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The work describing numerical groundwater flow modelling at the Romuvaara site serves as a back-
ground report for the safety assessment TILA-99. The site scale can roughly be taken as the scale of
detailed borehole investigations, which have probed the bedrock of Romuvaara over about 2 km2

large and 1 km deep volume. The site model in this work covers an area of about 12 km2. The depth
of the model is 2200 m.

The site scale flow modelling produced characteristics of the deep groundwater flow and evaluated
the impact of a spent fuel repository on the natural groundwater flow conditions. It treated the
hydraulic gradient in the intact rock between the repository and the fracture zone nearest to it (about
50 m off) for the block scale model, which describes the groundwater flow on the repository scale.
The result quantities were the hydraulic head h (as the base quantity) and its gradient in selected
cross sections and fracture zones, the flow rates around the repository, flow paths and discharge
areas of the water from the repository. Two repository layouts were discussed.

The numerical simulations were performed with the FEFTRA code based on the porous medium
concept and the finite element method. The regional model with a no-flow boundary condition at the
bottom and on the lateral edges was firstly used to confirm the hydraulic head boundary condition
on the lateral edges of an interior site model (having a no-flow boundary condition at the bottom).
The groundwater table was used as the hydraulic head boundary condition at the surface of each
model. Both the conductivity of the bedrock (modeled with three-dimensional elements) and the
transmissivities of the fracture zones (described with two-dimensional elements in the three-
dimensional mesh) decreased as a function of the depth. All the results were derived from the site
model.

The range of variation of the hydraulic gradient immediately outside the repository was studied in
the direction of the flow routes from the repository. The gradient outside the eastern repository
varies between 1.3 % and 3.2 % (average 2.6 %). The corresponding range for the western
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At the location of the repository the flow is governed by the fracture zones R13 and R22, which
carry most of the volumetric flow. The major part of the rock which surrounds the potential
repository belongs to the Lake Sarvijarvi Discharge Block.
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lohko on noin 2 km2 laaja ja 1 km syvä. Tässä työssä laadittu tutkimuspaikkamalli kattaa noin
12 km2 laajuisen ja 2.2 km syvän kalliolohkon.

Virtausmallinnus luonnehti syvää pohjavesivirtausta sekä luonnontilassa että käytetyn ydinpoltto-
aineen loppusijoitustilan tapauksessa. Hydraulista gradienttia loppusijoitustilan ja lähimmän, noin
50 metrin etäisyydellä sijaitsevan ruhje vyöhykkeen välisessä kalliolohkossa arvioitiin rakoverkko-
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tarkasteltiin kahta loppusijoitustilan asemointisuunnitelmaa.

Numeeriset simuloinnit toteutettiin huokoisen väliaineen käsitteeseen ja elementtimenetelmään
perustuvalla FEFTRA-ohjelmistolla. Aluemallista, jonka pohja ja pystyreunat oletettiin virtauksen
kannalta suljetuiksi, interpoloitiin hydraulinen korkeus sisemmän, tutkimuspaikkamallin pysty-
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Sekä kolmiulotteisin elementein mallinnetun ehjän kallion vedenjohtavuus että kolmiulotteisessa
elementtiverkossa kaksiulotteisina elementteinä mallinnettujen ruhjevyöhykkeiden transmissiviteetit
pienenivät syvyyden funktiona. Kaikki mallinnustulokset saatiin tutkimuspaikkamallista.
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1 INTRODUCTION

1.1 Background

Numerical groundwater flow modelling is an essential part of the ongoing research and
development work for a safe and reliable disposal of spent nuclear fuel. Plans foresee
a repository at the depth of about 500 m below the ground surface of one of the four
investigation sites: Romuvaara, Olkiluoto, Kivetty or Hastholmen. The site for the re-
pository will be selected by the end of year 2000. The repository will contain the spent
fuel from the Olkiluoto and Hastholmen nuclear power plants.

Formerly in Finland there have been two major phases of site investigations in which the
groundwater flow modelling has played a significant role: the preliminary site investiga-
tions SITU (1987-1992; see TVO 1992a and TVO 1992b) and the detailed site investiga-
tions PATU (1993-1996; see Posiva 1996 and Ahokas et al. 1996). All the sites — except
Hastholmen — have been studied since the preliminary site investigations. Hastholmen
was included in the site selection programme in 1997. The most important difference
between the sites is the high salinities of the groundwaters in the coastal Olkiluoto and
Hastholmen sites vs. the fresh water regimes of inland Romuvaara and Kivetty.

The primary objective of the groundwater flow modelling in the preliminary site inves-
tigations was to survey the natural groundwater flow conditions on the site scale. The
modelling comprised the steps of constructing the flow model, its calibration and the
computation of the simulation results (Taivassalo, Koskinen & Meling 1994). The nu-
merical computations were performed with the FEFLOW code (the present name of the
code is FEFTRA) based on the porous medium concept and the finite element method.
Because, at that time, the computer code could not handle variable density flow, for the
Olkiluoto site the comprehensive modelling taking into account the coupling between
variable concentration and flow was performed later in the detailed site investigations.

The modelling works in the detailed site investigations phase were generally not as com-
prehensive — except in the case of the Olkiluoto site — as those in the preliminary site
investigations. The main objective in the detailed site investigations was to evaluate the
effect of the conceptual uncertainties in the structures of the bedrock models of the SITU
phase (Koskinen & Meling 1994; Koskinen & Laitinen 1995). In addition, the so-called
dual porosity approach was implemented in the computer code (Lofman & Taivassalo
1995) and subsequently applied to the Olkiluoto site (Lofman 1996). On the other hand,
no new data were yet produced in the PATU phase itself to be used in those modelling
works.
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1.2 Purpose of study

The site scale model of this work describes groundwater flow at the Romuvaara site both
under the natural conditions (as in the SITU phase) and in the case of a deep repository
for spent nuclear fuel.

The objective of the site scale modelling is firstly to describe the deep groundwater flow.
Secondly, its objective is to calculate the hydraulic gradient in the intact rock between
the repository and the fracture zone nearest to it (about 50 m off) for the block scale
model (Poteri & Laitinen 1999), which describes the groundwater flow on the repository
scale. This work serves as an independent background report for the safety assessment
TILA-99 (Vieno & Nordman 1999), in which the groundwater flow in the repository and
the surrounding rock as well as flow paths from the repository into the biosphere need to
be evaluated.

The result quantities were the hydraulic head h (as the base quantity) and its gradient in
selected cross sections and fracture zones, the flow rates around the repository, flow paths
and discharge areas of the water from the repository.

1.3 Structure of report

This report is organized in the following manner: Next section describes the general hy-
drologic and geologic characteristics of the Romuvaara site and introduces the generic
layout and the properties of the spent fuel repository that are important for the groundwa-
ter flow modelling. The section 3 describes the conceptual flow model for the Romuvaara
site. Constructing the flow model is the first step of the actual numerical flow modelling
work. The model is based on all the structural and hydrogeological knowledge gathered
so far. The numerical model is described in section 4. The performance of the flow
model against the measurements is checked in section 5 and some changes concerning
the upper boundary condition and transmissivities are subsequently made to improve the
fit between the model predictions and reality. Section 6 presents the results characterizing
the deep groundwater flow on the site scale. Section 7 concerns some sensitivity cases.
The conclusions from the site scale modelling are given in section 8.
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2 INVESTIGATION AREA

Hydrogeological characterization

The investigation area at the Romuvaara site is located in the municipality of Kuhmo in
the eastern Finland and it comprises approximately 7 km2 and covers a large bedrock
block bounded by major regional fracture zones. The area has been studied by means of
geological, geophysical and hydrological field surveys carried out both on the surface and
in 11 boreholes. Summaries of the field investigations in the preliminary and detailed site
investigations are presented by TVO (1992a), Posiva (1996) and Ahokas et al. (1996),
respectively.

The area has a variable topography, although with quite gentle slopes. The relative intra-
site differences in altitude are up to 30 m. The highest topographical point in the area
reaches approximately 227 m above the sea level (Fig. 2.1). The till cover, the scarcity
of rock outcrops and the abundance of peat lands are characteristics of the area. Soil
layers mainly consist of unsorted till which is usually a few meters thick but may reach
over 20 m in some bedrock depressions. The till is usually overlain by 1-2 m of peat
in depressions. An esker in the southern part of the area is mostly of gravel and sand.
The bedrock outcrops occur most frequently in the western and south-western parts of the
area, but are usually less than 20 m2 in size and together account for only some 1 % of the
total area. Although the total depression during the last glacial period was over 500 m,
the area is situated above the so-called highest shoreline of the Baltic Sea. Presently the
land uplift rate is 6 mm a year (Eronen & Lehtinen 1997).

The Romuvaara area is located in an extensive drainage basin, the surface waters from
which flow via the Sotkamo watercourse into Lake Oulunjarvi and on into the Bothnian
Bay, the northern tip of the Gulf of Bothnia. Lakes account for 12 % of the drainage basin
of the Sotkamo watercourse by area and 13 % of the Lake Lentua drainage basin (with
the total area of 2065 km2), which forms the immediate surroundings of Romuvaara. The
Romuvaara area itself is divided into two basins, with areas of 33 km2 and 32 km2 and
both with 1 % lakes (TVO 1992a). The small lakes and peat bogs in the area indicate that
the groundwater table is close to the surface. Brook Myllyjoki is located in the north-
eastern corner of the study site. It discharges to Lake Kalliojarvi in the north of the study
area. Another nearby small lake, Lake Sarvijarvi, will turn out to be the central discharge
area of the deep groundwater of the Romuvaara site.

The annual precipitation (including meltwater from the snow) at the Romuvaara site in
1961-1990 was 605 mm (National Board of Waters 1991). Mean precipitation at the
Romuvaara site during the period of the fieldwork in the SITU phase was 580 mm per year
(TVO 1992a). Snow forms 30-35 % of the precipitation. About half of this precipitation
evaporates and a half forms the runoff into the streams, rivers and lakes (Alalammi 1987).
Detailed precipitation figures are given by Ahokas (1992). The infiltration of water into
the bedrock was examined on the basis of hydrological measurements (TVO 1992a), and
the amount of water concerned was estimated to be no more than a few percent of the
total precipitation.
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Figure 2.1. The equipotential contours of the groundwater table at the Romuvaara site.
The blue, dotted line indicates the water divides. The right-hand area belongs to the Lake
Saii'ijdrvi Discharge Block. The inclined boreholes KR1-KR6 and some measurement
holes for the groundwater table are also shown. (TVO 1992a)

All the groundwater samples at Romuvaara are classified as freshwater: Total Dissolved
Solids (TDS) content is less than 1000 mg/1 (Pitkanen et al. 1996). The very low concen-
trations are also supported in a recent study with the two newest deep boreholes KR10
(extending to the depth of 600 m) and KR11 (extending to the depth of about 550 m)
(Luukkonen, Kuusela-Lahtinen & Front 1996).

During the detailed site investigations, the hydrological investigations were carried out
with the "old" boreholes KR1-KR5 and several boreholes for piezometers (extending to
the depth of 100 m). In addition, during this investigation phase several new boreholes
KR7-KR11 were drilled and subsequently equipped with investigation devices. Based
on pumping tests and monitoring measurements, there are clear hydraulic connections
between the boreholes KR4 and KR8, and KR1 and KR2 (Hanninen 1996). According to
the interpretations, only the fracture zone R13 appears to be possible to form a connection
between the first two.
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Figure 2.2. A plan view of a repository at the depth of 500 mfor 2600 tU of spent fuel.
The dotted line indicates the area probed by borehole investigations with the minimum
distance 50 m allowed between the repository and the fracture zones R2/3 and R9 whose
transmissivities at the depth of 500 m are higher than 5E — 6 m2/s (labels inside squares).
The labels of the fracture zones which are significant in the sense of rock engineering have
been circled. The rock types are in colors. (Riekkola, Saanio & Salo 1996)

Spent fuel repository

In the Nordic countries utilizing nuclear energy — Finland and Sweden — the manage-
ment of nuclear waste mainly builds on repositories excavated in deep (500-800 m below
the ground surface), hydrologically fully saturated crystalline bedrock. During the op-
eration the installation will include an encapsulation plant on the ground above the final
repository and the underground tunnel system of the repository (TVO 1992b).

The actual depth and shape of the subsurface tunnel system will be determined on the
basis of the detailed data on the deep rock properties. In the present phase of the in-
vestigations Riekkola, Saanio & Salo (1996) presented five alternative repository designs
(A-E). The designs depend on a number of factors, such as the repository inventory, the
fracturing of the bedrock, the location of fracture zones and their hydrogeological prop-
erties, mineralogy, the stress field, the groundwater flow field and groundwater chemistry.
In this report, two designs (A and E) for 4000 tU, which are considered to represent typical
designs, are discussed. Design A, for a 2600 tU repository, is shown in Fig. 2.2.
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3 FLOW MODEL

3.1 Modelling approach

Constructing the flow model is the first step of the actual numerical flow modelling work.
The flow model is based on all the structural and hydrogeological knowledge gathered so
far. It is a self-contained data base (the geometry, boundary conditions and the properties
of bedrock units) to facilitate numerical simulations to achieve the goals of the modelling
task. Although the flow model is a simplification of reality in order to enable numerical
modelling in practice, the essential flow characteristics are still maintained.

The modelling approach developed during the preliminary site investigations is used in
this work (TVO 1992a; TVO 1992b). In this so-called equivalent porous medium ap-
proach the hydraulic properties of a sub-volume, called equivalent hydraulic properties,
are interpreted so that the real sub-volume and its equivalent continuum act identically
regarding the mean groundwater flow. It is assumed that for a large enough sub-volume
the hydraulic characteristics of the fractures can be averaged and the sub-volume may
be considered as a homogeneous continuum, in which water flows under the influence
of the hydraulic head gradient. This sub-volume is termed a representative elementary
volume (REV). In practical applications, especially in the case of the crystalline bedrock
the existence of the REV is often questionable.

Due to reasons associated with the boundary conditions (Section 3.2) the whole flow
model area is clearly larger than the area of prime interest (the well characterized area)
(Fig. 3.1). This poses a difficult problem to the finite element modelling. Covering the
large area with elements having a good enough resolution to allow a proper description
of the site (local) scale geometry would easily lead to the number of elements much
larger than it is possible to deal with in practice. To overcome this the commonly known
technique of nested (telescopic) system of element meshes is applied. Two finite element
meshes were created within this work, the regional mesh and the site mesh.

Three dimensional elements are used to represent the rock matrix between the fracture
zones. The fracture zones in the flow model are two-dimensional, so the finite elements
representing them are also two-dimensional (Fig. 4.1). The two-dimensional elements
are added into the three-dimensional mesh according to the actual geometry of the flow
model. The larger element size in the regional mesh leads to a less accurate description
of a fracture zone than in the site mesh.

Due to the limited computation resources, it is not possible to take into account the internal
structure of the repository in detail in the site model. However, its apparent plane-like
character suggests that modelling it as a two-dimensional "fracture zone" with a con-
ductivity higher than its surroundings could be reasonable giving correct results at some
distance from the repository and right mean values near the repository.

The geometry of the flow model for the Romuvaara area was a generalization of the
geometry of the bedrock model (Saksa et al. 1998; Front, Lindberg & Ahokas 1997;
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Saksa et al. 1996). The hydrogeological properties of the flow model were chosen to
match with those of the bedrock model. As far as possible, the connections between
structures were the same as in the bedrock model. Each structure and the rock between
the structures were supposed otherwise homogeneous except that the transmissivities of
the structures and the hydraulic conductivity of the rock matrix were supposed to change
as a function of the depth (Saksa et al. 1998; Ahokas 1999). The domain of the flow
model was assumed to be fully saturated.

The regional and the site model were developed from scratch, except the geometry for
the regional fracture zones, which was made use of from a previous model (Taivassalo &
Koskinen 1992a). Also the boundaries of the regional model and the transmissivity of the
regional zone AR19 at the ground surface were as in the study by Taivassalo & Koskinen
(1992a).

3.2 Area of the flow model and boundary conditions

The aim of the numerical model was to simulate the groundwater flow in the study area,
which is the area of detailed borehole investigations, and especially in the well character-
ized area (shown in Figure 3.1) in the vicinity of the deep boreholes at the depth of several
hundred meters. The area to be modeled had to be extended also outside the study area.
This was because from the study area or its immediate vicinity it is difficult to find such
vertical boundaries for the flow model that the boundary conditions are known reliably
enough.

The outlines of the area chosen for the numerical simulations or the flow model are shown
in Figure 3.1. The area of the flow model is bordered by significant water divides. It is
therefore assumed that there is no flow through the vertical boundaries of the model.
Thus, no-flow boundary condition is assigned to the nodes representing the lateral edges.
The boundaries of the flow model are so far away from the study area, which is the main
target of the modelling task, that the uncertainty related to these boundary conditions is
insignificant (Koskinen & Kattilakoski 1997).

The boundaries of the site model extend beyond the well characterized area (WCA).
The element resolution being good enough in the WCA to give acceptable accuracy, the
number of elements in the site mesh (Fig. 4.1) should remain reasonable, however.

The regional model is only used to provide the site model with the boundary conditions
on the lateral edges. A specified head value taken from the regional model is assigned
to each node lying on a lateral edge of the site model. Every fracture zone appearing in
both models has the same transmissivity in both the regional and the site model. Also, the
conductivity of the rock in the vertical boundary area of the site model is the same in both
models.

On the surface of the models the annual average of the water table was used as hydraulic
head boundary condition (Taivassalo & Koskinen (1992a), Figure 5.1). The maximum



hydraulic gradient on the surface (calculated in the uppermost three-dimensional elements
of the site scale element model (Fig. 4.1)) is 14.9 %.

The depth of the models is 2200 m. The deepest borehole, KR2, extends to the depth of
about 1050 m. It was considered that there is negligible groundwater flow through the
bases of the models. Thus, no-flow boundary condition was assigned to the nodes repre-
senting the bottom of each model. In the Romuvaara area the hydraulic conductivity of
the bedrock decreases as a function of the depth (Ahokas 1999), so the average flow rate
downwards decreases with the increasing depth. This is why changing the depth of the
flow model does not significantly affect the results at the depth of about 500 meters (Tai-
vassalo & Koskinen 1992c). So the depth of the flow model is not a critical factor as to
the reliability of the results. All these assumptions made on the boundary conditions have
the effect of increasing the modeled local water flow.

3.3 Fracture zones

On the basis of the bedrock model for the study area (Saksa et al. 1998; Front, Lindberg
& Ahokas 1997; Saksa et al. 1996) a flow model including the discovered or possible
fracture zones was developed. The excluded zones will be mentioned later. Those struc-
tures extending to the bottom of the bedrock model (to the depth of 1500 metres) were
supposed to extend to the bottom of the flow model (to the depth of 2200 metres).

Regional scale

The flow model prepared in a previous flow modelling task for the Romuvaara area by
Taivassalo & Koskinen (1992a) was made use of when modifying the geometry of the
regional fracture zones. All the regional fracture zones extend to the bottom of the flow
model.

The main idea when modifying the geometry of the fracture zones was to follow the local
description (Saksa et al. 1998; Front, Lindberg & Ahokas 1997; Saksa et al. 1996) as
much in detail as possible. Then the geometry given by Taivassalo and Koskinen (1992a)
could be followed when extending the structures to the regional scale of the flow model.
These principles were applied when modifying the geometry of the zones R2, R6 and R7.
The boundaries of the flow model and the regional fracture zones are shown in Figure 3.1.

The fracture zones R2, R6, R7, R9, AR4, AR5, AR9, AR13 and AR19 are included in
both the regional (element) model and the site (element) model (Fig. 3.1). Thus the zone
R9 is the only local fracture zone included in the regional element model. A connection
between the regional zones AR14 and AR13 was established; thus the zone AR14 was
lengthened a bit to the east. In the same way, a hydraulic connection between the fracture
zones R7 and ARM was made clear by extending the southest part of the zone R7 a bit.

Due to the connections between the zones R2, AR8 and AR5 the zone AR5 hits the zone
AR8 a bit easter than in the earlier study (Taivassalo & Koskinen 1992a). The geometrical
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local scale element
model boundaries

flow model & regional scale
element model boundaries

regional fracture
zones

Figure 3.1. The flow model and the regional fracture zones. The boundaries for the site
(local) element model and the well characterized area are also shown.

description given by Taivassalo and Koskinen (1992a) for the zones AR9, AR19 and
AR15 was not modified.

Site scale

The structures appearing on the site scale in the flow model are shown in Figure 3.2.
The simplification of a structure geometry often means a decrease of the number of the
triangles and quadrilaterals defining the original structure geometry, which naturally leads
to a more inaccurate description of the position, but has a minor effect on the flow.

The structure R2, consisting of five polygons, follows accurately the description given
(Saksa et al. 1998; Front, Lindberg & Ahokas 1997; Saksa et al. 1996) in the study area,
a bit more inaccurately in the eastern part of the flow model. The structure has a regional
extension both in the eastern and the western part of the flow model.

The fracture zone R8 was simplified considerably: it consists of six polygons in the flow
model instead of the original seventeen. The loose polygon groups were joined together.
The simplification is specially notable in the eastern parts of the structure. The correspon-
dence with the bedrock model is good in the well characterized area.

The non-connected plates of the original description of the zone R7 were combined to
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form one polygon so that the southest quadrilateral having a steep dip to the north-east
was adjusted with the other quadrilaterals. The zone R7 has a regional extension to the
south and to the north. The zone R6 has also a regional extension to the west.

The two loose groups of quadrilaterals given in the original description for the zone R4
were combined to form only one quadrilateral. This zone is connected with the zone R6
in the flow model.

The structure of the zone R20 was simplified considerably, especially in the southern
parts. It consists of two quadrilaterals in the flow model. This zone intersects with the
zone Rl 1 in the depth range of approximately 400-500 metres.

The zone R22 outlined with three quadrilaterals in the flow model follows the original
description of the bedrock model fairly accurately. The description differs merely in the
eastern parts. However, the zone was given a vertical extension to the depth of 2200 m,
like all the other zones extending to the bottom of the bedrock model (the depth of 1500
m).

The zone R14 has the form of a pentagon. It extends to the zone R2 in the north. It ranges
from the surface of the flow model in the south-east to the depth of about 1300 m in the
north-west.

The zones Rl, R13, R10B2, R29 and R30 follow the original description exactly.

Given the center, radius, orientation and the dip angle, each of the disks R19, R24 and
R25 was modeled with an octagon.

The zones R12, R15, R16, R17, R18, R21, R23, R26, R27 and R28 (Saksa et al. 1998;
Front, Lindberg & Ahokas 1997; Saksa et al. 1996) are not included in the flow model
explicitly. They are treated as average fractured bedrock for the following reasons con-
cerning their borehole intersections:

• they are short (shorter than 10 metres, mostly 2-3 m)

• they are only slightly more fractured than their surroundings

• there is no evidence of crushing or water—bedrock interaction in them

• they generally have only a weak transmissivity.

In addition, the estimates for the positions of these structures are somewhat uncertain.
Also, the extents of these structures are interpreted to be local. The structure intersections
appearing in the study area according to the flow model are shown in two horizontal cut
planes at the depths of 500 and 600 metres in Figures 3.3 and 3.4.
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Figure 3.2. The fracture zones on the site scale.
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AR5

500 m

Figure 3.3. The intersecting lines of the structures of the flow model in the study area
with a horizontal cut plane at the depth of 500 m.
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500 m

Figure 3.4. The intersecting lines of the structures of the flow model in the study area
with a horizontal cut plane at the depth of 600 m.
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3.4 Hydraulic conductivities

The conductivity of a uniform porous medium model, having no stochastic heterogeneity,
should be an effective conductivity, representing the average conductivity of the rock mass
at a large scale. The smallest scale at which an effective conductivity is applicable is the
smallest scale at which the flow through the heterogeneous medium will not change for
different realizations of the rock mass heterogeneity. This is the scale of the representative
elementary volume (REV). For a fractured crystalline rock this scale is probably in the
range of 500- 1500 m.

The transmissivities of the structures appearing in the study area are given by Saksa et al.
(1998) (see also Front, Lindberg & Ahokas (1997), Saksa et al. (1996)). Each fracture
zone is associated with a transmissivity class (A-D). The classes are associated with a
transmissivity To at the ground surface as shown in Table 3.1. The depth dependence of
the transmissivity T is given as follows (Front, Lindberg & Ahokas 1997):

T{d) = To • 10 / M ; f{d) = - 7 • 10"10d3 + 3 • 10"6d2 - 5 • 10"3d, (3.1)

where d is the depth (m). The transmissivities of the adjusted model are shown in Fig-
ure 5.4.

The transmissivities are mainly based on difference flow measurements in 10 m and 2 m
packer intervals (Rouhiainen 1996). The depth dependence adjusted to the measurements
has been changed a bit after the SITU phase, because then too small transmissivity values
deep in the bedrock caused problems. The type of the depth dependence used here was
proposed as alternative starting point already in the SITU phase. The largest uncertainties
are related to the structures where two or three measured values differ significantly from
each other. The structures R2/3, R8, R13 and R22 are such. (Front, Lindberg & Ahokas
1997; Saksa etal. 1996)

The hydraulic conductivity of the intact rock in the well characterized area (WCA, see
Fig. 3.1) was given a value Ko = 10~8 m/s (Ahokas 1999) at the ground surface. This
value is based on a geometric mean derived from a normal probability plot, where the
measured conductivity values from the depth interval 0 - 100 m were plotted. The mea-
sured values were from difference flow measurements in 2 m packer intervals in bore-
holes KR1, KR3, KR4, KR7, KR8 and KR9 (Rouhiainen 1996). The geometric mean has
generally been considered as a representative average for 2D and 3D flows (see Dagan
(1989)).

The whole bedrock is characterized with fracturing like the WCA. The local fracturing
outside the WCA is taken into account in an implicit manner in the hydraulic conductivity
of the rock matrix (TVO 1992a). The hydraulic conductivity of the rock matrix outside
the well characterized area (Ko = 5 • 10~8 m/s at the ground surface) was chosen to be five
times that within the WCA (Taivassalo & Koskinen 1992a). The regional model does not
include the fracture zones appearing only on the site scale (except for R9), so the hydraulic
conductivity of the rock matrix throughout the regional model was Ko — 5 • 10"8 m/s at
the ground surface.
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Table 3.1. The transmissivity classes of the local fracture zones and respective transmissi-
vities at the ground surface (Saksa et al. 1998; Front, Lindberg & Ahokas 1997; Saksa et
al 1996).

Class

A
B
C
D

Transmissivity To (m
2/s)

at the ground surface
1.3 -lCT3

1.0 -10"4

7.9 -lCT6

6.3- 1(T7

As long as the conductivity contrast between the most conductive fracture zones and
the rock matrix is large enough, the hydraulic conductivity of the latter does not affect
significantly the head results dealt with in this work. However, the repository being placed
in the rock matrix, we are interested in the flow through the repository, so the conductivity
of the rock matrix is important.

The depth dependence of the hydraulic conductivity K of the rock matrix is parametrized
as in Eq. (3.1):

K{d) = Ko ; f(d) = -7 • l(T10d3 + 3 - 5 • l(T3d, (3.2)

where d is the depth (m) (Ahokas 1999; Saksa et al. 1998). It is based on the 2 m packer
interval measurements of the PATU phase (Rouhiainen 1996) and the HTU (Hydraulic
Testing Unit) measurements of the SITU phase in 30 m packer intervals in boreholes
KR1 - KR5 (Pingoud, Pitkanen & Kuusela 1988; Kuusela-Lahtinen, Pitkanen & Niemi
1989a; Kuusela-Lahtinen, Pitka'nen & Niemi 1989b; Kuusela-Lahtinen et al. 1989).

Overall, every hydraulic unit — each fracture zone and the rock matrix — has the same
depth dependence, so the contrast in conductivity is the same in all depths between the
rock matrix and some fracture zone (see Fig. 5.4).

The depth dependences of the transmissivities of the fracture zones (Eq. 3.1) and the
hydraulic conductivity of the intact rock (Eq. 3.2) were supposed to be valid also from the
bottom of the bedrock model to the bottom of the flow model to the depth of 2200 m.

The regional structures not extending to the study area were given a transmissivity value
To = 10~3 m2/s at the ground surface. The transmissivity of the regional fracture zone
AR19 was To = 7.08 • 10~5 m2/s at the ground surface (Taivassalo & Koskinen 1992a).
The depth dependencies are as shown in Eq. (3.1).

The transmissivity of the plane representing the repository in the site scale flow simula-
tions is assumed to be 5-10~8 m2/s at the depths of 500 and 600 m (Vieno, Hautojarvi,
Koskinen & Nordman 1993). It is taken as isotropic whereas the real situation will be
strongly anisotropic. The simplification of giving an isotropic transmissivity for the re-
pository plane does not lead to an underestimation of the flow through the repository. It
is also noted, that the effect of shafts is not taken into account. It is assumed that these
features will not be important for the groundwater flow on the site scale.



26

4 NUMERICAL METHOD

4.1 Mathematical model

In Finland, the bedrock and soil are saturated almost up to the ground surface. The amount
of water in the bedrock is usually very small even in the saturated zone. Under the present
natural conditions, about half of the precipitated water is transferred back to the atmo-
sphere by evaporation and transpiration. A major part of the rest moves on as surface
runoff or subsurface flow in the soil. Only a small portion of the precipitated water in-
filtrates into the bedrock. The flow of water in the bedrock is driven by gravitation and
by pressure differences that under the natural, undisturbed flow conditions are attributed
to the undulating water table. The undulation is sustained by the combined effect of pre-
cipitation, topography and the hydraulic properties of soil and the bedrock. The bedrock
volume dealt with in the groundwater flow analysis is assumed to begin below the layer of
soil and the surface part of the bedrock. These top layers possess high hydraulic conduc-
tivities. The uppermost layer of the bedrock is relatively transmissive due to its intensive
fracturing.

' to-

The mathematical description of the deep groundwater flow is based on the assumption
that the bedrock can be treated as a medium in which water moves under the influence of
the pressure field. If the density of water is constant, it is more convenient to introduce
the hydraulic head h (m) instead of the pressure. The hydraulic head is defined by

P(XVZ\ (4.1)(,y:) \
pg

where p is the pressure (Pa) at point (x, y, z) of Cartesian coordinates, p is the density of
water (kg/m3) and g is the gravitational acceleration (9.81 m/s2). The origin of the z-axis
is fixed at the sea level. We assume that Darcy's law relating the seepage velocity q (m/s),
that is commonly known as Darcy's velocity, and the gradient of the hydraulic head

q = -KV/ i (4.2)

is valid (see, e.g., Bear (1979)). The coefficient K is the hydraulic conductivity tensor
(m/s). Darcy's law substituted to the law of conservation in the implicit form

V • q = 0 (4.3)

yields a flow equation

V • (KV/i) = 0. (4.4)

Equation 4.4 is valid for steady groundwater flow with no source or sink. The general
time-dependent form of the flow equation can be expressed as

V • (KV/i) -Q = Ss^, (4.5)



where Q is the rate of flow per unit volume (1/s) containing sinks (—) or sources (+) and
Ss is the specific storage (1/m). In a two dimensional case the hydraulic conductivity
is replaced with the transmissivity T (m2/s) and the specific storage is replaced with the
storativity S (-). Accordingly, the Darcy velocity is then replaced with the discharge
vector (m2/s). The numerical method to solve Eq. (4.5) is based on the finite element
method. It is noted, however, that in this work we study steady state flow conditions,
only. The right hand side in Eq. (4.5) thus vanishes.

4.2 Finite element modelling and the FEFTRA code

As clarified in the previous section, due to reasons associated with the boundary condi-
tions, the whole flow model area is clearly larger than the area of prime interest (the well
characterized area). In this work the commonly known technique of nested (telescopic)
system of element meshes was applied. Two finite element meshes were created: the
regional mesh and the local mesh.

The larger, regional mesh comprises about 50 000 elements and covers the whole flow
model area. The larger mesh was used only to provide the smaller, local mesh with the
hydraulic head boundary conditions for the nodes on the lateral edges (see Fig. 3.1). In
both meshes a no-flow boundary condition is used in the bottom nodes. The hydraulic
head boundary condition at the surface is interpolated from the groundwater table. The
smaller mesh is then used in the actual result computations. It comprises about 91 000
elements (Fig. 4.1). The horizontal area of an element in the middle part of the site mesh
is about 40 m • 40 m.

It is important to use the same groundwater table description both for the regional model
and the site model. The use of different groundwater table descriptions might lead to
the situation that the surface nodes of the site model (using the accurate groundwater
table description) and the lateral nodes directly under them (having the interpolated head
values from the regional model which made use of a more inaccurate groundwater table
description than the site model) have very different hydraulic head values. This would
result in strong, erroneous hydraulic gradients. (Lindbomet al. 1991)

Additionally, if the site model lateral boundary having the erroneous hydraulic gradient
described above is located on a transmissive fracture zone, this results in non-physical,
strong flow along the zone (Lindbom et al. 1991). This suggests that the site model area
should be extended beyond the transmissive fracture zones (Bao & Thunvik 1991) — a
principle which has always been used in Finnish groundwater flow models in the context
of the research for the disposal of spent nuclear fuel.

In the beginning, a mesh consisting of three-dimensional elements only is constructed.
These three dimensional elements represent the rock matrix between the fracture zones.
Since the fracture zones in the flow model are two-dimensional, the finite elements repre-
senting them are also two-dimensional. The two-dimensional elements are added into the
three-dimensional mesh according to the actual geometry of the flow model. A detailed
document on the numerical modelling technique for the groundwater flow applied in this
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north

Figure 4.1. The finite element mesh covering the study area and its vicinity, i.e., the site
mesh. The mesh consists of 74 656 three-dimensional elements (top) representing the rock
matrix between the fracture zones and 22 278 two-dimensional elements representing the
fracture zones (bottom).
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work is presented by Taivassalo, Koskinen & Meling (1994) and Koskinen & Meling
(1994); see also the work by Taivassalo & Meszaros (1994).

The numerical computations are carried out with the FEFTRA code (formerly known as
FEFLOW) developed at VTT Energy. It uses linear one-, two- and three-dimensional
elements (Taivassalo, Koskinen & Meling 1994; Lofman & Taivassalo 1993). The code
has been applied to numerous cases encountered in the site selection investigations and
in the safety analyses. It is applicable to domains which can be treated as a saturated,
possibly anisotropic continuum. The code has been verified, for instance, through par-
ticipation in the international HYDROCOIN project in 1984-1987 (HYDROCOIN 1988;
HYDROCOIN 1990; HYDROCOIN 1991). The latest versions of the FEFTRA code

• can, besides a direct (frontal) solver, utilize several kinds of iterative solvers to
handle the matrix equations produced by the finite element formalism.

• is capable of taking into account the effects of the density differences in groundwa-
ter. These differences can be caused by the differences in salinity or temperature
(Lofman & Taivassalo 1993). The coupling between flow and transport leads to a
non-linear set of partial differential equations whose solution in FEFTRA is based
on the (iterative) Picard method.

• can also take into account the salinity stored in the "inactive" part of the rock pore
system (i.e., the pores that do not form a part of the flow routes of water). This
salinity plays an important role in transient situations caused by, for example, land
uplift (Lofman & Taivassalo 1995). Flow simulations can be performed for both
steady state and transient cases. As boundary conditions it is possible to give fixed
pressure or hydraulic head values and known groundwater flux values at the model
boundaries. Sources and sinks are imposed by assigning flow rates on the nodes.
The output of the code is the pressure or hydraulic head upon which derived result
quantities can be calculated, such as the Darcy velocity or the groundwater flux
through chosen surfaces.
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5 ADJUSTING THE MODEL PARAMETERS

The bedrock volume investigated in the groundwater flow analysis is assumed to begin
below the layer of the soil and the surface part of the bedrock. The hydraulic conductivity
of the soil is usually large compared to that of the bedrock. The uppermost layer of the
bedrock is also often considered relatively transmissive due to the high fracture density.
Once the water table is given, the groundwater flow pattern in these top layers is nearly
determined. Thus the hydraulic head boundary condition chosen for the surface of the
flow model is supposed to follow the groundwater table. (Taivassalo, Koskinen & Meling
1994; Taivassalo & Koskinen 1992b)

Generally speaking, in some cases the hydraulic head changes notably as a function of
the depth already in the surface part. Then the hydraulic head values measured in the
upper part of the rock and thus for example in the topmost packer intervals of boreholes
differ significantly from the groundwater table at the same place. This kind of situation
can be explained only with the heterogeneities of the surface layer: there are local, almost
horizontal structures in the surface layer of the rock or beneath the well conductive surface
layer there is a dense layer (clay, for example), the hydraulic conductivity of which is even
smaller than that of the rock below it. (Taivassalo & Koskinen 1992b)

There are also certain uncertainties relating to the groundwater table, which has been eval-
uated principally with the measurement points for the hydraulic head and the topography.
The heterogeneities of the earth layer and the rock (the fracture zones) can often be taken
into account only restrictedly. For example, without measurement points it is difficult to
evaluate the groundwater table in a well conductive structure extending over a hill (the
zones R8 and R9 in the investigation area of the Romuvaara site (Fig. 6.2)). (Taivassalo
& Koskinen 1992b)

In the calibration phase the surface boundary condition of the flow model (Taivassalo &
Koskinen (1992a), Figure 5.1) was modified in order to fit the head values of the model
to those measured in the packed-off sections of the boreholes (Hanninen (1996), Ahokas
(1992), Pollanen & Rouhiainen (1996)).

The calibration was started by raising the head values of the surface boundary condition
near the borehole KR1. The surface head values were lowered in the surroundings of
the surface intersection of the zone R9, because the zone R9 was supposed to some ex-
tent to give rise to the high head values in the boreholes KR1, KR2 and KR3. Also the
high hydraulic head gradient calculated in the surface part of the zone R9 east from the
borehole KR1 was tried to lower.

The surface head near the borehole KR3 was lowered. The head values too high in
the borehole KR4 were thought to improve by lowering the surface boundary condition
between the borehole KR4 and the fracture zones R10B and R10BREUNA. This modi-
fication was also supposed to improve the fit between the measured and calculated head
values in the borehole KR8 in the depth of about 150 metres. Namely, the intersections
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of the zones R10B and R10BREUNA hit the depth interval of 100-150 metres in the
borehole KR8.

The head values of the boundary condition were increased a bit near the borehole KR9.
The correction of the values calculated in the borehole KR10 is difficult in the absence
of suitable fracture zone intersections in the borehole. There were too high head values
throughout the borehole KR11. This led to the lowering of the surface head near KR11
and to the lowering of the head values in the surroundings of the zones R30, R31 A, R3 IB
and R14, which intersect with the borehole KR11.

In all, the modifications of the surface boundary condition led to a better fit between the
measured and calculated values. However, the fit between the measured and calculated
values was not fully reached deep in the bedrock.

After this, the surface boundary condition in the surroundings of the zone R10A was
lowered. In order to lower the head values in the boreholes KR4 and KR8, the boundary
condition was modified in the north-eastern part of the zone R13. The head values were
increased near the borehole KR5 to correct the previous calibration result. The increment
of the head values near the borehole KR9 made in the previous calibration was not large
enough, so the modification of the boundary condition was continued.

However, this phase did not improve significantly the fit of the measured and calculated
values deep in the borehole KR4.

The calibration phase was still continued by doing some minor modifications of the
boundary condition near the zone R10B. The result was a bit better fit between the mea-
sured and calculated head values deep in the boreholes KR4 and KR8.

After modifying the upper boundary condition the infiltration rate was calculated in the
depth of 50 metres (Figure 5.3(a)). The total infiltration rate was 6.1 % of the supposed
rainfall (600 mm/a) in the well characterized area. This value was considered to be too
high (Ahokas 1992), so the transmissivities of some fracture zones and the hydraulic
conductivity of the rock matrix in the well characterized area had to be modified. The
transmissivity of the fracture zone R9 was returned to the value T = 1.15 • 10~5 m2/s
without any depth dependence as in the preliminary site investigations. The transmissivi-
ties of the zones R2, R31A and R31B and the hydraulic conductivity of the rock matrix
(WCA) were halved (Figure 5.4). Concurrently, the upper boundary condition was raised
near the borehole KR7.

The regional model was first solved using the adjusted surface boundary condition and
the halved transmissivity of the zone R2/3 (the zones R31A and R31B are not included in
the regional model). The hydraulic conductivity of the rock matrix outside WCA is used
throughout the regional model, because the fracture zones appearing only on the site scale
are not included in the regional model (except for R9).

After that the site model was solved. The modifications led to a lower total infiltration
rate, about 3.7 % of the rainfall in the well characterized area. In the adjusted model
the main portion (about one third) of the infiltrated water in the well characterized area
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is concentrated in the fracture zone R2/3. The largest infiltration rates in percents of the
rainfall in the well characterized area are the following: R2/3 1.2 %, R31B 0.6 %, R31A
0.4 %, R22 0.3 %, R13 0.3 %, R8 0.3 % and the intact rock 0.2 %. (Figure 5.3(b)).

The calculated hydraulic head values in the boreholes KR1-KR5 and KR7-KR11 both in
the basecase and in the case of the calibrated model are shown together with the measured
values in Figure 5.2.
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Figure 5.1. The original (a) and modified (b) surface boundaiy condition. The courses of
the cut planes in Fig. 6.1 are also shown.
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Figure 5.2. The hydraulic head in the boreholes KR1-KR5 calculated both in the base-
case and in the calibrated case. The measured values are also shown.
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Figure 5.2. (cont.) The hydraulic head in the boreholes KR7-KR11 calculated both in
the basecase and in the calibrated case. The measured values are also shown.
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Figure 5.3. The calculated infiltration portions in percents of the average annual rainfall
600 mm in the well characterized area in the hydraulic units of the Romuvaara site in two
cases: (a) the model is adjusted against measured hydraulic head, (b) the conductivities
of the rock matrix and the fracture zones of high infiltration have been halved. The total
infiltration in the well characterized area in the latter case (3.7 % of the precipitation) is
considered to be in a reasonable agreement with the estimated value of Ahokas (1992).
The downward flux decreases strongly along with the depth: The flux deeper than 500 m
is only about 3 % of the infiltration. Out of this downward flow, the largest portion is that
ofR9.
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Figure 5.4. The conductivities of the hydraulic units. The values are parametrized ac-
cording to Eqs. 3.1 and 3.2. The values have been modified to the half of the initial values
for the fracture zones R2/3, R31A, R31B and the rock matrix (WCA). Furthermore, the
transmissivity of'R9 has been set to a constant value.
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6 SITE SCALE CHARACTERISTICS

In this chapter the flow field on the site scale is first characterized under natural conditions.
Then the effect of the repository on the mean values of the flow in modeled elements is
evaluated. The hydraulic gradient between the repository and the nearest major fracture
zone is communicated from the site scale to the block scale simulations.

The analyses presented are steady-state calculations. These effectively determine the av-
erage flow over periods sufficiently long (several years) that the effects of daily, monthly
and yearly fluctuations in rainfall have little effect on the average. Also the modelling is
only applicable in the period before the climate changes significantly (as result of glacia-
tion).

The analysis presented in this section is based on the following result quantities:

• the hydraulic head h (as the base quantity) and its gradient in selected cross sections
and fracture zones

• the flow rates around the repository

• flow paths and discharge areas of the water from the repository.

The flow is orthogonal to the head contours. A plot of the hydraulic head thus gives an
instant idea of the main characteristics of the flow directions.

Flow paths are computed with a particle tracking algorithm. The transition of the par-
ticle from one place to another is determined by the Darcy velocity. In the case of the
FEFTRA code the particle tracking is complicated with the existence of two-dimensional
elements within three-dimensional ones. Therefore, the FPATH code has underwent in-
tensive model development over the years (Meling 1988; Meling 1989; Meling 1993).

All the results are derived from the site scale model, not the regional model, which is used
only to provide the site scale model with the lateral boundary conditions.

The first of the following three subsections describes the deep groundwater flow under
the natural conditions. After this characteristics pertaining to two variants of repository
layouts are treated separately in the subsequent subsections. The layouts with labels A
and B are based on the designs A and E in the report by Riekkola, Saanio & Salo (1996).

6.1 Natural flow conditions

Overall flow pattern

This section describes the natural groundwater flow conditions in the block of bedrock
that encompasses both the repository adaptations assessed in this work. In essence, this
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block is the same as the well characterized area introduced in Section 3. At the depth
of 500 m this block is encircled by fracture zones Rl, R2/3, R4, R31A and R31B. In
addition, this block is intersected by four significant fracture zones: R8, R9, R13 and R22
(Fig. 3.3). On the site scale the most important fracture zones, by far, are R9 and R2/3.
This is evident because their transmissivities are several times higher than those of the
other indicated fracture zones (Fig. 5.4).

Evidently, the hill of Romuvaara forms a recharge area of deep groundwater. The boggy
lowland to the north and north-east from the hill is the area where the deep water dis-
charges to the ground surface1. The flow to the far-south is impeded by the high altitude
terrain at the southern edge of the investigation area (Fig. 2.1). This rough picture is
sharpened with detailed modelling results described below.

It was already seen that besides R9, fracture zones such as R2/3, R8, R13, R22 and R31A
and R31B take up a large deal of the infiltration through the bedrock surface (Fig. 5.3).
However, deeper down (at the depth of 500 m) the flow downward in R9 becomes greatest.
The reason is its high transmissivity (Fig. 5.4) and location at the apex of the Romuvaara
hill, i.e., the high water table area. It is noted, however, that the majority of the water in
R9 remains in the fracture zone until it discharges to the surface at the intersection with
the fracture zone R2 in the north-west.

The depth reached by the vertical flow is rather limited due to the decreasing conductivity
of the rock, the decreasing transmissivities of the fracture zones and the no-flow boundary
condition at the bottom of the model. Deep in the bedrock the large vertical gradients
of the near surface fade away, too. As it was remarked in the caption of Figure 5.3,
the flow reaching the 500 m depth level is only about three percent of the infiltration.
Unquestionably the largest part of the deep groundwater flow takes place in the upmost
500 m layer of the bedrock. The flow is essentially horizontal already at the depth of the
repository.

The flow resistance is proportional to the distance and the conductivity. Thus, in a flow
system with fracture zones having large transmissivities the flow route with the smallest
resistance is commonly a route through the fracture zones. The horizontal flow can form a
part of a flow route towards the fracture zones, through which the flow route to the surface
has the smallest resistance, even though it is a longer route than through the intact rock.

The hydraulic head maximum shown in Fig. 6.1 is not projected directly downward but
it slopes along R9 (see Fig. 5.4). This sloping of the hydraulic head maximum along
with the depth also sets the western boundary of the block in which all the water flows
to the east or to the north-east. This block is called Lake Sarvijarvi Discharge Block
later on, since, as it will turn out, the water will discharge at the area of Lake Sarvijarvi
that is located east from the investigation area. Based on a careful visual inspection of

1 It is again stressed that the discussion in this work deals with the deep groundwater flow. On the other
hand, the major part of the volumetric flow takes place in the vicinity of the surface. This flow is affected
by the near surface small scale variability in the water table, giving rise to the small scale near-surface
recharge-discharge flow patterns. However, only a tiny portion of the water actually seen on the surface has
passed via the deep rock volumes.
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the normals of the equihead surfaces we drew a line best approximating the boundary
of the discharge block in Figure 6.2. The major part of the WCA belongs to the Lake
Sarvijarvi Discharge Block. The zone itself crosses the boundary. This is seen such that
the flow field in R9 can be divided into two hydraulically separate areas as indicated in
Figure 6.7. The internal water divide shown was determined on the basis of the normals
of the equihead surfaces. The salient role of the fracture zone R9 is a consequence of its
high transmissivity and location at the apex of the Romuvaara hill.

Flow in rock mass

Naturally, the discharge vectors vary according to the transmissivity of the fracture zone.
The highest values at the depth of 500 m are computed for the fracture zones R9 and
R2/3. In the fracture zones intersecting the repository, such as R13 and R22 in the case
of Layout A (Section 6.2), the corresponding values are smaller (naturally, due to their
lower transmissivity). The computed Darcy velocities in the rock matrix at the depth of
500 m are of the order of 0.04 litres/m2a. This value is quite compatible with the one
calculated in the preliminary site investigations (Taivassalo & Koskinen 1992c). This is to
be expected, since both the flow model geometry and hydrogeologic properties are quite
much the same than those in the model in the preliminary site investigations.

The hydraulic gradient depends on the boundary conditions as well as on the conductivity
decreasing as a function of the depth (Fig. 5.4). The magnitude of the hydraulic gradient
shows a pattern different from that of the magnitude of the flow vectors. The highest
hydraulic gradients and flow vectors are usually discerned in the vicinity of the surface.
Along with the depth the hydraulic gradient becomes smoother but its magnitude does not
decrease — not even nearly — with the rate at which the magnitudes of the flow vectors
decrease.

The gradient in the rock matrix is not very much different from that in the fracture zones.
Actually the deep hydraulic gradients are somewhat higher in the rock matrix than those
in the fracture zones. An estimation of the average gradient is about 2 % for the intact
rock at the depth of 500 m (Fig. 6.2). The corresponding value for the fracture zone R9
is lower than 1 %. This is not inconsistent, since in any case the volumetric flow in the
fracture zones is still much higher than that in the rock matrix. It should be remembered
that the fracture zone R9 is as transmissive as a layer of intact rock about 160 km thick at
the depth of 500 m.

Flow in fracture zones

• Fracture zone R8 extends through the whole area (Fig. 6.2). Despite its rather low
transmissivity, a noteworthy part of the infiltration takes place in it. Besides its large
horizontal extent, the high infiltration is due to the hydraulic head maximum of the
Romuvaara hill over which the zone runs. The induced hydraulic gradient is vividly
demonstrated in Figure 6.4. It is also observed that both the high gradients as well
as high hydraulic head fade quickly away. The flow in R8 is strongly consentrated
near the surface. Deeper, especially right beneath the Romuvaara hill the flow is
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very weak. The zone crosses the boundary of the Lake Sarvijarvi Discharge Block.
This causes the internal water divide indicated in Figure 6.4.

• The flow pattern associated with R13 is resulting from its parallel alignment rela-
tive to the hydraulic gradient in its surroundings (Fig. 6.2). This maximizes the flux
in the zone. Consequently, the flow direction in the zone at greater depths is over-
whelmingly horizontal (Fig. 6.8), except at the extreme south-western edge where
the recharge takes place and the flow is vertical. The recharged water turns horizon-
tal and flows to the north-east towards the fracture zone R2/3. Since the whole zone
belongs to the Lake Sarvijarvi Discharge Block no water divide inside the zone is
to be determined.

• The intensity of the flow in R22 is clearly smaller than in the zone Rl 3 (Figures 6.3
and 6.8). Because the fracture zone R22 is as transmissive as R13 it is evident
that the difference is due to the smaller hydraulic gradient in R22. The gradient
in R22 is smaller because of the roughly parallel position of the zone relative to
the equihead surfaces induced by the Romuvaara hill. Some infiltration from the
surface takes place at the north-western part of the zone, where the highest hydraulic
head is discerned (Fig. 6.3). The general flow pattern also in R22 is predominantly
horizontal. The flow trends toward the south-east where it meets the fracture zone
R4 underneath Brook Myllyjoki. It should be noted, however, that a considerable
part of the volumetric flow in R22 is near-surface flow that does not extend over the
whole horizontal extent of the zone.

• The flow pattern in the zone R31A is quite similar to that one in the zone R31B
(Fig. 6.6). The alignment of these zones is quite parallel to the hydraulic head
gradient in their surroundings. Infiltration takes place in the western corner of the
zones, where there is a high hydraulic gradient near the intersection with the zone
R9. In the eastern corner of the zones there is a small discharge area, where the
hydraulic gradient is low. In the middle sections of these zones the flow is predom-
inantly horizontal.

© Besides R9, another highly transmissive fracture zone shaping with the key charac-
teristics of the Romuvaara site is R2/3. The zone's location at a low altitude terrain
is reflected by its very low hydraulic head; the maximum values are between 196-
198 m, only (Fig. 6.3). Comparable to the pattern in R8, also in R2/3 the hydraulic
head field is characterized by a single marked maximum which gives rise to a high
hydraulic gradient. However, this result must be interpreted cautiously: in reality
the high gradients in a highly transmissive fracture zone are often unlikely since the
real infiltration may not be able to sustain them. Regarding practical groundwater
flow modelling, this simply means that the top boundary condition at the zone is
incorrect. The head maximum in R2/3 extends its influence deep giving rise to a
water shed that divides the flow field in R2/3 into two hydrologically isolated parts
of which the eastern one belongs to the Lake Sarvijarvi Discharge Block. Later in
this report it will turn out that, sooner or later, a large part of all the deep groundwa-
ter of the WCA will enter a zone, which transmits it to the east or west depending
on the side of the water divide.
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Table 6.1. The average hydraulic gradient at the depth of 500 m in the main fracture
zones concerning the flow routes from Repositories A and B.

zone

R4
R13
R22
R29 (Rep. A)
R29 (natural cond.)
R2/3

transmissivity [m'2/s]
at the depth of 500 m

1 •10"6

1 • 10~ ( )

1 • 1(T6

1 • 1(T7

l - i t r '
1-10"5

average gradient
at the depth of 500 m

0.006
0.012
0.005
0.014
0.013
0.007

The zone R4 intersects with the regional zone R2/3 in the north and with the re-
gional zones R6, AR5 and AR13 in the south. The local zones intersecting with
R4 in the eastern part of the study area are R8 and R22. The groundwater flow is
nearly horizontal between the intersections of R2/3 and R22 with R4 and trending
to the north (Fig. 6.4). There is a local hydraulic head maximum between the inter-
sections of R22 and R8 with R4. This indicates an infiltration area, which affects
highly the flow pattern in R4. The flow pattern is divided in a northern and a south-
ern part. The flow to the north ends up to the zone R2/3. A considerable part of
the volumetric flow is near-surface flow, however. The southern part ends up to a
local discharge area between the intersections of R8 and R6 with R4. Deep in.the
bedrock in this area the flow trends to the north. This is a very small portion of the
total flow rate in this area, however. The zone R4 gains water mainly from R2/3,
R6 and R22 and a smaller portion from R8.

These general characteristics are not altered by the presence of a repository. Only the flow
pattern in the immediate vicinity of the repository will be affected. The average hydraulic
gradient at the depth of 500 m in the main fracture zones concerning the flow routes from
Repositories A and B is shown in Table 6.1. Only the average hydraulic gradient in the
fracture zone R29 is altered by the presence of a repository.
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Figure 6.1. The hydraulic head on the vertical east-west cut planes running over the
Romuvaara hill. The courses of these planes at the ground surface are shown in Fig. 5.1.
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Figure 6.2. The hydraulic head field at the depth of 500 m (top) and 600 m (bottom)
under the natural conditions. The outlines of the repositories are indicated as well as the
boundary of the Lake Sarvijdrvi Discharge Block. The boundary is deduced with a visual
inspection of the normals of the equihead surfaces.
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Figure 6.3. Hydraulic head field in the fracture zones R2/3 and R22 at the Romuvaara
site. Arrows indicate the dominant flow directions.



46

R8; without repository Head [m]

z=-30l) in

223

221

219

217

21S

213

211

2O9

2O7

SOS

2O3

2O1

. O

- O

. o

. o

. o

. o

. o

. o

. o

. o

. o

. o

north " 1
east

z=-300 m<

R4; without repository

.-: •-, --''-71

1 3 3

1 3 1

1 8 9

1 9 9

1 9 9

1 9 8

1 9 7

1 9 6

1 9 5

19-4

1 9 3

1 9 2

1 9 1

1 9 O

1 8 9

1 8 8

- O

" °
- ll

- 6

. O

. O

. O

- O

. o

. o

. o

. o

. o

• O

. o

- O

north I

up

187 .

186 .

1B5 . Oi

Figure 6.4. Hydraulic head field in the fracture zones R8 and R4 at the Romuvaara site.
Arrows indicate the dominant flow directions. The internal water divide determined on
the basis of the normals of the equihead surfaces in R8 is also indicated.
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Figure 6.5. Hydraulic head field in the fracture zone R29 at the Romuvaara site. Arrows
indicate the dominant flow directions.
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Figure 6.6. Hydraulic head field in the fracture zones R31A and R31B at the Romuvaara
site. Arrows indicate the dominant flow directions.
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Figure 6.7. Hydraulic head field (top) and gradient (bottom) in the fracture zone R9 at
the Romuvaara site. Arrows indicate the dominant flow directions. The internal water
divide determined on the basis of the normals of the equihead surfaces is also indicated.
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500 m

Figure 6.9. Repositoiy A in the flow model. The picture presents the horizontal cross
section at the depth of 500 m.

6.2 Repository A

This section describes the results associated with the repository that is located according
to Layout A (Fig. 6.9). The special feature in this case is that two relatively transmissive
fracture zones, R13 and R22, intersect with the repository. The transmissivity of these
fracture zones at the depth of the repository (i.e., the depth of 500 m) is about 10"6 m2/s.
This is a significantly higher value than that of the other intersecting fracture zones R8,
R14, R20, R25 and R29.

The organization in this subsection is the following: First, we will present an overview
on the response of the repository to the hydraulic head field. It will be shown that on
the site scale the response is weak. However, the repository has a noticeable effect on
the volumetric flow in its vicinity. This effect is best captured with a control box tightly
surrounding the repository (the plane of two-dimensional elements representing the re-
pository in the element model). Clearly, the highest fluxes are related to the dominant
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flow routes into and out of the repository. Finally, we will track the flow routes from the
repository to the ground surface.

Overall flow pattern

Based on the hydraulic head in the vertical and horizontal cross sections and fracture
zones (Figures 6.1, 6.10, 6.3, 6.4, 6.5, 6.6, 6.7 and 6.8) several characteristics can be
deduced:

• The hydraulic head fields in the fracture zones R13 and R22 remain almost com-
pletely unchanged. Since these two fracture zones are the most significant of all of
the intersecting fracture zones, it is evident that the repository has only a limited
effect on the general site scale characteristics regarding the volumetric flow.

• The flow field at the depth of 500 m is quite horizontal. However, locally the vertical
flow component may be significant.

• The repository is almost completely contained by the Lake Sarvijarvi Discharge
Block apart from the north-western portion of the western part.

• The effect of the repository on the hydraulic gradient can be concluded from Fig-
ure 6.11. The gradient has been averaged over two layers of three-dimensional
elements on both sides of the depth level 500 m. One can see how the repository
weakens the gradient at the location of the repository. It is important to understand
that due to the simplifications associated with the internal structure of the repository
and the rock matrix, one should look for the characteristics of the calculated values
over a large area.

• The average gradient in the marked area in Fig. 6.10 within the domain of the re-
pository is about 1.3 %. The corresponding gradient under the natural conditions
is about 1.8 %. This, multiplied by the conductivity of the rock matrix at the depth
of 500 m, i.e., 7.3 • 10^u m/s, yields the flow rate of about 0.04 litres/m2a. This
value, which is sensitive to the hydraulic conductivity, is consistent with the results
of the earlier modelling work by Taivassalo & Koskinen (1992c), who gave the
range of 0.02-0.15 litres/m2a for the respective quantity. Immediately outside the
repository the gradient is strengthened. The block scale simulations make use of
the gradient in an about 50 m thick block of "intact" rock between the repository
and the nearest major fracture zone. The location of such a block is indicated with
the upper shaded area in Figure 6.10. For this block, on an average, the natural
hydraulic gradient of about 1.6 % changes to 3.4 % due to the repository.

• The range of variation of the hydraulic gradient immediately outside the repository
was studied in the direction of the flow routes from the repository. The gradient
outside the eastern repository varies between 1.3 % and 3.2 % (average 2.6 %).
The corresponding range for the western repository is between 1.2 % and 4.2 %
(average 2.9 %). (see Fig. 6.11 (bottom))
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• The nodal hydraulic gradient of the two-dimensional elements representing the east-
ern repository varies between 0.1 % and 2.7 % (average 0.9 %). In the western part
the respective range is from 0.3 % to 2.2 % (average 0.9 %).

• Based on the direction of the flow in the intersecting fracture zones (Figures 6.3,
6.4, 6.5 and 6.8), there does not seem to be a direct route upward from the reposi-
tory to the ground surface along an intersecting fracture zone.

Magnitude of flow in repository

Although the repository weakens the hydraulic gradient, a significant increase in the vol-
umetric flow at the location of the repository is expected. In the model, the repository is
about 690 times as transmissive as a 1 m thick layer of the intact rock at the depth of the
repository. Taking into account the change in the gradient (from 1.8 % to 1.3 %), it can be
estimated that the flux in the two-dimensional plane of the repository is about 500 times
higher than that in the 1 m thick layer of intact rock. However, due to the simplifications
concerning the repository in the flow model, the model can not describe in detail how the
flow is being distributed inside the repository. Instead, we study the response in terms
of gross fluxes. This is best achieved with the control boxes that tightly surround the re-
pository (Fig. 6.13). The calculated fluxes through the walls of the boxes vividly reveal
the main characteristics associated with the groundwater flow pertaining to the repository.
Evidently, the highest fluxes are related to the dominant flow routes into and out of the
repository. The summed up fluxes through the walls are given in Table 6.2.

The total flux, i.e., the total influx or the total outflux (see the last row in Table 6.2),
associated with the eastern box is about one third of that of the western one. This is
naturally due to the smaller size of the former and also due to somewhat smoother general
pattern of the hydraulic head field (i.e., lower overall hydraulic gradient) at the eastern
part (see Fig. 6.10).

The total response of the influx (or the outflux, as well) measures the gross effect of the
repository on the groundwater flow. It is noteworthy that the total response in the eastern
part is larger than that for the western part although the size of the former is clearly smaller
(Table 6.2). On the other hand, because the total influx (or outflux) of the western box
is about three times as large as that of the eastern box, in relative terms the magnitude of
the total response compared to the total influx (or outflux, as well) is much higher in the
case of the eastern box (i.e., 25 % vs. 5 %). It will turn out that the reason for this is the
hydraulic connection created by the repository between the fracture zones R29 and R22.
Under the natural conditions there is no connection between these two zones.

The total response of the whole repository, 8 m3/a + 12 m3/a = 20 m3/a, is less than
10 % of the combined total influx (or outflux) through the boxes or less than 0.1 % of
the calculated infiltration over a 1 km2 area (which is comparable to the perimeter area
of the repository). This agrees with the notion that the effect of the repository on the
hydrogeological flow field on the site scale is practically negligible.

The net response is the difference between the net flow under the natural conditions and
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Figure 6.10. Hydraulic head at the depth of 500 m in the case of Repository A. The
average hydraulic gradient in the upper and lower shaded areas are 3.4 % and 1.3 %,
respectively. The corresponding values in the case without the repository are 1.6 % and
1.8 %, respectively. We have also indicated the part of the western repository from which
the water eventually enters fracture zone R13.
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the net flow with the repository. The total net response measures the magnitude with
which the repository redistributes the groundwater flow. As seen in Table 6.2, the total
net response for the eastern part (22 m3/a) is clearly larger than that for the western part
(15 m3/a). This unexpectedly large net response of the eastern part is also caused by the
hydraulic connection formed by the repository between the fracture zones R29 and R22.

The last rows of the first and second column of "Net flux" in Table 6.2 measure the quality
of the numerical solution. A perfect case of conservation of the volumetric flow would
yield zeros in these cells. However, these non-zero values, 1.4 m3/a and 1.2 m3/a for the
western box, have to be compared with the corresponding total fluxes of 164 m3/a and
155 m3/a, respectively. It is concluded that the relative error in the total mass balance is
of the order of 1 %. The characteristics associated with the individual hydraulic units are
the following:

• Fracture zones R13 and R22, which intersect the western and the eastern box, re-
spectively, are the dominant volumetric flow bearers of all of the intersecting frac-
ture zones (see Table 6.2). This is natural, since their transmissivities are much
higher than those of the other intersecting fracture zones (see Fig. 5.4). It is inter-
esting that seemingly the repository reduces the inflow along fracture zones R13
and R22 by about 3 m3/a and 2 m3/a, respectively (Table 6.2). It is rather diffi-
cult to single out the very detail that brings about this. However, intuitively, it is
acceptable that a new hydrogeologic unit, i.e., the repository in this case, offering
an alternative flow route, decreases the fluxes in the old hydrogeologic features.

• Under the natural conditions, the flux downwards along R13 through the upper hor-
izontal control plane is about 12 m3/a greater than that through the lower plane
(Fig. 6.13). This implies the magnitude with which the downward flow compo-
nent in R13 is turning to horizontal at the repository depth. The flux through the
horizontal planes along R13 downward is much higher than the respective flux up-
ward because the western part of the repository is located in the vicinity of the high
hydraulic head induced by the Romuvaara hill in which the deep recharge takes
place.

• While the largest outflow from inside the western box is associated with fracture
zone R13 (Table 6.2), as such it tells little about the interaction between the zone
and the repository. This is because the water flowing outward is largely the same as
what had flowed inward along the same fracture zone. Instead, it is more informa-
tive to calculate the net flow associated with the fracture zone. It is seen, that under
the natural conditions, the outflow in R13 is about 5 m3/a greater than the corre-
sponding inflow. While the fracture zone R13 acts as a "sink" (it has net onflow)
already under the natural conditions, the repository enhances this characteristic:
With the repository, the net outflow is about 7 m3/a larger than that under the nat-
ural conditions. The net outflow of R13 is largely balanced by the net inflow in
the fracture zone R8, which intersects with R13 inside the flux control box (see
Table 6.2 and Figures 6.10 and 6.12). Altogether, the fracture zone R13 takes up
about 7 m3/a more water from inside the western box as a response to the reposi-
tory. In relative terms, the change in the net flux is over 100 %.
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• Evidently the main role of R8 is to supply R13 with the water the latter zone absorbs
from the western box as a response to the repository (Table 6.2). On the other
hand, it is difficult to quantify how much of this water actually flows from R8 to
R13 along the new connection offered by the repository, compared to the "direct"
route via the intersection of the two zones. However, we suggest that the net flux
response associated with R8 can be taken as a reasonable estimation of the flux
using the repository as a flow route before entering R13 inside the control box (see
Fig. 6.12). At least in the case of the natural conditions it is quite certain that the
net influx of R8 (i.e., 5.5 m3/a) is transmitted through the intersection of the zones
to cover the net outflux of R13 (i.e., 5.4 m3/a). The conductivity of the only other
possible hydraulic unit forming connection between the two zones, the rock matrix,
is much too low to have significance under the natural conditions.

• Due to its location at the low water table area just beside the Romuvaara hill the
upward flux in R22 is much greater than that in R13 (Fig. 6.13). The presence of
the repository increases the upward flux by about 9 m3/a (Fig. 6.13).

• In fracture zone R22 there practically exists net (out)fiux only when the repository
is present. In terms of the absolute flux, the net response actually is higher than that
in the case of the fracture zone R13. The increase (of about 11 m3/a) is balanced
by the increase in the net inflow in the fracture zone R29 (8 m3/a) and the rock
matrix (2 m3/a). Obviously, the unexpectedly large change in the fluxes in R22 and
R29 is due to the fact that the repository creates a completely new hydrogeologic
connection between the two zones. Previously, the repository has merely repre-
sented a slight enhancement of the hydraulic connection between the intersecting
fracture zones. Testing this hypothesis is deferred to a sensitivity analysis (case B,
Section 7). Based on the computed fluxes it is clear that the fracture zone R14 has
no significant role regarding the groundwater flow. This is of course due to its very
low transmissivity, which actually is even lower than that of the repository.

• Otherwise, the fluxes associated with R29 in the case of the eastern control box are
quite modest. This is contrary to the corresponding fluxes in the western box where
they are relatively high (Table 6.2). These fluxes can be understood arising from the
zone's alignment and position relative to the hill of Romuvaara. The zone is lying
almost perpendicularly to the equihead surfaces (which maximizes the hydraulic
gradient in the zone) so that the zone extends from the apex of the Romuvaara hill
to the area of a considerably lower and smoother topography at the eastern part of
Repository A (see Figures 6.5 and 6.10). The characteristic of the flow in R29 is
such that the water enters it at the upper western corner from the Romuvaara hill,
then first flows downward and then horizontally toward the eastern edge. But before
entering the eastern edge some of the water is absorbed from it by an intersecting
fracture zone (R10A). This can be inferred so that the hydraulic gradient in the zone
decreases (the coloured bands of the hydraulic head in Fig. 6.5 become wider) at
the intersection of the zones. A part of the remaining water continues to the lower
corner located deep in the bedrock.

The next step in the analysis is to evaluate the dominant flow routes for the water departing
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Table 6.2. Fluxes through the control boxes (Fig. 6.13) surrounding the Repository A.
Columns "Flux in " and "Flux out" mean fluxes into and out of the box, respectively, along
the indicated hydraulic unit. Column "Net flux" denotes the difference of the former two.
R/NR = with/without the repository, rs = response, i.e., the change due to the repository;
o = net outflow, i = net inflow. The values in the bold typeface describe the division of the
water flowing through the repository (Fig. 6.12); the values measuring the quality of the
balance of the volumetric flow through the walls of the boxes are in italic typeface.

WESTERN
BOX
R13
R8
R29
other zones
rock matrix
total

EASTERN
BOX
R22
R29
R14
rock matrix
total

Flu
R
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10.6
8.4
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from the repository. From the previous discussion, it is evident that the fracture zones Rl 3
and R22, and the rock matrix are the dominant flow routes out of the repository block.
The rock matrix and the other fracture zones are the primary inlets into the boxes. While
the previous statement can be based on Table 6.2 alone, two remarks are made: First, due
to the strong contrast in the conductivities (as it was mentioned earlier, the repository is
modeled as a 690 times as transmissive medium as the rock matrix at the depth of the
repository) it is obvious that the flux associated with the rock matrix concentrates within
the repository plane inside the flux control box. Thus, the eel! "Flux out" for the rock
matrix can directly be taken as the flux emerging from the repository (or to be precise,
the disturbed zone around the repository) through the rock matrix. For example, based on
Table 6.2 it is thus concluded that 16 m3/a of the water flowing by the western part of the
repository departs through the rock matrix.

Secondly, in the corresponding values for the intersecting fracture zones the majority of
the water is the same that has flown into the flux control box along the same zone. Instead,
we suggest that the values given in column "Net flux" were taken as appropriate measures
quantifying the interaction of the intersecting fracture zones and the repository. Thus, we
state that 12 m3/a of the water flowing by the western part is absorbed and transmitted by
R13 out of the control box. As it was explained earlier, this is not, however, the volumetric
flux that is directly associated with the flux that has actually flown along the repository.
Instead, about 5 m3/a of it has entered through the intersection of R8 directly and only
about 7 m3/a has flown along the repository as part of the travel. Proportionally, 60 % of
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the water emerging from the western control box flows through the rock matrix and 40 %
departs along the fracture zone R13 (Fig. 6.12). All this water (29 m3/a out of which
24 m3 /a in the repository) predominantly flows in the horizontal direction.

Analogously with the above presentation, we can conclude that 7 m3/a of the water flow-
ing by the eastern part departs through the rock matrix. On the other hand, the situation
requires now a somewhat more careful consideration due to the fact that the fracture zone
R29 — in which the influx changes significantly due to the repository — does not inter-
sect it completely (Fig. 6.10). Based on the high transmissivity of R22, and the orientation
of the fracture zones relative to each other and the hydraulic gradient, it can be stated that
almost all the water that flows into the box along R29, except for 0.5 m3 /a that remains
in the zone (Table 6.2), eventually enters R22 and will be transmitted out of the box along
the zone. Furthermore, comparing the net flux in R29, 9.9 m3/a, with the net flux in R22,
12.0 m3/a, it is concluded that the major part of the water that the latter zone absorbs
from inside the box is coming from R29. The excess (12.0 m3/a — 9.9 m3/a « 2 m3/a)
is absorbed from the repository. The schematic presentation on the water balance for the
eastern part of the repository is given in Figure 6.12. In this case, it is true that all the
increased influx in R29 is transmitted through the repository to the fracture zone R22.
On the other hand, an important aspect must now be taken into account: Actually the
uncertainty of the bedrock model is notable. So, although in the flow model the fracture
zone R29 does not extend to R22, in reality there can easily be such a connection. Even
if there were no connection and thus the model were accurate in this respect, the short
distance between the two zones at the depth of the repository clearly means that from the
hydrogeological point of view the repository can be seen to form the extension of R29 to
R22.

Flow paths from repository

So far, we have analyzed the effect of the repository on the groundwater flow in its vicinity
and determined the water balance and the main outlets of the groundwater emerging from
Repository A. The flow routes associated with the fracture zones acting as outlets are quite
straightforward to track. For example, the flow direction in R13 can be readily plotted as
shown in Figure 6.8: The direction of flow in the fracture zone R13 is overwhelmingly
horizontal. The water infiltrates in the upper south-west corner and flows to R2/3 which
then transmits this water further to the east. Obviously, this course is followed by all
the water that is being absorbed from the repository into R13. On the other hand, the
spatial locations of the flow routes through the rock matrix vary greatly due to the large
horizontal extent of the repository. Furthermore, the flow in the rock matrix is genuinely
three-dimensional. When such a flow route encounters a fracture zone, it — depending
on the conductivity contrast and the direction of the hydraulic gradient — may or may not
be absorbed by the zone.

Three main flow routes are associated with the western part of the repository (Fig. 6.14).
One of these is associated with R13 as already explained. This zone forms a route from
the repository to the north-east where it intersects with the fracture zone R2/3, which
transmits this water further toward Lake Sarvijarvi in the east. On the other hand, in
Figure 6.15 one can see how the subarea drained by R13 in the western block separates
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western part:
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Figure 6.12. A schematic presentation of the water balance in the (a) western and (b)
eastern parts of Repository A. Numeric values represent the fluxes in [m3/a]. Half of the
flux of 10 m3/a in R8 flows through the repository before entering R13, whereas the other
half flows directly through the intersection of the two zones. The discrepancy between the
total fluxes at entrance and exit is due to the inaccuracy of the numerical results.
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the northern and southern subareas. The water in the northern subarea flows through the
rock matrix to the north and to R2/3 in which it trends to the east or west depending on
which side of the R2/3's water divide the flow path hits. The water flowing to the east
discharges at the area of Lake Sarvijarvi. The westward trending water goes far ouside
the site model, this being a result which is quite satisfactory within the scope of this
work. The water in the southern subarea moves to the east and north-east. The first fairly
transmissive fracture zone this water encounters is R22. As it was explained earlier the
dominant flow direction in this zone is horizontally to the south-east to the fracture zone
R4 in which the water moves to the north until it enters R2/3 and takes the course toward
Lake Sarvijarvi. Thereby, this long and complex flow route ends up at the same discharge
spot as the water emerging from the eastern part (Fig. 6.15).

The flow routes for the eastern part of Repository A exhibit the following main char-
acteristics: On one hand, all the water from the north-eastern side of R22 trends to the
north-east, to the fracture zone R2/3, in which it flows to the discharge area of Lake Sar-
vijarvi as previously described (see Figures 6.14 and 6.15). On the other hand, the water
in the south-west of R22 will travel a much longer way. First, it will be absorbed by the
fracture zone R22 in which the water follows the course to the south-east to R4 where the
water turns to the north and eventually enters fracture zone R2/3 which transmits it to the
east to the Lake Sarvijarvi Discharge Area.

While the overwhelmingly dominant part of the water departing from Repository A even-
tually enters surface at the Lake Sarvijarvi Discharge Area, there clearly is a great variabil-
ity in the lengths of the flow routes (Table 6.3). It is noted, that for the routes remaining
outside the Lake Sarvijarvi Discharge Block we can not compute the characteristic length
because the corresponding path lines show no indication of discharging at the surface near
the perimeter of the site (element) model. The numerical results only indicate very large
lengths for the path lines. Essentially, for the flow routes inside the block, two distinct
characteristics cause the variability in the travel lengths. One is the primary traveling
along the fracture zone R2/3. With this we mean the flow routes that enter R2/3 after the
first leg either through the rock matrix or the fracture zone Rl 3. The other is the traveling
through the consecutive legs along R22 and R4 before entering R2/3.
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Flow rates (m3/a) around Repository A
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Figure 6.13. Control planes for the flow rates calculation. The planes form two enclosed
boxes that surround the repository tightly and are intersected with the fracture zones that
intersect with the repository. Green patches indicate the groups of the two-dimensional
elements representing the repository. Blue values indicate flow rates into the boxes. The
flow rates from the boxes are written in red. Thick arrows indicate the flow rates associ-
ated with the horizontal planes and thin arrows are associated with the flow rates through
the vertical control planes.
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Repository A: flow paths

east

Figure 6.14. Pathlines from Repositoij A, Red color indicates flow in the intact rock,
while black represents flow in a fracture zone. Dl and D2 label the main discharge areas.
Regarding the eastern discharge area D2, the course of the pathlines implies discharging
in the proximity of the site model boundary. In the topographical map this area can be
discerned as Lake Sarvijdrvi.
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Repository A
boundaries;
z=-300 m

site model
boundaries

500 m

t t t
model surface

z=-300m

Figure 6.15. Discharge areas of the water departing from Repository A. The most eastern
discharge area (blue) is located at the low topography terrain in the vicinity of Lake
Sarvijarvi. Based on the flow simulations the only thing that can be said regarding the
western discharge area (green) is that the area is located far from the repository. The
tiny (red) discharge area is an indication of the possibility of some discharge taking place
relatively near the repository. See also Fig. 6.14.



65

Table 6.3. Main flow routes and their lengths from Repository A. DI and D2 are the main
discharge areas (Fig. 6.14). The flow route towards the western discharge area DI has
been tracked only as far as the boundary of the site model. The flow distances in the
excavation disturbed rock zone (EDZ) have not been evaluated.

2.

3.

5.

western part
50—400 m

1. matrix >
1800 m

R2/3 west — DI
600 m

R13 >
1600 m
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matrix —
650 m

R2/3 east - D2
300m

R22 >
500 m

R4 >
500 m

R2/3 > D2



66

6.3 Repository B

This section describes the results pertaining to the repository that is located according to
Layout B (Fig. 6.16). The essential difference between this case and Repository A is now
the smaller number of intersecting fracture zones, whose transmissivities, in addition, are
quite weak. These apparent advantages have been gained with a drawback of having four
different parts of the repository at two depth levels, i.e., 500 m and 600 m below the
ground surface.

Overall flow pattern

A substantial part of Repository B is located within the Lake Sarvijarvi Discharge Block
(Fig. 6.16). Based on the corresponding discussion in the previous subsection (6.2), it
is evident that the effect of the repository concerns the area in the immediate vicinity
of the repository. The effect on the hydraulic head field and the hydraulic gradient is
quite similar to that in the case of Repository A: on an average, the repository halves the
gradient within it and doubles it in the intact block between the repository and the nearest
major fracture zone (e.g., R2/3) in the direction of the flow.

Magnitude of flow in repository

As expected, due to the lack of the intersections with transmissive fracture zones, the
fluxes through the walls of the control boxes tightly surrounding the repository (Fig-
ures 6.17 and 6.18) are significantly smaller than those in the case of Repository A.
For the northern subparts the change induced by the repository is straightforward: the
increase in the total flux is about 60 % and 70 % for the upper and lower subpart, respec-
tively (Table 6.4). This increase is due to the realignment of the Darcy velocity rather
than an increase in the overall volumetric groundwater flow. This kind of realignment and
the respective increase of the groundwater flux through a selected control plane (i.e., a
wall of the control box) can be notable if the position of the repository is perpendicular
to the hydraulic head contours. In the opposite case, like the one relevant to the southern
subparts, where the position of the repository is rather parallel to the head contours, the
effect is much smaller in this sense. This is why the change of the total flux through the
southern parts is clearly smaller, only about 10 %, than the change of the flux through the
northern subparts.

The fluxes through the northern boxes are dominated by the rock matrix; the transmissi-
vity of the only intersecting fracture zone R20 is too weak to make the zone have any
practical role. The largest influx takes place through the roof of the boxes (Figs. 6.17
and 6.18). For the northern control boxes, this is merely a consequence of the difference
in sizes of the horizontal and vertical control planes rather than an indication of the actual
flow direction. For the southern control boxes the situation is somewhat different in the
sense that they are located within the area of the highest hydraulic head, where there is a
significant vertical (downward) flow component. The fluxes through the horizontal walls
are quite high, especially in the case of the upper southern control box. Actually, the total
flux through the upper southern box is higher than that for the northern box despite the
clearly smaller size of the former (Figs. 6.17 and 6.18).
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Figure 6.16. Hydraulic head field at the depths of 500 m (top) and 600 m (bottom) in the
case of Repository B.



The total flux through the deeper southern box is about half of that for the upper one. This
is understandable since as it was already explained, the groundwater flow tends to strongly
diminish along with the depth. An exception to this rule, however, are the fluxes of the
northern boxes. The total flux through the lower box is clearly larger than that through
the upper one. The size of the former can not explain this. Instead, we believe that the
most significant reason is the closer proximity of the lower box to the fracture zone R9
(see Fig. 6.16), which — due to its high transmissivity — is capable of producing high
groundwater fluxes in its vicinity even at great depths in the bedrock.

In the case of the upper southern part of the repository, the major part of the water flowing
into the control box is from the fracture zone Rl 1 and the rock matrix (Fig. 6.19). Inside
the control box the net influx of Rl 1 is received by the rock matrix and the fracture zone
R29. The rather small net flux response of R29 implies that its role as route out of the
repository is quite insignificant compared to that of the rock matrix. In the case of the
deeper southern part the situation is, besides the lower conductivities, different also in the
respect that Rl 1 does not extend to this depth. Based on the magnitudes of the fluxes in
Figure 6.19, the dominant flow route out of the southern control boxes takes place through
the rock matrix. It carries over 70 % of the water out of the southern parts.

Summing up the total inflow responses of Table 6.4 yields the global response of about
12 m3/a. This is about 8 m3/a smaller than in the case of Repository A. On the other
hand, as it was explained in the previous subsection, a large part of the response of Re-
pository A was due to the fact that Repository A formed a connection between the fracture
zones R29 and R22. It is suggested that this particular matter enlarged the response by
at least 5 m3/a maybe up to 7 m3/a. In such a case, we could evaluate that the effect of
the repository on the groundwater flow is quite invariable regardless the geometry of the
repository. Intuitively, this can be understood such that, on one hand, the increase in the
cross conductivity of the medium is almost the same in both cases since the transmissi-
vity of the repository is the same (the conductivity of the rock matrix is the same with the
exception that for the lower depth level of Repository B it is about half of that in the case
of Repository A and that of the upper depth level of Repository B) and, on the other hand,
the size of the repository in the two cases also is the same (because they are to contain the
same amount of spent fuel).

The difference in the total fluxes in the inward and outward sides is due to the numerical
errors in the water balance. The relative error, especially for the deeper control boxes
is larger than in the case of Repository A. Partly this may be attributed to the lower
conductivities of the surroundings of the deeper control boxes: it really means that the
conductivity contrast in the vicinity of the deeper parts is stronger (the conductivities of
the parts of the repository are the same, but those of the natural hydrogeological units are
about half of the corresponding values at the depth of 500 m). The higher contrast inflicts
larger numerical inaccuracies.
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Flow paths from repository

Due to the proximity of the fracture zone R2/3 and due to the northward direction of
the hydraulic gradient, which is almost horizontal (c.f., Fig. 6.16), it is evident that all
the water departing from the northern parts of Repository B ends up in R2/3. As it was
explained in Subsection 6.2, depending on the location of the water at the entrance to
R2/3 it may travel either to the east to the Lake Sarvijarvi Discharge Area or to the west,
far out of the site model area (Figures 6.20, 6.21, 6.22 and 6.23).

The flow routes for the water emerging from the southern parts end up at the discharge
area along two long routes. The first part of the first route is a long leg through the rock
matrix until it encounters fracture zone R22. From that on the water moves along with
the flow patterns in R22 (to the south-east), R4 (to the north) and R2/3 (to the east) to
discharge at the area of Lake Sarvijarvi. The first leg of the other route, on the other
hand, is a rather short course through the rock matrix after which it enters fracture zone
R8. Like R22, also R8 carries water to the south-east, but instead of being transmitted till
the intersection of R4, after some distance the water departs from the zone and takes the
next leg through the rock matrix to fracture zone R4, where the water flows on according
to the above description ultimately discharging at the Lake Sarvijarvi area. In principle,
such a preference of the rock matrix instead of a fracture zone is possible, especially in
cases, where the transmissivity of the fracture zone is weak and the hydraulic gradient in
the rock matrix is significantly stronger than that along the fracture zone. On the other
hand, the problem — a very difficult one — is to formulate and choose an exact rule that
is applicable in realistic cases (Meling 1988; Meling 1989; Meling 1993).

The main flow paths from Repository B are summarized in Table 6.5.
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Flow rates (m3/a) around Repository B;
depth 500 m
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Figure 6.17. Control planes for the flow rates calculation at the depth of 500 m. The
planes form two enclosed boxes that tightly surround Repository B and are intersected
with the fracture zones that intersect with the repository. Green patches indicate the
groups of the two-dimensional elements representing the repository. Blue values indi-
cate flow rates into the boxes. The flow rates from the boxes are written in red. Thick
arrows indicate the flow rates associated with the horizontal planes and thin arrows are
associated with the flow rates through the vertical control planes.
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Flow rates (m3/a) around Repository B;
depth 600 m
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Figure tf.IS. Control planes for the flow rates calculation at the depth of 600 m. The
planes form two enclosed boxes that tightly surround Repository B and are intersected
with the fracture zones that intersect with the repository. Green patches indicate the
groups of the two-dimensional elements representing the repository. Blue values indi-
cate flow rates into the boxes. The flow rates from the boxes are written in red. Thick
arrows indicate the flow rates associated with the horizontal planes and thin arrows are
associated with the flow rates through the vertical control planes.
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Table 6.4. Fluxes [m3/a] through the control boxes (Figures 6.17 and 6.18) surrounding
the Repository B. Columns "Flux in" and "Flux out" mean fluxes into and out of the
box, respectively, along the indicated hydraulic unit. Column "Net flux" indicates the
difference of the former two. R/NR = with/without the repository, rs = response, i.e., the
change due to the repository; o = net outflow, / = net inflow. The values in the bold
typeface describe the division of the water flowing through the repository (Fig. 6.19); the
values measuring the quality of the balance of the volumetric flux through the walls of the
boxes are printed in italic typeface.
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Figure 6.19. A schematic presentation of the water balance in Repository B. Numeric
values represent the fluxes in [m3/a]. In the case of the northern parts of the repository, in
essence, all the flow into and out of the control boxes takes place through the rock matrix.
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Repository B (z=-300 m); flow paths
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Figure 6.20. Pathlines from Repository B at the depth of 500 m. The starting spots
of the lines are located at the center of the two-dimensional elements representing the
repository. About the western discharge area Dl we can only say that it is located far from
the repository. Regarding the eastern discharge area D2, the course of the corresponding
pathlines implies discharging in the proximity of the site model boundary. Geographically
this area can be identified as Lake Sarvijdrvi.
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Figure 6.21. Pathlines from Repository B at the depth of 600 m. The starting spots
of the lines are located at the center of the two-dimensional elements representing the
repository. About the western discharge area Dl we can only say that it is located far from
the repository. Regarding the eastern discharge area D2, the course of the corresponding
pathlines implies discharging in the proximity of the site model boundary. Geographically
this area can be identified as Lake Sarvijdrvi.
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Figure 6.22. Discharge areas of the water departing from Repository B at the depth of
500 m. The most eastern discharge area (blue) is located at the low topography terrain
in the vicinity of Lake Sarvijdrvi. Based on the flow simulations the only thing that can
be said regarding the western discharge area (green) is that the area is located far from
the repository. The tiny (red) discharge area is an indication of the possibility of some
discharge taking place relatively near the repository. See also Fig. 6.20.
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Figure 6.23. Discharge areas of the water departing from Repository B at the depth of
600 m. The most eastern discharge area (blue) is located at the low topography terrain
in the vicinity of Lake Sarvijdrvi. Based on the flow simulations the only thing that can be
said regarding the western discharge area (green) is that the area is located far from the
repository. See also Fig. 6.21.
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Table 6.5. Main flow routes and their lengths from Repository B. Dl and D2 are the main
discharge areas (Figs. 6.20 and 6.21). The flow routes towards the western discharge area
Dl have been tracked only as far as the boundary of the site model. The flow distances in
the excavation disturbed rock zone (EDZ) have not been evaluated.
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7 SENSITIVITY ANALYSIS

The modelling in this work must be taken as a simplified imitation of the flow conditions
at the Romuvaara site giving mainly mean flow characteristics. The structural geometry
of the flow model (together with the structure of the repository) is intentionally simplified
in order to facilitate the computations in practice. Several parameters are poorly known.
Especially the heterogeneities of the hydraulic properties of the bedrock and their possi-
ble influence remain to be studied. In this kind of situation a normal scientific practice
calls for sensitivity and uncertainty analyses. The former evaluates the impact of the
variational values of the parameters on the modelling results. Such parameters could be,
for example, the transmissivities of the intersecting fracture zones R13 and R22. A rea-
sonable value could be the maximum allowable transmissivity of an intersecting fracture
zone, i.e., 5 • 10~6 m2/s. The sensitivity analysis studies how much one can change the
model parameters without seriously violating the conformity between the simulation re-
sults and the field observations. An example of this could be the effect of the varying
transmissivity of R9 on the hydraulic head field and infiltration (which has actually been
investigated already; see Taivassalo & Koskinen (1992c)). On the other hand, one could,
of course, argue that a proper sensitivity analysis would require an evaluation of all kinds
of sensible combinations of the model parameters. In principle it is possible, for example,
that the "detrimental" effect of an individual change could be compensated by changing
suitably some other property of the flow model. Such an approach, however, would need
extensive computer resources and the development of an automatic evaluation method of
the key flow characteristics of each variational case.

Case A

The transmissivities of the fracture zones R13 and R22, which intersect with Reposi-
tory A, were increased to the maximum allowable value for an intersecting fracture zone
T=5 • 10~6 m2/s at the depth of 500 m. The transmissivities at the ground surface were
To=3.4 • 10~4 m2/s. The depth dependence was given by Eq. 3.1. The change in the
transmissivity of a fracture zone whose original and changed values are clearly higher
than those in its vicinity does not significantly change the hydraulic head field, not in the
zone nor elsewhere. Since the hydraulic head field does not change nor does the hydraulic
gradient. Therefore the increase in the transmissivity of a zone makes the flux in the zone
larger, but only in that particular zone (compare Tables 7.1 and 6.2). Otherwise, the situa-
tion stays quite the same; for example, the Figure 6.12 depicting the water balance in the
repository remains nearly unaffected.

CaseB

The fracture zone R29 was enlarged north-east in such a way that it intersects with R22.
This means that the influence of the repository on the total net water balance of the eastern
control box is not as high as in the case of Table 6.2, because in the variational case
there is a hydraulic connection between the fracture zones R22 and R29 already under
the natural conditions. This is seen from the summed up values of the last columns in
Tables 7.2 and 6.2 for the eastern part of the repository (values 12.1 m3/a and 22 m3/a,
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Table 7.1. Fluxes through the control boxes (Fig. 6.13) surrounding the Repository A in
case A. Columns "Flux in" and "Flux out" mean fluxes into and out of the box, respec-
tively, along the indicated hydraulic unit. Column "Net flux" denotes the difference of the
former two. R/NR = with/without the repository, rs = response, i.e., the change due to the
repository; o — net outflow, i = net inflow. The values in the bold typeface describe the
division of the water flowing through the repository; the values measuring the quality of
the balance of the volumetric flow through the walls of the boxes are in italic typeface.

WESTERN
BOX
R13
R8
R29
Other zones
Rock matrix
Total
EASTERN
BOX
R22
R29
R14
Rock matrix
Total

Flu
R
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25.9
15.4
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rs
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7.6
4.6

1.7
0.5

1.9

16.3

/a]
rs

11.8
8.4
1.2
2.3
23.7

respectively). The total net response for the eastern part is about 10 m 3 /a lower in this
variational case. The water balance in the eastern part of Repository A in this variational
case is presented schematically in Figure 7.1. The nodal hydraulic gradient of the two-
dimensional elements representing the eastern repository varies between 0.1 % and 1.6%
(average 0.8 %). Thus, the maximum 1.6 % is lower than the maximum 2.7 % in the
basecase.

The investigation of the following cases is suggested, too:

• Anisotropic transmissivity of the repository. As it has been explained, due to prac-
tical reasons the internal geometry of the repository was not taken into account in
this work. Using a finite element mesh with a great enough resolution, the internal
structure could be taken into account to some extent with an anisotropic transmissi-
vity of the repository. Obviously, the transmissivity perpendicular to the deposition
tunnels should be lower than the transmissivity parallel to them (1/10, for example).

• An alternative value of the hydraulic conductivity of the rock matrix. The value is
uncertain. One should study, on one hand, what degree of a change would deteri-
orate the conformity between the model results and the field observations, and on
the other hand, how sensitive the water balance of the repository is to the change.

• Changing the geometry within the uncertainty of the bedrock model. The uncer-
tainty can be large especially locally. One could try to estimate in advance what
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Table 7.2. Fluxes through the control boxes (Fig. 6.13) surrounding the Repository A in
case B. Columns "Flux in" and "Flux out" mean fluxes into and out of the box, respec-
tively, along the indicated hydraulic unit. Column "Net flux" denotes the difference of
the former two. R/NR = with/without the repository, rs = response, i.e., the change due
to the repository; o = net outflow, i = net inflow. The values measuring the quality of the
balance of the volumetric flow through the walls of the boxes are in italic typeface.
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Figure 7.1. A schematic presentation of the water balance in the eastern part of Reposi-
tory A in the case that the fracture zone R29 intersects with R22 (case B). Numeric values
represent the fluxes in [m3/a]. The discrepancy between the total fluxes at entrance and
exit is due to the inaccuracy of the numerical results.
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changes could most likely affect the results that are directly related to the reposi-
tory.
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8 CONCLUSIONS

The site scale flow modelling

• produced characteristics of the deep groundwater flow at the Romuvaara site

• evaluated the impact of a repository on the natural groundwater flow conditions (the
heat generation was not studied)

• treated the hydraulic gradient in the intact rock between the repository and the frac-
ture zone nearest to it for the block scale model, which describes the groundwater
flow on the repository scale.

The result quantities were the hydraulic head h (as the base quantity) and its gradient in
selected cross sections and fracture zones, the flow rates around the repository, flow paths
and discharge areas of the water from the repository.

In the case of the repository one can see the decrease of the gradient inside the repository
area and the increase outside the repository (Fig. 6.11). The range of variation of the
hydraulic gradient immediately outside the repository was studied in the direction of the
flow routes from the repository. The gradient outside the eastern repository varies between
1.3 % and 3.2 % (average 2.6 %). The corresponding range for the western repository is
between 1.2 % and 4.2 % (average 2.9 %). The nodal hydraulic gradient of the two-
dimensional elements representing the eastern repository varies between 0.1 % and 2.7 %
(average 0.9 %). In the western part the respective range is from 0.3 % to 2.2 % (average
0.9 %). If the fracture zone R29 extends to the zone R22, the range is from 0.1 % to 1.6 %
(average 0.8 %) in the eastern part.

At the location of the repository the flow is governed by the fracture zones R13 and R22,
which carry most of the volumetric flow. However, there seems to be rather little exchange
of water between the repository and the intersecting fracture zones.

The difference in the flow routes and the corresponding partitioning of the repositories
are due to the fact that the parts of the repository layouts are located in different places.
The essential features of the flow routes are illustrated by the depiction of the flow paths
(Figs. 6.14, 6.20 and 6.21) and the respective discharge areas (Figs. 6.15, 6.22 and 6.23).
The major part of the rock block which surrounds the foreseen repository belongs to the
Lake Sarvijarvi Discharge Block (Fig. 2.1).

The three dominant flow routes starting from the repository are the following:

• Rock matrix —> R2/3 —»to the east, to Lake Sarvijarvi or to the west, out of the site
model.

• R13.-» R2/3 -> Lake Sarvijarvi.

• Rock matrix -> R22 -> R4 -> R2/3 -» Lake Sarvijarvi.
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