume where the drill hole investigations have been focused, WCA) is 
percentage of the flux of the annual average infiltration in the Olkiluoto area is denoted by %.
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Figure 8-7. The flow paths from the potential repository rock block to the surface. The 
flow model includes the hydrogeological zones (HZ). The paths have been calculated 
from the equivalent continuum porous medium (EPM) model applying the hydraulic 
conductivities based on the geometric means of the measured transmissivities (top) and 
upscaling from the discrete fracture network (DFN) model (bottom). See description of
the conductivities in Table 8-1.
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Figure 8-8. The flow paths from the potential repository rock block to the surface. The 
flow model includes the hydrogeological zones (HZ). The paths have been calculated 
from the equivalent continuum porous medium (EPM) model applying the hydraulic 
conductivities based on the geometric means of the measured transmissivities (top) and 
upscaling from the discrete fracture network (DFN) model (bottom). See description of
the conductivities in Table 8-1.
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9 HYDROGEOLOGICAL IMPACTS OF THE ONKALO 

The open tunnels and shafts of the ONKALO, and the subsequent repository, are likely 
to create a hydraulic disturbance to the site's groundwater system for hundreds of years 
(e.g. inflow of groundwater to the open tunnels, drawdown of the groundwater table, 
intrusion of surface water containing oxygen and carbon dioxide deep into the bedrock, 
and upconing of deep saline groundwater). The objective of this Section is to assess the 
possible hydrogeological disturbances of excavation of the ONKALO and the accuracy 
of previous predictions (Andersson et al. 2007), and also to provide new predictions for 
the inflow, the evolution of the groundwater levels and hydraulic heads at the 
monitoring points during the whole period of construction. In addition, the evolution of 
the salinity distribution (in particular, the possible upconing of deep saline groundwater) 
in the vicinity of the tunnels is considered. 

9.1 Modelling approaches and assumptions 

The predictions are carried out by means of a numerical site-scale groundwater flow 
simulation and are based on the hydrogeological flow model presented in Section 3. The 
simulations are carried out from the start of the ONKALO excavations (September 
2004) up to the (assumed) start of excavation of the repository facilities in 2015. The 
modelling is based on the current 2008 flow model, which was calibrated against the 
undisturbed baseline observations (responses from the pumping tests performed in 
1992-2004, pressure and salinity in the deep drill holes, Section 4). Because it would 
have been computationally quite expensive to combine the modelling of the phenomena 
referred to above in the same truly transient simulation, they were analyzed separately 
using somewhat different modelling approaches and assumptions: 

The evolution of the groundwater levels and hydraulic heads was simulated by 
employing the free-surface approach (Section 2.3), in which only the saturated zone 
is included in the modelled volume and the evolving water table constitutes a free 
surface. If the water table sinks below the sea level, the top of the modelled volume 
is of an irregular shape and time-dependent. Salinity was neglected in the 
simulations. On the other hand, the density-dependent flow does not significantly 
account for the drawdown of the water table in the upper part of the bedrock 
(containing fresh/ brackish water), to which the drawdown is confined. 

The evolution of the salinity distribution is simulated by employing a coupled (flow 
and salt transport) and transient model (Section 1.1). The modelled volume is of 
regular shape and remains the same throughout, i.e. in contrast to the free surface 
simulation the water table was not allowed to sink, but remained the same (the long-
term mean of the undisturbed measurements) throughout, which somewhat 
underestimates the impact of the ONKALO. However, due to efficient grouting of 
the tunnels, the water level will decrease only a few meters by the year 2015 and 
thus its effect on the salinity distribution can be considered minimal.  

The inflow of groundwater to the tunnels is obtained directly as a result of the finite 
element solution in both of the approaches referred to above. Thus, the inflow is 
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calculated by both considering and ignoring the possible displacement of the water 
table. 

Initial and boundary conditions for salinity calculations 

The initial conditions for pressure and salinity were based on the current baseline flow 
conditions obtained from calculating the flow evolution from 2800 years BP onwards 
(Section 5.2). In the sensitivity case, the exponential initial salinity fit at 2800 BP was 
extrapolated so that the highest initial value exceeds the current observed maximum and 
reaches a value of 110 g/L, which was applied down to the base of the model (see 
Section 3.9 and Figure 3-8). The external boundary conditions (on the model 
boundaries) are similar to those of the baseline modelling, disregarding the land uplift 
due to the short modelling period. The internal boundary conditions (used for the 
tunnels) are discussed in Section 9.2.

9.2 Modelling the ONKALO tunnels 

The ONKALO layout is of March 2008. 

Excavation schedule 

All the tunnels were modelled explicitly according to the layout and taking into account 
the progress of the excavations, using a stepwise excavation schedule (Table 9-1, Table 
9-2 and Figure 9-1). The annual or bi-annual averages of the actual excavation rates 
over the period 2004-2007 were applied to excavation of the access tunnel of the 
ONKALO. The latest bi-annual rate was applied from the beginning of 2008 (the data 
freeze time). After the excavation of the access tunnel has proceeded to the junctions of 
the shafts, the excavation of the parts of the shafts above the current depth are started 
with the average of the actual rate of the shafts. A stepwise excavation schedule by 
Kirkkomäki (2006) was used for the central tunnels.  

Finite element model of the tunnels

The conceptual geometry of the 3-D tunnel system was simplified to a wireframe 
model, in which each tunnel segment was represented by a line located in the centre of 
the actual segment, i.e. no physical extension (such as would be defined by a radius) 
was considered (Figure 9-3). Each line (tunnel) segment was modelled as a set of nodes 
of the finite element mesh by using an appropriate (internal) boundary condition for 
each node. The boundary conditions for the nodes representing the advancing 
ONKALO were defined as the elevation of these nodes. Thus, the open tunnels act as 
hydraulic sinks. The finite element mesh was refined around the tunnels so that the 
average length of the sides of the tetrahedral and triangular elements was about 4 m.  

The advancing drifts were modelled with a set of nodal boundary conditions 
representing the excavated (i.e., hydraulically active) drift sections specific to each time 
step. This set of hydraulically active nodes was determined taking into account the 
excavation rates that were defined for each drift section (Table 9-1, Table 9-2 and 
Figure 9-1), and updated from time step to time step. 
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Grouting and EDZ/EdZ 

Grouting, which is being applied during the excavation and operational phases of the 
ONKALO and the repository, in order to limit the inflows, reduces the conductivity of 
the hydrogeological zones (HZ) and the sparsely fractured rock (SFR) in the vicinity of 
the tunnels. The grouting has been applied to limit the inflows from the HZs and, at 
shallow depths, also to limit inflow from the SFR. At greater depths the grouting of the 
SFR has proved to be unnecessary, mainly because of the general decrease in 
permeability of the SFR with depth (the rock contains very few transmissive fractures), 
but also because the permeability of the rock tends to decrease transverse to the tunnels 
due to the excavation disturbed/damaged zone (EDZ/EdZ).  

Since the hydraulic conductivity of the bedrock was based on actual measurements over 
the Well Characterized Area (WCA) of the site, it was concluded that the calculated 
high inflows indicate the lack of a hydraulic barrier between the tunnels and the water 
storage of the bedrock in their surroundings. The concept of this hydraulic barrier may 
be realised with the introduction of a positive skin (due to mechanical coupling) around 
the tunnels for further predictions. 

Similarly, with more data having come to light on the inflows at the intersections of the 
HZs, the modelled efficiency of the grouting is also to be revised, targeting even tighter 
grouting (i.e. lower local transmissivities) to seal off the HZ structures that effectively 
connect the surface boundary conditions as sources with the tunnel as a sink. This role 
of the HZs could probably be further refined by employing a more accurate 
transmissivity distribution over their planes. 

Hydrogeologically the EDZ may emerge with two distinctly different characteristics. In 
the direction transverse to the ONKALO, the open tunnels are usually expected to show 
positive skin, i.e., hydraulically lowered permeability to water flow, whereas the EDZ in 
the longitudinal direction is probably somewhat more permeable than the surrounding 
bedrock. There are a few possible explanations for the decreased permeability, the most 
likely of which are a mechanical coupling leading to a decrease in fracture apertures and 
emergence of a gaseous phase within the EDZ.  In the longitudinal direction the 
possible formation of long hydrogeological connections induced by rock blasting is an 
issue of great interest. The transverse EDZ (skin) may be detected as a steep rise in the 
water pressure outside the EDZ. The issue of the longitudinal EDZ is to be investigated 
with a dedicated weir in the niche. 

In the modelling, the effects of grouting and the positive skin were taken into account 
by adjusting the hydraulic conductivity of the SFR and the transmissivity of the 
intersecting HZs around the tunnels. They were implemented by decreasing the 
transmissivity of the triangular finite elements (representing the HZs) adjacent to the 
tunnels (Figure 9-3) and the hydraulic conductivity of the tetrahedral finite elements 
(representing the SFR) adjacent to the tunnels (Figure 9-2). The effects of the grouting 
and the positive skin in the finite element model also depend on the size of the finite 
elements these values have been assigned to. The average length of the sides of the 
grouted tetrahedral and triangular elements was about 4 m, which means that the 
grouting and the positive skin in the model extended to somewhat greater distances 
from the tunnel walls than the estimated penetration depth of the grouting cement is in 
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reality. The model parameters for the grouting efficiency and positive skin were 
acquired by calibrating the modelled inflow against the measured inflow to the tunnel 
(Section 1.1).

Table 9-1. The excavation rates for the different parts of the ONKALO tunnels (the 
layout of March 2008). The assumed excavation rate of the access tunnel in the 
predictions in the Olkiluoto Site Description 2006 (Andersson et al. 2007) was 2 m/s, 
which was the average of actual excavation rates during 2004-2006. 

Type Rate [m/d] Note

Access tunnel

1.7 (2004)

2.4 (2005-2006)

3.0 (1.1.-15.5.2007)

2.5 (16.5.-31.12.2007)

Annual/bi-annual average of actual 
excavation rates (the latest value of 2.5 m/d is 
assumed from 1.1.2008 onwards)

Shafts 18.0 http://www.posiva.fi/tietopankki_tiedotteet.ht
ml 15.6.2007: Average of 12-24 m/d

Central tunnels 4.2 Kirkkomäki (2006)

Table 9-2. The schedule for excavation of the three shafts of the ONKALO (the layout of 
March 2008) down to a repository depth of 520 m.
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Figure 9-1. The actual progress of the ONKALO (the layout of March 2008) excavation
on 26.6.2009 (top, http: www.posiva.fi) and the model of a stepwise excavation schedule 
of the ONKALO (bottom) assuming the excavation rates presented in Table 9-1 and
Table 9-2. The modelled tunnel is coloured by the schedule, with colours referring to 
consecutive years of excavation.
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Figure 9-2. The nearest tetrahedral finite elements adjacent to the ONKALO (the layout 
of March 2008). Due to the grouting and/or the positive skin, the hydraulic conductivity 
of the elements, which represent the sparsely fractured rock, was decreased to obtain an 
acceptable agreement between the observed and calculated inflow.
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Figure 9-3. The grouting of the hydrogeological zones (HZ) intersecting the ONKALO
(the layout of March 2008). The grouting in the finite element model was implemented
by decreasing the transmissivity of the triangular elements (representing the HZs) 
adjacent to the tunnels.
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9.3 Calibration 

Grouting is being applied to limit the inflow to the ONKALO along the intersecting 
hydrogeological zones (HZ) and through the shallow depths of the sparsely fractured 
rock (SFR). At greater depths the grouting of the SFR has proved to be unnecessary, 
mainly because of the general decrease in permeability of the SFR with depth (the rock 
contains very few transmissive fractures), but also because the permeability of rock 
tends to decrease transverse to the tunnels due to the positive skin (Section 9.1).  

The site-scale flow model is a simplified, larger scale description of the bedrock. In the 
flow model the hydraulic characteristics of the SFR are modelled with the equivalent 
porous medium (EPM) approach, in which the fractured system is treated as a single 
continuum with the effective hydraulic conductivity. The effective conductivity is based 
on the measured small-scale values, which were averaged to obtain a representation of 
the similar overall behaviour of the fracture network on a larger length scale (site scale). 
Whereas the effective conductivity is valid in the characterisation of the overall 
groundwater flow conditions in the bedrock, locally (e.g. near the ONKALO) its
validity may be more restricting. This is manifested by the too high calculated inflow, if 
the conductivity of the SFR below a depth of 50 m remains the same as the surrounding 
bedrock in the well-characterised area. Thus, in order to compensate too high effective 
conductivity around the ONKALO and to obtain a match between the calculated and 
observed inflow, the conductivity needs to be decreased. The decrease is based on the 
positive skin, because the effect of very few transmissive fractures deeper in the 
bedrock is already considered implicitly in the effective conductivity. 

The model parameter values for conductivity and transmissivity in the vicinity of the 
tunnels were acquired by calibrating the calculated inflow against the observed total 
inflow into the tunnel (Vaittinen et al. 2008b). As a result of the calibration, the 
transmissivity of the HZs at the intersection of the tunnels (Table 9-3) and the hydraulic 
conductivity of the SFR around the tunnels (Table 9-4) were decreased in order to 
obtain an acceptable agreement between the observed and calculated inflows. The 
grouting efficiency at the intersections of the tunnels and HZs was selected so that the 
total inflow from the HZs remains about 3-5 L/min, corresponding to the observations 
(so far the proportion of the inflow from the HZs has been minimal compared to that of 
the SFR). The effect of the grouting efficiency and the positive skin on the hydraulic 
conductivity of the SFR around the tunnels was determined on the basis of the inflows 
observed up to the end of 2007 (the data freeze date). The inflows were observed down 
to a depth of about 250 m by the end of 2007. However, the ONKALO extends to a 
depth of 540 m. Thus, based on the observations, the conductivity around the ONKALO 
can be adjusted down to a depth of 250 m only. Deeper than 250 m, similar values were 
assumed as for the depth of the deepest observation point layer of the rock (z= -250 m). 

In the free surface approach used for simulating the evolution of the groundwater levels 
and hydraulic heads, there is one additional parameter (infiltration) which affects the 
transient behaviour of the system (Section 2.3). In the previous modelling round 
(Andersson et al. 2007), the applied infiltration was shown to affect the model 
responses, but the sensitivity of the results to the selected infiltration levels remained 
unclear. For the distant deep packed-off KR5 drill hole, no drawdown was predicted 
when the model was complemented with uniform infiltration on the surface. Without 
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infiltration, a clear prediction of drawdown resulted. The infiltration restricts the area of 
influence of the ONKALO, and this demonstrates the importance of a properly selected 
infiltration scheme, in order that accurate predictions can be made. 

The appropriate infiltration level, which was made part of the base case, had to be 
determined by inverse numerical modelling. On the basis of the monitoring results 
(Vaittinen 2008b), the groundwater table did not practically change during the first 3-4
years of construction of the ONKALO, and thus this fact was used as a target in the 
calibration. Considering that too low applied infiltration would cause the free 
groundwater surface to sink considerably, while too high infiltration levels would cause 
it to rise too much, calibration focused on finding the infiltration level that caused the 
groundwater table to change the least around the ONKALO by the end of 2007 in 
simulation time. Thus, the calibration of the infiltration level was transformed into a 
minimum search problem. 

Considering the above, seven time-dependent simulation cases were run with applied 
infiltrations ranging from 1.6% to 2.7% to obtain a series of groundwater table 
characteristics for the state reached by the end of 2007. These surfaces were compared 
with the initial, undisturbed groundwater table in a 1 km x 1 km quadrat around the 
ONKALO (Figure 9-4). The quadratic mean of these difference surfaces plotted against 
the applied infiltration resulted in a curve with an absolute minimum at around 2.0% of 
the 550 mm/yr precipitation (bottom right plot in Figure 9-4). Since the groundwater 
table obtained with this value differed the least from the undisturbed long term mean, it 
was chosen as the infiltration level for the base case. 

Table 9-3. The transmissivity [m2/s] of the hydrogeological zones (HZ) in the vicinity of 
the ONKALO and elsewhere. The transmissivity near the ONKALO was decreased to 
obtain an acceptable agreement between the observed and calculated inflow. In the 
previous Site Report 2006 (Andersson et al. 2007), the grouting efficiency in the HZs 
was 1.0·10-8 m/s. 

Base value ONKALO Basis of the adjustment

HZ19A 2.6·10-5 5.0·10-9 Grouting

HZ19B 3.2·10-7 5.0·10-9 Grouting

HZ19C 6.3·10-5 5.0·10-9 Grouting

HZ20A 1.5·10-5 5.0·10-9 Grouting

HZ20B 9.0·10-6 5.0·10-9 Grouting
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Table 9-4. The hydraulic conductivity [m/s] of the sparsely fractured rock (SFR) in the 
well-characterised area (the rock volume where the drill hole investigations have been 
focused, WCA) and in the vicinity of the ONKALO. The conductivity near the ONKALO 
(Figure 9-2) was decreased to obtain an agreement between the observed and 
calculated inflows. In the previous Site Report 2006 (Andersson et al. 2007), the 
conductivity was adjusted to 5.0·10-9 m/s in the upper 50 m layer only, due to the lack of 
observations. 

Depth [m] WCA ONKALO Basis of the adjustment

0-50 1.0·10-7 -
3.2·10-8 *)

2.0·10-9 Grouting

50-100 3.2·10-8 -
5.0·10-9 *)

5.0·10-10 Positive skin

100-200 5.0·10-9 -
1.3·10-10 *)

5.0·10-11 Positive skin

200-400 1.3·10-10 5.0·10-11 Positive skin

400-540 3.0·10-11 3.0·10-11 No adjustment

*) The logarithm decreases linearly at a depth interval.
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Figure 9-4. Groundwater tables that developed by the end of 2007 (the data freeze
date) were calculated by using several infiltration levels ranging from 1.6% to 2.7% 
of the 550 mm yearly precipitation, and were then compared to the water tables used 
as initial conditions. Three of these computed differences between the initial and the 
evolved water tables in a 1 km x 1 km neighbourhood of the ONKALO are shown, as 
well as the seven averaged differences as a function of the applied infiltration levels. 
The least changes in the water table were found when the applied infiltration was 
about 2.0% of the precipitation.

9.4 Results 

The simulations are carried out from the start of the ONKALO excavations (September 
2004) up to the (assumed) start of the excavation of the repository facilities in 2015, and 
show that the open tunnels draw groundwater from all directions in the bedrock. 
Following the advance of the excavations, the flow directions start to change in the 
vicinity of the tunnels, first in the sparsely fractured rock (SFR) and then in the 
hydrogeological zones (HZ), after their direct (HZ19 and HZ20) or indirect (HZ004, 
HZ21 and HZ099) connections to the open tunnels. The grouting and the positive skin 
do not completely isolate the tunnels from the surrounding bedrock, but substantially
reduce the hydraulic disturbances. The flow pattern remains essentially similar, but the 
magnitude of the groundwater flow is much lower than when no control of the 
groundwater inflow is assumed.  
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9.4.1 Inflow of water to the ONKALO 

The results of the monitoring programme since the previous Site Report 2006 
(Andersson et al. 2007) show that the 2006 flow model clearly overestimated the 
hydraulic impact of the ONKALO (Figure 9-5). The predicted inflows to the ONKALO 
were on some occasions double that of the subsequently measured values and were 
about half of what had been predicted by the 2004 flow model (Posiva 2004). The 
reason for this was the following. As the SFR still contributes most of the water in all of 
the simulation cases, this indicates that the effective conductivity seen by the ONKALO 
was too high in the model. The excessively high effective conductivity was caused by 
assuming a grouting efficiency that was too low and an assumed overall hydraulic 
conductivity of the bedrock that was too high. Moreover, grouting was only applied 
until chainage of a bit over 1000 m, after which no positive skin was assumed, either. 
The previous predictions (Andersson et al. 2007) employed hydraulic conductivities, 
which could only be calibrated to six inflow measurements at two observation points, 
and this proved to be too few to realistically capture the true hydraulic impact of the 
tunnel system. This resulted in elevated inflow levels from the SFR and clear depression 
of the water table at some locations as the ONKALO advanced. 

In 2006 the calibration of grouting efficiency was based on only four measurements that 
had been made at tunnel chainage of 580 m and two measurements at chainage of 990 
m, which gave average inflows of 10 and 17 L/min, respectively. The consequence of 
this calibration against the average values at these two observation points, resulted in 
the HZs intersecting the tunnels being grouted so as to have a transmissivity of 1.0·10-8

m2/s. In addition, the hydraulic conductivity of the SFR was not allowed to exceed 
5.0·10-9 m/s. Thus, due to the lack of inflow data, the conductivity around the tunnels 
was adjusted only for the uppermost 50 m, whereas the properties of the SFR around the 
tunnels at greater depths remained unchanged, with the resulting overestimation of 
inflows.

Significantly more information on the inflows (about 150 observations at several 
observation points) was available for this modelling update (Vaittinen et al. 2008b). 
Ignoring the high leakage from the grouting and pilot holes at a chainage of 
approximately 1400 m, the total inflow had been stabilized to about 20 L/min by the end 
of 2007 (the data freeze date). After calibrating the hydraulic properties around the 
tunnels, the current flow model was able to capture the observations very well. The 
calculated inflow increases with time, following the advance of the excavations. A 
notable increase occurs after the access tunnel and the shafts intersect the HZ20 system 
in 2008 and at the beginning of 2010, respectively. Finally, after the whole tunnel 
system is excavated, the total inflow is predicted to be 35 L/min, of which 77% is 
derived from the SFR and 23% from the HZs. This is in accordance with reality, as most 
of the observed water flow into the ONKALO takes place along single fractures within 
the SFR. However, the calculated inflow from the SFR is evenly distributed along the 
tunnels, because the single fractures have not been considered explicitly in the flow 
model, but have instead been included implicitly in determining the effective hydraulic 
conductivity. In 2006 the calculated total inflow was 66 L/min.  

The grouting and the positive skin do not completely isolate the tunnels from the 
geological environment, with the result that the calculated inflow was sensitive to the 
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hydraulic conductivity of the surrounding SFR. The use of alternative hydraulic 
conductivity (K1, see Table 3-3 and Figure 3-4 in Section 3.3), which was from a depth 
of 200 m higher than the one selected as the base case value (K2), increased the inflow 
deeper in the bedrock, resulting in about 40% higher total inflow (Figure 9-6). The use 
of heterogeneous conductivity, which was upscaled from a single discrete fracture 
network realisation (see Section 8), resulted in even higher inflow. 

Comparison of the fixed and free surface approach

Calculated inflows in time-dependent simulations are known to be sensitive to several 
factors, such as the employed mathematical model with its numerical implementation, 
and the precision of the employed arithmetics, spatial discretization, etc. Since in the 
current modelling update, due to the hydrogeological properties of the site (coupled 
with the increased grouting efficiency), the free surface remained above sea level (in the 
previous study the lowest point of the water table was a few metres below sea level at 
the end of the simulation period), this caused the current model, of which the uppermost 
finite elements were defined at sea level, to remain saturated during the whole 
simulation time (2004-2012). This facilitated a return to simpler equations and thus to a 
more efficient numerical solution than the free-surface approach, in which all time steps 
are solved by the same finite element mesh, only updating the  boundary conditions 
accounting for the advancing ONKALO. This alternative, albeit equally valid, 
mathematical model reproduced the same 35 L/min total inflow by the time the full 
ONKALO is built, and showed essentially the same dynamics for outflows during the 
course of the simulation than those calculated with the free-surface approach. 
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Figure 9-5. The total inflow of groundwater to the ONKALO tunnels (an access tunnel, 
three shafts, and main and lower characterisation levels) calculated without 
consideration of water table drawdown. The dashed lines denote the inflow calculated 
with the previous flow model for 2006 (Andersson et al. 2007). The circles represent 
observations at certain points of chainage, measured at several different times up to the
end of 2007 (Vaittinen et al. 2008), and are related only to the chainage axis of the 
figures, not the time axis.
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Figure 9-6. The total inflow of groundwater to the ONKALO tunnels (an access tunnel, 
three shafts, and main and lower characterisation levels) calculated without 
consideration of water table drawdown. The inflow was calculated with two alternative
initial hydraulic conductivities K1 and K2 (see Table 3-3 and Figure 3-4 in Section 3.3), 
the latter of which was selected as a base case in the baseline calibration. KDFN denotes 
heterogeneous conductivity, which was upscaled from a single discrete fracture network
realisation (see Section 8). The circles represent observations at certain points of 
chainage measured at several different times up to the end of 2007 (Vaittinen et al. 
2008), and are related only to the chainage axis of the figures, not the time axis.

9.4.2 Groundwater level 

The groundwater level in shallow holes varied only a little during 2007 (Vaittinen et al. 
2008b) and the possible impact of the ONKALO on the water table has, so far, been 
minimal. The differences found between the reference holes (representing the natural 
fluctuation of the groundwater level) and the other holes are so small that it is not 
possible to determine whether they are due to the ONKALO or to the effects of other 
construction activity. However, according to the preliminary analysis, the tunnels may 
have caused some minor (0.1-0.2 m) long-term changes in the groundwater level in the 
Liiklansuo area and near the surface intersection of HZ19A at drill hole KR12. The flow 
model 2006, however, predicted a steady depression of the groundwater table, and, as a
chainage of 3000 m is reached by the end of 2008, the water table is slightly below sea 
level at one shallow observation point. Once again, the excessive assumed inflow was
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the primary reason for discrepancies between observations and calculations. The 
assumption of values for infiltration and flow porosity which are too low and thus affect 
the transient behaviour of the water table may be an additional reason for the differences 
(the predicted evolution of the water table is somewhat sensitive to selection of the 
infiltration parameters). 

Because the groundwater level has varied only a little and the impact of the ONKALO 
has, so far, been minimal, the infiltration in the free-surface model was determined so 
that the calculated water table would be as close as possible to the undisturbed long-
term mean by the end of 2007 (Section 9.3). The acceptable water table was obtained 
with an average infiltration rate of 2% (of the annual precipitation of 550 mm). The 
current model predicts that the water level will decrease by a few metres, and only in 
the vicinity of the ONKALO, by the year 2012 (Figure 9-7). The highest drawdown 
occurs near the surface intersections of HZ19A and HZ19C, which are connected 
directly to the access tunnel and the shafts. 

Till the end of 2007 no ONKALO-induced depression was identified at the shallow 
observation locations close to the surface. In contrast, the 2006 flow model predicted 
that drawdowns of up to 7 m would already have developed by then (Andersson et al. 
2007). Since the outcome of the 2004 predictions highlighted the importance of the 
assumed infiltration levels, the 2006 prediction was made with a sophisticated algorithm 
distributing the infiltration (on average 2% of the annual precipitation) non-uniformly 
over Olkiluoto island (see Section 2.3.2). Thus having gained control over application 
of the infiltration distribution in the numerical model, it can be stated that the 
performance of the model depended mainly on the applied (available) hydrogeological 
properties of the site's hydrogeological structures. 

The calculated groundwater level depends on and is sensitive to the infiltration, the flow 
porosity, the transmissivity of the HZs extending to the surface and the hydraulic 
conductivity of the uppermost layer of the SFR. The interplay between the infiltration 
and the flow porosity is responsible for the transient behaviour of the water table. Of 
these factors, infiltration was found to be relatively the most important in affecting the 
predicted groundwater levels, albeit in absolute terms still only in a moderate way 
(Figure C-1 in the Appendices). It is to be noted, however, that the algorithm 
determining the level of local infiltration (see Section 2.3.2) was developed with the 
pronounced presence of the ONKALO causing a greater depression in mind, and was 
calculated with the aggregate effect of several independent phenomena. In this 
modelling round, however, the contribution of the ONKALO to the development of the 
groundwater table is significantly less due to the updated hydrogeological properties of 
the site and also to the increased grouting efficiency; thus, under these circumstances 
the behaviour of the algorithm was somewhat different as well. 

The groundwater tables calculated this way over a nearly homogeneous top surface 
layer of SFR, using the free-surface approach with accretion (i.e., with the presence of 
locally varying infiltration) and in the absence of a strong sink, were invariably flattened 
out compared to the initial conditions (the long-term average of the undisturbed water 
table). The most spectacular gradients were developed under the ONKALO in the area 
of the HZ19 system of hydrogeological zones, but even these were relatively mild with 
respect to the depressions obtained in earlier modelling rounds. The slowly flattening 
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nature of the calculated groundwater table caused the maxima of the initial water table 
to decrease, and at the same time some of the minima to fill up regardless of the 
advancing tunnel face at greater depths. Thus, even though the ONKALO kept 
penetrating the lower rock layers, the free surface rose locally due to this flattening out 
on the top of the model, even in a few hundred metres vicinity of the drifts (Figure 9-7).

The simulated groundwater table evolved mainly under the control of the applied 
infiltration distribution, which, in the presence of the homogeneous uppermost SFR 
layer led to the moderate, gradual flattening out of the freely moving groundwater 
surface. This is considered as a numerical artifact in the results, which can only be 
avoided with more realistic distributions of the hydraulic conductivity and the 
infiltration. The effect of the ONKALO can only be detected in the immediate vicinity 
(within 15 m) of the shafts as a depression of 2 m (developed by the end of 2007) and at 
the traces of the HZ19A and HZ19C zones as a depression of 1.3 m (both HZs are 
intersected by the access tunnel and the shafts). As there are no observations from 
exactly the same locations of these depressions, it is thus difficult to assess the validity 
of these results. Elsewhere the simulated groundwater table is in good agreement with 
the observations. 
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Figure 9-7. The calculated evolution of the groundwater table in the vicinity of the ONKALO. The lowest
4.5 m above sea level in the vicinity of the shafts at 2012. The observed drawdown of the water table has
far.
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9.4.3 Hydraulic heads in the deep drill holes 

The assessment of the hydraulic heads is performed along the deep packed-off drill 
holes, from which the most representative and comprehensive time series of data have 
been obtained (Vaittinen et al. 2008b). The changes in head observed in these drill holes 
(KR1, KR9, KR12, KR23, KR25 and KR37) can also most probably be attributed to the 
excavation of the ONKALO. The highest long-term drawdowns have been detected in 
KR23 and KR25, whereas in KR37 high drawdowns had already been observed at the 
beginning of monitoring in autumn 2007. All of the three drill holes are located close to 
the tunnels (Figure 9-8) and the correlation between the inflow and drawdown is evident 
in the observations. Six packed-off drill hole sections were found, in which the 
drawdown exceeded 5 m, with a maximum of 60 m in the deepest L1 section of KR01. 

The 2006 flow model (Andersson et al. 2007) overestimates the impact of the 
ONKALO on the hydraulic heads in the shallow observation holes and along the deep 
packed-off drill holes. Discrepancies between the calculated and observed heads of up 
to several metres were detected for some drill holes (Figure 9-9 through Figure 9-11).  

A good match between the calculated and observed hydraulic heads was obtained using 
the current flow model. In this modelling round until the data freeze date, only the 
HZ19 zone system was intersected by the tunnels, and even this took place at relatively 
moderate depths (70-100 m), where the tunnels were grouted. After the piercing of the 
HZ20 zone system at depths of 300 m and over, however, the model predicts large 
drawdowns in the packed-off sections that fall in the proximity of the deeper tunnel 
sections.  

In general, the calculated head histories remain well above the levels of the 2006 
modelling round, with two exceptions. The L5 section of KR01 is packed off at a depth 
of about 300 m in the bedrock where the low head effected by the elongated access 
tunnel extending northwest and only belonging to the new ONKALO layout is strongly 
felt (Figure 9-9). In the case of the 2006 layout, with its drifts concentrating around the 
shafts, the drawdown caused by the ONKALO was understandably some 30 metres less 
in this drill hole section. The upper L8, L7 and L6 sections experience a gentler 
drawdown of a few metres, but even they show spectacularly the phases when the 
HZ20A zone is intersected by the drifts or when the research facilities consisting of 
several shorter tunnel sections are built within a relatively short time. 

The upper L7 and L5 sections of KR09 show a very small (under 1 metre), but steadily 
increasing drawdown, while the two lower sections L4 and L2 experience significantly 
lower heads due to the vicinity of the HZ20B zone (Figure 9-9). This is because the 
HZ20B zone is only connected to the higher-head surface boundary conditions 
indirectly through the low-transmissivity HZ004 zone. Thus, when the drifts intersect 
with the HZ20B zone, the low head can spread along it quite evenly further away from 
the ONKALO as well. From the head histories, it is clear when this zone is intersected: 
first by the access tunnel heading northwest, and secondly, with the tunnel face 
advancing backwards to the southeast, by the system of shafts connecting the drifts 
above and under the HZ20B zone. The lower the monitoring section lies, the more 
conspicuous this phenomenon is. The same effect is detected in the lower L5 section of 
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KR12, also lying in the vicinity of the HZ20B zone (Figure 9-10), while in the 
uppermost sections of KR12 only a very gentle drawdown can be seen (under 1 metre). 

The calculated heads in all sections of KR23 and KR25 (Figure 9-10 and Figure 9-11)
decrease slowly, whereas the observed values have stabilized or have started to recover. 
The difference is only minimal, however. The evolution of the head field follows the 
advance of the excavations, in particular when the access tunnel or shafts intersect the 
HZs. A small decrease can be observed in the shallowest sections (L7 and L8) of KR25 
after the tunnel intersects HZ19, whereas a larger drop occurs in the L3 section, after the 
tunnel and three shafts have intersected HZ20A which passes through L3. The model 
predicts the head in KR25 to be at its lowest at about -3 m, after all the tunnels and 
shafts have intersected the HZ20 system in 2010. The model was also able to capture 
relatively well the high drawdowns (~25 m) observed in KR37 at the beginning of the 
monitoring period (Figure 9-11). The HZ19 system passes through the L2-L4 sections, 
which is clearly reflected in the head field. The lowest section, L1, is not intersected by 
the HZs, but is located very close to the access tunnel and all of the three shafts, 
resulting in a high drawdown (~35 m) during 2007-2008, after the access tunnel has 
passed L1 and all the shafts have been excavated to a depth of 290 m. 

The transient behaviour of the calculated heads was only moderately sensitive to the 
assumed flow porosity and also, but to a lesser extent, to the applied infiltration. 
Because the evolution of the head field follows the advance of excavations, the results 
are more sensitive to the applied excavation rates.  

The statements assessing the 2004 prediction round in Andersson et al. (2007) still hold 
true, in that the 2006 flow model also predicted the hydraulic impacts of the ONKALO 
to occur sooner than what was observed in the course of the monitoring programme. 

Sensitivity of head histories to the infiltration 

The predicted head histories appear to be only moderately sensitive to the applied 
infiltration levels (see Figure C-2 through Figure C-4 in the Appendices). Note that the 
indicated figures express the infiltration relative to the yearly 550 mm precipitation, and 
are averaged values over the part of Olkiluoto Island which was designated as belonging 
to the freely moving groundwater surface. The employed algorithm (see Section 2.3.2) 
that defines the actual distribution of the infiltration creates significant local variations, 
where local extremes may be several times greater than the average. 

Of the several calculated cases, three are presented in addition to the measured data and 
the data obtained in the previous modelling round in 2006 (Andersson et al. 2007). They 
are the 2.0% level (which was selected as a base case), a slightly deviating 2.1% level, 
and a 1.6% level (an extreme of the tested values).  

The calculated heads are not qualitatively different even at the extreme (1.6%) of the 
tested infiltration levels, but follow those obtained in the base case closely (~0.5 m). 
Since this difference is beyond the variations observed in the long-term averaged 
groundwater levels since the beginning of the construction of the ONKALO, there was 
no point in testing an even more deviating infiltration level. The use of a somewhat 
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more realistic perturbation of 2.1% resulted in an even smaller deviation of heads from 
the base case (~0.1 - 0.2 m). 

On the basis of this analysis, it can be concluded that the model's sensitivity to the 
infiltration is in a reasonable range, and that, however important an input the infiltration 
is for this modelling approach (free surface with accretion, Section 2.3), greater 
uncertainties in defining the numerical model lie elsewhere. 

Head histories with an alternative numerical model 

The evolution of the groundwater levels and hydraulic heads was simulated by 
employing the free-surface approach (Section 2.3), in which only the saturated zone is 
included in the modelled volume and the evolving water table constitutes a free surface. 
If the water table sinks below sea level, the top of the modelled volume is of an irregular 
shape and time-dependent.  

During construction of the ONKALO, practically no significant change has, so far, been 
detected in the groundwater table. In addition, the free surface model predicted only a 
minimal drawdown of the groundwater level by the end of 2012. Thus, in contrast to the 
previous modelling update 2006 (Andersson et al. 2007), in which the water table sank 
below sea level, the whole modelled volume remains saturated throughout the modelled 
time frame. This enables a comparison of the head histories obtained from the free-
surface approach with those calculated by a traditional flow model, in which the 
modelled volume is of regular shape and remains the same throughout. In contrast with 
the free-surface simulation, the water table was not allowed to sink, but remained the 
same (the long-term mean of the undisturbed measurements) throughout the modelled 
time frame.  

In the traditional model the groundwater flow is governed by the equation (Bear 1979; 
Huyakorn & Pinder 1983) 

where K is the hydraulic conductivity tensor of the rock [m/s], h is the hydraulic head 
[m] and Ss the specific storage [1/m]. 

The obtained head histories agree well with those obtained with the free-surface 
approach (see Section 2.3 for details). In general it can be stated that the drawdowns 
calculated with the alternative model are about half or one metre smaller than those 
obtained with the free-surface approach (with the exception of the initial phase of KR01 
and KR09, see Figure C-5). This discrepancy is considered insignificant, however, as 
the time discretization of the ONKALO is not fully synchronous in the two models, and 
the top boundary conditions are not the same. In other words the slight discrepancies 
between the two models can be solely attributed to the somewhat different discretization 
of the drifts and the consequently slightly different boundary conditions representing the 
advancing tunnels. 
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The alternative model faithfully reproduces the abrupt changes in the head histories that 
are due to the piercing of the HZ20 zone system, and predicts different drawdowns 
thereafter for different applied specific storage parameters in at least one packed-off 
section of all the drill holes. The separation of the different predicted drawdowns is 
obvious, especially after the piercing of the hydrogeological zones, e.g. in the L5 
section of KR12 or the L3 section of KR23 (Figure C-6). The two different models 
predict very similar heads for most of the KR23 and the KR25 drill hole sections 
(Figure C-6 and Figure C-7).  

A fundamental property of these time-dependent calculations was the specific storage of 
the rock, for which there was no data available. The magnitude of the specific storage 
was varied in three different simulations using Ss = 10-5, 10-6 and 10-7 1/m throughout 
the modelled volume (in this respect the model was always homogeneous). In this initial 
phase of construction of the ONKALO, on the basis of the measured data, which do not 
exhibit any significant drawdown except in the drill hole KR37, it is difficult to judge 
which of these values falls closest to the reality. However, the results obtained with Ss =
10-6 and Ss = 10-7 1/m fall closest to heads calculated with the free-surface approach 
(Figure C-5 through Figure C-7 in the Appendices). With regard to the specific storage, 
as a fundamental parameter of time-dependent flow, the model's predictions indicate 
that the assumption of uniform specific storage was not actually valid. In the light of the 
measured heads, the plausible maximum of the specific storage is probably around 10-6

1/m. 
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Figure 9-8. The ONKALO (the layout of March 2008) and the drill holes in which the 
hydraulic heads and/or salinity results are presented. The depth of the drill hole 
sections are presented in Table 9-5.
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Table 9-5. Average depths of the packed-off sections for which the head histories were 
calculated. The locations of the drill holes are presented in Figure 9-8. 

Drill hole Packed-off 
section

Average depth [m]

KR01 L8 -42
L7 -95
L6 -138
L5 -300

KR09 L7 -51
L5 -129
L4 -254
L2 -472

KR12 L8 -33
L7 -48
L6 -78
L5 -296

KR23 L7 -37
L5 -68
L4 -107
L3 -149

KR25 L8 -34
L7 -47
L5 -85
L3 -320

KR37 L4 -85
L3 -116
L2 -157
L1 -186
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Figure 9-9. The calculated (with the previous flow model for 2006 and the current 
flow model for 2008) and the observed hydraulic head in selected packed-off sections 
of the KR01 and KR09 drill holes (Figure 9-8; Table 9-5). The times at which the 
tunnels pierce the HZs, passing through the drill hole sections or the rock near the 
sections, are denoted by the dashed lines.
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Figure 9-10. The calculated (with the previous flow model for 2006 and the current 
flow model for 2008) and the observed hydraulic head in selected packed-off sections 
of the KR12 and KR23 drill holes (Figure 9-8; Table 9-5). The times at which the 
tunnels pierce the HZs, passing through the drill hole sections or the rock near the 
sections, are denoted by the dashed lines.
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Figure 9-11. The calculated (with the previous flow model for 2006 and the current 
flow model for 2008) and the observed hydraulic head in selected packed-off sections 
of the KR25 and KR37 drill holes (Figure 9-8; Table 9-5). The times at which the 
tunnels pierce the HZs, passing through the drill hole sections or the rock near the 
sections, are denoted by the dashed lines.
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9.4.4 Groundwater salinity 

The assessment of the TDS concentration was based on the monitoring data from the 
ONKALO and the deep drill holes up to the end of 2007 (Pitkänen et al. 2008; Figure 9-
12), which consisted of 121 deep groundwater samples collected from about 20 
different open or multi-packered drill holes. The ONKALO data consisted of 24 
samples from three groundwater stations (ONK-PVA1−PVA3) and 27 samples from 19 
leaking fractures (ONK-RV1−RV19). Most of the monitored groundwater samples have 
been measured from single fractures, which are interpreted as being part of the SFR.  

In general, the drill hole samples are very similar to the baseline data. Most of the 
monitoring samples taken from the deep drill holes near the ONKALO represent 
intersections of HZ20A. Unfortunately, the TDS values from HZ20A were of little 
value for the current work, because they have been affected by the presence of open 
drill holes which have not been included in the flow model. The observations are also 
composed mainly of single samples scattered throughout the bedrock, i.e. most of the 
samples have been measured in different sections of different drill holes at different 
times. Thus, no time series of observations showing the potential effect of the 
excavations is available. The length of the monitoring period has also been too short to 
obtain a proper time series. A small number of changes have been observed, however,
but they result more likely from the presence of open drill holes rather than from the 
ONKALO.  

Most of the groundwater samples from the ONKALO are from the uppermost 80 m of 
the bedrock. At greater depths the numbers of both samples and potential sampling 
locations has been small, due to the low permeability of the host rock. Most of the 
samples are fresh (or nearly fresh, 0.5-1.5 g/L), which is typical of shallow depths at 
Olkiluoto. However, the samples from the poorly transmissive (10-9 - 10-8 m2/s)
fractures of ONK-PVA2 and from the leaking fractures at a depth 20-30 metres are 
brackish (2-4.5 g/L), representing the highest values observed at similar depths. The 
ONK-PVA3 groundwater station is located fairly near the intersection of HZ19A and 
the ONKALO, and the observations represent the groundwater from HZ19A and C. 

The calculations showed that, because the open tunnels draw groundwater from all 
directions from the bedrock, the excavations are likely to cause an increase in the 
mixing of water types (Figure 9-13). In particular, there will be a mixing of fresh and 
brackish groundwater (from closer to the surface) with deep saline waters. Following 
the advance of the excavations, the tunnels draw increasingly fresh water from the 
surface, diluting the groundwater to greater and greater depths. Simultaneously, the 
salinity of the groundwater gradually starts to rise around and below the tunnel system 
(Figure 9-14). The magnitude of the fresh water flow is strongest along the HZs, which 
are directly (HZ19 and HZ20, Figure 9-15) or indirectly (HZ004) connected to the 
tunnels. The upconing of the deep highly saline groundwater is strongest below HZ20B 
and along HZ004, which is connected to the tunnels via the HZ19 and HZ20 systems. 
HZ004 is a moderately-conductive zone (T=1.3·10-7 m2/s), which extends from the 
surface down to the base of the modelled volume and offers a good hydrogeological 
connection between the tunnels and the deep bedrock volume with highly saline water.  
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Even if the inflow is limited by the grouting and the positive skin, locally the salinity 
may still rise to rather high levels, especially near the deepest parts of the tunnels. 
Whereas the previous 2006 flow model predicted only a moderate upconing at the lower 
characterisation level by 2015, the current flow model suggests a rise in the maximum 
TDS from about 21 g/L (initial value) up to 30 g/L with the calibrated baseline 
parameters (Figure 9-16). In the current flow model the flow porosity is based indirectly 
on the transmissivity data, via the cubic law, which results in about an order of 
magnitude lower flow porosity and a faster response of the salinity field to the 
excavations. The upconing would be more pronounced, if the simulations were to be 
continued further into the future, after the whole tunnel system has been excavated. 

Due to the lack of representative TDS samples from the monitoring system and, 
especially, the lack of a time series of observations, it is still difficult to judge the 
validity of the salinity model in the presence of the tunnels. In both the previous and 
current flow models, the uppermost part of the bedrock was initially (i.e. the 
undisturbed conditions before the excavations started) saturated with fresh water and, 
thus, the salinity at the shallow observation points remained unchanged in fresh water 
conditions during the course of the simulation (Figure 9-17 and Figure 9-18). Most of 
the observed samples along the access tunnel (chainage of 0-700 m) are also 
approximately fresh, although the calculated ones were lower than the observations. 
Due to the initial fresh water conditions, neither of the flow models could capture the 
brackish values (2-4.5 g/L) measured from the low transmissive fractures of ONK-
PVA2 and from the leaking fractures at a depth of 20-30 metres.  

The initial conditions were based on undisturbed baseline simulations in which the flow 
model was calibrated against the undisturbed baseline observations. The monitoring 
TDS data was not used in the calibration. Because the shallowest measured baseline 
salinity was 1 g/L at a depth of 40 m, it is obvious that the higher brackish salinities 
measured above the shallowest baseline depth cannot be obtained with the flow model. 
On the other hand, the site-scale flow models are simplified, larger-scale descriptions of 
the bedrock. The single fractures have not been considered in the flow models 
explicitly, but they have been included implicitly in the effective hydraulic conductivity. 
Thus, the flow model may be too homogeneous to capture all the observations 
originating from the smaller-scale features, especially when they show considerable 
variation at similar depth level, such as the current TDS data from the ONKALO. 

The KR23, KR25 and KR37 drill holes, which are located in the vicinity of the 
ONKALO, provide an example of the deeper observation points; more than one sample 
(three at most) was available from only a few packed-off sections (Figure 9-19 - Figure 
9-21). The results of the 2006 flow model showed that the calculated salinity field was 
in practically a stagnant state at these monitoring points during the period under 
consideration. The combination of the hydraulic parameters controlling the evolution of 
the salinity field (the flow and diffusion porosities, the hydraulic conductivity and the 
grouting efficiency) prevented changes to the salinity, even in the closest drill holes to 
the tunnels. Thus, the undisturbed present-day salinity field, which was applied as an 
initial condition, played a major role in the predictions. However, the calculated salinity 
(with both flow models) agrees fairly well with the observations in some sections, even 
though the number of samples is too small to allow any further conclusions to be drawn. 
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Due to the lower flow porosity, the current flow model responds more rapidly to the 
advance of excavations deeper into the bedrock. 

Sensitivity analysis 

When simulating salt transport, the flow and diffusion porosities, which affect the time 
scales of transport, provided one of the sources of uncertainty and sensitivity. In the 
dual porosity (DP) approach applied in this study, flow porosity affects transport in the 
water-bearing fractures, whilst diffusion porosity is related to the matrix blocks, which 
contain essentially stagnant water. Because of the lower seepage velocities, the higher 
porosities moderated the transport of solutes, so that transport occurred over a longer 
time scale; whereas the lower porosities induced higher velocities and a faster response 
to the opening of the tunnels (Figure 9-22). By the end of 2015, the maximum salinity at 
the lower characterization level of the ONKALO at a depth of 540 metres ranged 
between 24-44 g/L (initial value was 21 g/L), whereas the diffusion porosity varied 
between 0.2-5.0%. On the other hand, the maximum salinity was only moderately 
sensitive to the flow porosity and dispersivity. When the flow porosity was varied from 
one fifth up to five-fold, the maximum salinity varied only between 27-31 g/L, whereas 
the changes in dispersivity did not affect the results by the end of 2015.  

If the simulations were to be continued further into the future, after the whole tunnel 
system has been excavated, the upconing would be stronger and the sensitivity of the 
calculated salinity distribution to the parameters referred to above would be higher. For 
example, a clear impact can be observed by varying the dispersivity (Figure 9-23). A 
larger dispersion increases the spreading of solutes, resulting in a wider transition zone 
between fresh and saline water, and lower upconing of saline groundwater, whereas 
lower dispersion causes the concentration front to decrease in size and increase in 
magnitude. Varying the longitudinal dispersion length from a quarter up to four-fold 
resulted in approx. 15% higher and 25% lower, respectively, maximum salinities at a 
depth of 540 m. 

In order to obtain a more pronounced effect of the ONKALO an additional sensitivity 
case was introduced. The case was calculated using a diffusion porosity of 0.2%, a flow 
porosity one fifth of the baseline value and with the alternative hydraulic conductivity 
(K1, see Table 3-3 and Figure 3-4 in Section 1), which, deep in the bedrock, was higher 
than the baseline conductivity (K2) and resulted in about 40% higher total inflow. In this 
case, the fresh water infiltration from the surface is clearly stronger, diluting the 
groundwater down to a depth of about 300-400 metres by the end of 2015 (Figure C-8 
through Figure C-10). The upconing was also stronger: the maximum TDS at a depth of 
540 metres increased up to about 55 g/L (Figure 9-22). As stated above, the upconing 
would be stronger, if the simulations were to be continued further into the future, after 
the whole tunnel system has been excavated (Figure 9-24).

The salinity also depends on the initial conditions assigned to the bedrock (Figure 3-7 
and Figure 3-8) at the beginning of tunnel construction in 2004. The open tunnels 
increasingly draw fresh water from the surface and rapidly dilute groundwater at 
shallow depths. Thus, the initial conditions at shallow depths do not affect the results. 
However, deeper in the bedrock the situation is different. The highest observed TDS is 
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83 g/L and has been measured at a depth of about 800 metres. However, most of the 
TDS samples have been measured from the fairly conductive fractures (K > 10-9 - 10-8

m/s). Thus, it is possible that higher salinity values would be obtained, if the 
measurements were conducted in poorly conductive sections of rock (Ruotsalainen et al. 
2000). On the other hand, it is very difficult to get water samples from deep tight rocks. 
Due to the lack of observations at greater depths, in the base case a current maximum 
value is applied as an initial condition from the observation depth down to the base of 
the model. In the sensitivity case, a salinity of 110 g/L is also applied. With the base 
parameter values, the maximum TDS in the main characterization level of the 
ONKALO at a depth of 540 metres was not sensitive to the assigned deep constant 
initial condition (Figure 9-24). However, in the sensitivity cases referred to above, in 
which the parameters affecting the salt transport have been modified so that the effect of 
the ONKALO would be more pronounced, the maximum TDS at a depth of 540 metres 
is at most 25% higher (from 64 to 80 g/L), if the deep initial value is increased by 33% 
(from 83 to 110 g/L). 

The calculated upconing of the deep, highly saline groundwater is fastest along HZ004, 
which is connected indirectly to the tunnels via the HZ19 and HZ20 systems. HZ004 is 
a vertical, moderately-conductive zone. It is located east of the ONKALO, extending 
horizontally across the island to the boundaries of the model and vertically from the 
surface down to the base of the modelled volume (2 km). Because the effective 
transmissivity of HZ004 is lower than 1.0·10-5 m2/s it has also been allowed (at least 
until now) to intersect the disposal tunnels of the potential repository layouts. Thus, 
HZ004 offers a good hydraulic connection between the tunnels and the deep bedrock 
volume with highly saline water. The hydraulic properties and geometry of HZ004 are 
uncertain, however, as they are based on only three measured transmissivities from the 
KR8, KR27 and KR40 drill holes and on indirect evidence from the geological model 
and from lineament interpretations. Thus, from the point of view of deep saline water 
upconing, HZ004 constitutes a considerable source of uncertainty. EnKF-based 
uncertainty and sensitivity analysis also indicated that the uncertainty associated with 
HZ004 has a high impact on the results (Section 7).

Discussion 

Most of the drill hole TDS samples near the ONKALO are associated with intersections 
of HZ20A, but they were of little value for the current work, because they have been 
affected by the presence of open drill holes which have not been included in the flow 
model. However, multipacker systems are currently installed in the majority of the deep 
drill holes and, therefore, the correspondence between the hydrogeochemical data and 
the flow simulation results is likely to improve in the future. On the other hand, most of 
the sparse groundwater samples from the ONKALO have been obtained from the single 
fractures (interpreted as being related to the SFR) located in the uppermost 80 m of the 
bedrock, and showed considerable variation at similar depths. The 2006 and 2008 site-
scale flow models are simplified, larger-scale descriptions of the bedrock. These single 
fractures have not been considered in the flow models explicitly, but have been included 
implicitly in the effective hydraulic conductivity, which is based on the geometric 
means of the transmissivities measured from the small-scale fractures. The resulting 
conductivity was not spatially variable, but changed only with depth throughout the 
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modelled volume (in a similar manner to the flow porosity, which was linked to the 
conductivity by the cubic law). Diffusion porosity, another parameter affecting salt 
transport, was assumed to be constant throughout the modelled volume. Nor were the 
initial conditions for the baseline simulations spatially variable, but changed only as a 
function of depth throughout the modelled volume. Thus, with the HZs constituting 
practically the only heterogeneity in the flow model, it may be too homogeneous to 
capture all the observations originating from smaller-scale features, especially when 
they show considerable variation at similar depths, such as the TDS data from the 
ONKALO. 

Figure 9-12. The monitoring TDS data from the ONKALO and the deep drill holes 
(KR1-37 at a depth of 0-600 m) from the time when excavation of the ONKALO started 
(September 2004) until the end of 2007 (Pitkänen et al. 2008). The ONKALO data was
measured at three groundwater stations (ONK-PVA1−PVA3) and 19 leaking fractures 
(ONK-RV1−RV19). The drill hole data markers in the figure are located in the centre 
of the packed-off sections, the vertical lines denoting the actual section. Most of the 
drill hole samples near the ONKALO represent intersections of HZ20A and have been 
affected by the presence of open drill holes which have not been included in the flow 
model. The baseline TDS data (KR1-42 at a depth of 0-600 m) is denoted by red 
circles.
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Figure 9-13. The calculated (current flow model for 2008) groundwater salinity [TDS, g/L] at the ver
section between 2004 (undisturbed initial state before the excavations, top) and 2015 (after the whole of
calculations are based on the calibrated base-case parameter values.

  

Jan 2005

Jan 2010
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Figure 9-14. The calculated (current flow model for 2008) groundwater salinity [TDS, 
g/L] at the horizontal cross-section at a depth of 500 m (top) and 600 m (bottom) in 
2015 after the whole of the ONKALO is excavated. The calculations are based on the 
calibrated base-case parameter values.
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Figure 9-15. The calculated (current flow model for 2008) groundwater salinity [TDS, g
hydrogeological zone between 2004 (undisturbed initial state before the excavations, top) a
whole of the ONKALO is excavated). The calculations are based on the calibrated ba
values.

  

Jan 2005

Jan 2010



186

Figure 9-16. The calculated maximum groundwater salinity (with the previous flow 
model for 2006 and the current flow model for 2008) at the main and lower 
characterization levels of the ONKALO at depths of 440 metres and 540 metres, 
respectively. See Figure 9-8 for the location of the characterization levels.
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Figure 9-17. The calculated (flow models for 2006 and 2008) and observed 
groundwater salinity (TDS) along the chainage of the access tunnel of the ONKALO. 
The calculations are based on the calibrated base-case parameter values (flow models
for 2006 and 2008 at top and in middle respectively) and on the sensitivity case (flow 
model for 2008 at bottom), in which the parameters affecting salt transport have been 
modified so that the effect of the ONKALO is more pronounced (i.e. higher hydraulic 
conductivity of the sparsely fractured rock and lower diffusion and flow porosity were 
used). 
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Figure 9-18. The calculated (flow models for 2006 and 2008) and observed 
groundwater salinity (TDS) from the ONKALO (the ONK-PVA1−PVA3 groundwater 
stations and the ONK-RV2 leaking fracture). The calculations are based on the 
calibrated base-case parameter values (flow models for 2006 and 2008 at top and in
middle respectively) and on the sensitivity case (flow model for 2008 at bottom), in 
which the parameters affecting salt transport have been modified so that the effect of 
the ONKALO is more pronounced (i.e. higher hydraulic conductivity of the sparsely 
fractured rock and lower diffusion and flow porosity were used).
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Figure 9-19. The calculated (flow models for 2006 and 2008) and observed 
groundwater salinity (TDS) in the packed-off sections of the KR23 drill hole. The 
calculations are based on the calibrated base-case parameter values (flow models for
2006 and 2008 at top and in middle respectively) and on the sensitivity case (flow model 
for 2008 at bottom), in which the parameters affecting salt transport have been 
modified so that the effect of the ONKALO is more pronounced (i.e. higher hydraulic 
conductivity of the sparsely fractured rock and lower diffusion and flow porosity were 
used). See Figure 9-8 for the location of the drill hole.
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Figure 9-20. The calculated (flow models for 2006 and 2008) and observed 
groundwater salinity (TDS) in the packed-off sections of the KR25 drill hole. The 
calculations are based on the calibrated base-case parameter values (flow models for
2006 and 2008 at top and in middle respectively) and on the sensitivity case (flow model 
for 2008 at bottom), in which the parameters affecting salt transport have been 
modified so that the effect of the ONKALO is more pronounced (i.e. higher hydraulic 
conductivity of the sparsely fractured rock and lower diffusion and flow porosity were 
used). See Figure 9-8 for the location of the drill hole.
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Figure 9-21. The calculated (flow models for 2006 and 2008) and observed 
groundwater salinity (TDS) in the packed-off sections of the KR37 drill hole. The 
calculations are based on the calibrated base-case parameter values (flow models for
2006 and 2008 at top and in middle respectively) and on the sensitivity case (flow model 
for 2008 at bottom), in which the parameters affecting salt transport have been 
modified so that the effect of the ONKALO is more pronounced (i.e. higher hydraulic 
conductivity of the sparsely fractured rock and lower diffusion and flow porosity were 
used). See Figure 9-8 for the location of the drill hole.
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Figure 9-22. The impact of diffusion porosity (top), flow porosity (middle) and 
dispersivity (bottom) on the maximum groundwater salinity (TDS) at the main
characterization level of the ONKALO at a depth of 540 metres. In the top graph, the 
dashed and dotted lines denote the cases that were calculated with a lower flow 
porosity (a fifth of the base-case value). The dotted case was additionally calculated 
with an alternative hydraulic conductivity (K1, see Table 3-3 and Figure 3-4 in Section
1) which, deep in the bedrock, was higher than the base-case alternative (K2) and 
resulted in about 40% higher total inflow. The case represents the sensitivity case, in 
which the parameters affecting salt transport have been modified so that the effect of 
the ONKALO is more pronounced. See Figure 9-8 for the location of the
characterization level.
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Figure 9-23. The impact of dispersivity on the maximum groundwater salinity (TDS) at
the main characterization level of the ONKALO at a depth of 540 metres. See Figure 9-
8 for the location of the characterization level. The transversal dispersion length is 
assumed to be a quarter of the longitudinal length denoted by DL.
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Figure 9-24. The impact of the deep initial groundwater salinity (TDS) on the maximum 
salinity at the main characterization level of the ONKALO at a depth of 540 metres. The 
highest observed salinity is 83 g/L and has been measured at a depth of about 800 
metres. Because there are no deeper observations, the maximum observation is applied 
down to the bottom of the model in the base case. In the sensitivity case, a salinity of 
110 g/L is also applied (Figure 3-8). In addition to the calibrated baseline parameter 
values (black lines), the calculations are based on a set of parameter values in which 
the parameters affecting salt transport have been modified so that the effect of the 
ONKALO is more pronounced (i.e. higher hydraulic conductivity of the sparsely 
fractured rock, lower diffusion and flow porosity everywhere). The use of alternative 
hydraulic conductivity (K1, see Table 3-3 and Figure 3-4 in Section 1) which, deep in 
the bedrock, was higher than the base-case value (K2), resulted in about 40 % higher 
total inflow.
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10 SUMMARY AND CONCLUSIONS 

Posiva Oy is preparing for the final disposal of spent nuclear fuel in the crystalline 
bedrock of Finland. Olkiluoto in Eurajoki has been selected as the primary site for the 
repository, subject to further detailed characterisation which is currently focused on the 
construction of an underground rock characterisation and research facility (the 
ONKALO). An essential part of the site investigation programme is analysis of the deep 
groundwater flow by means of numerical flow modelling. The understanding of the 
Olkiluoto site has continuously increased due to the surface-based investigations and to 
the knowledge and experience obtained as a result of the excavation of the ONKALO. 
In particular, new field data has resulted in increasingly accurate hydrogeological
descriptions of the bedrock at Olkiluoto. This study is the latest update concerning the 
site-scale flow modelling and is based on all the hydrogeological data gathered from 
field investigations by the end of 2007. The experience gained from previous studies 
(Posiva 2005; Andersson et al. 2007) has also been utilized. The modelling applies a 
deterministic, equivalent porous medium (EPM) / dual porosity (DP) approach.  

The current work is divided into two modelling tasks: 1) characterization of the baseline
groundwater flow conditions before excavation of the ONKALO (Section 4 through 
Section 8), and 2) a prediction/outcome (P/O) study of the potential hydrogeological 
disturbances due to excavation of the ONKALO (Section 9). The objective of the 
baseline modelling was to characterize the overall dynamics of the natural groundwater 
conditions that prevailed before excavation of the ONKALO. The simulations have 
been carried out for a period starting from the early Littorina Stage (about 8000 years 
BP) up to the present day when excavations were started in 2004. The objective of the 
P/O study is to assess the potential hydrological disturbances of the excavation of the 
ONKALO and the accuracy of previous predictions (Andersson et al. 2007), and also to 
provide new predictions for the inflow, the groundwater levels, the hydraulic heads and 
the salinity distribution. The P/O simulations were carried out from the start of the 
ONKALO excavations (September 2004) up to the (assumed) start of excavation of the 
repository facilities in 2015. 

10.1 Baseline groundwater conditions  

Calibration 

An essential part of the groundwater flow analysis is calibration, which strives to ensure 
that the flow model corresponds with the hydraulic characteristics of the real system as 
much as possible. In the baseline modelling, calibration of the flow model is focused on 
improving the agreement between the simulated results and the undisturbed baseline 
observations (Section 4). The baseline calibration was carried out in three separate steps 
by using a manual trial-and-error technique. In the first step (Section 4.1), the 
transmissivity of the hydrogeological zones (HZ) was adjusted by using the responses of 
the pumping tests carried out in 1992-2004. In the second step (Section 4.2), the flow 
model was evaluated against the pressure measured in the drill holes by using the 
calibrated transmissivity from the first step and the conclusions to be drawn from the 
previous site description report of 2006 (Andersson et al 2007). In the third step 
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(Section 4.3), the flow model was adjusted against the measured salinity (TDS) in the 
drill holes by using the calibrated parameters from the two previous steps. The flow 
model that gave the best agreement with the baseline field data (pumping test responses, 
pressure and salinity) was chosen as the model to be used for the baseline calculations.  

On the basis of the three-step baseline calibration process the following measures were 
taken: 

The transmissivity of seven HZs was modified (Table 3-2; the flow porosity of 
the zones was accordingly modified with the cubic law). 

Of the two alternative interpretations for the effective hydraulic conductivity of 
the sparsely fractured rock (SFR), the one with the slightly lower values deeper 
in the bedrock was selected (Table 3-3). 

The hydraulic conductivity in the upper 50 m depth layer of the SFR was 
decreased in the vertical direction (resulting in a horizontal/vertical anisotropy 
ratio of 10). 

The diffusion porosity in the salt transport model was increased from 0.2% to 
1%. 

Instead of starting the simulations at the early Littorina Stage (8000 years BP), 
the current flow conditions were characterized from the results calculated from 
2800 years BP onwards. 

All these actions clearly improved the results compared with the initial values. The 
drawdowns in all the pumped sections show a satisfactory agreement with the actual 
measured pumping test responses. On the other hand, the responses in some of the 
monitoring drill holes could not be reproduced with similar success (Figure 4-1 through 
Figure 4-5). The calibrated flow model also results in very good overall agreement 
between the observed and calculated pressures in the deep drill holes, although some 
local discrepancies still remain in single drill holes sections (Figure 4-7 through Figure 
4-10). 

Similarly to the previous studies, the main problem in the TDS-based calibration was to 
generate values at shallow depths to be as great as those measured in a few single drill 
hole sections; i.e. to prevent the fresh water from flushing out the brackish water from 
the upper part of the modelled volume. In the calibration, no single set of parameters 
was found that would have resulted in the desired dynamics of the system over the 
whole period from 8000 years BP until the present day; i.e. a set of parameters that 
would have allowed the Littorina seawater infiltration at earlier times (before the year 
2800 BP) and prevented fresh water infiltration from diluting the groundwater too much 
in later times (from 2800 years BP onwards). Thus, the final results characterising the 
current flow conditions were obtained by starting the simulations from 2800 years BP, 
assuming a constant initial TDS down to a depth of 360 metres. Otherwise the same fit 
was used as for the early Littorina stage. Excessively strong flush-out of the brackish 
water from the upper part of the bedrock by fresh water infiltration was decreased by 
adjusting the parameters that decrease the magnitude of infiltration (hydraulic 
conductivity) and moderate the salt transport (diffusion porosity). With all the 
aforementioned actions taken, the calculated TDS agrees fairly well with the 
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observations in the KR1-5 drill holes, which were the holes covered most extensively by 
the undisturbed baseline TDS observations (Figure 4-11). 

Flow conditions 

Although the continuing site investigations and interpretations have resulted in new data 
and, consequently, evolving flow models, the overall conception of the evolution and 
dynamics of the groundwater conditions has not changed compared with the previous 
groundwater flow analysis (Posiva 2005; Andersson et al. 2007). 

The post-glacial land uplift divides the simulation period into two parts, during which 
there are different processes that characterise flow conditions in the bedrock. In the 
early Littorina stage (8000 years BP), saline seawater starts to infiltrate the bedrock 
through the seabed (Figure 4-12). The higher concentration of the Littorina seawater 
results in a flow, which is driven purely by density differences, and this flow gradually 
mixes the recharging and deeper saline waters with the former brackish water. The 
density-driven mixing process continues until the highest hills on Olkiluoto Island rise 
above sea level about 2800 years BP. The uplift causes fresh water to replace brackish 
and saline water below the widening area of the island (Figure 4-13, Figure 5-7 and 
Figure 5-8). The fresh water not only forces brackish and saline water deeper into the 
bedrock, but in some areas also forces it horizontally and upward. Calibration of the 
model parameters affecting infiltration and the time scales of salt transport prevented 
too strong infiltration of fresh water deeper in the SFR. The present day system is 
generally diluted to a depth of 50-100 m, which corresponds relatively well with 
hydrogeochemical observations. In the most conductive HZs, the fresh water naturally 
flows to greater depths (to about 100-200 m). The salinity field has not yet reached a 
steady state by the present day, and fresh water will continue to push the brackish and 
saline water deeper into the bedrock for thousands of years to come. 

The present day results (the Darcy velocity, fluxes, and flow rates) show how 
groundwater flow is controlled by local variations in the topography and by a network 
of conductive HZs (Figure 5-9 through Figure 5-11, Figure 5-11 and Figure 5-12). The 
flow direction is mostly downwards below the hills, whereas, near the shoreline and 
below areas of lower elevation, water flows horizontally and/or upwards. In the vicinity 
of the ONKALO, the flow is dominated by the HZ19, HZ20 and HZ21 systems. The 
anisotropy assigned to the upper layer of the SFR tends to make the flow horizontal at 
shallow depths. Deeper in the SFR rock, the water flows towards the more conductive 
zones that are connected directly or indirectly to the sea. The discharge areas for the 
groundwater originating from the potential repository rock volume at a depth of 400 
metres were located at sea, north and southwest of the well characterised area (Figure 5-
15). HZ21, which is a wide sub-horizontal zone covering the central area of the island, 
constituted a major flow route from the repository to the surface. The calculated 
groundwater flow rate through the control box placed into the planned repository rock 
volume was approx. 12 m3/a (Figure 5-13 and Figure 5-14).
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Uncertainties and sensitivities 

The sensitivity of the primary result quantities (the residual pressure, groundwater 
salinity and flow rates) to the key input parameters was studied by a straightforward 
“manual” approach (Section 6). A more formal and sophisticated approach (the Monte 
Carlo-based Ensemble Kalman Filter method, EnKF) was introduced to perform a 
preliminary analysis on the uncertainties and sensitivities related to the used calibration 
data of the single pumping test (Section 7). 

The sensitivity of the results to hydraulic conductivity was assessed by using the various 
interpretations of effective conductivity. The calculations showed that the pressure at 
shallow depths was sensitive to the applied anisotropy ratio in several drill holes (Figure 
B-10 through Figure B-14 in the Appendices); otherwise the pressure was not 
particularly sensitive to the conductivity models (Figure B-16 in the Appendix). The 
TDS concentration and the flow rates were clearly affected by the hydraulic 
conductivity. The higher values allow more fresh water to penetrate deeper than is the 
case with the lower values, resulting in more diluted water. Obviously, higher (lower) 
hydraulic conductivities also result in higher (lower) flow rates in the bedrock. The use 
of heterogeneous hydraulic conductivity resulted in clearly higher flow rates in the 
bedrock than those calculated with the effective EPM conductivity. The heterogeneity 
was obtained by up-scaling a single realisation of the site-scale DFN model to the 50 m 
block scale. 

The changes in the transmissivities of the HZs affected results not only within the zones 
themselves, but also in the nearby SFR. The pressures in the drill holes (Figure B-19 
through Figure B-21 in the Appendix) at the intersections of the zones were dependent 
on the properties of the zones. In particular, the transmissivity of HZ21 affected the 
pressures in several drill holes at greater depths. HZ21 constitutes a low pressure 
hydrogeological connection at greater depths in the centre of the island and the 
magnitude of the connection is sensitive to the transmissivity. At shallow depths, the 
pressure was insensitive to the used transmissivity. Heterogeneity did not have much 
effect on the calculated pressures, which were close to the ones calculated with the 
initial (geometric mean) values. Thus, from the perspective of pressures, the use of the 
geometric mean transmissivity (and disregarding heterogeneity) is a valid approach for 
the HZs. The changes in the transmissivity did not affect the calculated present day 
salinity in the drill holes (Figure B-22 in the Appendix). However, the flow rates within 
the zones are naturally dependent on the transmissivity associated with them in the flow 
model: the higher (lower) values increase (decrease) the magnitude of the flow along 
the zones (Figure B-23 and Figure B-24 in the Appendix). The impact of heterogeneity 
on the flow rates depends on the variation of the measured transmissivities: the higher 
the variation, the higher the difference compared to the flow rates calculated with the 
initial (geometric mean) values. Besides affecting the flow rates within the zones, 
heterogeneity may affect the flow routes not only locally within the zones, but also in 
networks of several interconnected zones. The use of a high, conservative transmissivity 
for the lineaments tends to change the flow direction towards the lineaments at greater 
depths (Figure B-26 and Figure B-27 in the Appendix) and, thus, it affect the flow 
routes, albeit the amount of water flowing at greater depths in the bedrock remains 
minimal compared to that at shallower depths. 
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When simulating salt transport, the flow and diffusion (or matrix) porosity that affect 
the time scales of transport constitute additional sources of uncertainty. In the DP 
approach applied in this study, flow porosity affects transport in the water-bearing 
fractures, whilst diffusion porosity is related to the matrix blocks containing essentially 
stagnant water. Higher porosities moderate the transport of solutes, so that transport 
occurs over a longer time scale, whereas lower porosity induces higher velocities and a 
faster response of the flow system to phenomena such as saline seawater infiltration 
(during 8000-2800 years BP) and fresh water infiltration (from 2800 years BP 
onwards). The present day results are only moderately sensitive to dispersion lengths. 

EnKF analysis, which was carried out independently and separately from the analysis 
above (incl. calibration), consisted of calculating 75 realizations of the steady-state 
hydraulic head field and the corresponding flow rates through the model, assuming 
fresh water conditions. The sensitivity of the flow model to the utilized field data was 
examined by comparing the outcomes from a model equipped with the measured 
transmissivities (the prior EnKF model), to the outcomes from a model that was 
numerically calibrated against the pumping test responses from the KR4 (1998) 
pumping test (the posterior EnKF model). The average patterns of results from the prior 
and posterior models resemble each other, indicating the low sensitivity of average 
model behaviour to the input field data. 

Discussion

In the calibration, no single set of parameters was found that would have resulted in the 
desired dynamics of the system over the whole period from the early Littorina stage 
until the present day; i.e. a set of parameters that would have allowed deep enough 
infiltration of the Littorina seawater in earlier times (before the year 2800 BP) and 
would have prevented too deep fresh water infiltration in later times (from 2800 years 
BP onwards). By starting the simulations at 2800 years BP and adjusting some of the 
initial parameters, the calculated results agreed fairly well with the observations, 
although some discrepancies still remained. The calibration indicated that fresh water 
infiltration tends to dilute the groundwater at shallow depths. The impact of infiltration 
on salinity depends on the magnitude of the infiltration and the time scales of the salt 
transport. The magnitude of infiltration depends on the water table boundary conditions 
and the conductivity of rock (HZs and SFR) at shallow depths. In the current study the 
conductivity of the SFR was adjusted, whereas the water table was considered a fixed 
input parameter. Although the calculated overall infiltration (with the calibrated flow 
model) was well in line with the estimated actual infiltration (1–2% of the annual 
precipitation in the Olkiluoto area), locally there may be areas in which the calculated 
infiltration is too high. The recent studies on the surface/near-surface hydrology of 
Olkiluoto (Karvonen 2008; Karvonen 2009) have introduced an alternative to the 
customary top boundary condition. In addition to a long-term mean of the measured 
water table, the actual infiltration derived from the surface/near-surface hydrological 
model could be applied in the deep groundwater flow model. One should also notice 
that the input parameters affecting infiltration are assumed to be constant throughout the 
modelled period; i.e. locally, the infiltration is constant after each point of the island has 
risen above sea level. However, in the past (in particular, before and immediately after 
the emergence), the conductivity of rock at shallow depths may have been lower than 
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present day observations suggest, resulting in lower infiltration. Although there is no 
data to support this assumption, it may be worthwhile experimenting with time-
dependent conductivities, which would be lower in the past. 

In addition to the excessively high diluting impact of fresh water infiltration, the 
remaining discrepancies between the calculations and the observations may be 
attributed to the shortcomings related to heterogeneity, i.e. the real system may be more 
heterogeneous than what is assumed in the current flow model. The flow model has 
been designed for the site-scale description of the evolution and dynamics of 
groundwater conditions and it does not explicitly contain all the known hydrogeological 
connections that have been detected on a smaller scale. In addition, the applied effective 
conductivity was not spatially variable, but changed only with depth throughout the 
modelled volume. Similarly, the flow porosity of the SFR (linked to the conductivity) 
changed only with depth, whereas the diffusion porosity, another important parameter 
affecting the time scales of salt transport and indicating considerable heterogeneity, was 
assumed to be constant throughout the modelled volume. The initial conditions were not 
spatially variable either. Thus, as the HZs constitute practically the flow model’s only 
heterogeneity, the model may be too homogeneous to capture all the observations 
originating from heterogeneous smaller-scale features. It is also questionable whether it 
is worthwhile to try and reproduce each single local observation in a flow model 
designed for larger-scale analysis.  

In the current study, the first steps to incorporate more heterogeneity in the flow model 
were taken. The heterogeneity within the HZs was addressed by implementing the 
Kriging-based algorithm, which interpolates the measured point-value transmissivities 
and results in a heterogeneous transmissivity distribution along each plane of the HZs 
(Section 3.2 and 6.2). The impact of heterogeneity in the SFR was studied by applying a 
heterogeneous upscaled hydraulic conductivity obtained from the site-scale DFN model 
(Section 8). The heterogeneous initial conditions and diffusion porosity were 
experimented with by adjusting them at shallow depths around a few drill holes. 
Because of the preliminary nature, the calculations with heterogeneous properties were 
limited mostly to a few sensitivity cases (e.g. DFN-based conductivity was applied only 
in the fresh water, steady-state conditions). However, in the forthcoming flow analysis, 
heterogeneity will be addressed in a more thorough fashion. Besides transmissivity, the 
Kriging-algorithm could also be used to interpolate salinity observations to obtain the 
heterogeneous initial conditions. In addition, the matrix pore water studies may result in 
valuable information for applying different initial values for the water-bearing fractures 
and rock matrix in the dual-porosity model of fractured rock (currently the same initial 
values are used in both of them). 

Besides evaluating with the conventional manual approach, the uncertainties and 
sensitivities related to the input data were also evaluated by using a Monte Carlo-based 
Ensemble Kalman filter approach, while taking advantage of the single pumping test 
conducted in KR4 in 1998 (Section 7). The preliminary analysis will be complemented 
with data from the other pumping tests applied in the manual calibration (Table 4-1). In 
addition, the applicability of the isotopic data (or interpretations) of the various water 
components and their ratios (e.g. Cl, Br, δ18O), which may be useful in the calibration 
and validation of the flow model, will be examined. 
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10.2 Hydrogeologic impacts of the ONKALO 

Modelling approach 

Due to the computational expenses, different approaches and assumptions were applied 
when analysing the hydrogeological impacts of the ONKALO. The evolution of the 
groundwater levels and hydraulic heads were simulated by employing the free-surface 
approach, in which only the saturated zone is included in the modelled volume and the 
transiently moving water table constitutes the free surface (Section 2.3). Salinity was 
neglected in these simulations. The evolution of the salinity distribution was simulated 
by employing a coupled (flow and salt transport) and transient model, ignoring the 
possible sinking of the water table (Section 1.1).  

The modelling was based on the ONKALO layout of March 2008. All the tunnels were 
modelled explicitly according to the layout, taking into account the progress of 
excavations on a stepwise schedule (Table 9-1, Table 9-2 and Figure 9-1). The 
conceptual geometry of the 3-D tunnel system was simplified to a wireframe model, in 
which each tunnel segment was represented by a line located in the centre of the actual 
segment, i.e. no physical extension (such as would be defined by a radius) was 
considered (Figure 9-3). Each line (tunnel) segment was modelled as a set of nodes of 
the finite element mesh by using an appropriate (internal) boundary condition for each 
node; i.e. the hydraulic sink boundary condition was used for the open tunnels. 

Calibration 

The modelling was based on the flow model, which has been calibrated against the 
undisturbed baseline observations. In the P/O study the flow model was further 
calibrated (Section 9.3) using the monitoring data on the ONKALO disturbances 
(inflows, groundwater levels). The monitored hydraulic heads and TDS were not used in 
the calibration. The grouting efficiency and the hydraulic conductivity of the sparsely 
fractured rock (SFR) around the ONKALO are the key parameters affecting the 
groundwater inflow into the ONKALO and they were determined by calibration against 
the observed inflows. As a result of the calibration, the transmissivity of the HZs at the 
intersection of the tunnels (Table 9-3) and the hydraulic conductivity of the SFR around 
the tunnels (Table 9-4) were decreased in order to obtain an acceptable agreement 
between the observed and calculated inflows. 

In the free-surface approach applied for simulating the evolution of the groundwater 
levels and hydraulic heads, there is one additional parameter (infiltration) which affects 
the transient behaviour of the system. The infiltration was determined by calibration 
against the observed groundwater level, which varied only a little by the end of the year 
2007. Thus, calibration focused on finding the infiltration level that causes the 
groundwater table to change the least around the ONKALO. 
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Results 

The calculations show that the open tunnels draw groundwater from all directions in the 
bedrock. Following the advance of the excavations, the flow directions start to change 
in the vicinity of the tunnels, first in the sparsely fractured rock (SFR) and then in the 
hydrogeological zones (HZ) after direct (HZ19 and HZ20) or indirect (HZ004, HZ21 
and HZ099) connection to the open tunnels. The grouting and the positive skin do not 
disconnect the tunnels from the surrounding bedrock, but substantially reduce the 
hydraulic disturbances. The flow pattern remains essentially similar, but the magnitude 
of the groundwater flow is much lower than it would be with no control of groundwater 
inflow.  

After calibration of the hydraulic properties around the tunnels, the current flow model 
was able to capture the inflow observations very well (Figure 9-5). The calculated 
inflow increases with time following the advance of the excavations. Finally, after the 
whole tunnel system has been excavated, the total inflow is predicted to be at a level of 
35 L/min. Most of the calculated water comes from the SFR, which is in accordance 
with reality, as most of the observed water into the ONKALO flows along the single 
fractures of the SFR.  

The groundwater level in the shallow holes has varied only a little during the year 2007 
and the possible impact of the ONKALO on the water table has been minimal so far. 
The differences found between the reference holes and other holes have been so small 
that it could not have been determined if they are due to the ONKALO or the 
construction of various types of other infrastructure. Consequently, the infiltration in the 
free surface model was determined so that the calculated water table would be as close 
to the undisturbed long-term mean level as possible by the end of 2007. The calibrated 
flow model predicted that the water level will decrease by a few meters only in the 
vicinity of the ONKALO by the year 2012 (Figure 9-7). The highest drawdown occurs 
near the surface intersections of HZ19A and HZ19C, which are connected directly to 
the tunnels. 

The assessment of the hydraulic heads is performed along the deep packed-off drill 
holes, from which the most representative and comprehensive time series of data have 
been measured and in which the changes of the observed heads can also most probably 
be attributed to the excavation of the ONKALO. The highest long-term drawdowns of 
heads have been detected in KR23 and KR25, whereas in KR37 high drawdowns were 
observed already at the beginning of the monitoring in autumn 2007. With the calibrated
flow model a good match between the calculated and observed hydraulic heads was 
obtained and the calculated head histories remained mostly well above the levels of the 
2006 modelling round (Figure 9-9 through Figure 9-11). The evolution of the head field 
follows the advance of the excavations, in particular when the access tunnel or the 
shafts intersect HZs.  The model was also able to capture relatively well the high 
drawdowns (~25 m) observed in KR37 at the beginning of monitoring (Figure 9-11).

The assessment of the groundwater salinity (TDS) was based on the monitoring data 
from the ONKALO (groundwater stations and leaking fractures) and the deep drill holes 
by the end of 2007 (Figure 9-12). Most of the monitoring samples taken from the deep 
drill holes near the ONKALO represented intersections of HZ20A. Unfortunately they 
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were of little value for the current work, because of the impact of the presence of open 
drill holes which have not been included in the flow model. The observations are also 
composed mainly of single samples scattered throughout the bedrock; i.e. most of the 
samples have been measured in different sections of different drill holes at different 
times. Thus, no time series of observations showing the potential effect of the 
excavations was available. The length of the monitoring period has also been too short 
to obtain a proper time series. Most of the groundwater samples from the ONKALO 
were from the uppermost 80 m of the bedrock. At greater depths, the samples and 
potential sampling locations have been small, due to the low permeability of the host 
rock. The calculations showed that, because the open tunnels draw groundwater from all 
directions from the bedrock, the excavations are likely to cause an increase in the 
mixing of water types (Figure 9-13). In particular, there will be mixing of fresh and 
brackish groundwater from closer to the surface with deep saline waters. Following the 
advance of the excavations, the tunnels draw increasingly fresh water from the surface, 
diluting the groundwater to greater and greater depths. Simultaneously, the salinity of 
the groundwater gradually starts to rise around and below the tunnel system (Figure 9-
14). The upconing of the deep highly saline groundwater is strongest below HZ20B and 
along HZ004, which is connected to the tunnels via the HZ19 and HZ20 systems. 
HZ004 is a moderately-conductive zone, which extends from the surface down to the 
base of the modelled volume and offers a good hydrogeological connection between the 
tunnels and the deep bedrock volume with highly saline water.  

Uncertainties and sensitivities 

The grouting and the positive skin do not completely isolate the tunnels from the 
geological environment, with the result that the calculated inflow is sensitive to the 
hydraulic conductivity of the surrounding SFR. The calculated groundwater level 
depends on and is sensitive to infiltration, flow porosity, the transmissivity of the HZs 
extending to the surface, and the hydraulic conductivity of the uppermost layer of the 
SFR. The interplay between infiltration and flow porosity is responsible for the transient 
behaviour of the water table. Of these factors, infiltration was found to be relatively the 
most important in affecting the predicted groundwater levels, although in absolute terms 
the influence is still only moderate. The transient behaviour of the calculated heads was 
only moderately sensitive to the assumed flow porosity and also, but to a lesser extent, 
to the applied infiltration. Because the evolution of the head field follows the advance of 
the excavations, the results are more sensitive to the applied excavation rates.  

When simulating salt transport, the flow and diffusion porosities, which affect the time 
scales of salt transport, and the dispersivity, which affects the spreading and mixing of a 
concentration front, provided one of the sources of uncertainty and sensitivity. Because 
of the lower seepage velocities, the higher porosities moderated the transport of solutes, 
so that transport occurred over a longer time scale; whereas the lower porosities induced 
higher velocities and a faster response to the opening of the tunnels (Figure 9-22). By 
the end of 2015 the maximum salinity at the lower characterization level of the 
ONKALO was sensitive to the diffusion porosity, whereas the changes in the flow 
porosity and dispersivity affected the salinity only moderately. However, if the 
simulations were to be continued further into the future, after the whole tunnel system 
has been excavated, the impact of the open tunnels on the upconing would be stronger 
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and the sensitivity of the calculated salinity distribution to the parameters referred to 
above would be higher. 

Discussion 

The results of the monitoring programme since the previous Site Report 2006 showed 
that the previous flow model 2006 clearly overestimated the hydraulic impact of the 
ONKALO. Having significantly more information on the inflows to the tunnel, thus 
allowing better calibration of the current flow model, allowed it to capture the observed 
inflow, groundwater level and the hydraulic heads in the deep drill holes. However, due 
to the lack of representative TDS samples from the monitoring system and, in particular, 
the lack of a time series for the observations, it was difficult to judge the validity of the 
salinity model in the presence of the tunnels. 

Most of the drill hole TDS samples near the ONKALO are associated with intersections 
of HZ20A, but they were of little value for the current work, because they have been 
affected by the presence of open drill holes, which have not been included in the flow 
model. However, multi-packer systems are currently installed in the majority of the 
deep drill holes and, therefore, the correspondence between the hydrogeochemical data 
and the flow simulations results is likely to improve in the future. Most of the sparse 
groundwater samples from the ONKALO, on the other hand, have been obtained from 
the single fractures (interpreted as being related to the SFR) from shallow depths and 
they showed a considerable variation. However, these single fractures have not been 
explicitly considered in the flow model, but implicitly considered in the effective 
hydraulic conductivity. As was stated in the baseline modelling section, with the HZs 
constituting practically the only heterogeneity in the flow model, it may be too 
homogeneous to capture all the observations originating from smaller-scale features, 
especially when they show considerable variation at similar depths, such as the TDS 
data from the ONKALO. In the baseline modelling the first steps to incorporate more 
heterogeneity in the flow model were taken (see discussion subsection in Section 10.1). 
However, due to the lack of time in the P/O modelling, the heterogeneous properties 
(upscaled conductivity) were applied only in one sensitivity case for inflow. In 
subsequent studies, the matter of heterogeneity (e.g. the initial conditions for salinity, 
the hydraulic conductivity of the SFR, the transmissivity of the HZs) obviously needs 
more attention than was possible to perform in this work.  

In the free-surface approach the infiltration parameter determines the amount of water 
that enters or leaves the model through the water table, and hence it is responsible for 
the coupling between the unsaturated and saturated zone (Section 2.3.2; Equation 2-15). 
In reality the infiltration varies spatially and temporally. Due to the lack of data, a
numerical algorithm for spatially varying infiltration was applied in the current study. 
The actual value was determined by calibration against the observed groundwater level. 
The recent studies on the surface/near-surface hydrology of Olkiluoto (Karvonen 2008; 
Karvonen 2009) may be utilized with the numerical infiltration algorithm.  
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APPENDIX A: HETEROGENEOUS TRANSMISSIVITY OF THE  
HYDROGEOLOGICAL ZONES 
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Figure A-1. The transmissivity field over the HZ001 zone using two different strategies 
to define the control points along the edges of the zone: the geometric mean of the 
measurements (top) or the nearest measurement (bottom) is assigned to the control 
points (small spheres along the edges). The spheres inside the zone denote the true 
measurements.
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Figure A-2. The transmissivity field over the HZ19A zone using two different strategies 
to define the control points along the edges of the zone: the geometric mean of the 
measurements (top) or the nearest measurement (bottom) is assigned to the control 
points (small spheres along the edges). The spheres inside the zone denote the true 
measurements.
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Figure A-3. The transmissivity field over the HZ19B zone using two different strategies 
to define the control points along the edges of the zone: the geometric mean of the 
measurements (top) or the nearest measurement (bottom) is assigned to the control 
points (small spheres along the edges). The spheres inside the zone denote the true 
measurements.
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Figure A-4. The transmissivity field over the HZ19C zone using two different strategies 
to define the control points along the edges of the zone: the geometric mean of the 
measurements (top) or the nearest measurement (bottom) is assigned to the control 
points (small spheres along the edges). The spheres inside the zone denote the true 
measurements.
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Figure A-5. The transmissivity field over the HZ20A zone using two different strategies 
to define the control points along the edges of the zone: the geometric mean of the 
measurements (top) or the nearest measurement (bottom) is assigned to the control 
points (small spheres along the edges). The spheres inside the zone denote the true 
measurements.
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Figure A-6. The transmissivity field over the HZ20B zone using two different strategies 
to define the control points along the edges of the zone: the geometric mean of the 
measurements (top) or the nearest measurement (bottom) is assigned to the control 
points (small spheres along the edges). The spheres inside the zone denote the true 
measurements.
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Figure A-7. The transmissivity field over the HZ21 zone using two different strategies 
to define the control points along the edges of the zone: the geometric mean of the 
measurements (top) or the nearest measurement (bottom) is assigned to the control 
points (small spheres along the edges). The spheres inside the zone denote the true 
measurements.
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APPENDIX B: BASELINE MODELLING 
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Figure B-1. Measured (Ahokas et al. 2008) and calculated (with the previous flow 
model for 2006 and the current flow model for 2008) residual pressure along the 
selected deep drill holes extending deeper than 500 metres. The depth of the 
intersection between the drill holes and hydrogeological zones has been marked in the 
subfigures in black (the flow model for 2008) and green (the flow model for 2006) 
numbers. The horizontal red bars denote the measurements’ error range. The same 
results for a scale of 0-500 metres are presented in Figure 4-7 through Figure 4-9.
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Figure B-2. The calculated (current flow model for 2008) groundwater salinity [TDS, 
hydrogeological zone at selected time steps from 2800 years BP until the present day. The ca
on the calibrated base-case parameter values.
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Figure B-3. The calculated (current flow model for 2008) groundwater salinity [TDS,
hydrogeological zone at selected time steps from 2800 years BP until the present day. The ca
on the calibrated base-case parameter values.
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Figure B-4. The calculated (current flow model for 2008) groundwater salinity [TDS, 
hydrogeological zone at selected time steps from 2800 years BP until the present day. The ca
on the calibrated base-case parameter values.
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Figure B-5. The calculated (current flow model for 2008) groundwater salinity [TDS, 
hydrogeological zone at selected time steps from 2800 years BP until the present day. The ca
on the calibrated base-case parameter values.
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Figure B-6. The calculated (current flow model for 2008) groundwater salinity [TDS, 
hydrogeological zone at selected time steps from 2800 years BP until the present day. The ca
on the calibrated base-case parameter values.
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Figure B-7. The present day Darcy velocity field along HZ19A. The ONKALO was not 
included in the simulations, although it has been marked in the figure. The main flow 
directions are marked by arrows.
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Figure B-8. The present day Darcy velocity field along HZ19B and HZ19C. The 
ONKALO was not included in the simulations, although it has been marked in the 
figure. The main flow directions are marked by arrows.
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Figure B-9. The present day Darcy velocity field along HZ20A and HZ20B. The 
ONKALO was not included in the simulations, although it has been marked in the 
figure. The main flow directions are marked by arrows.
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Figure B-10. The sensitivity of the calculated residual pressure (along the KR1-KR5
deep drill holes) to the anisotropy ratio of the upper 50m layer of the model. The 
numbers in the upper right corners denote the depth of the intersection between the drill 
holes and hydrogeological zones.
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Figure B-11. Sensitivity of the calculated residual pressure (along the KR6-KR10 deep 
drill holes) to the anisotropy ratio of the uppermost 50m layer of the model. The 
numbers in the upper right corners denote the depth of the intersection between the drill 
holes and hydrogeological zones.
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Figure B-12. Sensitivity of the calculated residual pressure (along the KR11-KR15
deep drill holes) to the anisotropy ratio of the uppermost 50m layer of the model. The 
numbers in the upper right corners denote the depth of the intersection between the drill 
holes and hydrogeological zones.

z      zone
-108 HZ19C
-570 HZ21

z      zone
-19   HZ19C
-621 HZ21

z      zone
-275 HZ001
-369 HZ099

z      zone
-19   HZ19A
-41   HZ19C

z      zone
-15   HZ19A
-32   HZ19C

Highly 
uncertain



235

Figure B-13. Sensitivity of the calculated residual pressure (along the KR20, KR23 
and KR25 deep drill holes) to the anisotropy ratio of the uppermost 50m layer of the 
model. The numbers in the upper right corners denote the depth of the intersection
between the drill holes and hydrogeological zones.

Figure B-14. The sensitivity of the downward flow rate (the sparsely fractured rock; 
through the horizontal planes at depths of 25-500 m). See Figure 5-1 for the location of 
the planes.
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Figure B-15. Sensitivity of the calculated groundwater salinity (TDS; along the KR1-
KR5 deep drill holes) to the anisotropy ratio of the uppermost 50 m layer of the model. 
The numbers in the upper right corners denote the depth of the intersection between the
drill holes and hydrogeological zones.
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Figure B-16. Sensitivity of the calculated residual pressure (along the KR1-KR5 deep 
drill holes) to the hydraulic conductivity of the sparsely fractured rock (see Figure 3-5). 
The numbers in the upper right corners denote the depth of the intersection between the 
drill holes and hydrogeological zones.
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Figure B-17. Sensitivity of the calculated groundwater salinity (TDS; along the KR1-
KR5 deep drill holes) to the hydraulic conductivity of the sparsely fractured rock (see
Figure 3-5). The numbers in the upper right corners denote the depth of the intersection 
between the drill holes and hydrogeological zones.
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Figure B-18. Sensitivity of the calculated flow rates (through the horizontal planes at 
depths of 25-1000 m; Figure 5-1) to the hydraulic conductivity of the sparsely fractured 
rock (SFR). See description of the conductivities in Table 8-1.
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Figure B-19. Sensitivity of the calculated residual pressure (along the KR1-KR5 deep 
drill holes) to the transmissivity of the hydrogeological zones. The numbers in the upper 
right corners denote the depth of the intersection between the drill holes and 
hydrogeological zones.
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Figure B-20. Sensitivity of the calculated residual pressure (along the KR6-KR10 deep 
drill holes) to the transmissivity of the hydrogeological zones. The numbers in the upper 
right corners denote the depth of the intersection between the drill holes and 
hydrogeological zones.
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Figure B-21. Sensitivity of the calculated residual pressure (along the KR11-KR15
deep drill holes) to the transmissivity of the hydrogeological zones. The numbers in the 
upper right corners denote the depth of the intersection between the drill holes and 
hydrogeological zones.
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Figure B-22. Sensitivity of the calculated groundwater salinity (TDS; along the KR1-
KR5 deep drill holes) to the transmissivity of the hydrogeological zones. The numbers in 
the upper right corners denote the depth of the intersection between the drill holes and 
hydrogeological zones.
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Figure B-23. Sensitivity of the calculated flow rates (through the horizontal planes at 
depths of 25-1000 m; Figure 5-1) to the transmissivity of the hydrogeological zones.
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Figure B-24. Sensitivity of the calculated flow rates (through intersection between the 
HZ20A and HZ21 zones and the horizontal planes at depths of 25-1000 m; Figure 5-1)
to the transmissivity of the hydrogeological zones.

Figure B-25. Sensitivity of the calculated flow rates in the sparsely fractured rock 
(through the horizontal planes at depths of 25-1000 m; Figure 5-1) to the transmissivity 
of the lineaments.
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Figure B-26. The present day Darcy velocity field with (top) and without (bottom) 
lineaments along the vertical northwest-southeast cross-section (see Figure 5-1). For 
the sake of clarity, the velocity has been interpolated on the 40x40m grid and, thus, not 
all the details in the hydrogeological zones (modelled with the higher resolution finite 
elements) can be recognized. The ONKALO was not included in the simulations, 
although it has been marked in the figure.
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Figure B-27. The sensitivity of the calculated downward groundwater fluxes [m/a] to the transmissivity o
cross-section at a depth of 1000 metres; Figure 5-1). The flux was obtained by dividing the cross-sectio
calculating the perpendicular component of the Darcy velocity in each sub-area. The white space at
opposite flow direction. The location of the schematic repository layout at a depth of 420 metres has b
dashed line denotes the Well Characterized Area (WCA).

  



248

Figure B-28. Sensitivity of the calculated residual pressure (along the KR1-KR5 deep 
drill holes) to the diffusion porosity. The numbers in the upper right corners denote the 
depth of the intersection between the drill holes and hydrogeological zones.
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Figure B-29. Sensitivity of the calculated groundwater salinity (TDS; along the KR1-
KR5 deep drill holes) to the diffusion porosity. The numbers in the upper right corners 
denote the depth of the intersection between the drill holes and hydrogeological zones.
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Figure B-30. Sensitivity of the calculated flow rates (through the horizontal planes at 
depths of 25-1000 m; Figure 5-1) to the diffusion porosity.
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Figure B-31. Sensitivity of the calculated residual pressure (along the KR1-KR5 deep 
drill holes) to the flow porosity. The numbers in the upper right corners denote the 
depth of the intersection between the drill holes and hydrogeological zones.
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Figure B-32. Sensitivity of the calculated groundwater salinity (TDS; along the KR1-
KR5 deep drill holes) to the flow porosity. The numbers in the upper right corners 
denote the depth of the intersection between the drill holes and hydrogeological zones.
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Figure B-33. Sensitivity of the calculated flow rates (through the horizontal planes at 
depths of 25-1000 m; Figure 5-1) to the flow porosity.
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Figure B-34. Sensitivity of the calculated groundwater salinity (TDS; along the KR1-
KR5 deep drill holes) to the dispersivity. The numbers in the upper right corners denote 
the depth of the intersection between the drill holes and hydrogeological zones. The 
transversal dispersion length is assumed to be a quarter of the longitudinal length 
denoted by DispL.
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Figure B-35. Sensitivity of the calculated flow rates (through the horizontal planes at 
depths of 25-1000 m; Figure 5-1) to the dispersivity. The transversal dispersion length 
is assumed to be a quarter of the longitudinal length denoted by DL.
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Figure B-36. The effect of the local heterogeneity on the calculated groundwater 
salinity (TDS; along the KR1-KR5 deep drill holes). The initial state for TDS has been 
modified around KR3 and the diffusion porosity has been increased around KR3-KR5 
(the blue curve). The numbers in the upper right corners denote the depth of the 
intersection between the drill holes and hydrogeological zones.
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APPENDIX C: HYDROGEOLOGICAL IMPACTS OF THE ONKALO 
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Figure C-1. Sensitivity of the computed groundwater table by the end of 2012 to the applied infiltratio
2.0%, 2.2% and 2.6% of the 550 mm yearly precipitation, respectively).
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Figure C-2. Comparison of head histories obtained at different infiltration levels in 
selected packed-off sections of the KR01 and KR09 drill holes.
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Figure C-3. Comparison of head histories obtained at different infiltration levels in 
selected packed-off sections of the KR12 and KR23 drill holes.
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Figure C-4. Comparison of head histories obtained at different infiltration levels in 
selected packed-off sections of the KR25 and KR37 drill holes.
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Figure C-5. Comparison of head histories obtained with the free surface (dashed 
line) and the fixed surface approach (solid lines) in selected packed-off sections of the 
KR01 and KR09 drill holes.
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Figure C-6. Comparison of head histories obtained with the free surface (dashed 
line) and the fixed surface approach (solid lines) in selected packed-off sections of the 
KR12 and KR23 drill holes.
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Figure C-7. Comparison of head histories obtained with the free surface (dashed 
line) and the fixed surface approach (solid lines) in selected packed-off sections of the 
KR25 and KR37 drill holes.
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Figure C-8. The calculated (current flow model for 2008) groundwater salinity [TDS, g/L] at the ver
section between 2004 (undisturbed initial state before the excavations, top) and 2015 (after the whole of 
calculations are based on a set of parameter values in which the parameters affecting salt transport are
ONKALO is more pronounced (i.e. higher hydraulic conductivity of the sparsely fractured rock, low
everywhere). The use of alternative hydraulic conductivity (K1, see Table 3-3 and Figure 3-4 in Section
was higher than the base-case alternative (K2), resulted in about 40% higher total inflow. 
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Figure C-9. The calculated (current flow model for 2008) groundwater salinity [TDS, 
g/L] at the horizontal cross-section at a depth of 500 m (top) and 600 m (bottom) in 
2015 after the whole of the ONKALO has been excavated. The calculations are based 
on a set of parameter values in which the parameters affecting salt transport are
modified so that the effect of the ONKALO is more pronounced (i.e. higher hydraulic 
conductivity of the sparsely fractured rock, lower diffusion and flow porosity 
everywhere). The use of alternative hydraulic conductivity (K1, see Table 3-3 and 
Figure 3-4 in Section 3.3) which, deep in the bedrock, was higher than the base-case 
alternative (K2), resulted in about 40% higher total inflow.
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Figure C-10. The calculated (current flow model for 2008) groundwater salinity [TDS, g/L] in the 
between 2004 (undisturbed initial state before the excavations, top) and 2015 (after the whole of the
calculations are based on a set of parameter values in which the parameters affecting salt transport ar
the ONKALO is more pronounced (i.e. higher hydraulic conductivity of the sparsely fractured rock, low
everywhere). The use of alternative hydraulic conductivity (K1, see Table 3-3 and Figure 3-4 in Se
bedrock, was higher than the base-case alternative (K2), resulted in about 40% higher total inflow.
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APPENDIX D: DESCRIPTION OF THE ENKF APPROACH 

Introduction

The Ensemble Kalman Filter (EnKF) is a recursive filter used in data assimilation and 
ensemble forecasting. The suitability of EnKF for uncertainty analysis emerges from the 
ability of EnKF to handle the model parameters and result variables as random 
variables. EnKF can find such a probability distribution for model parameters which, as 
closely as possible, produces the assumed probability distribution of the model result 
quantities, given the conceptual limitations of the model. Therefore, if one is able to 
assign an uncertainty estimate to head observations from a field monitoring program in 
the form of a probability density function, one can with the aid of EnKF find a sample 
of model parameters, which as faithfully as possible respects the distributions of the 
field observations. 

Mathematical description 

Given a probability density function (pdf) of the state of the modelled system (the prior) 
and the data likelihood (observations with uncertainty), the EnKF can be used to obtain 
a pdf of the model state after the data likelihood is taken into account (the posterior). 
EnKF is a Monte Carlo approximation of the basic Kalman filter with the modification 
that the covariance matrix of the pdf of the model state is calculated statistically, using a 
large ensemble of model samples. This presupposes that the probability density function 
of the model state is represented by an ensemble of model states, 

where X is the ensemble of individual model states xi (ensemble members). Each model 
state consists of n state variable values, 

Thus X is an n*N matrix, whose columns are the ensemble members xi. The state 
variables pj describe the system at the relevant level of detail. When EnKF is used in 
parameter estimation applications, the state variables include both the model parameters 
and model output (result quantities), because EnKF calculates the sample covariances 
solely from the information included in the ensemble matrix. In Bianco et al. (2007) the 
state variables are defined as the static parameters (model parameters – e.g. 
transmissivities) and the dynamic parameters (result quantities – e.g. head or 
drawdown). The EnKF approach assumes that the probability density functions 
describing the state variables are all normally distributed. 

The model output or model result values are assumed to be produced from a model state 
by a linear operator H, which is the linearized version of the forward model. The result 
quantities from a forward model run of an ensemble member i can then be schematically 
written as an operator product Hxi. As the model state is assumed to contain both the 
model parameters (e.g. transmissivity values Tj) and model output (e.g. head values hj),
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the forward model operator H takes a simple form of a block-diagonal matrix. 

The observations, or data, to be assimilated is assumed to be random variables with a 
known probability density function (pdf). The observation uncertainty is introduced into 
the calibration process from this assumed pdf by perturbing the actual observations, 
using normally distributed random variables with standard deviation equal to the 
standard deviation of the random variable representing the observation. Let D be the 
ensemble of observations, 

where each member is a perturbed observation vector 

The vector d contains the mean values of the observations, 

and i  contains the perturbations for each observation for the ensemble member i. The 
values oj are the actual observed (or interpreted) head values, and the perturbations 

 are independent random variables with zero-mean and standard 
deviation corresponding to the uncertainty associated with the observation oj. The
expectation value of the covariance matrix of the perturbations is 

TR .

In the limit of infinite ensemble size, N , the expectation value of the covariance 
matrix approaches the analytical matrix derived from Gaussian approximations.  

The actual calibration of the model parameters is conducted in the analysis step of 
EnKF. In the analysis step the model ensemble X is updated by assimilating information 
contained in the observation ensemble D using the so-called Kalman gain matrix K. The 
assimilation is performed by linear matrix operation 

)( HXDKXXupdated

where the matrix K is the Kalman gain, 

and the matrix Xupdated is a new approximation of the model state ensemble containing as 
much information about the observations as possible within the linearized 
approximation of the forward model (operator H).
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The Kalman gain introduces the matrix C which is the sample covariance matrix of the 
model states. The sample covariance C can be readily calculated from the ensemble of 
model states, 

TXXXXNC ))(()1( 1

where ixNX 1  is the expected value of the model state. 

The vector of the model state is assumed to contain both the model parameters 
(transmissivities Tj) and model output (heads hj). The analysis step of EnKF affects the 
whole model state vector and it also updates the model output values. However, the 
EnKF cannot be aware of the actual structure of the forward model (groundwater flow 
model) and therefore the model result quantities (heads hj) must be re-calculated after 
the analysis step to maintain the consistency between the model parameters and model 
output (Bianco et al. 2007). This is accomplished by a forward model run using the 
posterior parameter values Ti as model input, and replacing the result quantities hi in the 
state vector with the freshly-computed model results. 

Since the groundwater flow model is not a multilinear model, the result quantities hi are 
not linearly dependent on the model parameters Ti. The analysis step of EnKF is based 
on linearized approximation of the forward model, and therefore the EnKF cannot 
condition a non-linear model to the observations with a single analysis step. Model 
calibration using EnKF is performed in an iterative fashion. Each iteration consists of 
the analysis step and a myriad of forward model runs, which updates the new 
approximations of model state vectors using the forward model fed with the model 
parameters obtained from the analysis step. The iteration is continued until the model 
parameters are not changed by the analysis step, or until a reasonable match between the 
pdf of the model outcome and the assumed pdf of the field observations results. The 
calibration process is schematically illustrated in Figure D-1. 

Verification example of the EnKF-implementation 

An example and a verification of the EnKF implementation are described in Figure D-2 
and Figure D-3. A synthetic model was constructed and two representative parameters 
were selected. The parameters were the transmissivities of two zones in the model. The 
reference model (“correct model”) was constructed by fixing the values of the two 
parameters, solving for the flow field and “observing” the model by selecting several 
nodes whose head values were used as observations for the subsequent model 
calibration exercise. 

Figure D-2 schematizes the process of calibration. The EnKF software was able to 
correctly match the observations with several parameter combinations. Figure D-3 
shows how the calibration process benefits from an increasing number of observations, 
given that the observations are representative of the actual model. 
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Figure D-1. The iterative process of model calibration using EnKF. Each iteration consists of a Forwa
assimilation phase, supported by data-handling routines. 
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Figure D-2. A synthetic model calibration example using EnKF. This example presents 
the calibration results from a synthetic two-parameter model with five observations. 
The observations are assumed to have no uncertainty by assigning each observation a 
probability distribution function with standard deviation close to zero. The prior 
distributions of the model parameters were selected to be very wide (graph at top left), 
and the model response for the prior distribution shows a large variance for most of the 
result quantities (graph at bottom left). The EnKF is able to match all five observations 
exactly (graph at bottom right). The calibrated distributions of the model parameters 
show that the observations were matched with a wide spread of parameter values for 
the blue parameter and a low spread of values for the red parameter (graph at top 
right). The value of the red parameter can be inferred very accurately from the 
information contained in the five observations, but the contrary applies to the blue 
parameter. The triangles in the parameter graphs (top left and right) indicate the 
parameter values which were used to obtain the observations from the synthetic model. 
The triangles in the model result graphs show the values of the observations which were 
used as calibration targets (bottom left and right). 
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Figure D-3. An example of how an increasing number of observations reduces the 
uncertainty of model parameter values through calibration. The graphs present results 
from three calibration exercises with identical model and parameterization, but varying 
numbers of observations. The top row presents the model parameter distributions and 
the bottom row the model result distributions. The model was calibrated by using two 
observations, five observations and 10 observations from the synthetic reference model. 
The observations were assumed to have no uncertainty. In this synthetic example, the 
uncertainty of the red model parameter does not decrease significantly by adding more 
data (more observation points) into the calibration process. The uncertainty of the blue 
parameter is reduced considerably when more data is added. The dashed lines in the 
graphs present the prior distributions assigned to the model parameters and produced 
by the forward model for the model result quantities. The triangles in the parameter 
graphs (top row) indicate the parameter values which were used to obtain the 
observations from the synthetic model. The triangles in the model result graphs show 
the values of the observations which were used as calibration targets (bottom row). 


