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INTRODUCTION

Background
Posiva Oy is preparing for the final disposal of spent nuclear fuel into the crystalline
bedrock in Finland. The site for the repository will be chosen on the basis of the site
investigations. Preliminary site investigations (SITU stage) were carried out at five sites
during 1986-1992. Three sites (Romuvaara in Kuhmo, Kivetty in Aanekoski, Olkiluoto
in Eurajoki) were chosen for a more detailed and comprehensive investigations (PATU
stage) performed in 1993-1996. In addition, Hastholmen in Loviisa was included in the
site selection programme in 1997. Presently, the detailed site investigations are being
continued for the four sites until the final decision on the site for the repository will be
made at the end of year 2000.
The repository will be excavated in the bedrock at a depth of about 500-700 m (Figure 1.1). The spent fuel will be encapsulated in double layered copper-cast iron canisters.
If the canisters fail, radioactive material may be released from the repository into the biosphere as a result of dissolution in the groundwater and subsequent migration along with
the groundwater flow to surface water systems. In addition, the amount of the groundwater flowing through the repository and in its immediate vicinity affects the long-term
durability of technical barriers as well as the rate of the dissolution of the radioactive material. Therefore, analysis of groundwater flow deep in the bedrock is an important part
of the ongoing evaluation of the potential sites for the repository.

Overview of the study
Groundwater flow modelling has been an essential part of the site investigation work
carried out so far. In addition to the latest studies (Kattilakoski & Koskinen 1999; Kattilakoski & Meszaros 1999; Lofman 1999) several modelling tasks characterising the
groundwater flow deep in the bedrock have been performed for all of the present sites
(except for Hastholmen) during SITU and PATU investigation stages (Koskinen & Meling 1994; Taivassalo & Meszaros 1994; Lofman 1996).
In the preliminary site investigation stage, the flow analysis for the Olkiluoto site was
performed for steady state conditions without taking into account the variations in the
density of groundwater (Koskinen 1992). The effects of the repository were not considered either. In the detailed investigations, a more comprehensive, two-stage groundwater
flow modelling study was carried out. In the first stage (Lofman 1996), the analysis was
performed for the present natural state taking into account the effects of density of water and postglacial land uplift. The second stage (Laitinen & Lofman 1996) consisted of
simulations that were carried out up to 10000 years into the future taking into account not
only the effects of the density and the land uplift but the effects of the repository on the
flow as well. The work by Laitinen & Lofman (1996) provided also the site specific data
for the use in the update of the safety analyses TILA-96 (Vieno & Nordman 1996).

Figure 1.1. Schematic description of the repository for the final disposal of spent nuclear
fuel deep in the bedrock.
Each groundwater flow analysis carried out for Olkiluoto has been based on all the hydrogeological knowledge gathered from the field investigations so far. The conceptual fracture zone geometry employed in the works by Koskinen (1992), Lofman (1996) and Laitinen & Lofman (1996) was based on the preliminary investigations (Saksa et al. 1993).
Since then, however, the conceptual bedrock model has undergone several changes owing to the results of the additional site investigations and interpretations, e.g. (Saksa et al.
1996; Saksa et al. 1998). In addition to the introduction of several new fracture zones and
modification of the properties and geometry for many existing zones, transmissivities for
all zones have been revised. Although the results of the additional site investigations and
interpretations do not necessary change the overall conception of the groundwater flow
conditions in Olkiluoto, they may still have local effects on the results of the flow analysis
based on the numerical simulations (Koskinen & Laitinen 1995; Lofman 1996).

Purpose of the study
This work comprises the groundwater flow modelling for Olkiluoto on the site scale
(about 1-10 km). The objective of the study is to characterise the overall groundwater
flow conditions and provide general insight about the mechanisms having effect on the
flow during the next thousands of years into the future. The modelling results are to be
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used for evaluation of the investigation sites and of the preconditions for safe final disposal
of spent nuclear fuel. Another objective is to estimate the flow conditions in the vicinity
of the repository as well as to identify the possible flow routes from the repository and the
corresponding discharge areas at the surface. Especially, this work provides the results
for the site-specific data needs for the block scale groundwater flow modelling (Poteri &
Laitinen 1999) and for the safety analyses TILA-99 (Vieno & Nordman 1999).
The numerical simulations are carried out up to 10000 years into the future employing
the most up-to-date conceptual fracture zone information and considering the effects of
density variations, land uplift and the repository. The main result quantities that characterise the flow conditions of the area are the amount, direction, velocity and paths as well
as salinity concentration of water flowing deep in the bedrock. For the block scale analysis the driving force in the repository, in the intact rock in the vicinity of the repository
and along the flow paths as well as the length of the flow paths are computed. All the results naturally have to be interpreted taking into account the assumptions of the modelling
approach applied and the uncertain nature of some of the input data.

Structure of the report
This report is organised in the following manner. In Chapter 2 the general hydrologic
and hydrogeochemical characteristics of the Olkiluoto site are introduced. The modelling
approach and the basic assumptions concerning flow and transport in fractured bedrock
as well as the governing equations and numerical solution methods are introduced in
Chapter 3. Chapter 4 describes the site-specific simulation model for the Olkiluoto site,
whereas the results are presented in Chapter 5. Summary and conclusions are given in
Chapter 6.

12

2

OLKILUOTO INVESTIGATION AREA

General
The Olkiluoto site is located at Eurajoki in the west coast of Finland (Figure 2.1). The
area of the island is about 12 km2. The TVO nuclear power plant is located in the western
part of the area. The topography of Olkiluoto is relatively flat, the ground surface being
less than 5 meters above the sea level over most of the area. The highest topographical
location at Olkiluoto is the hill of Liiklankallio, which is 18 meters above the sea level.
Another place rising more than 10 meters above the sea level is Selkanummenharju.
The annual average precipitation has been about 550 mm at the Olkiluoto area in 19611995 (Ahokas & Aikas 1991; Ahokas & Herva 1993; Hanninen 1996). In Finland generally about 70-80 % of the precipitation evaporates or forms runoffs into the streams,
rivers and lakes (National Board of Waters 1991). Most of the remaining water flows as
surface water above the bedrock into the watercourses. Based on the correlation between
measured precipitation and changes in groundwater table Ahokas & Herva (1993) have
estimated that about 1-2 % of the precipitation infiltrates down the bedrock.
Several geological, hydrological and geochemical field investigations have been carried
out at the Olkiluoto site. During the preliminary site investigations (SITU) in 1987-92
and the detailed site investigations (PATU) in 1993-96 ten boreholes were drilled into the
bedrock. Boreholes KR1, KR2 and KR4 are about 1000 meters deep, whereas the depth
of the boreholes KR3 and KR5- KR10 range between 300-600 meters (Figure 4.5).

Postglacial land uplift
The land is rising in relation to the sea level by several millimetres per year in Finland
(Eronen et al. 1995; Passe 1996). The changes in the shore level are due to the combined
effect of two vertical movements, the glacio-isostatic land uplift and the glacio-eustatic
sea level rise.
The Northern Europe was covered by a huge ice sheet during the last ice age (Figure 2.3).
The load of the thick ice sheet depressed the earth's crust several hundreds of metres
and when the load was released as the ice sheet was melting, a strong rebound caused
the crust to rise up. In the early postglacial time, the land uplift was much more rapid
than at present, but the rate of uplift has decreased gradually during the past thousands of
years, being about 6 millimetres per year presently at the Olkiluoto area (Figure 2.2). The
melting of the ice sheet raised significantly the global sea level until 6000 years before
present (B.P.). While the glacio-eustatic sea level rise has clearly been lower than the
glacio-isostatic uplift, it has, however, reduced the impact of land uplift. In addition,
besides the eustasy, the shore level changes in Finland have been influenced by the water
level changes during the two lake stages, the Baltic Ice Lake (about 10300 years B.P.) and

Figure 2.1. The location of the Olkiluoto site at Eurajoki (National Land Survey of Finland, permission number 372/MAR/98).
the Ancylus Lake (about 9200 years B.P.)- The highest points at the Olkiluoto island rose
above sea level some 3000-2500 years B.P.
While the present and future shore level changes are significantly lower than in the past,
the land is still expected to rise relative to sea level several tens of meters at the Olkiluoto
area during the next 10000 years. Thus, the groundwater flow conditions at Olkiluoto are
not in steady state, but they are slowly evolving causing ongoing changes in the hydrology
of the area.

Saline groundwater
During the hydrogeochemical field investigations at Olkiluoto saline groundwater has
been observed. High salinity concentrations have been measured not only deep in the
bedrock but also relatively close to the ground surface. The salt content of water varies
strongly with location. The salinity increases with depth, too, but the tendency is not

Figure 2.2. The present land uplift in Fennoscandia (Alalammi, 1992)
spatially uniform. According to the geochemical field investigations (Lampen & Snellman 1993; Snellman et al. 1995; Ruotsalainen & Alhonmaki-Aalonen 1996; Ruotsalainen & Snellman 1996), the highest measured TDS concentration is about 70 g/1 at
a depth of about 800-900 meters, which clearly exceeds the present value in the Baltic
sea (5 g/1, (Tuominen 1994)), and strongly suggests a relict sea-water source and/or
groundwater-rock interaction.
The hydrogeochemical study on the origin and chemical evolution of the groundwater at
Olkiluoto (Pitkanen et al. 1996) has shown that the groundwater is a mixture of at least
five different water types derived during paleohydrogeological and modern processes.
The brackish water has been interpreted to originate from the Litorina (about 7500 - 2500
years B.P.) and Pre-Litorinastages (about 10000 - 7500 years B.P.), while the saline water
is of a preglacial meteoric origin (more than 10000 years B.P.).

Figure 2.3. The evolutionary stages of the Baltic Sea (Alalammi, 1992).
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3

MODELLING APPROACH

The objective of this study is to characterise the groundwater flow conditions at Olkiluoto on the site scale. This section introduces the modelling approach and the basic
assumptions concerning flow and transport in fractured bedrock as well as the governing
equations and their numerical solution method.

3.1 Physical background and basic assumptions
Groundwater flow
The groundwater flow in bedrock is mostly controlled by the groundwater table, i.e. the
top of a zone in which soil and bedrock are saturated with water. In Finland, the saturated
zone extends nearly up to the ground surface, and so the groundwater table follows quite
closely the topography. Pressure differences caused by the variation of the groundwater table results in the flow of water, which is directed from areas of higher water table
towards ones of lower elevation of groundwater table. The gradient of the groundwater
table is the primary driving force for the groundwater flow in bedrock. The water content
of bedrock in Finland is typically very small even in the saturated zone, and only a small
portion of the precipitated water infiltrates into bedrock through soil. The portion of the
rainfall infiltrating into bedrock depends on the structure and the hydraulic properties of
soil and bedrock.
The variations in the density of water affect the groundwater flow, too. The differences in
the density are mostly caused by the varying salinity concentration. The salt content of the
groundwater usually increases with depth, but high salinity concentrations have also been
observed relatively close to the ground surface, especially in coastal areas like Olkiluoto.
Because saline groundwater is denser than fresh water, it tends to penetrate deeper in
the bedrock. Dispersion and convection are assumed to be the dominant mechanisms
that carry the solutes. Convection carries the solutes along with the moving water, while
dispersion causes the spreading of the solutes due to velocity variations. In addition,
solute transport in a porous medium is a transient process.
The net effect of the postglacial land uplift and the global sea level rise enlarges the area
of the island and raises the groundwater table. The hydraulic gradient caused by the
water table makes the fresh near-surface water flow into the groundwater system mixing
it with water of different types and of different salinity concentrations. The uplift of the
groundwater table increases the mixing process and the flow of fresh water deeper into
the bedrock. That is a transient process and eventually, after thousands of years, the
saline water in the upper part of the bedrock will be totally flushed by the fresh water.
The transient process started from a moment when the highest points at Olkiluoto rose
above the sea level about 2600 years before present (B.P.), and since then the hydrologic
conditions at Olkiluoto have been subject to ongoing changes, that have to be considered
in the groundwater flow analyses. The climate in Scandinavia will gradually become
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colder in the future (Ahlbom et al. 1991; Eronen 1992). It has been estimated that after
the slightly colder and warmer periods during the next 10000 years, the ice sheet will
cover Scandinavia about 20000 years after present (A.P.). The future glaciations will
have effects on the hydraulic conditions, but they are outside the scope of the present
study.
Because of the varying salt content and the effects of the land uplift and sea level rise,
a groundwater flow analysis calls for coupled and transient modelling of flow and solute
transport. Numerical simulations have been carried out from the present until 10000 years
A.P., by which time the future glaciation can be assumed not to have affected the hydraulic
conditions at Olkiluoto. It would have been possible to start the simulations at some time
in the past, too. In the work by (Lofman 1996) the high salinities measured deep in the
boreholes were assumed to originate from the stage when Olkiluoto had not yet risen
above the sea level, and thus the simulations were started at 2600 years B.P. Although
this approach would have provided quite reasonable present day values for this work, it
was not applied due to the increased computational efforts. In addition, the purpose of the
study is to characterise the groundwater flow conditions not in the near future but up to
thousands of years into the future.
The bedrock volume modelled in the flow simulations is assumed to be fully saturated and
to begin below the layer of the soil and the surface part of the bedrock. Since the primary
objective of the modelling is to characterise the flow conditions deep in the bedrock at the
planned repository depth of about 500 metres, the phenomena occurring in these relatively
highly conductive top layers are taken into account only in the boundary conditions at the
top surface of the modelled volume. Additionally, the bedrock and the water are assumed
to be incompressible, and the temporal variations of the flow system in bedrock are solely
due to the uplifting water table.

Repository and disturbed zone
The internal structure of the repository (Figure 1.1) is not taken into account in detail in
the site scale modelling. Due to its plane-like characteristics (very thin in the vertical
direction relative to its lateral extent), it is considered sufficient to model the repository
and the surrounding disturbed zone of bedrock as a two-dimensional structure, which has
higher transmissivity than the surrounding rock. Effects of the construction and operation
phase are not considered in the present simulations either, i.e. the repository is assumed
to be closed and fully saturated at the beginning of the simulation period.
The temperature of bedrock and water causes differences in the density of water. The
natural temperature of the earth increases with depth, but its influence can be considered
to be insignificant. However, the heat generation of the spent nuclear fuel will raise the
temperature of bedrock and groundwater several tens of degrees in the vicinity of the
repository, which might cause changes in the flow conditions. The temperature also affects the flow characteristics of water through the viscosity. The effects of temperature
can usually be considered to be short-term and insignificant compared to those of the nat-

ural hydraulic gradient caused by the undulation of the groundwater table (Lofman 1995)
and the varying salinity concentration, and thus temperature is not taken into account in
this study, either.

Fractured bedrock
The crystalline bedrock consists of solid rock cut by a network of fractures (Figure 3.1).
Water flows unevenly through an intricate network of paths formed by fracture intersections. However, water does not move along all of the fractures. For various reasons, no
driving force exists in a number of fractures. For instance, water does not flow in fractures
which are "dead-ends". Moreover, water flows only in small parts, i.e. flow channels, of
the fractures which form the active flow routes. Thus, water flows primarily along a small
portion of inter-connected fractures {water-bearing fractures), while most of the fractures
and other volumes with low fracture density {matrix blocks) contain essentially stagnant
water. The hydraulic characteristics of the rock are mainly defined by the properties of
the fracture network, i.e. the permeability, density, size and orientation distributions of
the fractures. The fracture density in bedrock varies.
In this study, the fractured bedrock is modelled employing the concept, in which the
bedrock is divided into hydraulic units (Figure 3.1): fracture zones (the parts of the
bedrock with a high fracture density and a greater ability to conduct water) and intact
rock (the remaining part of the bedrock, in which fracture density and conductivity is
low). The fracture zones are assumed to be of planar shape. The geometry of the fracture
zones is based on the geological bedrock model, which typically contains about tens of
different zones. Each individual zone is modelled explicitly resulting in relatively complex geometry.

Equivalent-continuum model
When modelling the groundwater flow in the fractured bedrock, the characteristics of the
bedrock need to be considered. From a conceptual point of view, the study of flow of
water in fractured rock may be carried out by adopting various models. The selection
of the modelling approach is affected by the type of results aimed for, the data available, the scale of the modelled volume and some practical limitations like computational
resources. Furthermore, the applicability of alternative methods for modelling various
physical processes in bedrock is different. The conceptual representation of the fractured
bedrock constitutes directly a basis for the mathematical model of the processes to be
simulated, too. In this study, the fractured bedrock is modelled conceptually with the
equivalent-continuum (EC) model.
The hydraulic characteristics of the bedrock are mainly due to the small-scale heterogeneities defined by the inter-connected fracture network. In a small-scale flow simulations (e.g., in the fracture network modelling by Poteri & Laitinen (1999)) each significant
fracture is modelled explicitly, which results in highly complicated models, because the

Figure 3.1. A schematic description of the fractured bedrock rock (left) and its equivalentcontinuum (EC) (right) representation.
number of the fractures is extremely large even in sparsely fractured rock. However, when
performing a site scale groundwater flow analyses, it is unnecessary (and impossible in
practice) to include all the fractures in the model. In the equivalent-continuum (EC) approach, the fractured bedrock is treated as a continuum (Figure 3.1). It is assumed that
there exists a subvolume of the bedrock, of which hydraulic characteristics can be averaged so that the real volume concerned and the corresponding EC representation as a
whole behave similarly considering physical process of interest (groundwater flow, mass
transport). The smallest volume with that feature is called the representative elementary
volume (REV). Thus, the hydraulic properties of the bedrock are averages over the subvolume containing a large number of fractures.
Although the EC model is commonly employed in describing fractured bedrock, there are
some problems associated with it. The hydraulic conductivities depend on several fracture
parameters (permeability, density, size and orientation distribution) for which the field
data are usually scarce, so the selection of hydraulic properties is difficult and constitutes
one of major source of uncertainty in simulations. Moreover, modelling results must be
interpreted taking into account the assumptions of the approach applied. Thus, the results
obtained with the EC model represent average values over large volumes of the bedrock.
In this work, the EC concept is applied so that each hydraulic unit (fracture zones and
intact rock) separately is treated as a homogeneous and isotropic continuum, except the
depth dependence of the hydraulic conductivity of the intact rock and the transmissivities
of the fracture zones. In addition, no distinction is made between the water-bearing fractures and the matrix blocks, but water is assumed to flow through the whole system, and
thus the matrix diffusion, for example, is not taken into account.
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3.2 Mathematical model
In the EC approach, the groundwater flow and mass transport is described by a mathematical model that comprises two coupled non-linear partial differential equations. One
equation is for the flow of water under the influence of the pressure field in the presence
of density variations and another equation is for the amount of mass transported with
flowing water. The equations are based on the law of conservation of mass, and they are
presented below in reduced forms (e.g., without terms representing sinks and sources) as
they are applied in this study. A more general formulation of the equations is given by,
e.g., Huyakorn & Pinder (1983) and Lofman & Taivassalo (1993).

Flow equation
Applying the law of conservation of mass and the Darcy's law, the flow equation for a
steady state can be written for the residual pressure pT [Pa] (the total pressure without the
hydrostatic component of fresh water) as follows (Bear 1979; Huyakorn & Pinder 1983;
deMarsily 1986)
V- ^~CVpr + (p-Po)gVz)\

=0,

(3.1)

where p is the density of water [kg/m ], po is the density of the fresh water [kg/m j , k is
the permeability tensor of rock [m2], fj, is the dynamic viscosity of water [kg/m/s], g is the
gravitational acceleration (= 9.81 m/s 2 ), and z is the elevation relative to the sea level [m].
The flow equation (3.1) is written in a steady state form, because the temporal variations
of the amount of water in bedrock are assumed to follow solely from the changes in the
boundary conditions (i.e. elevation of the groundwater table, see Section 4.6) in this
work. The behaviour of the average flow and the corresponding boundary conditions are
changing sufficiently slowly over periods of several years, so the flow can be taken to be
always in steady state.
The permeability A; in Equation (3.1) is related to the hydraulic conductivity K [m/s]
k = —K.
99

(3.2)

The dependence of the density of water on the solute concentration c [kg/m' ] is approximated linearly as
p = po + acc,

(3.3)

where p0 is the density of the fresh water [kg/m ] and ac is the coefficient of density
dependence of solute concentration [-]. The dependence of the density of water on the
pressure is ignored, since the compressibility of water is assumed to be insignificant.
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Transport equation
Assuming that transport of solutes through homogeneous, isotropic and porous media
is governed by the phenomena of convection, dispersion and molecular diffusion, and
applying the law of conservation of mass, the transport equation can be written in terms
of the salinity (TDS in this study) concentration per unit volume of water c [kg/m 3 ]
as (Bear 1979; Huyakorn & Pinder 1983; de Marsily 1986)
dr

V • (£>Vc) - V • (qc) = cj>f~,

(3.4)

where D is the hydrodynamic dispersion tensor [m 2 /s], q is the Darcy velocity [m/s],
and 4>j is the flow porosity [-]. The first term in the left-hand side of Equation (3.4)
represents the change in the dispersive and diffusive mass flux of solutes whereas the
second term characterises the convective mass flux. The right-hand side describes the
temporal change in the mass of solutes in the moving fraction of water. The flow porosity
in Equation (3.4), which represents the fraction of water that moves, is used instead of
total porosity, because the change of solutes in immobile fraction of water is considered
insignificant compared to that of mobile water. The hydrodynamic dispersion tensor D is
written as (Bear, 1979)
DtJ = erlqlSij + (eL - e r ) y n % ,

hj = 1,2,3,

(3.5)

where 6L is the longitudinal dispersion length [m], ET is the transversal dispersion length
[m], and <% is the Kronecker delta function [-]. The molecular diffusion coefficient usually included in the dispersion tensor (3.5) is omitted, because its effect is insignificant
compared to that of dispersion.
The Darcy velocity in Equations (3.4) and (3.5) is expressed in terms of the residual
pressure as follows
q

= — (yPr + (p- po)gVz).

(3.6)

Experimental data for the flow porosity in the transport equation (3.4) are usually rarely
available. A common way to deal with this problem is to use a constant porosity, which
has been selected according to the values reported in the literature for the crystalline
rock. However, in reality the flow porosity is not constant, but it varies and is related
to other varying properties of rock (e.g. the hydraulic conductivity) as well. Thus, in
order to obtain more realistic flow porosity than usual, the following approach is applied
in this study. Assuming the parallel fracture idealisation, in which the bedrock consists
of equally spaced and parallel fractures separated by matrix blocks, the flow (fracture)
porosity </>/ in Equation (3.4) can be defined as the volume of fractures per unit volume of
the entire system
4>j = -

A T

+b

(3.7)
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where a is half the matrix block thickness [m] and b is half the fracture aperture [m]. The
(volume) fracture aperture 26 [m] is expressed as a function of the fracture spacing 2a
and the hydraulic conductivity K as follows (Taivassalo & Saarenheimo 1991; Vieno,
Hautojarvi, Koskinen, & Nordman 1992)
vh(

^ Y ,

(3.8)

where Cvh is the coefficient for the dependence between the volume and hydraulic fracture
aperture [-]. The ratio Cvh is not a constant, but it 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 hydraulic fracture aperture is inversely proportional to
the hydraulic conductivity (Taivassalo & Saarenheimo 1991).

3.3 Numerical solution method
The coupling of flow equation (3.1) and transport equation (3.4) by the density (3.3) and
the Darcy velocity (3.6) results in a system of two non-linear partial differential equations,
that can rarely be solved analytically. Therefore numerical methods have to be employed.
The finite element code FEFTRA (see Section 3.4) is employed in this work. The special
numerical schemes available in FEFTRA that are used in this study are summarised below.
The partial differential equations describing the flow (3.1) and mass transport (3.4) are
solved employing the finite element method with linear elements. The conventional
Galerkin technique (Huyakorn & Pinder 1983) is applied to the flow equation, while
the transport equation is solved using the streamline-upwind/Petrov-Galerkin (SUPG)
method (Brooks & Hughes 1992; Laitinen 1995) to reduce the numerical problems related to highly convective cases.
Non-linearities are treated employing the Picard iteration scheme (Huyakorn & Pinder
1983), in which, for each time step, both flow and transport equations are solved sequentially until the convergence is attained. At the end of each iteration step, updating
of pressure and concentration values is performed using an underrelaxation scheme to
reduce the oscillations of concentration changes from iteration to iteration. The convergence of iterations is checked by comparing the maximum differences for pressure and
concentration between two successive iterations.
A linear time extrapolation formula is used to obtain an initial estimate for the nodal
values of the pressure and concentration at the beginning of each time step. The mass matrices resulting from the finite element formulation of the flow and transport equations are
formed by a diagonalisation procedure known as "lumping" (Huyakorn & Pinder 1983).
In practical problems, a more stable solution is obtained with the diagonalised matrix than
with a so-called "consistent" matrix. The linear matrix equations resulting from the finite
element formulation of equations (3.1) and (3.4) are solved employing the conjugategradient and Gauss-Seidel iterative methods (Laitinen, 1994).
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3.4

FEFTRA code

The FEFTRA (formerly known as FEFLOW) code (Taivassalo et al. 1991; Lofman &
Taivassalo 1993; Laitinen 1995; FEFTRA 1999) is a finite element program package for
the analyses of groundwater flow. FEFTRA (short for Finite Element Flow and TRAnsport) has been developed at VTT Energy and it is capable of modelling flow, heat transfer
and solute transport as coupled or separate phenomena. Both steady state and transient
problems can be simulated.
The mathematical model consists of the partial differential equations for the hydraulic
head, pressure, temperature and solute concentration. The equations are coupled by means
of the Darcy velocity as well as temperature and concentration dependent properties such
as the fluid density. The Darcy velocity can be computed alternatively either by taking
the derivatives of the computed pressure field or by applying the finite element method
separately to the Darcy law (Yeh 1981). When solving the concentration, the effect of
matrix diffusion can be taken into account, too. Highly convective cases can be handled
with different kinds of upwind methods (Laitinen 1995). The core of FEFTRA comprises
programs FPH1, FPH2 and FPH3 (Figure 3.2), which solve the desired quantities.
The FEFTRA code uses linear or quadratic one-, two- and three-dimensional elements.
Two-dimensional elements can also be applied in a three-dimensional mesh and onedimensional elements in two- and three-dimensional meshes. For example, in threedimensional groundwater flow simulations, the intact rock itself can be described by
three-dimensional elements, whereas fracture zones or other planar structures can be represented by two-dimensional elements. The time discretisation in FEFTRA is based on
the finite difference approximation. The linear matrix equations resulting from the finite
element formulation can be solved either using the direct frontal solver or various iterative solvers. In coupled cases, a set of nonlinear algebraic equations is solved applying the
Picard iterative approach with options for the relaxation. Automatic calibration technique
as well as graphical user interface with on-line help and documentation is also included
in FEFTRA.
For each quantity to be determined, the program offers a wide selection of nodal boundary conditions including prescribed values, sources, sinks and/or fluxes, which may be
constant or they can vary as a function of time. FEFTRA is able to take into account
various properties of a medium depending on the type of the problem to be solved.
Properties include the hydraulic conductivity/transmissivity, permeability, specific storage/storativity, fluid density and viscosity, porosity, longitudinal and transversal dispersion lengths, molecular diffusion coefficient, specific heat, and thermal conductivity. The
hydraulic conductivity and permeability may be constant, vary exponentially or logarithmically as a function of depth, or they can be randomly sampled to represent heterogeneous medium.
The FEFTRA package comprises several programs to compute derived quantities as well
as to facilitate modelling work and the analyses of simulation results (Figure 3.2). The
derived quantities include flow paths computed with the FPATH program, the Darcy ve-
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locity calculated with the DVELO program and the flow rate obtained with the FRATE
code. In addition, the comparison of measured and calculated values is carried out with
program GOODNESS, which outputs a value for a pre-defined goodness-of-fit function.
The INTER program can be employed when assigning boundary conditions for the top
nodes of a mesh. It interpolates values to surface nodes using the digitised equivalue
contours of a water table. A commonly applied technique in the field of numerical hydrogeological modelling is the use of a system of several nested element meshes so that the
boundary conditions for the boundary faces of a smaller model are extracted from a solution computed with a larger model. The HBOUND program facilitates the application of
this technique. In addition, a set of advanced routines has been developed to enhance and
facilitate the element mesh creation process (Figure 3.2).
FEFTRA has interface to four different visualisers: to the commercial PATRAN and IDEAS (1995, 1999) finite element pre- and postprocessors, to the GEOMVIEW package (1999) used for visualising geometrical entities as well as to GMV (General Mesh
Viewer) (1999) employed in the postprocessing phase.
In addition to several simple test cases, the code has also been tested and verified by
computing more complicated coupled test cases, which were studied in the international
HYDROCOIN project (HYDROCOIN 1988; HYDROCOIN 1990; HYDROCOIN 1991;
HYDROCOIN 1992). The FEFTRA package has been applied in the safety analyses and
site investigations undertaken by the Finnish power companies (Taivassalo et al. 1994b;
Taivassalo & Meszaros 1994; Taivassalo & Saarenheimo 1991; Vieno et al. 1992). It
was also used in the simulations of LPT2 pumping test (Taivassalo et al. 1994a), pressure
and salinity fields (Lofman & Taivassalo 1995) and effects of the access tunnel (Meszaros
1996) at Aspo, Sweden, within the Hard Rock Laboratory project.
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- generates 3d finite element meshes
- adds new 2d elements for fracture zones and
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calculates (partially) the coefficient
matrices of the matrix equation
FPH3
• completes the coefficient matrices
• forms the load vector
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at the nodes
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• automatic calibration

DVELO
• calculates Darcy velocities
FRATE
- computes fluxes (groundwater,
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- calculates pathlines
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INTER
• interpolates nodal values
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- pathlines

Figure 3.2. The main components of the FEFTRA finite element program package developed at VTT Energy for the modelling of groundwater flow, heat transfer and solute
transport.
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4

SITE-SPECIFIC FLOW AND TRANSPORT MODEL

The flow and transport model is a simplified representation of the Olkiluoto site from
a point of view of groundwater flow and solute transport. The model is based on the
latest hydrogeological and hydrogeochemical field investigations and it contains all the
data necessary for numerical simulations, i.e. the groundwater table and topography,
the conceptual geometry of fracture zones, the hydraulic properties of the bedrock as
well as the description of the modelling volume, the postglacial land uplift and the initial
and boundary conditions. In this section, a comprehensive description of the flow and
transport model for Olkiluoto is presented.

4.1 Modelling volume
The horizontal area of the modelled volume is of rectangular shape the length of the longer
faces being about 6.3 km and the shorter faces about 4.1 km. The total horizontal area is
about 26 km2. The modelled area covers the Olkiluoto island in such a way that the distance of the vertical boundaries from the present shoreline of the island is about 200-1000
m. The distance of the boundaries from the centre of the island, i.e. the area covered by
the borehole investigations, is about 2-3 km. The vertical boundaries in southwest and
northeast are selected to be slightly away from the regional fracture zones AR3 and AR6.
The depth of the modelled domain has been chosen to be 1500 meters, due to the exponentially decreasing hydraulic conductivity of the intact rock and the transmissivity of the
fracture zones (the flow deeper in the bedrock can be considered insignificant). The depth
of the repository is 500 meters below sea level. Thus, the locations of the vertical and
bottom boundaries can be assumed to be far enough from the area of primary interest to
make the effects of the uncertainty associated with the boundary conditions insignificant.
The outlines of the modelling area at the ground level are shown in Figure 4.1.
It is quite clear that the applied modelling domain is of sufficient size for the flow in the
initial situation and at early times. However, it could be argued that the size of the model
is not large enough to cover all the effects caused by the rise of the ground surface at
later times. After 1000 years A.P. the most of the domain is already above the sea level
(Figure 4.16) making it possible the discharge area to extend beyond the boundaries of
the model. The present size of the model is, however, the largest possible to keep the
computational costs of the coupled, non-linear and transient numerical simulation within
the reasonable limits.

4.2 Geometry of the fracture zones
The geometry of the fracture zones is based on the conceptual bedrock model, which
consists of several planar zones with a higher hydraulic conductivity than the intact rock
comprising the rest of the bedrock. Thus, the modelled volume has been divided into

Figure 4.1. Outlines of the modelled volume (rectangular in the middle) on the ground surface, and the regional lineament interpretation.
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hydraulic units, the intact rock and the fracture zones, which are modelled explicitly resulting in relatively complex geometry.
The bedrock model by Saksa et al. (1993) was based on the preliminary site investigations (SITU) during 1987-92, whereas the model by Saksa et al. (1996) comprised all
the hydrogeological knowledge gathered during the detailed site investigations (PATU)
in 1993-96. Since then, however, the conceptual bedrock model has undergone several
changes due to the additional site investigations and interpretations in 1997 (Saksa et al.
1998). Because the updated model was too complicated for the numerical simulations, a
revised and simplified version (Saksa et al. 1998) was constructed, which is employed in
this study.
The geometry includes 33 fracture zones (9 regional and 24 local zones). Most of zones
extend to the bottom of the model in the vertical direction. All the zones are assumed to
be of uniform thickness of 10 meters. The zone density is the largest at the centre of the
island, because the field investigations have been focused there. However, it is likely that
there are unidentified zones outside the area covered by the field investigations.
Some of the planar zones in the bedrock model by Saksa et al. (1998) have been defined
by several triangles and quadrilaterals. Due to modelling technical reasons a simplified
representation of these zones as a single quadrilateral was adopted, which have led some
minor discrepancies between the original conceptual bedrock model and the geometry
applied in this work. However, all the hydrogeological characteristics and dimensions
have been remained unchanged. The modified fracture zones are Rl, R2HY, R4, R18L,
R23, AR3, AR4 and AR6.
Figure 4.2 illustrates the geometry of the fracture zones in the modelled volume. The
cross sections of the zones and horizontal planes at the ground level and at the depth of
500 meters are presented in Figure 4.3.

4.3 Repository and surrounding disturbed zone
Riekkola et al. (1996) have presented preliminary site-specific adaptations of the repository for the Olkiluoto site. In order to estimate the volume of bedrock suitable for construction of the repository, the adaptations made use of the site-specific properties of the
bedrock gathered during the detailed site investigations (PATU) in 1993-96. Based on
the conceptual bedrock model by Saksa et al. (1996), Riekkola et al. (1996) introduced
several alternative site-specific layouts for the location of the repository.
Because the fracture zone geometry in this study is based on the latest revised and simplified bedrock model (Saksa et al. 1998), the layouts by Riekkola et al. (1996) can not be
employed. However, the corresponding representative layout based on the latest bedrock
mode] by Saksa et al. (1998) is designed for this work. The layout is constructed taking
into account exactly the same principles as in the work by Riekkola et al. (1996), except
that the amount of spent nuclear fuel is assumed to be slightly greater than before. Thus,
the repository is located at a depth of 500 meters and is intersected by two fracture zones

Figure 4.2. Conceptual fracture zone geometry for the Olkiluoto site.
(R10HY and R16) as shown in Figure 4.4. The area of the repository is about 767000 m2,
and the thickness is assumed to be 5 meters. The fracture zone geometry and the cored
boreholes in the vicinity of the repository are illustrated in Figure 4.5.

4.4

Finite element mesh

For the numerical simulations the modelled volume (Section 4.1) is discretised into a finite
element mesh. The base mesh consisting of only three-dimensional linear hexahedral
elements representing the intact rock is created first. The base mesh is constructed in a
way that the size of the elements decreases towards the surface in the vertical direction,
the thickness of the elements being about 220 m at the bottom and 20 m at the surface
of the mesh. The thickness of the elements at the depth of 500 meters is 100 meters. In
the horizontal direction the discretisation is densest at the centre of the island, i.e. at the
area covered by the borehole investigations. The average size of the top face of threedimensional elements is about 70 x 70 m2 at the centre of the island and about 110 x 140
m2 at the rest of the modelled area.
Due to the planar structure and the high contrast of the hydraulic conductivities (more
than two orders of magnitude higher than in the intact rock), water in the zones can be

Figure 4.3. The intersections of the zones and horizontal planes at the surface (top) and
at a depth of 500 meters (bottom). Red lines indicate the location of result cross-sections.

Figure 4.4. The repository layout at a depth of 500 meters. Dashed lines indicate the
location of cross-sections at which some of the results are presented.
assumed to flow parallel to the plane of the zone enabling the use of two-dimensional
elements. Thus, the base mesh is modified to correspond to the geometry of the fracture
zones (Section 4.2) by adding two-dimensional quadrangular and triangular elements for
the fractures zones. The two-dimensional elements are added in an optimal way on the
faces or diagonals of three-dimensional elements by means of the MAKEMESH program
(Section 3.4, Figure 3.2). Because the two-dimensional elements do not have physical
thickness, the thickness of the fracture zones is taken care of mathematically (e.g. the
thickness in the flow equation is included in the transmissivity).
While the bedrock model is a simplification of the geometry of the real bedrock concerned, the corresponding finite element mesh is a simplification of the bedrock model
due to the finite resolution of the three-dimensional base mesh. In spite of the aim at
preserving the existence of the essential hydrogeological characteristics by decreasing the
element size at the centre of the island, some discrepancies have remained between the
bedrock model and the mesh. Thus, the sets of two-dimensional elements describing the
fracture zones do not locate ideally along the corresponding planes defined by Saksa et al.
(1998).

Figure 4.5. Some fracture zones and the cored boreholes in the vicinity of the repository.
The final finite element mesh employed in the simulations contains about 47000 threedimensional hexahedral elements and 18000 two-dimensional quadrangular and triangular elements and it is illustrated in Figure 4.6. The plane representing the repository consisted of 124 two-dimensional quadrangular elements of size about 70 x 70 m2. The total
area of the repository elements is about 610000 m2, which is somewhat smaller than the
corresponding conceptual repository layout introduced in Section 4.3. Two-dimensional
elements representing the repository and nearby fracture zones are illustrated in Figure 4.7
(compare to Figure 4.5).

4.5 Properties of the bedrock
Numerical simulations are based on the mathematical model presented in Section 3.2.
The governing equations for the flow and solute transport include several properties of
the bedrock and water, which are needed as input parameters in the simulations.

Transmissivity of the fracture zones and the repository
The transmissivity of the fracture zones T [m 2 /s] is assumed to vary exponentially with
depth according to the following fit
T = T 0 .10'W

(4.1)

Figure 4.6. Finite element mesh for the Olkiluoto site. The three-dimensional elements
(47000) represent the intact rock (top) and the two-dimensional elements (18000) the
fracture zones (bottom). Compare to Figure 4.2.

Figure 4.7. Two-dimensional elements representing the repository and nearby fracture
zones. Compare to Figure 4.5.
where To [m 2 /s] is the transmissivity on the surface, z [m] is the depth relative to the sea
level and
f{z) = 7 • KT 10 * 3 + 3 • K T V + 5 • lO~dz.

(4.2)

Equations (4.1) and (4.2) are given by Saksa et al. (1996) and Saksa et al. (1998) and
they are based on the difference flow measurements in 30, 10 and 2 meter packer intervals
in the cored boreholes (Pollanen & Rouhiainen 1996a; Pollanen & Rouhiainen 1996b) as
well as on the geological interpretations. The fracture zones are divided by Saksa et al.
(1998) into two categories according to the measured transmissivity. The zones for which
measurement exist are classified according to the measured values, whereas the rest of the
zones are classified geologically assuming that large and continuous zones have higher
transmissivity than local and discontinuous zones. The largest uncertainties are naturally
related to the zones without measured values and the zones with two or three measured
values that differ strongly from each other. The classification of the fracture zones by the
transmissivity is shown in Table 4.1 and Figure 4.8.
The computed infiltration rate in the fracture zones (local and regional) as well as in the
intact rock at the depth of 10 meters (the centre of the nearest element layer to the surface)
is presented in Figure 4.9. The total rate is 44.4 mm/a, which is about 8 % of the annual
average precipitation (550 mm/a) at the Olkiluoto area (Ahokas & Aikas 1991; Ahokas &
Herva 1993; Hanninen 1996). However, Ahokas & Herva (1993) have estimated that only
about 1-2 % of the precipitation infiltrates down into the bedrock. Thus, the computed
value is too large, which suggests too high transmissivities in some zones. Figure 4.9
indicates that the highest infiltration rates are in the zones R3, R5, R6, R19HY, R20HY,
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R24HY, R28, R29, AR6 and AR9, which belong to the transmissivity class A. Too high
transmissivities obviously have some effects on the results, but the calibration process is
beyond the scope of this study.
The repository plate is assumed to have an isotropic transmissivity of 5-10~"8[m2/s], which
was applied in the base case by Vieno et al. (1992). This value includes the hydrological
properties of the tunnel system and the surrounding disturbed rock zone, and it represents
the situation, where the hydraulic conductivity of the sand-bentonite backfill of the tunnel
(area about 15 m2) is 5-10~~9[m/s] (Pusch 1990) and that of the disturbed rock zone (area
about 20 m2) 5-lCT8[m/s], which is nearly three orders of magnitude higher than in the
surrounding intact rock at the depth of 500 meters.
Table 4.1. The transmissivity of the fracture zones To[m2/s], the hydraulic conductivity
KQ[TS\/S\ of the intact rock and the fracture spacing 2ao[m] on the surface of the model.
AR-zones denote regional fracture zones. The thickness of the zones is 10 m.
Class

2OQ

Zones / Intact rock

4.4-10^

T/K
(z= -500 m)
6.4-10~b

0.07

B

1.0-10-5

1.5-10-

0.07

Intactrock

5.0-10~9

7.3-10"11

0.15

R3, R4, R5, R6, R7,R19HY,
R20HY, R21, R24HY, R25,
R27, R28, R29, AR-zones
Rl, R2, R8, R9HY, R10HY,
R11.R16, R17HY, R18,
R22, R23
-

TQ/KQ

Hydraulic conductivity of the intact rock
The hydraulic conductivities of the intact rock measured in the preliminary (SITU, 30
meter packer intervals) and detailed (PATU, 2 meter packer intervals) site investigation
phases during 1987-92 and 1993-96 are presented in Figure 4.10 (Hanninen 1996; Pollanen & Rouhiainen 1996a; Pollanen & Rouhiainen 1996b), which shows that the measured
conductivities vary strongly. In addition, about 80 % of the measured values remain below the lower limit (10~10[m/s]) of the accuracy of measurement, although it is obvious
that there exist values that are below that limit.
Because the intact rock is modelled conceptually as a homogeneous (equivalent) continuum with representative average characteristics (Section 3.1), the measured small-scale
hydraulic conductivities are averaged in order to obtain the conductivies that represent the
similar overall behaviour of the network of fractures on a larger length scale. Thus, the
hydraulic conductivity used in the simulations is the upscaled effective average conductivity, which is required due to the selected modelling approach. The effective hydraulic
conductivity in this study in given by
K = Ko

(4.3)
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Ba«d on measured values: R19HY, R20HY, R21, R24HY
Estimated, hased on geology: All AR-structures and R3, R4, R5, R6. R7, R2S, K27, R28, R29
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Estimated, based on geology: R8, R l l , R17HY, Rio, R18, R22, R23

Figure 4.8. The measured transmissivity of the fracture zones and the exponential depthdependent fit. A and B denote the two transmissivity classes (see Table 4.1).
where Ko [m/s] is the hydraulic conductivity on the surface, z [m] is the depth relative to
the sea level and f(z) is given by Equation (4.2). The fit 4.3 is based on the report by Ahokas (1999), who studied the averages of the hydraulic conductivities from a point of view
of the equivalent continuum groundwater flow modelling. The same depth dependency as
for the fracture zones is also applied for the intact rock. This is based on the decreasing
geometric means of the measured hydraulic conductivities at different depths (Ahokas
1999). The measured conductivities are based on the field data from the area covered by
the borehole investigations, i.e. the centre of the present Olkiluoto island. However, the
possible unidentified zones outside the island are not taken into account in the hydraulic
conductivity, but the same depth dependent fit is applied for the intact rock in the whole
modelled volume.
Figure 4.10 shows the fact that the agreement between the measured values and exponentially depth-dependent conductivity is not very good. However, Equation (4.3) should not
be interpreted as a fit to the measured data, but it represents the effective average largescale conductivity that does not correspond simply to the data on smaller length scales.
Although the computed infiltration rate in the intact rock (Figure 4.9) shows that the average conductivity is in reasonable limits with respect to the annual average precipitation
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O=intact rock, 1-29=local zones, 31-39= regional zones, tol al=44.4 mm/a
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Figure 4.9. The total infiltration rate in the fracture zones (local and regional) as well as
in the intact rock at the depth of 10 meters (the centre of the nearest element layer to the
surface) at 100 years A.P. The total rate is 44.4 mm/a, which is about 8 % of the annual
average precipitation (550 mm/a) at the Olkiluoto area.
at the Olkiluoto area, it is obvious that the depth dependent hydraulic conductivity fit
constitutes a major source of uncertainty in this work.

Flow porosity
The experimental data for the flow porosity in the transport equation (3.4) are usually
rarely available (as is the case in this study, too). A common way to deal with this problem is to use a constant porosity, which has been selected according to the values reported
in the literature for the crystalline rock. However, in reality the flow porosity is not constant, but it varies and is related to other varying properties of the rock (e.g. the hydraulic
conductivity) as well. Thus, in order to obtain more realistic flow porosity than usual,
the approach introduced in Section 3.2 is applied in this study. The flow porosity is computed from the spacing of the fractures with flowing water, the (volume) fracture aperture
(Equation (3.8)), the transmissivity (Equation (4.1)) and/or hydraulic conductivity (Equation (4.3)) (Vieno et al. 1992; Taivassalo & Saarenheimo 1991).
Based on the detailed fracture database integrated and collected from several geological
studies and geophysical measurements (Saksa et al. 1997) and the study by Ahokas (1999)
on the depth dependency of the fracture spacing, the spacing can roughly be approximated
exponentially as
2a = 2ao2

(4.4)
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Figure 4.10. The measured hydraulic conductivity of the intact rock and the exponential
depth-dependent conductivity applied in this study. SITU (30 meter packer intervals) denotes the preliminary site investigation phase during 1987-92, whereas PATU (2 metre
packer intervals) refers to the detailed site investigations in 1993-96. About 80 % of the
measured values remain below the lower limit (10~10[m/s]J of the accuracy of measurement.
where 2oo [m] is the fracture spacing at the surface. The approximation (4.4), which
states that the spacing increases to double within each 500 meter, is applied for both the
fracture zones and the intact rock. The surface values for the zones and the intact rock
are based on the rough approximation of the fracture densities presented by Saksa et al.
(1993). In addition, the surface values for the intact rock are selected so that the resulting
flow porosity is in line with the values reported in the literature for the crystalline rock.
The fracture spacing at surface for the fracture zones and the intact rock are shown in
Table 4.1.
The ratio between the volume and hydraulic apertures is not a constant, but it 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 hydraulic fracture aperture
is inversely proportional to the hydraulic conductivity (Taivassalo & Saarenheimo 1991).
On the basis of tracer experiments, the average volume aperture of fractures has been estimated to be 5 to 20 times the hydraulic aperture when the latter is of the order of 10 to
100 /im (Geier et al. 1992). For smaller fractures (5-10 jim) a factor of 20-60 has been estimated as the difference between the volume and hydraulic apertures (Geier et al. 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 hydraulic fracture aperture.
The computed flow porosities as a function of depth for the intact rock and fracture zones
are presented in Figure 4.11. It is self-evident that the estimation for the flow porosity

39

Ffow porosity of intact rock and fracture zones
1

(

1

1

!

—j
/

_!
:

1—

_,

1

//

•

/

:

/

•

/

•

/

!
:

/

/

/

:

/

/

:

: intact rock

:

/

/

:

/

/

"/".'
/

;

1 ;/

;

7
/

-1000 •

:

;

:

/

;

;

•

•

:
:

i

!

71 ;71

zones A

i

. . . .j . .
•

j-

j ':
I \

;

i /
y

:
i

-4.5

t

.

1

I

zon

/

/

1 •
i
•

-4

/
/

i

j\
!

'•

i i

-3.5
-3
flow porosity [-]

Figure 4.11. Flow porosity of the fracture zones and the intact rock at the OIkiluoto site.
Porosity has been computed from equations (3.7) and (3.8), and it is 1.6 • 10~4 at the
depth of 500 meters for the intact rock.
(and the fracture spacing) applied in this work is very uncertain, but it still provides acceptable, non-constant values for the simulation of solute transport. It must be noted that
the fracture properties employed above are not the same as the ones used in the fracture
network modelling by Poteri & Laitinen (1999).

Miscellaneous
Values used for the other properties are presented in Table 4.2. The density of the fresh
water and the dependence coefficient on chloride concentration are based on the correlation of the measured density and salinity Lampen & Snellman (1993, Snellman et al.
(1995, Ruotsalainen & Alhonmaki-Aalonen (1996, Ruotsalainen & Snellman (1996). The
viscosity of water and the molecular diffusion coefficient of salt in water are well known
parameters (Lide 1990).
The common assumption (e.g.,de Marsily (1986)) that the longitudinal dispersion length
is about 10% of the length of a transport route as well as the experiences obtained in the
simulations of pressure and salinity fields at Aspo (Lofman & Taivassalo 1995) and in the
previous groundwater flow analyses at OIkiluoto (Lofman 1996) are taken advantage of
when defining the dispersion lengths. The value used is a compromise between values for
long transport routes and the size of the elements in the model. Additionally, the longitudinal dispersion length is selected to be large enough to avoid the numerical problems
associated to too large Peclet number. The transversal dispersion length is assumed to be
25% of the longitudinal dispersion length. The effect of the dispersion lengths is mainly

40

restricted on the width of the interface between the fresh and saline water, and it is not
among the most important parameters in the simulation of solute transport.
Table 4.2. Properties of the bedrock and water employed in the simulations.
Symbol
~Po
ac
EL
ET
Cvh
ix

4.6

Parameter
Fresh water density
Density dependence
on TDS concentration
Longitudinal dispersion length
Transversal dispersion length
Dependence between volume
and hydraulic apertures
Viscosity of water

Equation
3.1,3.3,3.6
3.3

Value
998.6 kg/m 3
0.71

3.5
3.5
3.8

200 m
50 m
10

3.1,3.2,3.6,3.8

1.0-10~3 kg/m/s

Postglacial land uplift and global sea level rise

Passe (1996) has constructed a mathematical model for both the land uplift and the global
sea level rise in the area covered by the Scandinavian ice during the Weicselian glaciation. Instead of the commonly employed exponential functions, he used arcian-functions,
which gave more consistent behaviour of the land uplift and the sea level changes before
a period covered by the empirical data. For the Olkiluoto area the glacio-isostatic land
uplift U[m] is described by the function
U(t) = -0.6366 • 245 • (arctan(^^-) - arctan(^~^),

(4.5)

whereas the glacio-eustatic sea level rise E[m] is written as
E(t) = -0.6366 • 50 • (arctan(——)

- arctan{

LolD

* ).

(4.6)

Io75

Thus, the net land uplift Unet[m] relative to the sea level is obtained as
Unet(t) = U(t)-E(t).

(4.7)

Eronen et al. (1995) have studied the relative sea-level changes of the Baltic Sea and the
land uplift process in southwestern Finland. The work is based on the data achieved by
studies on small-lake sediments originating from the last 8000 years. The net uplift as a
function of time is presented in Figure 4.12, and it shows that the function (4.7) agrees
successfully with the study by Eronen et al. (1995). According to the function (4.7) the
land will still rise about 40 meters during the next 10000 years.
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Land uplift and sea level rise (Passe,1996)
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Figure 4.12. The postglacial land uplift and the global sea level rise in the Olkiluoto
area. Curves are based on the data by Passe (1996). Circles denote the experimental
data by Eronen et al. (1995). Negative axis represents the past and positive the future,
whereas zero denotes the present time.

4.7 Initial and boundary conditions
Pressure
Specified pressure based on the elevation of the groundwater table is used as an initial
and boundary condition on the surface of the modelled volume. Ahokas & Herva (1993)
and Hanninen (1996) have constructed a map of the groundwater table for the Olkiluoto
area (Figure 4.14). However, the map is slightly incomplete covering only the present
Olkiluoto island, and not the mainland, neighbouring islands and the bottom of sea contained in the modelled domain. Thus, the present topography (Autio & Hakanen 1991)
(Figures 4.15 and 4.16) is employed when denning the initial condition on the surface that
is not covered by the present groundwater table data.
The measured average groundwater and ground levels (Ahokas & Herva 1993; Hanninen
1996) are presented in Figure 4.13. Although the groundwater level is clearly below the
ground surface, there is no clear correlation between them. However, the surface initial
conditions require an approximation for the present groundwater table. Thus, a relatively
simple, linear relation between the water and ground levels is applied in this study, i.e. the
groundwater table is assumed to be 0.56 times the topography. Figure 4.13 indicates that
the agreement of the linear fit to the measured points is not very good. But as in the case of
the hydraulic conductivity (Section 4.5), the match is not meant to be perfect, because the
fit represents the reasonable approximation necessary in the numerical simulation without
sufficient input data.
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: groundwater table = 0.56'topography
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Figure 4.13. The measured average groundwater and ground levels (Ahokas 1993) as
well as the linear fit used for the groundwater table.
In the future, the net effect of the postglacial land uplift and global sea level rise enlarges
the area of the island and increases the elevation of the groundwater table. Because it is
very uncertain how the cooling climate will affect the precipitation and groundwater table
in Scandinavia during the next 10000 years, the correlation between the groundwater and
ground levels is assumed to remain at its present state during the course of simulation.
Thus, the net uplift of the groundwater table is defined to be 0.56 times the net land uplift
given by Equation (4.7), i.e. the groundwater table is assumed to rise still about 24 meters
during next 10000 years. Despite its uncertainty, the applied surface boundary condition is
considered to be reasonable for this study. According to the used approach, the size of the
unsaturated zone increases with time. It could be argued that unsaturated zone becomes
smaller or at least remains the same as at the present. But even in that case the method
employed in this study underestimates the effect of the land uplift less than a factor of
two at most. Thus, the range of uncertainty relating to the surface boundary condition
is known, and it is quite small compared to uncertainties associated to, for example, the
hydraulic conductivities of the intact rock and the transmissivities of the fracture zones.
In the rest of the modelled volume the pressure is assumed to be hydrostatic, and the
initial conditions are defined by solving the flow equation (3.1) for the present situation
assuming the initial salinity concentration given by Equation (4.8). On the vertical faces
of the model the time-dependent specified residual pressures are used. In order to obtain
the boundary condition that allow flow through the boundary at each time step, the value
for the current vertical boundary node is defined from the pressures of the previous time
step by computing the average value of the boundary node and the nearest interior node.
Thus, the vertical boundary condition is computed "on-line", and the amount of water
flowing in and/or out through the vertical boundaries is approximated from the previous
results that are already used in the construction of the system matrices in the course of
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the transient finite element simulations. Naturally, the higher resolution of the boundary
elements and time steps leads to a better performance of this approach.
Although this method provides a convenient way to use specified nodal values as the
boundary conditions in the transient simulations, the finite resolution of the boundary elements and the time steps together with the velocity of water results in under/overestimation
of the amount of water flowing in/out of the modelled volume. If the time that it takes
from water to move through the boundary element is shorter than the current time step,
the boundary condition retards the flow near the boundary. On the contrary, the flow is
strengthened by the boundary condition, if water actually flows slower in the boundary
element.
At the bottom of the model at the depth of 1500 meters the no-flow boundary is applied.
This was based on the fact that due to the linearly decreasing hydraulic conductivities the
amount of the water flowing deeper in the bedrock can be considered insignificant.
The selection of the groundwater table at each nodal point on the surface to be a certain
fraction (0.56) of the topographic elevation may lead to unrealistically high fluxes of water
into the modelled domain, especially near places where highly transmissive fracture zones
reach the ground surface. In such regions it would be expected that the groundwater table
would be lower than in the regions away from the zones. However, the computed total
infiltration rate into the modelled domain is 44.4 mm/a (Figure 4.9), which is about 8 % of
the annual average precipitation (550 mm/a) at the Olkiluoto area (Ahokas & Aikas 1991;
Ahokas & Herva 1993; Hanninen 1996). Thus, the infiltration rate is quite reasonable,
although Ahokas & Herva (1993) have estimated that only about 1-2 % of the precipitation
infiltrates down into the bedrock, and the use of selected boundary conditions on the
surface is justified.

Salinity concentration
The initial and boundary conditions for salinity are based directly on the hydrogeochemical field investigations along the cored boreholes (Lampen & Snellman 1993; Snellman
et al. 1995; Ruotsalainen & Alhonmaki-Aalonen 1996; Ruotsalainen & Snellman 1996).
Although the salt content of groundwater in the bedrock of Olkiluoto varies with location,
the salinity concentration tends to, however, increase with depth (Figure 4.17). Thus, a
relatively simple and only depth dependent salinity model is employed in this study:
-0.04982^
co(z) = <J 3.582e-°-00332
72.0

0 < z < -100
-100 < z < -900
-900 < z < -1500.

(4.8)

The linear model is employed from the surface to the depth of 100 meters. From 100
meters to 900 meters the exponential fit is applied, whereas a constant value of 72 g/1
representing the highest TDS concentration found in boreholes is used from the depth of
900 meters to the bottom of the model. Measured salinity concentrations as a function of
depth and the corresponding salinity model (4.8) are shown in Figure 4.17. The simple

Figure 4.14. The present groundwater table of Olkiluoto. The blue colour denotes the
area for which the groundwater table data is not available.
initial salinity model representing the present day is considered reasonable for this work,
because the main objective of the study is to characterise the evolving flow conditions not
in the near future but up to thousands of years into the future.
At the surface of the model, a salinity value of 0 g/1 is used for the area which at each
time represents the groundwater table, whereas the TDS concentration of 5 g/1 (Tuominen 1994) is applied for the Baltic Sea and for the lakes developed from the local topographical depressions. On the vertical and bottom boundaries the time-dependent fixed
concentrations are used as in the case of the pressure boundary conditions above.

Figure 4.15. Topography of the Olkiluoto area at present and 100 years A. P.

Figure 4.16. Topography of the Olkiluoto area at 1000 and 10000 years A.P.

Figure 4.17. Measured TDS concentrations (Lampen & Snellman 1993; Snellman et al.
1995; Ruotsalainen & Alhonmdki-Aalonen 1996; Ruotsalainen & Snellman 1996) as a
function of depth and the salinity model employed as an initial conditions for concentration. The initial salinity concentration at the repository depth (500 m) is 18.7g/l.
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5

RESULTS

This chapter comprises the results of the groundwater flow modelling of Olkiluoto on the
site scale. The objective of the study is to provide results that can be used for characterising the groundwater flow conditions when evaluating the investigation sites and the
preconditions for safe final disposal of spent nuclear fuel. In addition, this work provides
the results for the site-specific data needs for the block scale groundwater flow modelling (Poteri & Laitinen 1999) and for the safety analyses TILA-99 (Vieno & Nordman
1999).
Numerical simulations of groundwater flow up to 10000 years into the future are performed using the most up-to-date fracture zone information. In the base case simulation,
the effects of density variations, land uplift and repository are taken into account. In
addition, in order to estimate roughly the effects of the repository on the flow, the simulations are also performed without repository. Calibration of the input parameters (e.g. the
transmissivities of the fracture zones), which typically belongs to the groundwater flow
analyses, is not included in this study.
The main result quantities that characterise the groundwater flow conditions are
• the residual pressure p r [kPa],
• the Darcy velocity q [m/s],
• the driving force [-],
© the flow rates Q [m3/a],
• the dominant flow paths, and
• the salinity (TDS) concentration c [g/1].
For the block scale analysis the driving force in the repository, in the intact rock in the
vicinity of the repository and along the flow paths as well as the length of the flow paths
are computed.
The results are presented at selected cross-sections and in the most important fracture
zones within the area covered by the borehole investigations as well as along the dominant
flow routes from the repository to the surface. The vertical cross-sections are located in
the centre of the present island and they are directed from southwest to northeast and from
northwest to southeast (see the location from Figures 4.3, 4.15 and 4.16). The horizontal
cross-section is located at the depth of 500 meters (the depth of the planned repository).
Most of the cross-sections extend to the boundaries of the modelled volume. The results
in the fracture zones are shown at two-dimensional elements representing the zones. In all
the figures the intersections with the fracture zones in the underlying conceptual structural
model are marked with black/white lines.
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The transient behaviour of the hydraulic conditions is considered at three different times:
at 100 and 10000 years after present (A.P.) representing saline and fresh groundwater
stages at the repository depth and at 1000 years A.P. exemplifying the transition stage
between the fresh and saline water conditions. The simulated results at 100 years A.P.
are interpreted to represent the present day, because by that point of time the model can
be considered to have "recovered" from the forced initial state and the land has not yet
risen enough to have an effect on the results. Consequently, the computed pressure and
concentration at 100 years A.P. are compared to the present measured values along the
cored boreholes. Ideally, the simulations could have been started at some time in the past
to obtain the present values, but that was not considered necessary, because the purpose
of the study is to characterise the groundwater flow conditions up to thousands of years
into the future.

5.1 Overall flow pattern
In this study, the flow equation (3.1) is expressed in terms of the residual pressure (the
total pressure without the hydrostatic component of fresh water). In contrast to the case
of constant density (flow is perpendicular to the equipotential lines), the flow directions
can not generally be deduced from the pressure contours in the case of varying density,
because of the density dependent buoyancy term (see Equations (3.1) and (3.6)). However,
because the buoyancy term equals to zero in the case of constant density and it belongs to
the vertical flow component only, the residual pressure contours can be employed when
considering the flow in the fresh water zone as well as the horizontal components of the
flow. Thus, the vertical groundwater flow is examined on the basis of the Darcy velocity
field, which is obtained from the pressure and concentration fields with the Equation (3.6),
whereas the residual pressures are used for the horizontal flow.
In Figures 5.1 and 5.2 the Darcy velocity is presented at the vertical southwest-northeast
and northwest-southeast cross-sections, that extend to the boundaries of the modelled volume (see the exact location from Figures 4.3, 4.15 and 4.16). The length of the velocity
vectors is constant and magnitude of flow is expressed by the colour bar. Thus, the velocities presented in the figures are the projections of the velocity vectors on the cross-section
planes. For example, at the vertical cross-section shorter vector denotes a more horizontal
flow direction than longer one.
Examination of the computed velocities shows that the overall flow pattern is mostly
controlled by the local variations in the topography. Below the island of Olkiluoto the
flow direction is mostly downwards, while near the shoreline and below the sea water
flows horizontally and/or upwards. The evolution of the hydraulic conditions (flow and
salinity field) with time seems not to have much effect on the flow pattern below the
present island, but below the present sea the changes are clear. When the shoreline moves
further on due to the land uplift the flow direction changes from upwards to horizontal,
for example, in the upper northeast part between the zones R3 and AR3 in Figure 5.1 and
in the upper northwest part in Figure 5.2). On the other hand, deeper in the bedrock below
the present sea the flow directions change from upwards to downwards with time.
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Besides the topography, the fracture zones with higher hydraulic conductivity than the
surrounding intact rock have an effect on the flow pattern, too. Figure 5.2 shows that the
fracture zone R8 in the northwest, R28 and AR8 in the southeast as well as R7, R20HY,
R24HY and R29 in the centre of the island bound the flow in the bedrock, i.e. water does
not flow through them. The same characteristics can be observed with the zones AR4,
AR6 and R6 in the southwest and AR1, AR3 and R3 in the northeast in Figure 5.1. In
addition, the subhorizontal zone R20HY above and R21 below the repository bound the
flow in the vertical direction. The magnitude of the Darcy velocity is at its largest about
10~8 — 10~ 7 m/s near the surface below the highest hills.
The residual pressures at the horizontal cross-section at the depth of 500 are presented
in Figures 5.3 and 5.4. The difference in the contours at present initial state and at 100
years A.P. illustrates the deficiencies in the initial salinity field (Section 4.7) from which
the initial pressure field is computed. Especially, below the area of the island the pressure
differences are clear due to the inaccurate, i.e. only depth dependent, salinity fit.
The horizontal pressure contours confirm the overall flow pattern based on the velocity
vectors at vertical cross-sections. At 100 years A.P. the horizontal flow from the centre of
the island as well as from the boundaries is directed mostly towards the two areas of lower
pressure located north and south of the island. As the shoreline moves further on due to
the land uplift these discharge areas move closer to the boundaries of the modelled area,
whereas the flow direction at the boundaries changes gradually from inwards to outwards.
Eventually, at 10000 years A.P. the overall horizontal flow outside the present island is
strongly directed through the boundaries.
In Figure 5.5 the computed residual pressures in the beginning of the simulation period
are presented with the present experimental values along the cored boreholes. Because
the measured fresh water heads (Hanninen 1996) only are available for this study, the
corresponding residual pressures are approximated by multiplying the measured heads
with the fresh water density. The experimental data represents naturally only the present
condition in the bedrock. Thus, it is appropriate to compare the computed values to the
measured ones only at a point of time when the model can be considered to have "recovered" from the forced initial state. The results at 100 years A.P. can be interpreted to
represent the present day, because by that point of time reasonably many time steps have
already been computed and the land has not yet risen too much to affect the results. The
computed values show an excellent overall agreement with the field data. The residual
pressure computed without the salinity (Figure 5.5) indicates that the increasing discrepancies in the deep borehole KR2 below the depth of 600 meters and in the boreholes KR3
and KR5 below the depth of 300 meters can be attributed to the deficient initial conditions
for salinity.

5.2

Flow in the fracture zones

The flow in the fracture zones is mainly presented using the Darcy velocity field obtained
from the pressure and concentration fields with the Equation (3.6). As was already pointed

Figure 5.1. Computed Darcy velocity at the vertical southwest-northeast cross-section
extending to the boundaries of the modelled volume (see exact the location from Figures 4.3, 4.15 and 4.16).

Figure 5.2. Computed Darcy velocity at vertical northwest-southeast cross-section extending to the boundaries of the modelled volume (see the exact location from Figures 4.3, 4.15 and 4.16).

Figure 5.3. Computed residual pressure at horizontal cross-section at the depth of 500
meters at present initial state and 100 years A. P.

Figure 5.4. Computed residual pressure at horizontal cross-section at the depth of 500
meters at 1000 and 10000 years A. P.
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Figure 5.5. Measured and simulated residual pressure along the cored boreholes KR1KR5 at the first time steps. Measured values are based on the fresh water heads by Hdnninen (1996). The red curve denotes the pressure compute without salinity concentration.
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out in Section 4.4 the zones are modelled by using two-dimensional elements and assuming water to flow only parallel to the plane of the zone. Thus, the velocities computed in
this study are in fact the projections of the real three dimensional vectors to the plane of
the zone. However, the contrast of the hydraulic conductivity between the zones and the
intact rock being more than three orders of magnitude justifies the approach employed in
this study.
Computed Darcy velocity in the fracture zones R16 and R21 as well as in the zones
R1/AR1, R3, R10HY and R27 at 10000 years A.P. are presented in Figures 5.6 and 5.7,
respectively. Corresponding residual pressures are illustrated in Figures 5.6 and 5.8. In
Appendices A-E the Darcy velocity in the zones R1/AR1, R3, R21, R27 and R29 are
shown at 100, 1000 and 10000 years A.P.
There are two fracture zones belonging to the lower transmissivity class (Table 4.1 and
Figure 4.8) that intersect the repository: R16, which is a vertical zone and is located in the
north-south direction, and the zone R10HY located in the southwest-northeast direction
dipping from the northwest to southeast. Water in R16 flows downwards to two intersecting subhorizontal fracture zones (R20HY and R21) belonging to higher transmissivity
class (Table 4.1 and Figure 4.8). The flow direction in the intersections of the subhorizontal zones is upwards, and thus especially the zone R21 provides the possible flow
route from the repository to the surface. At the same time, the flow bends slightly to the
north, because the northern part of R16 belongs to the lower part of topography than the
southern part.
The fracture zone R29 divides the zone R10HY into two parts. In the southwestern part,
water flows horizontally towards the zone R6, while in the northeastern part the flow
is directed horizontally to the zone AR1, upwards to the area of the lower groundwater
table and downwards to the zone R21, which again constitutes the flow route from the
repository. The magnitude of the Darcy velocity in the zones R16 and R10HY at the
repository depth is about 10~10 — 10~ 9 m/s. The directions and magnitudes of the flow
both in the zone R16 and R10HY remain substantially the same regardless of the changing
hydraulic conditions.
The fracture zone R21 is located in the southwest-northeast direction dipping to the southeast below the repository to the depth of 1000 meters. The upper northeast part lies below
the present sea resulting in a strong upward flow towards the zone R3. The higher transmissivity, the upward flow direction and the location in the vicinity of the repository result
in a major flow path to the surface. The magnitude of the Darcy velocity in the zone R21
at the depth of 500 meters is about 10~9 — 10~ 8 m/s. With time the flow upwards is
strengthened further on also deeper in the zone (Appendix C).
R27 (higher transmissivity class) is a vertical zone located in the west-east direction
mostly below the present sea. The west part of the zone extends to the boundary of
the modelling, while the east part extends below the island near to the south corner of the
repository, and thus enabling the flow route to westwards. Due to the location partly at
boundary and partly below the present sea and inland, the flow in the fracture zone R27
changes with time (Appendix D). At 100 years A.P. the flow is mostly horizontal from
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west to east, except in the upper west and east corners, in which water flows upwards,
because of the variations in the topography. However, as time goes by and the area of
the island enlarges the flow direction turns gradually westwards from the upper east part.
Eventually at 10000 years A.P., water flows essentially only from east to west opposite
to the situation in the beginning of the simulation period. The magnitude of the Darcy
velocity in the zone R27 at the depth of 500 meters is about 10~9 — 10~ 8 m/s.
Likewise as the fracture zone R27, the zones R3 and R1/AR1 (higher transmissivity class)
are located partly below the present sea and partly below the present island. R3 and
R1/AR1 extend both through the whole modelling area in the northwest-southeast and
west-east directions, respectively. In addition, both zones are situated partly below the
area of lower groundwater table and they are connected to the zone R21, which constitutes
the major flow route from repository. The flow in both zones is clearly dominated by the
local minima and maxima of the groundwater table situated along the zone. The effect of
the evolution of the hydraulic conditions are clear, too (Appendices A and B). During the
simulation period water from the surface flows deeper and deeper in the zones, and the
flow direction below the present island changes from northwestwards to southeastwards
in R3 and from westwards to eastwards in R1/AR1. The magnitude of the Darcy velocity
in the both zones at the repository depth is about 10~10 — 10~ 8 m/s.
The flow in the fracture zone R29, situated in the northwest-southeast direction in the
middle of the island near the repository, is dominated by the two high hills of Olkiluoto
(Appendix E). Once again the fresh water from the surface flows deeper in the zone with
time the magnitude of the Darcy velocity at the depth of 500 meters being about 10~10 —
10- 8 m/s.
The computed infiltration rate in the fracture zones (local and regional) as well as in the
intact rock at the depth of 10 meters is presented in Figure 4.9. The total rate is 44.4
mm/a, which is about 8 % of the annual average precipitation (550 mm/a) at the Olkiluoto area (Ahokas & Aikas 1991; Ahokas & Herva 1993). However, Ahokas & Herva
(1993) have estimated that only about 1-2 % of the precipitation infiltrates deep down the
bedrock. Thus, the computed value is too large, which suggests too high transmissivities
in some zones. Figure 4.9 indicates that the highest infiltration rates are in the zones R3,
R5, R6, R19HY, R20HY, R24HY, R28, R29, AR6 and AR9. Too high transmissivities
obviously have some effects on the results, but the calibration process is beyond the scope
of this study.

5.3

Flow in the vicinity of the repository

5.3.1 Darcy velocity
The Darcy velocity at horizontal cross-section as well as at the vertical south-north crosssections are presented in Figures 5.9-5.11. The horizontal cross-section is located at the
depth of 500 meters in the vicinity of the repository (see the exact location of the crosssection from Figures 4.3, 4.15 and 4.16), whereas the vertical cross-section intersects the

Figure 5.6. Computed Darcy velocity and residual pressure in the fracture zones R16 and
R21 at 10000 years A. P. The arrows denote the dominant flow routes from the repository
(see Table 5.3 and Figure 5.16).

Figure 5.7. Computed Darcy velocity in the fracture zones R1/AR1, R3, R10HY and R27 at 10000 years A. P. The arrows denote the dominant
flow routes from the repository (see Table 5.3 and Figure 5.16).

Figure 5.8. Computed residual pressure in the fracture zones R1/AR1, R3, R10HY and R27 at 10000 years A.P. The arrows denote the
dominant flow routes from the repository (see Table 5.3 and Figure 5.16).
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repository and extend from surface to the depth of 1000 meters (the depth of the modelled
volume is 1500 meters). The length of the velocity vectors is constant and magnitude
of flow is expressed by the colour bar. Thus, the velocities presented in the figures are
the projections of the velocity vectors on the cross-section planes. For example, at the
horizontal cross-section a shorter vector denotes a more vertical flow direction than a
longer one.
The location below the hill (see Figures 4.15 and 4.16) divides the repository (and disturbed zone) into two parts. At and from the northern part of the repository water flows
sloping downwards to north towards the fracture zones R21 and R10HY. At 100 years
A.P. water continues to flow eastwards along R1/AR1, whereas after 1000 years A.P. water flows upwards along the zone R21. At and from the southern part of the repository
the flow is directed sloping downwards to south and southwest. At 100 years A.P. water
flows towards the zones R20HY and R29 and along them further on to the zone R18L and
the area below the sea. As time goes by the flow is directed more through the zone R29
towards R18L and further on to west when the shoreline moves further on due to the land
uplift.
The magnitude of the Darcy velocity is about 10~12 — 1 0 " n m / s at the southern part of the
repository and 10~ n — 10~ lo m/s at the northern part. The velocities are highest (10~9 —
l ( r 8 m / s ) in the zones AR4, R1/AR1, R3, R6, R7, R24HY, R29 and R21, and lowest
(10~13 — 10~ 12 m/s) in the intact rock, naturally. The magnitudes remain substantially the
same during the whole simulation period.
Figure 5.11 shows that the subhorizontal zone R20HY above the repository acts as a
barrier and prevents water to flow from the surface to deeper in the bedrock, while the
zone R21 collects most of water flowing through the repository.

5.3.2

Flow rates

Due to the simplified modelling of the repository and the surrounding disturbed zone as
a two-dimensional plate, the flow distribution inside the repository can not described in
detail in this study. However, the main characteristics of the groundwater flow in the
repository can be considered by placing an enclosed control box closely around the plate
representing the repository and disturbed zone (Figure 5.11), and by computing the flow
rates through the faces of the box. The flow rate Q, i.e. the amount of water flowing
perpendicular through each face, is then determined from the Darcy velocity q (3.6) as
Q= / q-dA,

(5.1)

JA

where A is the area of the face.
The repository is located at a depth of 500 meters and is intersected by two fracture zones
(R10HY and R16) as shown in Figure 4.4. The height of the control box is 50 meters
and the area of the top and bottom faces are about 800000 m2. The distance between
the repository and the faces of the box is about 20-30 meters. The calculated inflow and

Figure 5.9. Computed Darcy velocity at the depth of 500 meters at present initial state
and 100 years A.P. See the exact location of the cross-section from Figures 4.3, 4.15
and 4.16.

Figure 5.10. Computed Darcy velocity at the depth of 500 meters at 1000 and 10000
years A.P. See the exact location of the cross-section from Figures 4.3, 4.15 and 4.16.

Figure 5.11. Computed Darcy velocity at vertical south-north cross-section. See the exact
location of the cross-section from Figures 4.3, 4.15 and 4.16. The control box used in the
computation of the flow rates is marked around the repository.
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outflow rates through the faces of the box with and without the repository are presented
in Figure 5.12 at 100, 1000 and 10000 years A.P. The total flow rates through the control
box are summarised in Table 5.1.
The computed results show that most of water (about 93-95 %) flows into the control box
from above, while a small amount of water (3-4 %) enters the box also from the northwest.
On the other hand, 90-91 % of water flows out of the box downwards, but a small portion
of water (9 %) leaves the repository through the northwest face, too. Thus, the flow in the
vicinity of the repository is mainly vertical, which is natural due to the location below the
higher elevation of the topography (see Figures 4.15 and 4.16).
A major part of water flows along the intersecting fracture zones R10HY and R16, because of more than three orders of magnitude higher hydraulic conductivity than the surrounding intact rock. Table 5.1 shows that the amount of water flowing in and out of the
control box along the zones is approximately the same. This can be interpreted in a way
that there is no water exchange between the zones and the actual tunnel system of the
repository. Therefore, the water flowing in and out of the control box through the intact
rock can be considered to represent the amount of water flowing in the tunnels, because
the distance between the intersecting fracture zones and the deposition holes is planned
to be at least 10 meters (Riekkola et al. 1996). Thus, the actual amount of water flowing
through the repository is about 12-18 m3/a (Table 5.1).
The flow rates change with time. Whereas the amount of water flowing along the fracture
zone R10HY decreases, the flow along the zone R16 and through the intact rock fluctuates
over time. Because the flow rates are computed perpendicular to the faces of the control
box, their values naturally are dependent not only on the magnitude and but also direction
of the flow at the faces. For example, Figure 5.11 shows that although the magnitude of
the Darcy velocity near the repository remains substantially unchanged, the flow direction
turns gradually more northwards with time resulting in changing flow rates.
Comparing the results computed with and without the repository indicates that the repository has a small effect on the flow in its surroundings increasing the total flow rates only
about 1-3 %. This behaviour is natural, because the flow nearby the repository is mainly
vertical. If the repository is located at a position where water flows horizontally, the flow
would be significantly increased through the repository area by its presence. However,
too far-reaching conclusions of the effects of the repository should not be made because
the construction and operational phases are ignored in this study.
In theory, the total amount of water flowing in and out of the control box should be the
same, but as Table 5.1 shows the inflow rates are slightly larger than the outflow rates
resulting in about 2-6 % relative numerical error in the total mass balances, which still is
in reasonable limits.

Figure 5.12. The flow rates through faces of the control box with (top) and without (bottom) the repository. Blue colour denotes the inflow rates, while red represents the outflow
rates. For each face the values (not equal to zero) for the intersecting fracture zones
(R10HY and R16) and the intact rock (IR) are presented. Scale of the box in the vertical
direction is exaggerated.
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Table 5.1. The total inflow and outflow rates [rtt'/a] through the control box in the cases
with, and without repository.
Time
100

Case
With
repository
Without
repository
1000
With
repository
Without
repository
10000 With
repository
Without
repository

5.3.3

In
Out
In
Out
In
Out
In
Out
In
Out
In
Out

R10HY R16 Intact rock total
19.2 14.7
14.1
47.9
13.2
19.1 13.0
45.2
14.2
19.2 13.8
47.2
13.0
18.8 12.8
44.6
12.3
23.8 17.4
53.5
24.1 15.7
12.2
52.0
12.5
23.6 16.3
52.3
23.6
15.4
50.9
11.9
22.2 12.9
47.0
11.9
22.0 12.0
45.7
11.7
12.0
21.9 11.9
45.8
21.7 11.4
11.5
44.6

Driving force

One objective of this study is to compute the magnitude of the driving force in the repository as well as in the intact rock between the repository and the nearest fracture zones
for the block scale modelling (Poteri & Laitinen 1999). Because of the varying salinity
concentration at Olkiluoto, the driving force in this work is given by the combination of
the residual pressure gradient and the gravitational force. Thus, the driving force for the
block scale analyses can be expressed by substituting Equation (3.2) into Equation (3.6)
and ignoring the hydraulic conductivity K
driving force =

1
P9

(Vpr + (p-

po)gVz)

(5.2)

The driving force in the intact rock and the repository are illustrated at the horizontal
cross-section at the depth of 500 meters in Figure 5.13. The range and the average values at the repository and in the various areas of the intact rock within the distance of 100
meters to the repository are summarised in Table 5.2. The range of the driving force (minimum and maximum values) and the average value in the intact rock near the repository
are about 0.1-2 % and 0.6-0.8 %, and they remain substantially the same during the next
10000 years. The highest values are less than a half of the maximum value of about 4-5
% encountered near the surface.
From the point of view of the block scale modelling, the most important areas surrounding the repository are the ones along the main flow routes. As has been noticed earlier
in this section water flows out of the repository sloping downwards to north and southwest. Additionally, the zone R21 constitutes the major flow route from the repository (see
Section 5.4). The average driving forces in the intact rock northwestwards and down-
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wards from the repository are about 0.7-1 %, whereas the corresponding values in the
southwestwards from the repository are slightly lower being about 0.5-0.6 %.
The changing hydraulic conditions, i.e. the evolution of salinity field and land uplift,
seem to have only a minor effect on the driving force in the vicinity of the repository.
The postglacial land uplift raises every point in the surface of the modelled volume by
the same height. Although the pressure of the groundwater table increases with time,
the topographical variations, however, remain the same below the present area of the
island. Only below the present sea and the coast, where the shoreline moves further on,
the uplift has effect on the topographical variations and thus also on the driving force,
which changes from 0.01-0.05 % to 0.5-1 % at the northeast corner of the cross-section
in Figure 5.13. Accordingly, the maximum value of about 4-5 % encountered near the
surface remains constant over time. Likewise, the driving force in the vicinity of the
repository located below the centre of the present island changes only a little.
The range of the gradient at the repository area is 0.01-1 % the average value being about
0.1-0.3 %, which is naturally lower than in the surrounding intact rock. The area of
lower gradient divides the repository into two parts with different flow directions (see
Figures 5.9 and 5.10). The lower gradient (and division) is due to the location just below
the higher elevation of the topography (see Figures 4.15 and 4.16). The size of the dividing
area diminishes with time.
The range of the gradients along the dominant flow routes from the repository to the depth
of 300 meters are summarised in Table 5.4, whereas gradients in the two zones (R10HY
and R16) intersecting the repository are presented in Appendices F and G.

5.4 Dominant flow routes
The dominant flow routes from the repository and the discharge areas are determined
by computing hundreds of path lines from the Darcy velocity field, and by examining
the velocities at fracture zones along the computed routes. The flow route analysis is
performed at 100, 1000 and 10000 years A.P. assuming fixed hydraulic conditions at each
point of time. Although the outcome of this approach should not be considered as real path
lines, but "snapshots" in time with fixed flow and salinity field, it can still be employed
when considering potential flow routes and the effect of the evolving hydraulic conditions
on the routes and discharge areas.
The determined ("snapshots" of) flow paths at 100, 1000 and 10000 years A.P. are shown
in Table 5.3 and Figure 5.16. The corresponding departure and discharge areas are presented in Figure 5.15. At each point of time the location of initial points of the path
lines divides the repository into two or three areas, from which water departs to different
discharge areas at surface or boundaries of the modelled volume. As was concluded in
the analysis of flow rates in the previous section, the flow in the vicinity of the repository is mainly vertical. Thus, the flow routes about 100-200 meters below the repository
are directed downwards along the intact rock, until they turn their direction towards the
neighbouring fracture zones.

Figure 5.13. The computed driving force in the intact rock and the repository at the depth
of 500 meters. See the exact location of the horizontal cross-section from Figures 4.3, 4.15
and 4.16.

Figure 5.14. The computed driving force in the intact rock. See the exact location of the
vertical south-north cross-section from Figures 4.3, 4.15 and 4.16.
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Table 5.2. The range and average value of the driving force [%] at the repository and in
the intact rock within the distance of 100 meters to the repository. Values for the intact
rock are given for the whole area surrounding the repository as well as for the areas to
northwestwards, southwestwards and downwards from the repository. For comparison,
the maximum driving force encountered near the surface is about 4-5 %.
Area
Intact rock
(total)

Intact rock
(northwestwards
from repository)
Intact rock
(southwestwards
from repository)
Intact rock
(downwards
from repository)
Repository

Time
present
100
1000
10000
present
100
1000
10000
present
100
1000
10000
present
100
1000
10000
present
100
1000
10000

Minimum [%] Maximum [%] Average [%]
0.16
1.0
0.48
0.11
1.3
0.65
0.17
0.77
1.7
0.63
0.21
1.5
0.16
1.0
0.63
0.11
1.3
0.77
0.18
1.7
0.93
0.25
0.90
1.5
0.22
0.81
0.44
0.28
0.55
0.79
0.54
0.28
0.85
0.28
0.85
0.50
0.28
0.75
0.51
0.43
0.75
0.99
1.4
0.58
0.97
0.35
0.72
1.1
0.0070
0.69
0.18
0.74
0.14
0.0086
0.0034
0.91
0.21
0.24
0.0180
0.93

The routes from the departure areas Al, Bl and Cl (Figure 5.15) turn to the zones R6,
R21 and R29 moving on along the zone R27 until surfacing at the near intersection of
the zones R5/R6L (discharge area SA1), AR4 (SB1) and R18L (SCI). After leaving the
repository water flows from the departure areas B2 and C2 down to the fracture zone R21,
along which it continues upwards until reaching the zone R3 and surface (discharge areas
SB2 and SC2). Water from the departure area A2 leaves the repository towards the zones
R16 and R21 moving on along the zone AR1 and discharging at the area SA2, while
water from the area C3 flows through the intact rock and the zone R16 continuing along
the zone AR1 beyond the boundary of the modelled volume. This suggests that the size
of the model is not large enough, but at least the northeast boundary could extend about
1-2 km farther from the present location (Figure 4.1).
From the results explained above and presented in Table 5.3 and Figure 5.16 it can be
concluded that the fracture zone R21 constitutes the most important flow route from the
repository into the biosphere. The zone R21 dips from the northwest below the repository
to the depth of 1000 meters, whereas its upper northeast part is located below the present
sea. Thus, the upper part of R21 belongs to the area of low topography resulting in a
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strong upward flow direction in R21 (at least) until 10000 years A.P. Accordingly, the
surface area north of the present island along the fracture zone R3 (Figure 5.15) is the
most important discharge area of water coming from the repository.
For the block scale groundwater flow modelling, the travel distance and the range of
the driving force along the dominant flow routes from the repository up to the depth of
300 meters are summarised in Table 5.4. Driving force in the zone R21 is presented in
Appendix H.
Table 5.3. The dominant flow mutes (Figure 5.16) from the repository, and the corresponding departure and discharge areas (Figure 5.15). IR refers to the intact rock,
whereas b denotes that the route extends beyond the boundary of the modelled volume.
The routes represent "snapshots" in time with fixed flow and salinity field (see text above
for details).
Time
100
1000
10000

Departure
area
Al
A2
Bl
B2
Cl
C2
C3

Route
IR -> R27
IR/R10HY/R16^R21 -->• ARl
IR -» R27
IR/R10HY/R16->R21 --» R3
IR -> R27
IR/R10HY^R21^R3
IR/R16 -> ARl

Discharge
area
SAl
SA2
SB1
SB2
SCI
SC2
SC3 (b)

5.5 Salinity concentration
In the field of groundwater chemistry saline groundwaters are usually classified according
to the concentration of Total Dissolved Solids (TDS). This work employs the classification
by Davis (1964) who has defined four different categories presented in Table 5.5.
The salinity concentration is obtained directly from the transport equation (3.4). The
evolution of the salinity field at the Olkiluoto area is illustrated by Figures 5.17-5.20,
in which the simulated concentrations are presented at the vertical southwest-northeast
and northwest-southeast cross-sections (see the exact location of the cross-sections from
Figure 4.3) as well as horizontal cross-section at a depth of 500 meters covering the whole
modelled volume. The results show how the salinity content of groundwater is changing,
when the island is gradually rising from the sea. The postglacial land uplift causes fresh
water to replace brackish and saline water below the widening area of the island. Fresh
water not only pushes brackish and saline water deeper in the bedrock but also to the
horizontal direction in the outside and lower parts of the island (Figure 5.20). Eventually,
after 10000 years A.P. brackish and saline water in the bedrock will be flushed by fresh
water down to the depth of about 600 meters below the area of the present island. Thus,
the modelling results indicate that the groundwater chemistry in the repository area and
in the nearby bedrock will change in the future.

Figure 5.15. Departure areas at the repository (top) and discharge areas at the surface
(bottom) for the flow routes from the repository. SC3 reaches the boundaries of the modelled volume. The departure and discharge areas represent "snapshots" in time with fixed
flow and salinity field (see text above for details).

Figure 5.16. The dominant flow routes from the repository at 100, 1000 and 10000 years A.R The routes represent "snapshots" in time with
fixed flow and salinity field (see text above for details). The dashed lines denote the vertical direction of flow routes below and in the vicinity
J
of the repository.
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Table 5.4. The travel distance and the range of the driving force along the dominant flow
routes (see Figure 5.16, Table 5.3) from the repository to the depth of 300 meters.
Time
100

Departure
area
Al
A2

1000

Bl
B2

10000

Cl
C2
C3

Route
IR
R27
IR
R21
AR1
IR
R27
IR
R21
IR
R27
IR
R21
IR
AR1

Travel distance [m]
200
450
50-150
400
550
350
950
50-150
400-750
500
1450
50-150
400-800
50-150
1650

Driving force [%]
minimum maximum
average
0.28
0.79
0.55
0.02
0.75
0.037
0.77
1.3
0.11
0.074
0.0058
0.87
0.10
0.50
0.014
0.28
0.85
0.54
0.64
0.0086
0.045
0.93
0.18
1.7
0.15
0.0079
1.4
0.28
0.85
0.50
1.0
0.50
0.1
0.25
1.5
0.90
1.5
0.17
0.0079
0.25
0.90
1.5
1.0
0.50
0.040

Table 5.5. Classification of groundwaters according to the Total Dissolved Solid and
chloride content [g/l] (Davis 1964).
TDS
<1
1-10
10-100
100 <

Cl
< 0.6
0.6-6
6-60
60 <

Davis (1964)
Fresh water
Brackish water
Saline water
Brine

The depth of fresh water range depends on the variations in the groundwater table, the
transmissivities of the fracture zones and hydraulic conductivity of the intact rock. The
deepest fresh water is encountered at the depth of about 1000 meters in the fracture zones
belonging to the higher transmissivity class (A in Table 4.1) and/or locating below the
higher elevation of groundwater table (e.g. zones AR1, Rl, R3, R21, R29 in Figures 5.17
and 5.18 and Appendices I-O). Figure 5.20 at 1000 years A.R shows that the fresh and
slightly brackish water first reaches the depth of 500 meters below the highest hills of 01kiluoto. On the other hand, in the intact rock near the southwest boundary (Figure 5.17),
the fresh water reaches only the depth of about 200-300 meters, because of the location
below the area of lower elevation of topography and/or in the part of bedrock not intersected by many fracture zones. The width of the transition zone, between the fresh and
saline groundwater, can be observed to be about 200-300 m. Additionally, the overall
flow pattern described in Section 5.1 and Figure 5.1 about the subhorizontal zone R20HY
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above and R21 below the repository bounding the flow in the vertical direction is evident
in salinity contours as well (Figure 5.17).
The computed salinity together with the measured values along the cored boreholes KR15 are presented in Figure 5.22. The experimental data for salinity represent the present
salinity distribution in the bedrock, only. Thus, it is appropriate to compare the computed
concentrations to the measured ones only at a point of time when the model can be considered to have "recovered" from the forced initial state. The results at 100 years A.P. can
be interpreted to represent the present day, because by that point of time reasonably many
time steps have already been computed and the land has not yet uplifted too much. The
concentration values at 100 years A.P. show that overall agreement with the field data is
fairly good. However, the higher salinities (4-8 g/1) observed at quite close to the surface (at the depth of about 100-200 meters) in the boreholes KR3, KR4 and KR5 were
not reached in the simulations. One possible reason for the discrepancy is the simple approach taken in the initial depth dependent salinity distribution. The previous modelling
tasks by Lofman & Taivassalo (1995) and Lofman (1996) have shown that evolution of
the salinity concentration is sensitive to the (usually poorly known) initial salinity field.
The most uncertain and important input parameter from the point of view of solute transport is the flow porosity, for which the experimental values were not available in this
study. The diffusion of solutes between fractures with moving water and matrix blocks
with essentially stagnant water is another factor that retards the mass transport process
through the fractured bedrock. Because in this study water is assumed to flow through the
whole system and the matrix diffusion is ignored, the results may be different compared
to those computed with the matrix diffusion, as in the studies by Lofman & Taivassalo
(1995) and Lofman (1996). In addition, it must be noted that the possible intrusion of
fresh and less saline water into the repository area during the construction and operation phase, which is not taken into account in this study, may have effect on the salinity
distribution as well.

Figure 5.17. Computed salinity concentration at vertical southwest-northeast crosssection extending to the boundaries of the modelled, volume (see the exact location from
Figure 4.3).

Figure 5.18. Computed salinity concentration at vertical northwest-southeast crosssection extending to the boundaries of the modelled volume (see the exact location from
Figures 4.3, 4.15 and 4.16).

Figure 5.19. Computed salinity concentration at horizontal cross-section at the depth of
500 meters at present initial state and 100 years A. P.

Figure 5.20, Computed salinity concentration at horizontal cross-section at the depth of
500 meters at 1000 and 10000 years A.R

Figure 5.21. Computed salinity concentration in the fracture zones R1/AR1, R3, R10HY and R27 at 10000 years A.P. The arrows denote the
dominant flow routes from the repository (see Table 5.3 and Figure 5.16).
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Figure 5.22. Measured and simulated salinity concentration (TDS) along the cored boreholes KR1-KR5 at the first time steps. Measured values are based on Lampen & Snellman
(1993), Snellman et al. (1995), Ruotsalainen & Alhonmdki-Aalonen (1996) and Ruotsalainen & Snellman (1996).
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6

SUMMARY AND CONCLUSIONS

This work comprises the groundwater flow modelling for Olkiluoto on the site scale.
The objective of the study is to provide results that can be used for evaluation of the
investigation sites and of the preconditions for safe final disposal of spent nuclear fuel. In
addition, this work provides the results for the site-specific data needs for the block scale
groundwater flow modelling (Poteri & Laitinen 1999) in Olkiluoto.

Modelling approach
The effects of varying density, postglacial land uplift and repository have been taken into
account in the groundwater flow analysis, which is performed by means of numerical
simulation of coupled and transient groundwater flow and solute transport. The simulations have been carried out from the present day up to 10000 years into the future. Flow
and transport are described by a mathematical model that consists of two coupled, timedependent non-linear partial differential equations (Equations (3.1) and (3.4)) written for
the residual pressure (the total pressure without the hydrostatic component of fresh water)
and the TDS (= Total Dissolved Solids) concentration. The equations are solved numerically employing the finite element method with linear elements.
Conceptually the fractured bedrock is divided into hydraulic units, the planar fracture
zones and the intact rock, for which the equivalent-continuum (EC) model is applied separately (Figure 3.1). Thus, the fractured medium is treated as a piecewise homogeneous
continuum with representative average characteristics. The geometry of the fracture zones
is based on the latest geological bedrock model, and each individual zone is modelled explicitly.
The repository and the surrounding disturbed zone of bedrock are modelled as a twodimensional structure having higher transmissivity than the surrounding intact rock. Effects of the construction and operation phase are not considered, i.e. the repository is
assumed to be closed and fully saturated at the beginning of the simulation period. In
addition, the effects of temperature rise caused by the heat generation of the spent nuclear
fuel are considered to be insignificant compared to those of the natural hydraulic gradient.

Site-specific flow and transport model
A site-specific simulation model for groundwater flow and solute transport is developed
on the basis of the latest geological, hydrogeological and hydrogeochemical field investigations at the Olkiluoto area, and it contains all the data necessary for numerical simulations.
The modelling area (Figure 4.1) is selected to be about 26 km2 and it covers the whole
Olkiluoto island and the surrounding sea in such a way that the distance of the vertical
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boundaries from the centre of the island is about 2-3 km, while the depth of the modelled
domain is 1.5 km. The geometry of the fracture zones (Figures 4.2 and 4.3) is based on
the latest geological bedrock model, and it contains 33 individual fracture zones. The
repository and the surrounding disturbed zone is located at a depth of 500 meters and
intersected by two fracture zones, R10HY and R16 (Figure 4.4).
For the numerical simulations the modelled volume is discretised into a finite element
mesh containing 47000 three-dimensional elements representing the intact rock embedded with 18000 two-dimensional quadrilateral and triangular elements for the fracture
zones (Figure 4.6). Due to the planar structure and the high contrast of the hydraulic conductivities (more than two orders of magnitude higher than in the intact rock), water in
the zones can be assumed to flow parallel to the plane of the zone justifying the use of
two-dimensional elements.
The properties of the bedrock are based on the geological, hydrogeological and hydrogeochemical field investigations. The transmissivity of the fracture zones is assumed to vary
exponentially with depth according to the fit (Equations (4.1) and (4.2), Table 4.1 and
Figure 4.8) based on the difference flow measurements in packer intervals in the cored
boreholes (Pollanen & Rouhiainen 1996a; Pollanen & Rouhiainen 1996b) as well as on
the geological interpretations. The fracture zones are divided by Saksa et al. (1998) into
two categories according to the measured transmissivity. The largest uncertainties are
naturally related to the zones without measured values and the zones with two or three
measured values that differ strongly from each other. In addition, the computed infiltration rate (about 8 % of the annual average precipitation) suggests too high transmissivities
in some zones belonging to the higher transmissivity class (Figure 4.9). This obviously
has some effects on the results, but the calibration of transmissivities is beyond the scope
of this study. The repository plate is assumed to have an isotropic transmissivity, which
includes the hydrological properties of the tunnel system and the surrounding disturbed
rock zone.
Because the intact rock is modelled conceptually as a (equivalent) continuum with representative average characteristics (Section 3.1), the measured small-scale hydraulic conductivities are averaged in order to obtain the conductivies that represent the similar overall behaviour of the network of fractures on a larger length scale. Thus, the hydraulic
conductivity used in the simulations is the upscaled effective average conductivity, which
is required due to the selected modelling approach. The agreement between the measured values and exponentially depth-dependent conductivity is not very good, because
the measured conductivities vary strongly. However, the hydraulic conductivity should
not be interpreted as a fit to the measured data, but it represents the effective large-scale
conductivity that does not correspond simply to the data on smaller length scales. Although the computed infiltration rate in the intact rock (Figure 4.9) shows that the average
conductivity is in reasonable limits with respect to the annual average precipitation at the
Olkiluoto area, it is obvious that the depth dependent hydraulic conductivity constitutes
one of the major sources of uncertainty in this work.
The present groundwater table (Figure 4.14) and topography (Figure 4.15) as well as the
salinity concentration for fresh and sea water are employed as an initial condition at the
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surface of the model. In the rest of the modelled volume the initial pressure is assumed
to be hydrostatic, and the values assigned to the nodes are calculated according to a relatively simple (only depth-dependent) salinity model (Equation (4.8) and Figure (4.17))
based directly on the measured salinities along the cored boreholes. Time-dependent and
specified boundary conditions are applied for both pressure and concentration during the
simulation. The present groundwater table and topography together with a mathematical
model describing the land uplift and sea level rise in future (Equations 4.6, 4.5 and 4.7)
are employed as a boundary condition at the surface of the model. On the vertical faces
the pressure and concentration are defined from the values of the previous time step by
computing the average value of the boundary node and the nearest interior node. At the
bottom of the model at the depth of 1500 meters the no-flow boundary is applied, which
is based on the fact that due to the exponentially decreasing hydraulic conductivities the
amount of the water flowing deeper in the bedrock is insignificant.

Results
The main result quantities that characterise the flow conditions at the Olkiluoto area are
the amount, direction, velocity and routes as well as salinity concentration of water flowing deep in the bedrock. For the block scale analysis the driving force in the repository,
in the intact rock in the vicinity of the repository and along the flow routes as well as the
length of the routes are computed.
The overall flow pattern is mostly controlled by the local variations in the topography
(Figures 5.1-5.4). Below the island of Olkiluoto the flow direction is mostly downwards,
while near the shoreline and below the sea water flows horizontally and/or upwards. The
evolution of the hydraulic conditions (flow and salinity field) with time seems not to have
much effect on the flow pattern below the present island, but mostly below the present sea.
When the shoreline moves further on due to the land uplift the flow direction changes
from upwards to horizontal and the discharge areas move closer to the boundaries of
the modelled area, whereas the flow direction at the boundaries changes gradually from
inwards to outwards. Eventually, at 10000 years A.P. the overall horizontal flow outside
the present island is strongly directed through the boundaries.
The groundwater flow in the vicinity of the repository is mainly vertical due to the location
at the centre of the island below the higher elevation of the topography (Figures 5.95.11). Water flows sloping downwards to north towards the fracture zones R10HY and
R21 as well as to south and southwest towards the zone R18L. The subhorizontal fracture
zone R21 is located dipping from northwest to southeast below the repository, and its
upper northeast part lies below the present sea resulting in a strong upward flow towards
the zone R3. The high transmissivity, the upward flow direction and the location in the
vicinity of the repository result in a major flow route to the surface. Another flow route
from the repository is along the zone R18L to west when the shoreline moves further on
due to the land uplift.
Accordingly, the computed flow rates through the control box placed closely around the
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plate representing the repository and disturbed zone indicate that most of water flows into
the repository from above and leaves the repository through the bottom face (Table 5.1 and
Figure 5.12). A major part of water flows along the intersecting fracture zones R10HY
and R16, because of more than three orders of magnitude higher hydraulic conductivity
than the surrounding intact rock. Assuming that there is no water exchange between the
intersecting zones and the actual tunnel system of the repository, water flowing in and out
of the control box through the intact rock (about 12-18 m3/a) can be interpreted to represent the actual amount of water flowing in the tunnels. The subhorizontal fracture zone
R20HY above the repository acts as a barrier and prevents water to flow from the surface
to deeper in the bedrock, while the zone R21 collects most of water flowing through the
repository.
The range of the driving force and the average value in the intact rock near the repository
are about 0.1-2 % and 0.6-0.8 %, respectively, and they remain substantially the same
during the next 10000 years (Table 5.2 and Figures 5.13 and 5.14). The average driving
forces in the intact rock northwestwards and downwards from the repository along the
major flow route to surface are about 0.7-1 %, whereas the corresponding values in the
southwestwards from the repository along another flow route are slightly lower being
about 0.5-0.6 %. The changing hydraulic conditions, i.e. the evolution of salinity field
and land uplift, seem to have only a minor effect on the driving force in the vicinity of the
repository. The range of the gradient at the repository area is 0.01-1 % the average value
being about 0.1-0.3 %, which is naturally lower than in the surrounding intact rock.
The salinity content of groundwater in the bedrock is changing with time, when the 01kiluoto island is gradually rising from the sea due to the postglacial land uplift (Figures 5.17-5.20). The land uplift causes fresh water replace brackish and saline water
below the widening area of the island. Fresh water not only pushes brackish and saline
water deeper in the bedrock but also to the horizontal direction in the outside and lower
parts of the island. Eventually, after 10000 years A.P. brackish and saline water in the
bedrock will be flushed by fresh water down to the depth of about 600 meters below the
area of the present island. In the most transmissive fracture zones below the highest hills
fresh water is encountered to the depth of about 1000 meters. Thus, the groundwater
chemistry in the repository area and in the nearby bedrock will change in future.
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Salinity concentration in fracture zone R21
t = present (initial state)

t = 100 years A.P.
z = -200 m -

R3
R22

R22

z = -500 m

z = -500 m

R9HY
R10HY
Rl

C (TDS)
R16
[g/1]
70
50

R29

R6

North

t = 1000 years A.P.
= -200mrfit:

™^ = ,_,- -•

- • -•

t_M
.
R29 R6

East

1

30

t = 10000 years A.P.

z = - 2 0 0 m V-, •-- •

• • — •-•---• : - :• - •

20
10

A R3

.NR3

3
R10HY

z = -500 m

0

r-^-.':ss3u,^V-•••/••-.'-^
!

*''

-

-

'r. : i f " - : ™ : u " : ^ . " • : " ! • ~'~ ~'/

R5
R27
R29

R6

R29

R6

/

-

-

R 1 6
•

t

- present (initial state)

-K19HY
:R20

R29

xN

K

C(TDS)
70

A . R21

1

X

\
- K23

/ ,
J

50
30

- V.
«'S

20
AR8

t = 10000 years A.P-

10

t = 1000 years A.P

East

\ ' " '•---• H20

z=

.-?R19HY

= 0 mr-

l ;:;i - frfe.':K<R29

_500 m \

i

•:

z = -500 mi

rn

z
o

xis
AR8

AR8

Salinity concentration in fracture zone R29
t = present (initial state)
z =0 m

R8 R22
-

—

—

,

t = 100 years A.P.

R9HY V R17HY R20HY R19HY R7
•

••

—

- ,

«

-

„

R8 R22

z =0m

>

.•» ~—n

R9HYsR17HY R20HY R19HY R7
•*

'

R24HY

R24HY

R10HY

/"

R10HY

i

z = -500 m,

z = -500 m

C (TDS)

\

R5

\-- /
70

I

iR21

R21

50

'R18
R2

t = 1000 years A.P.
z = 0 mi

R8 R22

__ \

R6 R l R23 R27

up

North

R9HYvR17Hy R20HY R19HY R7

R2
East

. V\

,

R6 R l R23 R27

t = 10000 years A.P.
R8 R22

Z = 0 HI

R9HYX R17HY R20HY R19HY R7
• : ' ; '^..<R24HY

.

z = -500 m

30

i :;•; ;7^>^.

••'*\

• \ . '% •• 1

. . : " N - ! ^ :,'• i Rl0HY

20
10

z = - 5 0 0 m ;-:•••-' fift*:

3

T3
T3

R2

R6 R l R23 R27

R2

R6 R l R23 R27

m
o
X

o

LIST OF REPORTS

POSIVA REPORTS 1999, situation 3/99
POSIVA 99-01

Measurement of thermal conductivity and diffusivity in situ:
Literature survey and theoretical modelling of measurements
Ilmo Kukkonen, Ilkka Suppala
Geological Survey of Finland
January 1999
ISBN 951-652-056-1

POSIVA 99-02

An overview of a possible approach to calculate rock movements
due to earthquakes at Finnish nuclear waste repository sites
Paul R. LaPointe, Trenton T. Cladouhos
Golder Associates Inc., Washington, USA
February 1999
ISBN 951-652-057-X

POSIVA 99-03

Site Scale Groundwater Flow in Olkiluoto
Jari Lofman
VTT Energy
March 1999
ISBN 951-652-058-8

POSIVA 99-04

The psychosocial consequences of spent fuel disposal
Jura Paavola, Liisa Erdnen

University of Helsinki
Department of Social Psychology
March 1999 (in Finnish)
ISBN 951-652-059-6
POSIVA 99-05

The effects of the final disposal facility for spent nuclear fuel on
regional economy
Seppo Laakso
Seppo Laakso Urban Research
March 1999 (in Finnish)
ISBN951-652-060-X

POSIVA 99-06

Radwaste management as a social issue
Ismo Kantola
University of Turku
Department of Sociology
March 1999 (in Finnish)
ISBN 951-652-061-8

POSIVA 99-07

Safety assessment of spent fuel disposal in Hastholmen, Kivetty,
Olkiluoto and Romuvaara - TILA-99
Tiuw Vieno, Henrik Nordman
VTT Energy
March 1999
ISBN 951-652-062-6

1(4)

LIST OF REPORTS

2(4)

POSIVA 99-08

Final disposal of spent nuclear fuel in Finnish bedrock - Hastholmen
site report
Pekka Anttila, Fortum Engineering Oy
Henry Ahokas, Fintact Oy
Kai Front, VTT Communities and Infrastructure
Heikki Hinkkanen, Posiva Oy
Erik Johansson, Saanio & Riekkola Oy
Seppo Paulamdki, Geological Survey of Finland
Reijo Riekkola, Saanio & Riekkola Oy
Jouni Saari, Fortum Engineering Oy
Pauli Saksa, Fintact Oy
Margit Snellman, Posiva Oy
Liisa Wikstrom, Posiva Oy
Antti Ohberg, Saanio & Riekkola Oy
March 1999 (to be published)
ISBN 951-652-063-4

POSIVA 99-09

Final disposal of spent nuclear fuel in Finnish bedrock - Kivetty site
report
Pekka Anttila, Fortum Engineering Oy
Henry Ahokas, Fintact Oy
Kai Front, VTT Communities and Infrastructure
Eero Heikkinen, Fintact Oy
Heikki Hinkkanen, Posiva Oy
Erik Johansson, Saanio & Riekkola Oy
Seppo Paulamdki, Geological Survey of Finland
Reijo Riekkola, Saanio & Riekkola Oy
Jouni Saari, Fortum Engineering Oy
Pauli Saksa, Fintact Oy
Margit Snellman, Posiva Oy
Liisa Wikstrom, Posiva Oy
Antti Ohberg, Saanio & Riekkola Oy
March 1999 (to be published)
ISBN 951-652-064-2

POSIVA 99-10

Final disposal of spent nuclear fuel in Finnish bedrock - Olkiluoto site
report
Pekka Anttila, Fortum Engineering Oy
Henry Ahokas, Fintact Oy
Kai Front, VTT Communities and Infrastructure
Heikki Hinkkanen, Posiva Oy
Erik Johansson, Saanio & Riekkola Oy
Seppo Paulamdki, Geological Survey of Finland
Reijo Riekkola, Saanio & Riekkola Oy
Jouni Saari, Fortum Engineering Oy
Pauli Saksa, Fintact Oy
Margit Snellman, Posiva Oy
Liisa Wikstrom, Posiva Oy
Antti Ohberg, Saanio & Rtekkola Oy
March 1999 (to be published)
ISBN 951-652-065-0

LIST OF REPORTS

3(4)

POSIVA 99-11

Final disposal of spent nuclear fuel in Finnish bedrock - Romuvaara
site report
Pekka Anttila, Fortum Engineering Oy
Henry Ahokas, Fintact Oy
Kai Front, VTT Communities and Infrastructure
Heikki Hinkkanen, Posiva Oy
Erik Johansson, Saanio & Riekkola Oy
Seppo Paulamaki, Geological Survey of Finland
Reijo Riekkola, Saanio & Riekkola Oy
Jouni Saari, Fortum Engineering Oy
Pauli Saksa, Fintact Oy
Margit Snellman, Posiva Oy
Liisa Wikstrom, Posiva Oy
Antti Ohberg, Saanio & Riekkola Oy
March 1999 (to be published)
ISBN 951-652-066-9

POSIVA 99-12

Site scale groundwater flow in Hastholmen
Jari Lofinan
VTT Energy
March 1999 (to be published)
ISBN 951-652-067-7

POSIVA 99-13

Regional-to-site scale groundwater flow in Kivetty
Eero Kattilakoski, Ferenc Meszdros
VTT Energy
March 1999 (to be published)
ISBN 951-652-068-5

POSIVA 99-14

Regional-to-site scale groundwater flow in Romuvaara
Eero Kattilakoski, Lasse Koskinen
VTT Energy
March 1999 (to be published)
ISBN 951-652-069-3

POSIVA 99-15

Site-to-canister scale flow and transport at the Hastholmen, Kivetty,
Olkiluoto and Romuvaara sites
Antti Poteri, Mikko Laitinen
VTT Energy
March 1999 (to be published)
ISBN 951-652-070-7

POSIVA 99-16

Kaytetyn ydinpolttoaineen loppusijoituslaitoksen normaalikayton,
kayttohairioiden ja onnettomuustilanteiden aiheuttamien siiteilyannosten
arviointi
Jukka Rossi, Heikki Raiko, Vesa Suolanen, Mikko Ilvonen
VTT Energy
March 1999 (to be published)
(in Finnish)
ISBN 951-652-071-5

LIST OF REPORTS

4(4)

POSIVA 99-17

Kaytetyn ydinpolttoaineen kuljetusten terveysriskien arviointi
Vesa Suolanen, Risto Lautkaski, Jukka Rossi
VTT Energy
March 1999 (to be published)
(in Finnish)
ISBN 951-652-072-3

POSIVA 99-18

Design report of the disposal canister for twelve fuel assemblies
Heikki Raiko
VTT Energy
March 1999 (to be published)
ISBN 951-652-073-1

POSIVA 99-19

Estimation of block conductivities from hydrologically calibrated
fracture networks - description of methodology and application to
Romuvaara investigation area
Auli Niemi1'2, Kimmo Kontio1,
Auli Kuusela-Lahtinen2, Tiina Vaittinen2
'Royal Institute of Technology, Hydraulic Engineering, Stockholm
2
VTT Communities and Infrastructure
March 1999
ISBN951-652-074-X

POSIVA 99-20

Porewater chemistry in compacted bentonite
Arto Muurinen, Jarmo Lehikoinen
VTT Chemical Technology
March 1999
ISBN 951-652-075-8

POSIVA 99-21

Ion diffusion in compacted bentonite
Jarmo Lehikoinen
VTT Chemical Technology
March 1999
ISBN 951-652-076-6

