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PREFACE
This report concerns a study which is part of the SKI performance assessment project
SITE-94. SITE-94 is a performance assessment of a hypothetical repository at a real site.
The main objective of the project is to determine how site specific data should be
assimilated into the performance assessment process and to evaluate how uncertainties
inherent in site characterization will influence performance assessment results. Other
important elements of SITE-94 are the development of a practical and defensible
methodology for defining, constructing and analyzing scenarios, the development of
approaches for treatment of uncertainties and evaluation of canister integrity. Further,
crucial components of an Quality Assurance program for Performance Assessments
were developed and applied, including a technique for clear documentation of the
Process System, the data and the models employed in the analyses, and of the flow of
information between different analyses and models.

Bjorn Dverstorp
Project Manager

Abstract
A 3-D, integrated, discrete-feature, hydrologic model is developed for a 5 km by 5 km area
around die island of Aspo, in southeastern Sweden. The integrated model consists of a
deterministic, large-scale component, representing semiregional and site-scale geologic
structures, plus a stochastic, repository-scale component, representing discrete fractures
widiin die SITE-94 repository. Hydrologic properties of the large-scale stnictures are initially
estimated from cross-hole hydrologic test data, and automatically calibrated by numerical
simulation of network flow, and comparison with (1) undisturbed heads and (2) observed
drawdowns in selected cross-hole tests. The calibrated model is combined with a separately
derived fracture network model, to yield the integrated model. Tins model is partly validated
by simulation of (1) transient responses to a long-term pumping test and (2) a convergent
tracer test, based on the LPT2 experiment at Aspo. The integrated model predicts that
discharge from the SITE-94 repository is predominantly via fracture zones along the eastern
shore of Aspo. Similar discharge loci are produced by numerous model variants that explore
uncertainty with regard to effective semiregional boundary conditions, hydrologic properties
of the site-scale structures, and alternative strucrural/hydrological interpretations.

Abstract (Swedish)
Denna rapport beskriver utveckling och kalibrering av en tredimensionell integrerad
spricknätverksmodell för hydrogeologiska beräkningar inom ett 5*5 km 2 stort område
kring Äspö i sydöstra Sverige. Den integrerade modellen innehåller en deterministisk
beskrivning av sprickzoner och sprickor i semiregional och platsskala och en stokastisk
beskrivning av småskaliga diskreta sprickor i berget kring det hypotetiska djupförvar som
antagits för SKIs SITE-94-projekL fteliminära skattningar av de hydrogeologiska
egenskaperna hos de storskaliga, deterministiskt representerade, sprickorna erhålls från
hydrauliska mellanhålstester. Den vidare kalibreringen görs med en automatiserad
kalibreringsprocedur där resultat av modellsimuleringar av grundvattenflöde jämförs med
(1) uppmätta hydrauliska tryck och (2) observerade tryckavsänkningar i utvalda
hydrauliska mellanhålstester från Äspö. Den kalibrerade modellen kopplas sedan ihop
med en (separat utvecklad) stokastisk spricknätverksmodell för berget kring förvaret.
Genom att jämföra simuleringar av en långtidsprovpumpning och ett radiellt
konvergerande spårförsök (LPT-2) med experimentella data erhålls en uppfattning om hur
väl den integrerade spricknätverksmodellen beskriver de hydrogeologiska förhållandena
vid Äspö. Simuleringar i den integrerade modellen visar att utströmning av grundvatten
från det hypotetiska SITE-94-förvaret i första hand sker via sprickzoner till den östra
strandlinjen utmed Äspö. Ett stort antal modellvarianter analyseras för att utvärdera olika
typer av osäkerheter beträffande yttre hydrauliska rand villkor, hydrauliska egenskaper
hos de storskaliga sprickzonerna och alternativa tolkningar av de geologiska strukturernas
geometri. I samtliga analyserade modellvarianter beräknas relativt korta flödes- och
transportvägar som mynnar ut i den sydöstra delen av Äspö.

Contents
Introduction
1.1
Scope and objectives
1.2
Conceptual Model
1.3
Data utilized

1
5
7
9

Methodology
2.1
Discrete-feature modelling
2.1.1 Components of a discrete-feature model
2.1.2 Boundaries and boundary conditions
2.1.3 Numerical modelling of flow
2.1.4 Transport modelling
2.2
Estimation of hydrologic properties of discrete features
2.2.1 Preliminary estimation of transmissivity from single-hole data
2.2.2
2.2.3

Initial estimation of diffusivity from cross-hole data
Calibration of the network model

Model Development
3.1
Components of the hydrogeological model
3.1.1 Site-scale structures
3.1.2 Semiregional structures
3.1.3 Boundary conditions
3.2
Estimation and Calibration
3.2.1 Source Data for Estimation and Calibration
3.2.2 Initial estimation of hydrologic properties
3.2.3 Simplification of the site-scale model
3.2.4 Steady-state calibrations
3.2.3 Results of transient calibrations
3.3
Integrated site-scale and detailed-scale models
3.3.1 Summary of the detailed-scale models
3.3.2 Generation of stochastic realizations of the fracture population

3.4

3.5

3.3.3 Merging of stochastic fractures with deterministic structures . . .
3.3.4 Calibration check for the integrated model
Validation
3.4.1 Simulations of interference tests
3.4.2 Simulations of tracer tests
Base-Case Discrete-Feature Model

in

13
15
15
17
20
22
27
27
29
32
35
35
37
39
42
47
47
47
54
57
63
67
67
70
75
75
77
77
85
89

Contents, ctd.
3.6

3.7

3.8

Structural variations and alternatives
3.6.1 Avro structural variant
3.6.2 SKBO structural/hydrological variant
3.6.3 SKNO structural/hydrological variant
Hydrologic variations
3.7.1 Enhanced transmissivity in gently dipping structures
3.7.2 Effects of stochastic variation within structures
3.7.3 Rock-mass effects
3.7.4 Effects of variations in boundary conditions
Summary of the final model

93
94
97
101
105
105
109
113
117
125

4

Discussion
4.1
Discrete-feature models for the site
4.2
Evaluation of the calibration approach
4.3
Variability and uncertainty

129
129
135
141

5

Conclusions

145

6

Acknowledgements

147

7

References

149

IV

1

Introduction
This report describes the development and calibration of a discrete-feature hydrogeological
model for the island of Aspo, in southeastern Sweden. This investigation has been carried
out as part of the Swedish Nuclear Power Inspectorate (SKI) SITE-94 Project. SITE-94 is a
performance-assessment study for a hypothetical repository, based on data from an actual
site. The overall scope and results of SITE-94 are described in the main report for SITE-94
(SKI, 1996). Data for SITE-94 were generously provided by the Swedish Nuclear Fuel and
Waste Management Co. (SKB), from the preliminary investigations for the Swedish Hard
Rock Laboratory at Aspo.
This report is the second in a series of four reports that describe the development and
application of a discrete-feature (DF) model for SITE-94. The first report (Geier and Thomas,
1996) describes the derivation of the repository-scale component of the integrated, site-scale
model that is described herein. The third report (Geier, 1996a) describes the application of
the integrated model (and variants) to predict hydrogeological parameters for performance
assessment. Source data and detailed procedures for the analysis are described in the fourth
report (Geier, 1996b).
Tlie integrated DF model is a 3-D, multi-scale hydrological model of the Aspo site and the
hypothetical repository. A conceptual illustration of the model is shown in Figure 1.1. The
base-case model, and variational cases analyzed within SITE-94, incorporate the following
types of components:
•

Large-scale hydrologic structures (fracture zones and extensive single fractures).

•

Stochastic, discrete-fracture networks (DFNs) in the vicinity of the repository.

•

Hydrologic connections due to the fractured, far-field rock mass.

•

Man-made hydrologic features in the repository, such as the disturbed-rock zone
(DRZ) around repository runnels and shafts.

The discrete features in the DF model interconnect to form a 3-D network. Groundwater

flow within this network, in response to various external and internal boundary conditions
(e.g. pumping in boreholes), is modelled by the finite-element method.
The integrated DF model is based on a complete reinterpretation of the Aspo database,
which has been performed as part of the SITE-94 project. The geometry of the large-scale
structures is based on the SITE-94 structural model for Aspo (Tiren ft a/., 1996). A number
of model variants are developed, including two structural variations based on alternative
interpretations of the site database: (1) the preliminary SKB conceptual model for Aspo
(Wikbcrg et a/.., 1991), and (2) an elaboration of the SKN conceptual model for Aspo
(Sundquist and Torssander, 1994). Within SITE-94, the SITE-94 DF model and its variants
have been used to predict hydrologic conditions within the hypothetical repository, and
transport parameters for radionuclide migration (Geier, 1996a).

DWO0001C

Figure 1.1. Conceptual illustration of a DF modelfor performance assessment.
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1.1 Scope and objectives
The central objective of this study is to produce geologically-based, hydrologically plausible
descriptions of the 3-D hydraulic conductivity stnicture at Aspo, using the discrete-feature
modelling approach. Integrated, site-scale discrete-feature models for flow and transport have
been developed which:
•

Explicitly represent die discrete, major structures (fracture zones and extensive single
fractures) that have been identified in the SITE-94 geological interpretation of the
site (Tiren et al., 1996),

•

Incorporate explicitly coupled, stochastic DFN models for near-field fracturing,

•

Reproduce approximately the observed steady-state head distribution and die
network hydrologic response to hydrologic interference testing on Aspo;

•

Provide an integrated tool for simultaneous prediction of both near-field and far-field
radionuclide transport parameters, for performance-assessment calculations.

The methodology for hydrogeological synthesis in the present study differs from previous
interpretations of the cross-hole tests at Aspo (Rlien, 1989; Rhen, 1990; Andersson, 1991;
Rhen et al, 1991), in diat connections among major features are explicitly represented in the
discrete-feature model.
A general objective of the SITE-94 project is to develop methods for incorporating sitespecific data into the performance-assessment process, and for evaluating how uncertainty
inherent to the site-characterization process will affect the end results (SKI, 1996). The DF
models presented here represent a synthesis of geological/geophysical interpretations and
hydrological data, which yields a unified hydrogeological model. An effort is made to
identify ways in which uncertainty in site characterization (including uncertainty due to
variability at the site) leads to uncertainty in the DF model.

1.2 Conceptual Model
The basic assumption of the discrete-feature modelling approach is that:
1.

Groundwater flow in 3-D space can be adequately represented in terms of a set of
interconnecting, transmissive, discrete features, each of which is essentially twodimensional.

A "discrete feature" in this context may represent a single conductive object (e.g. a single
fracture) or a collection of objects that acts as a unit (e.g. a fracture zone). In the discretefeature modelling for the present study, it is further assumed that:
2.

Macroscopic hydrologic properties are approximately uniform within each feature.

Tlie latter assumption could be relaxed to allow for geostatistical variability of hydrologic
properties within a given structure. This leads to a more complex model-calibration problem,
which could not be addressed within tlie present study. However, effects of variability within
structures have been studied as a variant of the integrated DF model (Section 3.6.2).
The key difference between the DF approach and continuum models is that, in the DF
approach, hydrologically significant structures are modelled as discrete conductors in an
irregularly connected discontinuum, rather than as zones of elevated conductivity in a fully
connected continuum. Thus an emphasis is placed on hydrologic connections via major
structural features on the site scale, and discrete fractures on the repository scale.
In die DF model for SITE-94, irregular connections via fractures in the so-called "rock mass"
(i.e. die less intensely fractured rock between major fracture zones) are represented explicitly
as an embedded DFN, in the vicinity of the repository. In continuum models, in contrast,
the "rock mass" is treated as being fully connected, but with relatively low values of
conductivity. In the DF approach, the use of an embedded DFN circumvents a major
dieoretical difficulty that exists with the continuum approach, namely the specification of
continuum element properties when a representative elementary volume (REV), or even a
local equivalent conductivity tensor cannot be defined for the rock mass (see e.g. Long, 1983).

1.3 Data utilized
This study is based on geologic and hydrologic data that were available from borehole and
surface investigations during the preliminary investigations for the Swedish Hard Rock
Laboratory at Aspo (Stanfors et al, 1991). The direct sources of data, and how those data
have been utilized within the present study, are summarized in Table 1.1.
The data that have been utilized directly in the construction of the SITE-94 DF model
include:
•

SKI site-scale structural model for Aspo (Tiren et al, 1996),

•

SKI semiregional structural model (Tiren et al, 1996),

•

Generalized Radial Flow (GRF) interpretations of transient test results (Geier et al,
1996a),

•

Water-level monitoring data from Aspo (Rhen, 1991),

•

Cross-hole pressure response data from tests in KAS and HAS holes (Rhen, 1991),

•

Spinner logs, used qualitatively only where GRF data were not available (Stanfors et
at, 1991), and

•

Final (approximately steady-state) drawdown data for the long-term pumping
and tracer test LPT2 in the borehole KAS 06 (Rhen et al., 1992).

Other types of hydrologic data that were used for model validation included:
•

Transient pressure response data from the long-term pumping and tracer test
LPT2 in the borehole KAS 06 (Rhen et al, 1992), and
Tracer arrival data from LPT2 (Rhen et al, 1992).

Data that were available, but were not utilized in the DF model development due to

constraints of schedule, included:
•

Head & water-level monitoring data from the mainland & adjacent islands (Nyberg
etal., 1990),

•

Cross-hole pressure response data for tests in boreholes outside of Aspo, e.g.
on Laxemar (Nilsson, 1988) and on Avro (Genrzschein et ah, 1987),

•

Tracer dilution measurements in single holes at Aspo (Rhen et a/., 1992),

•

Tracer dilution data from the test LPT1 in KAS 07 (Gustafsson et nl., 1991),
and

•

Geochemical data and interpretations (Smellie and Laaksoharju, 1992; Glynn
and Voss, 1996)

The data m the last category could be used as datasets for further validation and testing of
the DF model.
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Table 1.1. Sources ofdnta and their use in the development of the discrete-feature models.
Data type

Source
locations

References

Site-scale structural
model

Aspo block

linnet

Semiregional
structural model.

Simpevarp area

Tiren et al., (1996)

Estimated water
levels in boreholes

KAS 01-14 and
HAS 01-17 for
the period
October 1989 to
January 1990.

Rhen (1991)

Cross-hole pressure
response data for
pumping tests

KAS and HAS
holes

Rhen (1991)

Spinner logs

KAS holes

Wikberg et al. (1991,
Figures 3.17-3.19)

Used qualitatively for
borehole sections where
single-hole packer tests
were lacking.

Identification of significant structures.

Interpreted FIL test
transmissivities

KAS 02-08

Geietetal. (1996a)

Estimated from packer
tests on 3 m spacings,
interpreted according to
the GRF model (see
reference).

Initial estimates of structure transmissivities.

Notes

al. (1996)

Used for
Site-scale feature geometry
Semiregional feature geometry

Used as estimated by
Rhen (1991) from the
plots of water-level data
of Nyberg et al. (1990).

Calibration of infiltration.

Estimation of feature diffusivities;
calibration of DF properties.
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2

Methodology
The methodology of discrete-feature modelling is an extension of the techniques that have
been developed for discrete-fracture modelling. Since the application of these techniques in
the context of site-scale hydrological modelling is somewhat novel, a brief exposition of
discrete-feature modelling methodology is given in Section 2.1. The general approach to
parameter estimation and calibration is described in Section 2.2. The specific application of
this methodology to the Aspo site, for STTE-94, is described in Chapter 3.
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2.1 Discrete-feature modelling
2.1.1 Components of a discrete-feature model
A discrete-feature model is composed of discrete conductors representing any of the
following (Figure 2.1):
•

Fracture zones

•

Single, deterministic fractures

•

Stochastic fracture networks

•

Directional conductivity of the "rock mass"

•

Induced transnnssive structures (e.g. the disturbed zone around repository tunnels)

In the present implementation, the individual features in the model are required to be
piecewise planar. Thus curved structures, such as nonplanar fracture zones, are represented
in the model as a collection of connected, planar segments. Arbitrarily complex features can
be constructed in this manner. The hydrologic connections among intersecting features
define a network in 3-D space.
The hydrologic properties of a discrete feature are described in terms of three parameters for
each segment of the feature: transmissivity, storariviry, and transport aperture. Transmissivity
(7) and storativity (S) are defined by analogy to the properties of a 2-D aquifer, and are used
to formulate the groundwater flow equations for the DF network (see § 2.1.3). Transport
aperture (/?7), or equivalently, transport porosity, is used to relate groundwater flux densities
to fluid velocities within the features, for the sake of transport modelling (see §2.1.4). Each
of these properties may be fixed (deterministic), or may vary stochastically within a given
feature.

15

Rock

Fracture zones

DWO0003

- 2.1. Components of a discretefeature model (a) Fracture zones or single, deterministic
fractures (b) stochasticfracturepopulations, (c) rock mass representation (d) disturbed zone around
repository tunnels

16

2.1.2 Boundaries and boundary conditions
Boundary conditions for the discrete-feature network are imposed along the intersections
between features and the specified boundaries.
External hydrologic boundary conditions are specified at the intersections between features
and die faces of a prismoidal outer boundary (Figure 2.2a). Portions of features lying outside
of die external boundary are deleted, and (time-varying or steady-state) values of either head
or flux are assigned at the external vertices.
Internal boundaries, such as boreholes, shafts, and runnels, may be constructed of prismoidal
segments (Figure 2.2b). Portions of the discrete-feature network lying within internal
boundaries are deleted. Boundary conditions applied at an inner boundary may be in terms
of specified heads and fluxes, as above, or as a specified net flux for the entire boundary. The
latter boundary condition is useful for modelling, e.g., packed-off borehole sections.
Boundary conditions at the upper surface are applied by defining a nonplanar discrete
feature for the ground surface (Figure 2.2c). This feature is assigned a transmissivity diat is
representative of near-surface conductivity due to, e.g., soil cover and surface exfoliation
within die rock. The surface feature is subdivided into segments representing, e.g., the seabed,
mainland, islands, and lake bottoms. Boundary conditions are assigned to each segment as
appropriate, e.g. specified heads or a specified infiltration flux per unit area. Skin effects at
die upper boundary, e.g. due to a layer of low-permeability sediments on the seabed, can be
modelled by inserting fictitious vertical features with appropriate transmissivity, at each
vertex of the upper surface where this boundary condition is imposed.
Boundary conditions are specified for arbitrarily defined groups of boundary segments,
referred to as boundary groups. The types of boundary conditions used in the present study
included:
•

Fixed, spatially varying heads on a given boundary group (constant-head
boundary condition),

•

Fixed, zero flux across a given boundary group (no-flow
boundary condition),
17

•

Fixed, net flux equal to zero for a given boundary group (e.g.
a packed-off section of a borehole).

•

Specified, time-varying net flux for a given boundary group
(e.g. a pumped sections of a borehole).

The boundary conditions are prescribed at each node where the discrete-feature network
intersects a boundary segment belonging to the specified boundary group.
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a) External boundary
External boundary
Feature

Boundary conditions applied along line
segments) of intersection between discrete
feature and boundary.
s / Sections of discrete feature(s) outside
of boundary are deleted.

b) Internal boundary
^
<T

Section(s) of discrete feature(s) inside
of boundary are deleted.

internal boundary

c) Topographic boundary
Ground surface topography
Water bodies (constant head)

Transmissive surface feature
Subsurface feature(s)

0WQ01M

Figure 2.2. Types of boundaries used in discrete-feature modelling including (a) external boundary,
(b) internal boundary, and (c) topographic boundary.
19

2.1.3 Numerical modelling of flow
The 3-D discrete-feature flow problem is completely specified in lerms of the geometry and
properties of the discrete features, the geometry of the boundaries, and the values and types
of boundary conditions for each boundary group. In order to set up and solve the flow
equation, the discrete feature network and boundary configuration is discretized to yield a
3-D, triangular mesh.
Hydrologic properties of the triangular mesh elements (T, S, and h-,) are assigned based on
the properties of the discrete feature from which they were formed by discretization. The
intersection belween each pair of discrete features is represented in the mesh as line segments
which are shared edges of the triangular elements of both features. Intersections between each
discrete feature and a given boundary segment are represented as line segments which form
the edges of triangular elements belonging to the feature. The vertices (end points) of these
line segments are assigned boundary conditions as specified for the particular boundary
segment.
Steady-state and transient flow of groundwater through the discrete-feature network are
modelled by the finite-element method. The discrete-feature network is converted to a finiteelement mesh composed of 2-D, triangular elements, with two types of boundary segments:
•

External boundaries (lateral boundaries, lower boundary, and the upper
surface), and

•

Internal boundaries (boreholes and other excavations or cavities)

defined by the intersections of the network with the boundaries. After assigning appropriate
boundary conditions at each boundary segment, the resulting system of (steady-state or
transient) finite-element flow equations is solved to yield a prediction of the potential at each
point in the network.
The solution of the finite-element flow equations is obtained with the program MAFIC
(Miller, 1990), which was developed for simulation of fluid flow in discrete-fracture networks
(DFNs). Cross-verification of MAFIC with other DFN flow codes has been carried out
within the Srripa Project (Schwartz and Lee, 1991).
20

The flow (diffusivity) equation solved by MAFIC is defined within the two-dimensional
discrete features as:

S—
dt

- T72h

=

q

(2-1)

where:
S

= local (element) storativity

[-]

T

= local (element) transmissivity

[L~/T\

h

= hydraulic head

[L]

q

= influx per unit area from source or sink

[L/T]

t

= time

[T]

The solution to Equation 2-1 is approximated in MAFIC by a Galerkin finite-element
scheme:

T h

[T V£ -V5 dA + Y — - (S I I dA

=

[q\ dA

(??)

where^4 represents die area of a given element, the J; are the linear or quadratic element basis
functions (only linear, triangular elements were used in die current study), and the subscripts
refer to nodes in the finite-element mesh. For linear basis functions, the integrals in the
above equation may be evaluated analytically to give the matrix coefficients of a system of
first-order differential equations:
dh

Y A

h + Y D

—-

= Q

(2-3)

dt
where the coefficients Amn, Dmn, and 0m are defined, respectively, by the three integrals that
appear in Equation 2-2. For the transient solution, MAFIC uses a backward-difference
scheme to solve for the specified time steps and initial conditions. For steady-state problems,
the transient term is suppressed to give a linear system of equations. The finite-clement
equations at each time step are solved by MAFIC using a conjugate-gradient solver with an
incomplete-Cholesky preconditioner.
21

Fixed heads are imposed at each time step by row and column reduction. Specified-flux
boundary conditions are imposed at each node in the specified boundary group, by setting
the corresponding term Qm in Equation 2-3 to the specified value. Infiltration boundary
conditions are imposed by assigning a lumped value of flux at each vertex of a surface
element. Net flux boundary conditions are imposed by combining the rows of the matrix
equation, for all nodes connected to a given net-flux boundary.

2.1.4 Transport modelling
Advective-dispersive transport within the discrete-feature network is modelled by a particletracking algorithm, based on the discrete-parcel random walk (DPRW) method (Ahlstrom
et ai, 1977), in which each particle represents a fixed mass mp of solute. Particle tracking for
the present study has been performed with respect to steady-state solutions of the finiteelement equations for the network model, using a stand-alone implementation of the MAFIC
particle-tracking algorithm.
The particle tracker represents local, 2-D advective-dispersive transport within die plane of
each tnanguLtr element. 3-D network dispersion, due to the inlerconnectiviry among discrete
features, is represented as the result of local dispersion in combination with mixing across
element boundaries.

22

AJC =

uAt + r

Figure 2.3. Particle-tracking algorithm for advective-dispersive transport within a triangular
element.

Advective-dispersive

motion

The motion of a particle within an element is modelled AS a 2-D random walk. In the
random walk, each step Ax consists of a deterministic, advective component plus a random,
dispersive component (Figure 2.2).
The advective component of AJC is simply «A/,

where u is the (local) fluid velocity

calculated from the local head gradient Vh and hydrologic properties as:

if

=

- — V/i

and A/ is a locally-specified time step, set to:
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(2-4)

(2-5)
10 In I

where L is the maximum side length for the element.
The random, dispersive component r is calculated as the vector sum of two components
representing longitudinal and transverse dispersion. Tlie longitudinal component (parallel
to die local velocity) is generated from the normal distribution with zero mean, and variance
equal to 2D L A/, where DL

is the longitudinal dispersion coefficient. Tlie transverse

component (perpendicular to the local velocity, and in the plane of the element) is generated
from the normal distribution with zero mean, and variance equal to 2D, A/, where DT is die
transverse dispersion coefficient.
For fluid velocities sufficient for kinematic dispersion to dominate over molecular diffusion,
the local dispersion coefficients are proportional to the magnitude of the local velocity.
DL

=

aL\m\
(2-6)

DT

=

«r|«|

where aL and a 7 are the longitudinal and transverse dispersivities, respectively, within a
given feature. The ratio oc7/aL is assumed to be constant throughout the network. For die
transport simulations described herein, ctT/aL is set equal to 0.1. This value is within the
typical range of 0.01 to 0.2 for (tT/aL in porous media (de Marsily, 1986).
If ctL\u\ or ct7j«| is less than the specified molecular diffusion coefficient d~ die
corresponding dispersion coefficient is set equal to d{l. For the transport simulations
described herein, a value of d0 = 2 x 10 m"/s, is used, which represents the upper end of the
range for common ions in water at 20° C (de Marsily, 1986).
For each movement A-Y of a particle within an element, the age / of the particle is
incremented by the time step A/. The particle position is reported for each 1 = nx, where X
is the reporting interval and // an integer. The particle position for time nx is interpolated
from the previous particle position:

24

(
x(nx)

= x(t)

o)
L

+

AJ:

(2-7)

A/
where /0 is the age of the particle prior to the step.

Mixing at intersections
Movement of particles between elements is modelled based on an assumption of perfect
mixing at intersections between elements. When a particle arrives at an edge of an element,
the particle is randomly assigned to one of the elements sharing that edge. The probability
of assignment to the /th connected element is:

P['l

= Qj / E

Qe

(2-8)

e

where Q, is the inflow to the eth connected element along the edge (zero if there is outflow),
and the summation is taken over all elements connected to the edge.
Note that this reassignment technique does not allow for particles to move between adjacent
elements in the absence of net advection. Hence the model may underrepresent the actual
diffusion and/or transverse dispersion (due to small-scale heterogeneity within fracture
planes) that takes place in the physical system.
Solute sources and sinks
Solute sources are modelled by injecting particles into the finite-element mesh from specified
boundary groups, referred to as source groups. Injection of particles at a radionuclide or
tracer source (e.g. a canister deposition hole) is based on the assumption of uniform
concentration (complete mixing) within the source volume. A fixed number of particles, each
of which represents an arbitrary mass of solute released per unit time, is injected into the

This restriction on particle movement across element boundaries has been relaxed
in a more recent implementation of the particle tracker, to allow A-D particle motion along and
between groundwater streamlines, irrespective of element (mesh) boundaries. However, this revised
implementation was not available for the main SITE-94 reference-case calculations, and for the
sake of consistency it was not used for the later variational cases.
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mesh at each source. Particles are injected randomly into the fracture elements that intersect
the source group boundary, in proportion to the inflow to each of the fracture elements in
contact with source. The probability of assignment to the /th element connected to a source
group is in proportion to the outflow that leaves via this element:

P[']

= Qi / E

Q,

(2-9)

e

where in this case the summation is over all element edges connecting to the deposition hole.
All boundaries to which some outflow from the mesh occurs are potential "sinks" for
discharge of solute. When a particle arrives at an element edge that discharges to an internal
or external boundary of the mesh, the arrival time and the boundary group number are
reported in the particle-tracker output. Upon postprocessing, these data are integrated with
respect to the time-concentration history for the source, to give the cumulative solute (mass)
arrival at each discharge boundary.

Ma(t)

=

r
|Qs(T)cx(T)/M(f-x)</T

(2-10)

0

where Qs(/) is the inflow rate at the source as a function of time /, c^t) is the source
concentration, and_/^(A/) is the fraction of the total number of particles injected at the
source, arriving at discharge boundary a with a travel time of A(.
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2.2 Estimation of hydrologic properties of discrete features
A variety of approaches may be used to estimate the hydrologic properties of features in a
discrete-feature model from site characterization data, including the following:
•

Estimation of the local value of transmissiviry at each point where a feature is
penetrated by a borehole, based upon single-hole packer tests and spinner
measurements.

•

Estimation of effective feature diffusivity (T), = Tt S,) values, based on radial-flow
analysis of cross-hole (interference) tests, treating each structure individually as an
infinite, homogeneous aquifer.

•

Simultaneous estimation of hydrologic properties for multiple features, by
calibration of the complete network model with respect to steady-state and/or
transient responses to cross-hole testing.

In developing a discrete-feature model of Aspo, all three of these approaches have been used
in complementary fashion. The first two approaches have been used to assess which features
in die original geological structural model are potentially of hydrological significance, and
to give preliminary estimates of the hydrological properties of those structures. The last
approach has been used to refine the initial estimates of hydrologic properties, explicitly
talcing into account die complicated effects of interconnection among discrete features. The
use of each of these approaches is described in the following sections.

2.2.1 Preliminary estimation of transmissivity from single-hole data
Preliminary estimates of feature properties are obtained from single-hole hydrologic tests,
which are obtained at each intersection of a feature with a borehole. In particular, evaluation
of transmissivify from packer tests gives an indication of the local transmissivity of the
feature, and its variability from one intersection point to another. Transmissivity estimates
from odier types of single-hole data, e.g. flowmeter ("spinner") profiles, could be used for the
same purpose. However, in the present analysis only packer-test transmissivities have been
used quantitatively. Flowmeter data have been used qualitatively as described in Section 3.2.1.
27

Given a set of packer-test transmissivity data T (f.ji), where I.jk is the position of the Ath
measurement in theyth borehole, the data are first classified with respect to the stnictures
AS follows. The points of intersection between boreholes and features are calculated based
upon borehole positional data, in terms of the position Al} of each intersecting feature F,
along theyth borehole.
Transmissivity values TU.j) are assigned to the nearest intersecting feature Flt if any, within
a distance \Ljk- Au\< d,llax. The maximum distance dmM. is assumed to represent half of the
typical fracture zone thickness. In the present study, a value of dmux = 10 m has been used.
For a site where the discrete-feature concept is valid, i.e. ,\ site where groundwater flow is
strongly concentrated within distinct, essentially 2-D structures, the results of this
classification will not be sensitive to using an excessive value of dmiB, since T values from
outside of a fracture zone will generally be small relative to the total transmissivity of die
fracture zone.
After assigning the transmissivity data to individual features in this manner, a preliminary
estimate of the local transmissivity of/7, , at its intersection AtJ with they'th borehole, is
calculated as:

T

tj

=

T

p(Lfi)

£

(2-11)

where the sum is taken over all Tp estimates assigned to the feature Ft at Ay.
When transmissivity data are available for a given feature from more than one borehole,
typically the local feature transmissivity TtJ will vary from between boreholes. In such cases,
a preliminary estimate of the "average" transmissivity Tt is taken as the geometric mean of
all TtJ for die structure:

where JV, IS the number of borehole intersections with F, for which Tp measurements are
available.
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The value of these estimates of feature transmissmty, based upon single-hole hydrologic tests,
is limited by the fact that these tests, in general, are strongly dependent upon the local
properties in the immediate vicinity of the borehole. Moreover, these local properties may
be altered by drilling and other operations in the borehole. Therefore these estimates are used
only for preliminary assessment of feature transmissiviry (preferably in combination with
estimates from cross-hole tests), which are refined by calibration of the network model as
described below.

2.2.2 Initial estimation of diffusivity from cross-hole data
Initial estimates of feature diffusivity T|, are obtained by analysis of transient drawdown data
from hydrologic interference tests {e.g., pumping tests in which the transient pressure
response in observation boreholes has been recorded). The procedure for estimating crosshole diffusivities is as follows. First, the interference-test response data (in the form of time
series for head versus elapsed time) are classified with respect to features, by assigning the
data to features that could possibly be responsible for a hydraulic connection between the
pumped borehole and observation boreholes. Next, for each feature, all data that can thus
be assigned to the feature are combined on an aggregate, normalized plot of time versus
drawdown. Finally, the aggregate plots are analyzed by conventional methods to yield
estimates of feature diffusivity. Details of this procedure are described below.
Classification of hydraulic-response data with respect to features
The basic problem in the analysis of interference-test data for a set of discrete features is to
decide which of the cross-hole hydraulic responses are associated with which features. A
pressure (or water-level) change registered in one observation interval indicates a hydraulic
connection with the source interval (i.e. the pumped borehole section). In the simplest case,
tins connection might be a direct connection via due to a single feature that connects from
the source to the observation interval (e.g. Feature A in Figure 2.4, which connects directly
from the hypothetical source to Observation Interval 1). More complicated connections are
also possible, such as when multiple features form parallel connections between the source
and the observation interval in which a hydraulic response is observed (e.g. Features B and
C, for Observation Interval 2 in Figure 2.4), or when an indirect connection exists via two
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intersecting features (e.g. the connection from the source to Interval 1 via Feature C and
Feature A). As a practical simplification, indirect connections are not considered in the
present analysis.
Direct connections for each set of cross-hole response data are determined based on
borehole/feature intersections. If a feature intersects both the source interval and a given
observation interval, that feature is interpreted as providing a direct connection which might
be responsible for the corresponding cross-hole response. If more than one feature connects
directly between the source and observation intervals, classification of the hydraulic-response
data is performed according to either of two rules (see Figure 2.4):
Rule 1: A response A/;(/) seen in interval R, due to injection in the source interval
S, is representative of feature F, if F is any feature connecting directly from
StoR.
Rule 2: The response Ah(l) is considered to be representative of feature F, if F is die
most significant feature that connects directly from .V to /?, based on an a
priori assessment of single-hole data.
If Rule 1 is used, a given response may be assigned to more than one feature. In general this
leads to overestimarion of diffiisivity, for at least some of the features. If one of the directlyconnecting features is in fact dominant (high T),), the &h(t) data will in fact be reflective
mainly of diis feature's diffusivity, thus the interpreted T)t will be approximately correct for
die dominant feature, but the rj, for the subordinate features will be overestimated. On the
other hand, if all of the directly-connecting features are of nearly equal r\l, the diffusivity
of all features will be slightly overestimated. For fractured granitic rock in which fracture
zone transmissivities typically range over orders of magnitude, the former situation is
probably more common. Thus although Rule 1 is more objective, it probably leads to
overestimates of diffusiviry for many features that are in fact relatively nondiffusive.
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Feature A

Observation Interval 1

Feature B

Observation Interval 2

Figure 2.4. Illustration of rules for assignment of cross-bole responses to discrete features. Feature
A is the only feature connecting directly from the source to Observation Internal I, and
therefore the response observed in Interval 1 would be assigned to A under both Rule 1 and
Rule 2. Features B and C both connect directly from the source to Interval 2, and under Rule 1
the response in Interval 2 would be assigned to both B and C. Under Rule 2, the response in
Interval 2 would only be assigned to the higher rankingfeature (either B or C). Note that
neither rule considers indirect connections, e.g. the connection from the source to Interval 1 via
both CandA.
If Rule 2 is used, each response is assigned to just one feature, namely the feature that is
judged a priori to be the feature that is most likely dominant. Rule 2 is hence less likely to
misallocate responses to a low-diffusivity feature, but may still lead to overestimates of T),
in cases where two or more features of comparable diffusivity form parallel connections.
Rule 2 also entails some risk that the hydraulic significance of a few features will be
underestimated, if the prior assessment of their relative significance is in error.
Due to the fact that neither of these response-allocation rules is completely reliable, two
separate sets of analyses have been performed in the present study, as described in Section
3.2.
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Interpretation of aggregate time/distance vs. drawdown

plots

Diffusivities are estimated by type-curve analysis of the aggregate set of response data
assigned to a given feature, based on one of the response-allocation rules described above.
Response data from all available interference tests are combined in an aggregate
time/distance vs. drawdown plot for each feature. The response data are normalized by
plotting them as &h(r,t)/Ou versus t/r2, where O,, is the source flowrate (pumping rate) for
a given dataset, and /' is the distance (in 3-D) between the two points where the feature
intersects the source and observation intervals.
The aggregate time/distance is. drawdown plots are analyzed by conventional type-curve
fitting, using the theoretical (exponential-integral) solution for the drawdown response at an
observation well in an infinite aquifer. The type-curve fits yield initial estimates of the
diffusivity for each feature.

2.2.3 Calibration of the network model
Calibration is used to improve upon the preliminary estimates of feature hydrologic
properties. This section describes the methodology for calibration of the site-scale features
with respect to steady-state and transient simulations.
In order to reduce the computational burden of the calibration, some features are deleted
from the initial site-scale model prior to calibration. Structures may be discarded based on
die following criteria: (1) clear, consistent evidence of low transmissivity, (2) predominance
of non-responding or weakly responding direct connections, (3) extremely incoherent pattern
of response for direct connections, or (4) complete hydrological redundancy of a feature with
respect to the available suite of hydrological tests. The fourth criterion is purely pragmatic;
given a set of structures that is sufficient to explain the available data, considering more
structures would only increase the nonuniqueness in calibration.
Optimization

techniques

During calibration, the fitted parameters of the model are optimized automatically, using
the downhill simplex algorithm, as described by Press et a/. (1986, pp. 289-293). Optimization
is performed with respect to an objective function defined in terms of the difference between
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observed and simulated hydraulic heads. Definitions of the objective functions for steadystate and transient calibrations are given in the following paragraphs.
Steady-state calibrations
Steady-state calibrations are performed to estimate (1) infiltration rates and near-surface
transmissivity, based on undisturbed groundwater levels and pressures measured in
boreholes, and (2) the transmissivity of selected site-scale and semiregional features, based
on the final drawdowns observed in long-term pumping tests.
The objective function minimized in the steady-state calibrations is:

*i " E W

" WI

(2-13)

where:
/»„(/,) = the observed, steady-state head in the ;'th borehole section /,.
/»,(/,-)

= the simulated, steady-state head in /,,

Each step in die optimization involves running the finite-element program MAFIC to solve
the steady-state flow equation defined on the DF network, for the specified boundary
conditions and set of feature properties. To reduce the computational cost of this procedure,
at each iteration die steady-state head distribution from the previous iteration is used as an
initial guess for the iterative solver.
Transient calibrations
Transient calibrations may be performed to further optimize hydrologic parameters with
respect to the transient hydrologic responses that are observed during interference tests. In
the present study this was done for a preliminary version of the site-scale model, but
attempts at a transient calibration of the final DF model were unsuccessful due to an

2

Further reductions in computational cost could likely be realized by an explicit
formulation of the minimization problem, as discussed in Section 4.2.
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increase in die complexity of die model, as discussed in Section 3.2. Each step in a transient
calibration consists of the following procedure:
First, the trial estimates of Tt and S, are assigned to the finite elements representing the
features. A steady-state simulation is produced with the nel flowrate into the pumping
borehole set to zero. This is to simulate the usual condition of equilibration prior to
pumping, and to obtain the corresponding, steady-state distribution of head in the model,
which gives the initial condition for simulation of the interference test(s).
Secondly, one or more interference tests are sinnilalcd by selling ihe nel flowrate into the
pumped section equal to the specified flowrate, beginning at / ~ 1 second. The transient head
distribution is calculated at each of a series of selected time steps (t = 60 s, 120 s, 300 s, 600
s, 1200 s, etc.), which are chosen with respect to numerical-accuracy requirements and the
actual timing of measurements during the tests.
Thirdly, the head and drawdown values at each of the borehole sections within the model
are extracted from the MAFIC output. The simulated drawdowns are compared with the
observed drawdowns in terms of a response function calculated AS:

(
i

|

,

;

|)

(2-14)

J

where:
A/?,,(/„/)

= the observed drawdown in /, at time /.

A/7^/,,7)

= the simulated drawdown in / at time t.

M\dJ{x) is a weighting function, defined as:

f[x)

= min(x,10) + O.ly ,

y = max(0,x-10)

(2-15)

The purpose of this weighting function is to de-emphasize large differences in drawdown,
which occur in particular at the pumping well, where the pressure diffusion is most likely
to be strongly affected by local heterogeneity.

To reduce the computational costs, at each iteration the equilibrated head
distribution for the previous iteration was used as an initial guess for the iterative solver.
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Model Development

3.1 Components of the hydrogeological model
The base-case discrete-feature model for SITE-94 is based on the SKI structural model for
Aspo (Tiren et aL, 1996), which consists of structures defined on the semiregional and site
scales. The domain of the model is a 5 km x 5 km x 1 km deep block, centered under Aspo
(Figure 3.1). Semiregional structures are represented throughout the model domain, while
site-scale structures are represented only within the smaller block around Aspo.
The hydrogeological model for Aspo consists of a selected subset of the site-scale and
semiregional structures. The following sections describe the process by which the population
of structures in the hydrogeological model has been reduced, and the properties of the
remaining structures have been estimated.

DVYG0OQ21

Figure 3.1. Domain of the SITE-94 discrete-feature model, 5 km x 5 km x 1 km deep. Red lines
indicate semiregional structures (dips shown are schematic). Blue arrows indicate heads applied
along lateral boundaries.
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3.1.1 Site-scale structures
The geometry of the site-scale, structural features is taken directly from the site-scale
structural model of Tiren et al (1996), which was derived based upon correlation of
topographical expression, surface and borehole geophysical investigations, and core logging
data. Figure 32 shows a 3-D view of these features as given by Tiren et al. Note that although
die features are shown as extending to the boundaries of the model, their presence must be
regarded as unverified below die exposed surface, outside of the area covered by the borehole
investigations.

SKI

model

Fracture

zones 1 5 2

Frart ure zones viewed from sout h-wesl. 30" above t hf horizon
13000. 6600 01

13000. 6600. 01

y

11000 9500. 10001

(3000.6500 -10001

(from Tirinetal., 1996)
Dwxnsa

11000. «500. 10001

Figure 3.2. View of fracture zones in the SITE-94 local (site-scale) structural model ofAspo, from
Tiren et al. (1996). TJje location of the domain of the structural model is indicated in Figure 1.2.
Coordinates are given in meters relative to the local coordinate system. TJje island ofAspo is shown
as an outline at the surface (elevation = sea level).
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The geometry of each of the site-scale structures is specified as a 3-D grid. These grids are
converted directly to triangular meshes, with a maximum discretization scale of 200 m, as
described by Geier (1996b). For structures that are interpreted as nonplanar, the triangular
meshes retained the prescribed nonplanarity, to the level of detail allowed by this
discretization.
Truncation of a number of the fracture zones was necessary prior to mesh generation, to
reduce the number of intersections in the model, and hence the complexity of the final
finite-element mesh. Truncation has been performed in reference to a preliminary version
of the SKI structural model (see Geier and Thomas, 1996), which shows many of the
structures as terminating at intersections with other structures. Figure 3.3 shows a plan view
of the truncated model. Table 3.1 lists the site-scale structures that have been truncated, and
the coordinate ranges for which these structures have been retained.

69 6600

68 -

67 50

CHCDWO00SJ

Figure 3.3. Site-scnle structural model after truncation of selected structures.
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Table 3.1 Truncated site-scale features

ID

Structure
Name

Retained Portion of Feature
(OKG Coordinates)

102

e_hi2

X > 6800 m

103

e_hi3

X < 7650 m

109

e_lo3

X < 7600 m

112

ene2

X > 6975 m

112

ene2

X > 6850 m

117

ene7

6900 m < X < 7350 m

121

n_hi2

1600 m < Y < 2950 m

124

n_hi5

X > 7600 m

125

n_lol

1450 m < Y < 2400 m

130

nne_e4

Y > 1050 m

135

nne_w4

Y > 1050 m

137

nne_w6

1350 m < Y < 2250 m

138

nne_w7

1750 m < Y < 2600 m

146

nw2

X > 6700 m

149

nw5

X> 7400 m

151

nw7

X > 7050 m

Feature

3.1.2 Semiregional structures
The semiregioiial structural model for the Aspo vicinity (Tiren et al., 1996) consists of a map
showing traces of about 100 semiregional structures (Figure 3.4). 48 of these semiregional
structures have been included in the 5 km by 5 km model domain; structures lying entirely
outside of this area are excluded. The 3-D coordinates of these zones have been obtained by
digitizing the traces in Figure 3.4, and applying the primary dip estimate for each of these
fracture zones, as given by Tiren et al. (1996). Table 3.2 lists the semiregional structures that
are included in the model, and the dip angles assigned to these features.
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In most cases, die trace of a given semiregional structure cannot be approximated adequately
by a straight line, and the discrete feature representing the structure consists of two or more
planar segments. Each segment in a structure is assigned the same dip angle. To provide for
proper continuity of the structures at depth, each planar segment of a given structure has
been extended or shortened at depth, as necessary, to meet the adjoining segments exactly.

48

49

n 60

51

52

54

RAK-38 Westward Coordinate (km)
CMOOMt

Figure 3.4. S1TE-94 semiregional structural model (adapted from Then eta/., 1996).

Note that the dip direction for adjacent segments may differ slightly due to
changes in the strike of the segment
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Table 3.2 Seniiregiona! structures included in the DF model.
Feature ID

Dip

Feature ID

Dip

204

75° W

245

60° N

205

90°

246

26° N

208

90°

247

30° NW

209

90°

248

80° W

210

90°

249

80° W

211

90°

250

65° SW

214

70° NE

251

80° W

215

70° NE

252

80° W

216

90°

253

80° W

217

70° NE

254

90°

218

90°

255

30° N

219

90°

258

25° N

220

80° W

266

80° NW

221

80° W

268

90°

222

80° W

272

90°

223

80° W

274

20° NW

224

80° W

275

80° NW

225

80° W

276

80° NW

232

80° W

288

90°

235

90°

291

90°

238

90°

296

80° N

242

90°

297

90°

243

85° N

299

90°

244

60° N
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3.1.3 Boundary conditions
The boundary at the upper surface is modelled as a transmissive surface feature. This feature
is discretized into triangular elements on a 200 m scale, and integrated with the meshes for
the other features in the DF model. Each vertex of the elements belonging to this surface
feature, in tlie combined mesh, is assigned to one of nine separate boundary groups (Figure
3.5), representing die Baltic, die freshwater lake Fnsksjon, and the seven largest land masses
that lie at least partly within the model domain: Aspo, Avro, Kalvholmen, Mjalen,
Upplango, Utlango, and the mainland (Laxemar and the Simpevarp peninsula).
Tlie elevations of on-land vertices were set equal to the local topography. For die base-case
DF model, an infiltration boundary condition was imposed by assigning a fixed flux to each
of these vertices, calculated as a (calibrated) uniform influx per unit area, times the land area
associated with each vertex. An alternative treatment of the upper boundary condition, as
fixed topographic (hydrostatic) heads, was considered as a hydrologic variational case, as
described m Section 3.6.
Surface vertices lying within die Baltic were assigned fixed heads equal to zero (mean presentday sea level). Vertices lying within Frisksjon were assigned fixed heads equal to the elevation
of the lake surface.
The landward lateral boundaries were assigned fixed heads based on the mean topographic
gradient. Widi reference to the OKG coordinate system, the boundary head values are given
by:

h

= 10.44 m + 0.000305 X - 0.002984 Y

On die seaward lateral boundaries, a no-flow condition was imposed to simulate an extreme
case of flow confinement, due to the saltwater interface.
A no-flow boundary condition was applied at the base of the model (1 km deep). In effect
this forces die streamlines at the lower boundary to be parallel to the base of the model. An
alternative boundary condition, with hydrostatic heads at the base and on all lateral faces,
was considered as a hydrologic vanational case, as described in Section 3.6.
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Figure 3.5. Assignment of surface-feature nodes to topographic boundary groups.
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All pre-investigation boreholes on Aspo and neighboring islands are included explicitly as
internal boundaries in the base-case DF model for calibration. Each packed-off segment of
a borehole is represented by a separate, group-flux (net-flux) boundary. The fact that die
packer configuration varied sliglitly between cross-hole tests was accounted for in die model
by merging die appropriate borehole segments. In general, the net flux is set to zero in each
borehole interval, except the pumped segment, which is assigned a time-varying flux
corresponding to the pumping rates reported by Rlien (1991).
A single, horizontal feature, at a depth of 50 m, is also included in the model prior to
calibration. Tins feature, designated Feature 1, represents lateral rock mass conductivity in
the near-surface region. In effect Feature 1 gives an interpolation of near-surface head values
between the more transmissive fracture zones. A main reason for representing die nearsurface rock mass in tliis way is to ensure that die discrete feature model connects at shallow
depth to all of the boreholes on Aspo. In particular, this gives intersections with die
relatively shallow, percussion-drilled (HAS) holes. The initial transmissivity of diis feature,
7",, was set to an arbitrary, low value of 1 x 10 m"/s.

For subsequent simulations of post-closure flow and transport through a repository,
as described by Geier (1996a), the pre-investigation boreholes were omitted from the model.
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3.2 Estimation and Calibration
Estimation and calibration of the hydrologic properties of the discrete-feature model has
been carried out by the approach described in Section 2.2. The following sections describe
the specific application of this approach for the Aspo site.

3.2.1 Source Data for Estimation and Calibration
The following types of data have been utilized in estimation and calibration of die base-case
discrete-feature model:
•

GRF transmissivity estimates from single-hole packer tests in boreholes KAS
02-08 (Geier et al, 1996).

•

Spinner profiles.

•

Drawdown, pumping rates, and packer locations for interference tests (Rhen,
1991).

•

Borehole coordinates.

The spinner data were used only for qualitative comparisons in particular cases where singlehole packer test data were lacking.

3.2.2 Initial estimation of hydrologic properties
Prior to calibration of the discrete-feature network model, estimates of effective hydrologic
properties for the site-scale structures were obtained from the complete set of single-hole and
cross-hole data (excluding the second long-term pumping test, LPT2), according to the
general procedure described in Sections 2.2.
In the first step of this analysis, point values of feature transmissivity were estimated from
single-hole packer tests, and an initial estimate of feature transmissivity 7] was calculated as
the geometric mean of all point values for a given feature. These estimates, together with
qualitative indications of transmissive features from spinner surveys, were used as die basis
for a preliminary ranking of the features (Figure 2.3). This ranking provided a first
47

Highest Rank

No single-hole measurements

Spinner evidence positive
Spinner evidence negative

Single-hole transmissivities
from packer-test evaluation

Lowest Rank

Figure 2.3. Ranking of structures based on single-bole data prior to assignment of cross-hole response
data.

assessment of feature significance prior to consideration of cross-hole data, and was used as
a basis for allocating hydraulic response data to particular features (under response-allocation
Rule 2, as given in Section 2.2.3) for interference tests where more than one feature connects
directly between the source and observation intervals.
The features that were characterized by packer tests were ranked in order of single-hole
transmissivity estimates, i.e., features with high transmissivity were assigned a high rank.
Features for which no single-hole transmissiviry estimates were available were regarded as
"uncharacterized" with respect to the packer-testing program, and were given the highest rank
to ensure that significant features were not omitted due to the limited scope of the packer
testing at Aspo (only 7 of die 13 core-drilled holes, and none of the percussion-drilled holes,
were characterized by packer testing). Among these "uncharacterized" features, a higher rank
was assigned to features for which flowmeter logs were available and gave positive indication
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of transmissivity, and a lower rank was assigned if

flowmeter evidence gave negative

indication of transmissivity.
In the second step of initial estimation, cross-hole data from the full suite of interference
tests on Aspo (Rhen, 1991), excluding LPT2, were interpreted by type-curve analysis of the
aggregate response data for each feature, by the methods described in Section 2.2.3. This
yielded initial estimates of diffusivity T|, for each feature that forms a nonredundant,
direction connection between at least one source-observation interval pair.
Three series of analyses of the interference-test data were performed, based on the responseallocation rules defined in Section 2.2.3. The first senes was based on Rule 1, which assumes
that any feature could be responsible for a given response, regardless of any prior
information. The second series of analyses was based on Rule 2, which uses a prior
assessment of feature significance to decide in cases where a given response could be
explained by more than one feature. In these analyses, the prior assessment of feature
significance was based solely on single-hole data, as described above. The third series of
analyses was also based on Rule 2, but in this case the prior assessment based on single-hole
data was first refined by taking into consideration the first series of cross-hole
interpretations. For most features the second and third series of analyses gave similar results.
As a final step, each site-scale feature was assessed qualitatively, taking into consideration the
full set of single-hole and cross-hole interpretations. This qualitative assessment (Table 3.3)
is in terms of the following criteria:
(1)

Magnitude and consistency of the single-hole transmissivity estimates from
each borehole intersected by the feature.

If a given structure shows

consistently high Tt (relative to background levels) at all or most of its
intersections with boreholes, the structure is assessed as being positively
indicated. If, on the other hand, Tt is consistently low, this is taken as
negative evidence. Structures that show wide variations of Tlt or T,
comparable to background levels are assessed as doubtful or borderline cases.
Structures for which single-hole data were lacking were classed as
indeterminate.
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(2)

The presence or absence of spinner anomalies. "Positive" evidence is taken to be the
consistent presence of flowmeter anomalies within 10 meters of the calculated
intersections between a given feature logged borehole. "Negative" evidence is taken
to be the consistent absence of such anomalies.

(3)

Pattern of cross-hole response as observed in the second and third series of analyses
of interference-test data, as described above. Structures are considered to be positively
indicated if (1) consistently strong responses are seen in the "connected" sections (as
defined by the respective rules), and (2) if the pattern of response as fairly consistent
(± half an order of magnitude on the aggregate plots) for the various connected
sections. Structures that show insignificant cross-hole response, or an amorphous
pattern of response, are considered to be negatively indicated. Structures are classed
as hydrologically redundant if no cross-hole responses can be assigned to the given
structure according to Rule 2, for the given prior assessment of feature significance.

Finally, a subjective evaluation was produced of both single-hole and cross-hole evidence for
each feature, taking into account observations of dimensionality in the single-hole tests. The
results of these qualitative assessments are summarized in Table 3.3.
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Table 3.3 Hydrologic assessment of site-scale structures. Column headings indicating the types of evidence
used are: single-hole transmissivity (TGRF)J spinner anomalies (Spin), aggregate cross-hole analysis based on
Response-Allocation Rule 2 (XH2), sequential application of Response-Allocation Rules 1 and 2 (XH3),
and an overall assessment (Ovrl); see text for clarification. Tl>e following symbols are used to indicate the
assessment of each structure based on each criterion: (+) positive evidence, (-) negative evidence, (?) mixed
evidence or borderline case, (o) indeterminate, or (R) redundant. Asterisks (*) indicate structures that have
been omitted from the final model based on the criteria described in Section 3.2.3; daggers (f) indicate local
structures that are replaced by corresponding semiregional structures in the final model.
Zone
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n

1
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+

+
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+

+

+

+
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-
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o

o

o

o
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e_hi6

>
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+

+

+
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ejol

>

-

+

+

+
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e_lo2

O

o

o

o

>

109*

e_lo3

-

-

R R -
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+

>
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o

o

o

o

o
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>

>
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>
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-
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>

R

R

-
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-

>

+

R >
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o
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>
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118

ene8

> >

+

+

+

119
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+

>

+

+

+

120*

n_hil

-

-

>

R

-

Semiregional
equivalents

Remarks

242+215+219

Northern boundary of Aspo

296

246
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ofsite-scrfle structures (ctd).
Table 3. 3 Hydrologic assessment
Zone

Name

T
G
R
F

ID

s
p
i
n

X
H
2

X
H
3

O
V

1

n_hi2

O

o

o

o

o

122

n_hi3

O

o

o o

o

123T

n_hi4

o o

o

o o

124

n_hi5

-

+

+

+

125

n_lol

o >

>

>

>

126 r

n_lo2

-

+

>

>

>

127

nne_el

>

o

+

+
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nne_e2

+

>

+

+

+
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nne_e3

o >

+

>

+

130*

nne_e4

-

>

>

R -

131*
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-

>

>

R -
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o >

>

?

>
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R R -
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+
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+

+

143
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+

+

+

->
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r

121 !

-
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-
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Table 3.3 Hydrologic assessment ofsite-scnli• structures (ctd.).
Name

T S X X O Semiregional
G
equivalents
P H H V
R
i 2 3 r
F
1
n

144

nnw6

O

o

o

o

145*

nwl

O

+

-

R >
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nw2

>

>

+

+

+
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+

+

+
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nw4

>

>

>

>

>

149*

nw5

-

>

-

R -

150t

nw6

o o

o

o

o

214

15V

nw7

o o

o

o

o
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nw8

> -

-

R -

Zone

ID

o
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Remarks

3.2.3 Simplification of the site-scale model
For the sake of practicality, it was necessary to reduce the number of site-scale features
included in the model, prior to calibration. The high intensity of structures and the large
number of intersections between structures in the SITE-94 site-scale structural model, when
combined with the semiregional structural model, lead to a set of equations (Eq. 2-3) with
both a large number of degrees of freedom (nonredundant matrix rows) and a large
bandwidth. During the calibration, these equations must be solved repeatedly for different
trial values of the hydrologic parameters
Moreover, a still larger set of equations is posed when these deterministic structures are
combined with stochastic realizations of the repository-scale DFN model, to form die
integrated model for prediction of hydrological parameters (Geier, 1996a). Since multiple
variants and multiple realizations of the model must be evaluated, the number of site-scale
features in the original model was not practical for the computational resources that were
available .
Therefore structures that appeared to be of relatively low significance, based on the available
data, were omitted from the DF model prior to calibration. The following specific criteria
were used to identify structures that could be omitted from the model:
•

Clear, consistent evidence of low transmissivity where a structure intersects boreholes;

•

Predominance of non-responding or weakly responding intervals, among those
observation intervals that are directly connected to the pumping (source) interval via
die structure.

•

Extremely incoherent pattern of response for structure, for the available suite of
cross-hole tests;

•

Complete hydrological redundance of the structure (with respect to the given suite
of cross-hole tests), in combination with negative or marginal single-hole evidence.

6

A Silicon Graphics workstation and, for the later portion of the modelling, an
80486-based desktop computer with 48 MB of physical memory.
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Structures for which there was a complete (or near-complete) lack of pertinent hydrologic
data were, in general, retained in the model, and addressed in the calibration stage as
described below.
Application of the above criteria reduced the number of site-scale structures from 52 to 30.
Of the remaining 30 structures, nine correspond approximately to semiregional structures,
as noted in Table 3.3. The connections due to these nine structures are fully accounted for
by tlie corresponding, semiregional features, which can be expected, moreover, to give a
better representation of connections between the local and semiregional scales. Therefore
these nine structures are also omitted from the model. Most of these nine are structures for
which there were little or no relevant hydrologic data. For the only exception, ene7, die
estimated hydrologic properties are used as initial estimates for the corresponding
semiregional structure.
After deleting hydrologically insignificant and/or redundant features, the following 21 sitescale structures are retained in the DF model: e_hi3, e_hi6, e l o l , e_lo2, ene8, ene9, enelO,
n_hi3, n_hi5, n_lol, nne_el, nne_e2, nne_e3, nne_wl, nne_w7, nnw4, nnw5, nnw6, nw2,
nw3, and nw4. The meshes for these site-scale structures were combined with those for the
semiregional and surface features, to produce an initial DF model for calibration. Initial (precalibration) estimates of the hydrologic properties of these structures are as given in Table
3.4. For die structures for which no prior estimates of the hydrologic properties were
available, initial guesses of T = 1x10 m"/s and T|, = 1 m*/s have been used.
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Table 3.4 Initial estimates of hydrologic parameters for site-scale and semiregional structures.

Feature

log T,

ID

Structure
Name

(mVs)

(mVs)

103

e_hi3

-5.86

0.63

106

e_ln6

-5.10

0.50

107

e_lol

-5.66

0.18

108

e_lo2

-7.00

1.00

111

enclO

-7.00

1.00

118

ene8

-6.06

1.25

119

ene9

-6.54

4.45

122

n_hi3

-7.00

1.00

124

n_hi5

-6.55

0.79

125

n_lol

-6.36

1.18

127

nne_el

-6.32

6.28

128

nne_e2

-5.90

31.5

129

nne_e3

-7.00

12.53

132

nne_wl

-7.00

1.58

138

nne_w7

-5.23

0.63

142

nnw4

-6.50

0.79

143

nnw5

-5.55

4.99

144

nnw6

-7.00

1.00

146

nw2

-5.91

1.58

147

nw3

-6.05

1.77

148

nw4

-6.53

1.25

202-245

Semiregional

-7.00

1.00

246

Semiregional (ene7)

-7.19

1.99

247-296

Semiregional

-7.00

1.00

56

3.2.4 Steady-state calibrations
Steady-state calibration of die DF model has been carried out in two stages. First, the on-land
infiltration has been calibrated with respect to the undisturbed head distribution on Aspo.
Second, a coarse calibration of the transmissivity of selected site-scale and semiregional
features has been performed with respect to the final drawdowns observed in the long-term
pumping tests LPT1 and LPT2.
Calibration with respect to undisturbed gronndwater

levels

Calibration of infiltration has been performed with respect to the estimated, undisturbed
groundwater levels and pressures on Aspo. The undisturbed water levels in boreholes KAS
01-14 and HAS 01-17 are taken to be equal to die estimates of Rlien (1991), which were based
on plots of water-level data presented by Nyberg et ah (1990), for the monitoring period
October 1989 to January 1990.
An infiltration rate of 2.8 mm/yr is found to be optimal in terms of the steady-state error
measure /?„, as defined in Section 2.2.4. The mean absolute error in predicted heads {RJn,
where v is die number of observations) is 0.52 m. As shown by Figure 3.6, the absolute error
exceeds 1 m for only two observation intervals, HAS 03:2 (excess head of 1.6 m) and HAS
01:1 (head underestimated by 1.7 m). For nearly all of the points in the southern peninsular
of Aspo, where the hydrogeologic structures are most well defined (due to the relatively
intense focus of the pre-investigations on that area), the predicted heads are widiin a few
decimeters of the observed heads.
The calibrated infiltration rate amounts to less than 2% of the estimated, potential annual
recharge of 185 mm/yr. This seemingly low percentage could perhaps be physically
reasonable, as it represents only that portion of recharge which percolates into die bedrock.
A large fraction of the potential annual recharge is likely to be lost as runoff; Rlien (1991)
cites an estimate of 150 mm/yr for runoff in the Aspo area. Of the remaining potential

Calculated as precipitation minus actual evaporation, using figures as given by
Rlien, 1991.
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Calibration of infiltration with respect to undisturbed heads
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Figure 3.6. Results of calibration of infiltration rate with respect to undisturbedgroundwater

beads.

recharge which infiltrates into the soil cover on Aspo, a substantial portion may drain to the
sea rather than infiltrate the bedrock. Note that a slightly higher infiltration rate could be
accommodated in the DF model by increasing the transmissivity of the surface feature, to
model in effect a greater proportion of the soil- layer transmissivity. The net effect of surface
recharge on the deeper DF model would presumably be about the same.
Calibration ivith respect to final drawdowns in long-term pumping tests
A second set of steady-state calibrations has been performed based on the final drawdowns
for two long-term pumping cross-hole tests on Aspo, LPTl and LPT2. In these calibrations,
transmissivities of the following selected features have been adjusted with respect to
drawdown data for the two tests:
LPTl (pumping in KAS 07): Features 118, 119, 127, 142, 143, and 146.
Structures ene8, ene9, nne_el, nnw4, nw2.
LPT2 (pumping in KAS 06): Features 2 (subsurface), 122, 123, 125, 132, 144, 202,
204, 214, 215, 243, 246, 249, 250, and 251.
The calibration with respect to LPTl is focused on the structures in the vicinity of borehole
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KAS 07. The initial steady-state calculation, based upon the preliminary transmissivity
estimates given in Table 3.4, predicts excessive drawdowns (one order of magnitude greater
than observed; total error Rss + Rlr = 706 m), within the pumped well and all responding
observation intervals.
The revised estimates of feature transmissivities, after calibration, are generally within about
a half order of magnitude of the prior estimates (Table 3.5). The exception is Feature 118,
which has increased in transmissivity from 8.7x10 to 7.8x10 m~/s. These revisions are easily
within the confidence limits of the single-hole estimates. After calibrating the structures
adjacent to KAS 07, die steady-state drawdown in KAS 07 as predicted by the model is 42
m, as compared with an observed drawdown of 58 m at the end of LPT1. The overall
absolute error has been reduced by a factor of three (giving RB + Rtr = 244 m). However, the
predicted drawdowns after this calibration still exceed actual drawdowns in the observation
wells, particularly in the wells distant from KAS 07 (Figure 3.7).
Two explanations can be proposed for the discrepancies for the more distant boreholes:
•

The effective boundary condition at the surface (infiltration) for steady-state
pumping during LPT1 may differ from that in the model, and/or

•

The transmissivities of the discrete features (or the overall conductivity) may be too
low in the northern part of the model;

Increased infiltration could perhaps have occurred during LFT1, which would have partially
suppressed die relatively minor drawdowns in northern Aspo. However, this possibility could
not be evaluated properly without a considerably more detailed treatment of die surface
boundary condition in the DF model.
The second proposed source of discrepancy, a significant underestimation of transmissivities
in the northern portion of the model, is easier to address within the context of the DF
model. This explanation moreover seems to be quite likely, as there is little direct
information concerning the transmissivity of most of the structures in this portion.
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Calibration of site-scale feature T, values vs. LPT1 in KAS 07
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Figure 3.7. Results of steady-state calibration with respect to the final drawdowns in LPTl.

Table 3.5. Results of steady-state calibration with respect to LPTl.
Feature
ID

Name

Initial

Calibrated
lo

g,» Ti

(mVs)
118

ene8

-6.06

-5.11

119

ene9

-6.54

-6.19

127

nne_el

-6.32

-6.19

142

nnw4

-6.50

-6.97

143

nnw5

-5.55

-6.09

146

nw2

-5.91

-5.81
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The next step in die steady-state calibrations addresses this possibility by fitting
transmissivities for 5 site-scale and 9 semiregional features with respect to the final
drawdowns in LPT2. For all of these features, there are either no prior estimates of
transmissivity, or at best very uncertain estimates.
The results of this calibration are given in Table 3.6. The most significant changes due to this
calibration are the increased transmissivity of the subsurface feature, and two semiregional
features, 215 and 246, which pass through southern Aspo (coinciding approximately with
the site-scale structures nw5 and ene7, respectively).
In die process of calibration, the absolute error R^ for this case has been reduced from 781
m to 263 m. As seen in Figure 3.8, the predicted and observed drawdowns for observation
intervals in southern and central Aspo are generally in agreement, within half an order of
magnitude or less. However, die predicted drawdowns in the northwest portion of Aspo are
uniformly much too high. Moreover, even for the intervals where the match is closer, there
is a tendency for the predicted drawdowns (including that in KAS 06 itself) to be too strong.
These discrepancies are likely due to heterogeneity of transmissivity in the immediate

Calibration of site-scale feature 7/ values vs. LPT2 in KAS 06
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Figure 3.8. Results of steady-state calibration with respect to LPT2.
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vicinity of KAS 06. All of the structures in the DF model that connect to KAS 06 also
connect to KAS 07, and their properties are thus constrained by the results of LPTl. In
order to improve the match to the steady-state results for LPT2, a zone of locally increased
transmissivity was postulated, with transmissivities increased by half an order of magnitude
(factor of 3.16) in the first 20 m around KAS 06. This increase is well within the observed
variability between boreholes, for these structures.

Table 3.6 Results of'steady-state calibration with respect to LPT2.

Feature

Name

ID

Initial logu, T,
(mVs)

Calibrated logl(1 T,

(mVs)

2

subsurface

-8.00

-6.05

122

n_hi3

-7.00

-7.45

125

njol

-8.00

-8.94

132

nne_wl

-7.00

-7.85

144

nnw6

-7.00

-7.66

202

Semiregional

-7.00

-6.63

204

Semiregional

-7.00

-6.52

214

Semiregional

-7.00

-6.82

215

Semiregional

-7.00

-5.12

243

Semiregional

-7.00

-7.83

246

Semiregional (ene7)

-7.19

-5.18

249

Semiregional

-7.00

-7.05

250

Semiregional

-7.00

-7.76

251

Semiregional

-7.00

-7.36

62

3.2.3 Results of transient calibrations
Data for transient calibrations consisted of cross-hole pressure responses for pumping tests
in the KAS and HAS holes, as described by Rhen (1991). Although successful transient
calibrations were performed for a preliminary version of the DF model, as discussed below,
an attempt at transient calibration of the final model was unsuccessful due to excessive
computing times. For the final DF model, transient simulations were performed only as
validation exercises, as described in Section 3.4.1. The hydrologic parameters of the final, sitescale DF model, after estimation and steady-state calibration as described above, are as given
in Table 3.7.
Transient calibration was attempted with respect to one interference test, KAS 03:P6. Tins
test is of particular interest because of the location of the source in the northwestern part of
Aspo, where there is comparatively little hydrologic information. However, this attempt was
aborted due to long computing times that were needed for each iteration of the transient
calibration (over 30 hours of CPU time, compared with 4 to 6 hours for the preliminary DF
model).
Transient calibrations were performed for a preliminary DF model based on a preliminary
version of the SITE-94 structural model (see Geier and Thomas, 1996), which was used for
preliminary, exploratory calculations, but not for the final predictions of hydrological
parameters for performance assessment. These calibrations were more successful due to the
lesser complexity of the preliminary structural model. Transient calibration of the
preliminary model was performed with respect to pumping tests in four boreholes: KAS 03,
KAS 07, KAS 09 and KAS 12.
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Table 3.7 Final estimates of bydro/ogic parameters for site-scale and semiregional structures.

Feature
ID

Name

2

(m'/s)

(mVs)

subsurface

-6.05

1.00

103

e_hi3

-5.86

0.63

106

e_hi6

-5.10

0.50

107

ejol

-5.66

0.18

108

e_lo2

-7.00

1.00

111

enelO

-7.00

1.00

118

ene8

-5.11

1.25

119

ene9

-6.19

4.45

122

n_hi3

-7.45

1.00

124

n_hi5

-6.55

0.79

125

njol

-8.94

1.18

127

nne_cl

-6.19

6.28

128

nne_e2

-5.90

31.5

129

nne_e3

-7.00

12.53

132

nne_wl

-7.85

1.58

138

nne_w7

-5.23

0.63

142

nnw4

-6.97

0.79

143

nnw5

-6.09

4.99

144

nnw6

-7.66

1.00

146

nw2

-5.81

1.58

147

nw3

-6.05

1.77

148

nw4

-6.53

1.25
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Table 3.7 (ctd,). Final estimates of fjydrohgic parameters for site-satle and semiregional
structures.

Feature

Name

ID

l°8,o T.
(mVs)

(m'/s)

202

Semiregional

-6.63

1.00

204

Semiregional

-6.52

1.00

214

Semiregional

-6.82

1.00

215

Semiregional

-5.12

1.00

243

Semiregional

-7.83

1.00

245

Semiregional

-7.00

1.00

246

Semiregional (ene7)

-5.18

1.99

247-248

Semiregional

-7.00

1.00

249

Semiregional

-7.05

1.00

250

Semiregional

-7.76

1.00

251

Semiregional

-7.36

1.00

252-296

Semiregional

-7.00

1.00
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3.3 Integrated site-scale and detailed-scale models
The calibrated site-scale DF model is combined with detailed-scale models that are defined
for die vicinity of the repository, to form an integrated model for prediction of hydrologic
parameters for the SITF.-94 performance assessment. The detailed-scale models are based on
discrete-fracture-network (DFN) models for the repository-depth rock at Aspo, as derived by
Geier and Thomas (1996). The following sections summarize the DFN models, and describe
how these are implemented in the integrated DF model.

3.3.1 Summary of the detailed-scale models
The DFN models for repository-depth rock at Aspo are defined in terms of statistical models
for the following fracture properties:
•

Location (i.e. clustering)

•

Intensity (total area of conductive fractures per unit rock volume)

•

Orientation (vector normal to fracture plane)

•

Transmissivity (effective value for network flow)

•

Storativity (effective value for network flow)

•

Transport aperture (effective value)

The types of statistical models and the corresponding parameters, for each of the two major
rock types, are summarized in Table 3.8. Definitions of the various statistical models are
given by Geier and Thomas (1996).
The correlation between transport aperture and transmissivity is expressed as:

bT[m]

= 10- 135 6Jm

where hh is the effective hydraulic aperture that is calculated from transmissivity according
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to the cubic law.

where u is die viscosity of water, p is the density of water, and g is gravitational acceleration.
The model for Aspo granodiorite is used as die DFN model for the reference case, due to the
apparent predominance of this rock type at repository depths. The model for Smaland
granite was used for vanational studies. For both rock types, the models in Table 3.8 are
sufficient to descnbe die observed geometric characteristics of the fracture system, including
(1) local fracture intensity and its variability, (2) the distribution of fracture tracelengths on
outcrops, (3) the distribution of fracture orientation, and (4) the distributions of
transmissmty and flow dimension as observed in packer tests.
The key aspects of uncertainty in these DFN models are discussed by Geier and Tliomas
(1996). Their most uncertain aspects are (1) the orientation distribution _/"(p), and (2) fracture
location. The latter is probably the more significant, in terms of network flow and
radiouuclide transport.
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Table 3.8. Summary ofDFN

Fracture
Set
All

models for fracturing in the rock mass excluding fracture zones.

Property

Levy-Lee
2.14
0.228

Lognormal
4.48E-08
6.33E-07

Lognormal
6.29E-06
3.96E-05

Storativity Sf

Correlated to T.

Correlated to Tf

Transport aperture bT

Correlated to T,

Correlated to Tf

Intensity PJ2( (m"/m )

0.314

0.159

Fracture size

Power Law
b r = 3.00 m

Power Law
br = 3.00 m

Orientation

bootstrap

bootstrap

Intensity Pi2t (m2/m3)

0.163

0.086

Fracture size distribution

Power Law
b r = 3.01 m

Power Law
br = 3.01 m

Orientation

bootstrap

bootstrap

Intensity P32c ( m ' / m )

0.138

0.082

Fracture size distribution

Power Law
b r = 2.74 m

Power Law
b r = 2.74 m

Orientation

bootstrap

bootstrap

Intensity PJ2c ( m ' / m )

0.184

0.1

Fracture size distrib\ition

Power Law
b r = 2.55 m

Power Law
br = 2.55 m

Orientation

bootstrap

bootstrap

m s

v-x ( 7 )
OT (m2/s)

2

3

4

Smaland granite
(calibrated)

Levy-Lee
2.23
0.452

Location

Transmissivity T,

1

Aspo granodiorite
(partially validated)
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3.3.2 Generation of stochastic realizations of the fracture population
The SITE-94 reference-case repository (Figure 3.9) covers an area roughly 90,000 m2.
Assuming that the fracture network could account for significant connective pathways over
distances of up to 40 m, before connecting to one of the site-scale or semiregional structures
in the DF model, the DFN model must be represented within a volume of about 10 m
around the repository. Based on the fracture intensity statistics given above, this volume
would contain about 300,000 conductive fractures of radius larger than 1 m.
Modelling such a large number of fractures with the site-scale model is clearly not feasible,
given the computational resources that were available. Tlierefore it has been necessary to
reduce the number of fractures in each realization of the model, by discarding those

Figure 3.9. SITE-94 repository location and definition of repository-scale block. Coordinates are
given in the local OKG system.
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fractures that are unlikely to be important components of radionuclide pathways. To
accomplish this, the following nested simulation scheme is used.
The generation region is defined as a 450 m x 320 m x 80 m block around the repository
(Figure 3.9). Within this block, 40 canister positions (Figure 3.10) are chosen randomly from
the 200 canister sites that are defined in the repository layout. These canister positions are
held fixed for all simulations of the DFN model.
Realizations of the full fracture population within the generation region are generated as
disks having centers within the repository block, with statistical properties (location,
orientation, radius, and transmissivity) as defined in Table 3.8. To reduce the number of
fractures in the model, fractures are then discarded according to size, transmissivity, and
distance to die nearest canister, according to the thresholds as defined in Table 3.9. For the
granodionte, this set of thresholds leads to retention of about 500 fractures in the model,
depending upon the realization.
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Figure 3.10. Canister sites modelled within the SITE-94 repository.
71

2450

The two basic assumptions of this nested generation scheme are that:
•

A low-transmissivity fracture is only likely to be a significant portion of a
radionuclide migration path if it connects directly to a source (radioactive-waste
deposition hole), or to a chain of lesser-transmissivity fractures that connects directly
to a source.

•

The probability of a small fracture forming a significant link in a radionuclide
migration path decreases rapidly with distance from the source canister.

The first of these amounts to an assumption that the full fracture network is multiply
connected, i.e. that a given connective pathway through the far-field network generally
consists of multiple branches in parallel. In such cases, flow and transport will be controlled
predominantly by the higher-transmissivity branches. If the nesting rules are not excessively
restrictive, the dominant flow/transport pathways through canister sites will be retained
(Figure 3.11a,b). However, if the network is more sparsely connected, or if the nesting rules
are too severe, pathways connecting the near-field to die far-field could be severed by deletion
of the lower-transmissivity fractures (Figure 3.11c).
The second amounts to an assumption that the relatively extensive fractures in the DFN
network are generally interconnected in the far-field, and that the less extensive fractures are
not essential to their connectivity. Network truncation errors could result if, in fact, die
overall connectivity is strongly dependent upon the smaller fractures.

Table 3.9. Definition of threshold values for nested generation of fractures in the repository block.

Distance to center of
nearest canister

Minimum fracture radius

Minimum fracture transmissivity

0 - 5.0 m

2.0 m

3.0x10'° m 2 /s

5.0 - 7.5 m

5.0 m

3.0x10* m 2 /s

7.5 - 20 m

15 m

1.0x10* m 2 /s

20 - 80 m

20 m

l.OxlO7 m 2 /s

80 - 500 m

40 m

1.0xl0? m 2 /s
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The effect of network truncation due to this nested generation scheme is difficult to assess
a priori. For die given distributional forms (lognormal for transmissivity and power-law for
size), it may be possible to deduce dieoretically whether a given set of truncation limits puts
the network below the percolation threshold. However, the effects of pathway truncation
errors could be significant even if the fracture network is well above the percolation
direshold. Even if pathway truncation effects are minimal, thinning of the far-field fracture
network could introduce errors in the prediction of flow and transport, due to an overall
reduction in effective conductivity and flow porosity.
Widun SITE-94, die impact of die nested generation scheme has been evaluated empirically,
by performing a variation with respect to the truncation thresholds. The results of this
evaluation, which are presented in a separate SITE-94 report (Geier, 1996a), indicate that the
truncation does affect the predicted distributions of transport parameters for performance
assessment However, the main effect is apparendy a censoring of the canister sites diat show
very low groundwater velocities when a greater proportion of the fractures are included in
die model. The distributions of parameters for canister sites with significant groundwater
velocities (in terms of a performance assessment) are not substantially affected. These
findings should however be regarded as provisional; a more comprehensive evaluation of
truncation effects could not be completed widiin the framework of SITE-94.
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a) Full network
Fractures in rock mass

Radioactive-waste deposition hole

Site-scale feature

b) Network after applying appropriate nested generation rules.

Thinned network still contains
the dominant flow and transport paths
through the deposition hole.

c) Network after applying overly severe nested generation rules.

Excessive truncation of the network
may produce disconnected flow/transport
paths through deposition holes.

Figure 3.11. Illustration of possible effects of nested generation thresholds.
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3.3.3 Merging of stochastic fractures with deterministic structures
After generating each stochastic realization of the fracture population in the vicinity of the
repository (using the nested generation scheme as described above), the fracture network is
discretized to produce a triangular finite-element mesh that explicitly represents the full
connectivity of the simulated fractures. This mesh is next merged with the deterministic, sitescale DF model, taking into account all intersections between fracture elements and largerscale discrete-feature elements. The resulting, combined finite element mesh represents a
combined, deterministic/stochastic model for the hydrologic connections within and around
the SITE-94 repository.

3.3.4 Calibration check for the integrated model
As described in Section 3.2, calibration widi respect to die undisturbed head distribution and
the steady-state drawdowns in the two long-term pumping tests was performed in separate
stages, and with a partial model that included just the site-scale and semiregional,
deterministic features. Therefore die question might be raised as to whether the results of the
initial stages of calibration have been adversely affected by the latter stages of calibration,
and/or die integration with the discrete-fracture model.
To check this possibility, the observed, undisturbed head distribution at Aspo is compared
with that predicted by a single realization of the integrated DF model (Figure 3.12). In
comparison with the results of the initial calibration (compare Figure 3.6), the fit is, in
general, not significantly affected, apart from one observation section (HAS 07:2), where the
final model overpredicts the head by 1.9 m. This particular realization of the fully calibrated,
integrated model in fact gives a slightly improved overall fit, in terms of the mean value of
the absolute difference between simulated and observed heads, \ho - h^ |, which is decreased
from 52.1 cm to 48.8 cm.
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Check of undisturbed heads in integrated model
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Figure 3.12. Comparison of undisturbed heads predicted by the model, versus observed beads, for a
single realization of the final, integrated discrete-feature model.
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3.4 Validation
3.4.1 Simulations of interference tests
As a test to confirm that the integrated DF model reproduces the main observed attributes
of die hydrological system at the site, transient simulation was performed of the second longterm pumping test on Aspo, LPT2 (Rhen et al, 1992), for a single realization of the model.
LPT2 was the longest and most comprehensive of the interference tests performed in the
vicinity of the SITE-94 repository. Thus LPT2 represents the most relevant, single test of the
model.
The results of the transient simulations indicate that the integrated DF model gives a
reasonably good representation of the hydrogeologic system around the repository. The
simulated, long-term drawdown during LPT2 in the pumping well, KAS 06 is close to die
actual drawdown at the end of LPT2 (Figure 3.13). However, the transient response differs
in diat die simulated test shows a period of subcylindrical flow in the early part of the test
(t < 10 hrs), not seen in die actual test, which is likely due to the abrupt decrease in
transmissivity around KAS 06, in die model. The actual transient response could perhaps be
better reproduced by a more irregular transition.
The simulated drawdowns for boreholes near the SITE-94 repository generally compare well
with observations. Figures 3.14a-p show plots of the transient response to LPT2 for
responding boreholes in this part of Aspo. Observation intervals are numbered in order of
increasing depth in each borehole, e.g. KAS 02:1, KAS 02:2, etc, with KAS 02:1 being the
shallowest observation section in Borehole KAS 02.
Since die results are based on a single, unconditional realization of the fracture population
in the vicinity of the repository, occasional discrepancies between simulation and
observation are to be expected. For example, the particular realization may contain a few
strong connections, via the fracture network, that do not exist in the actual rock. Outside
of the repository block, possible connections via the rock mass are not represented. If the
overall hydrologic model is reasonably accurate, irregular connections of these types would
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Simulation of LPT2

Data from LPT2

SITE-94 Model SKIO/NFO/BCO

SITE-94 Model SKIO/NFO/BCO
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0WO0023

Figure 3.13. Comparison of a) simulated and b) actual observations in the pumping well, KAS 06,
during the long-term pumping test LPT2.

be expected to affect the drawdowns for only a few particular observation intervals.
The most marked discrepancies between the simulation and observations are for the
shallowest observation intervals, particularly in boreholes close to the edge of the island. The
drawdowns in these holes could very likely be suppressed due to localized connections to the
sea (or bogs on Äspö), which are not adequately represented in the DF model. Improvement
of the fit for the shallow sections would probably require a more heterogeneous treatment
of the upper surface and subsurface features.
The model generally gives a good prediction of the sequence of response, and relative
magnitudes, for the various intervals within these boreholes. An exception is KAS 07:4, for
which the simulated response arrives quite early, relative to the actual response. This section
is intersected by two of the structures in the SITE-94 structural model, ene9 and ene2. The
former structure was assessed as a high-diffusivity structure (r\ > 4 m"/s), while the latter was
omitted from the hydrogeologic model because it exhibits highly variable single-hole
transmissivity, and does not show A coherent response in the suite of cross-hole tests. The
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discrepancy between die model's predictions and observations for KAS 07:4 could be due to
(1) strong heterogeneity within these stnictures, (2) an intersection by a third, high-storage
fracture zone between KAS 06 and KAS 07, or (3) an irregular connection via the fracture
network, as discussed above.
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b) Actual observations in KAS 02

a) Simulation results for KAS 02

Data from LPT2

Simulation of LPT2
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Figure 3.14. Comparison of simulated and actual transient response oj'hydraulic head response in
observation intervals during the long-term pumping test LPT2.
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f) Actual observations in KAS 08

e) Simulation results for KAS 08
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h) Actual observations in KAS 12

g) Simulation results for KAS 12
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Figure 3.14 (ctd.). Comparison of simulated and actual transient response of hydraulic head
response in observation intervals during the long-term pumping test LPT2.
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c)

Horizontal section
through vicinity
of the repository
(2 = -495 m)

•n
Hydraulic Head in Cross Sections
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Darcy Velocity through Cross Section
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Figure 3.17. Cross sections showing the distributions of groundwater head and Darcyflux within
the discrete-feature model for the Reference Case, base-case variant (Calculation case
SKIO/NFO/BCO). Coloured line segments in plots (a) and (c) represent intersections between the
discrete features and the plane of each cross section; the line colours indicate the magnitude of
hydraulic head. Coloured arrows in plot (b) represent the magnitude and direction of darcy flux
through the plane of the repository; the arrow colours indicate the magnitude of the vertical
component of Darcy flux. Coordinates (XJ,Z values) are in the OKG system for Aspo.

m) Simulation results for HAS 15

n) Actual observations in HAS 15
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Figure 3.14 (ctd.). Comparison of simulated and actual transient response offjydraulic head
response in observation intervals during the long-term pumping test LPT2.
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1E5

Horizontal section
through vicinity
of the repository
(Z • -500 m)

Predicted Heads at End of Pumping
Horizontal Section (Z - -500 m)

2 =-1000 in
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Figure 3.15. Horizontal cross sections showing predicted head distributions during pumping test
LPT2 in borehole KAS 06. The figure shows (a) upper surface of semiregional domain with
locations of boreholes included in the model, (b) predicted final semiregional head distribution at
500 m depth at the end of LPT2, (c) predicted equilibrium heads prior to pumping, and (d) detailed
view of the predicted final head distribution. Locations of borehole intersections with the plane of
the cross sections are indicated by labelled dots in (b) and (d).

3.4.2 Simulations of tracer tests
Simulations of the LPT2 tracer tests have been performed to confirm that the DF model
gives an adequate hydrologic model for transport at the site of the hypothetical repository.
Due to the fact that only conservative (nonsorbing) tracers were used in the LPT2 tracer tests,
it is not possible to evaluate assumptions concerning the parameters that govern reactive
transport, e.g. flow wetted surface area and effective sorption coefficients. However, the effects
of different assumptions concerning the flow porosity, which determines the relationship
between groundwater flux and advective velocity, have been evaluated, by comparing the
results of simulated, nonsorbing tracer tests with data from LPT2.
Two different model variants, representing alternative assumptions for the flow porosity
within major fracture zones, have been tested in these simulations:
PO:

The effective transport aperture of a given fracture zone is assumed to be related to
fracture-zone transmissivity, by tlie same relationship as for single fractures (see Table
3.8). This in effect amounts to an assumption that, at any point in the plane of a
fracture zone, transport is primarily via a single, dominant fracture.

PI:

Tlie effective transport aperture of all fracture zones is uniformly equal to 3 cm. This
is a generic value based on prior interpretations of tracer tests at Aspo.

These variants are alternatively referred to as the "LO" and "HI" porosity variants,
respectively, as the former variant has lower porosity overall than does the latter. This was
the original nomenclature used for these variants within SITE-94, and therefore may be
encountered in some reports. However, the fact that porosity is much more variable in
Variant PO than in Variant PI is perhaps of greater significance for repository performance
than the simple difference in die magnitude of porosity, as discussed in detail by Geier
(1996a). Therefore the names PO and PI are preferred as less prejudicial.
Plots of simulated and actual tracer arrival in KAS 06 during LPT2, for all six source
locations, are shown in Figures 3.16. The model predicts observation of tracer recovery from
2 to 4 of die six injection intervals (sources), depending on which transport-porosity variant
is used for the fracture zones (PI or PO, respectively). The actual tracer tests (Gustafsson et
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a/., 1991) produced definite arrivals from two sources, and ambiguous secondary peaks that
might represent two additional sources, or alternatively, secondary transport pathways.
For both variants, two injection sections (KAS 07-3 and KAS 08-3) are predicted to produce
no tracer arrival in KAS 06 within 20,000 hours. This prediction is consistent with the
observations from LPT2, which showed no tracer arrival due to these sections after 1800 and
1500 hours, respectively (Rlien et a/., 1992).
Arrival of Indium-114 from Section KAS 024 was also not observed within the actual LPT2.
A prediction consistent with this result is given by the Variant Pi, which indicates that the
first arrival tracer from this test should have begun shortly after the end of the monitonng
period (Figure 3.16a). Variant P0, on the other hand, predicts complete recovery of the tracer
for tins test within the first 1000 hours. Thus for this particular case, the advective transport
velocities predicted by Variant P0 are too fast by a factor of 10.
However, Variant P0 gives a substantially better match to observations for the other injection
sections. In the case of KAS 08-1, Variant P0 predicts a total recovery of just a few percent
widnn die first 20,000 hours, with the majority of the tracer following a much slower path.
This is in agreement with observations (Figure 3.16c). However, the predicted advective
velocity for the fastest path is too slow, by a factor of about 15, even for this variant.
The same tracer, Uranine, was used in two different injection sections, KAS 05-3 and KAS
12-2, which leads to possible ambiguity in the interpretation of Uranine arrival in KAS 06
(Rlien eta/., 1992). Both porosity variants predict that tracer from KAS 05-3 should not have
been found in KAS 06 within die monitoring span. For the faster-arrival variant, P0, the first
arrival of tracer from KAS 05-3 is predicted to occur at around 2500 hours.
For KAS 12-2, on the other hand, Variant P0 predicts a median residence time of around
1500 hrs for die fastest path, which is just a factor of two greater than the observed time. The
predicted recovery from this path is too high by a factor of two (Figure 3.16d), although in
terms of total Uranine injected in the two holes, the observed and recovery rates are quite
close (Figure 3.16e).
Taken as a whole, diese results demonstrate that the uncertainty associated with the detailed
flow geometry (and hence transport pathways) within the model is substantial. The P0
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variant gives better results overall, but strongly overpredicts the advective velocity in one of
the tracer tests. For other cases, even this relatively low-porosity variant underpredicts the
advective velocity. The rather rapid transport seen in the case of KAS 08-1, in particular,
could represent flow channeling due to heterogeneity within the fracture zones themselves,
which has not been accounted for in these particular variants. Such channeling arguably
miglit be more pronounced for the situation of high-gradient, convergent flow that existed
during LPT2, than for regional groundwater flow in the period following closure of the
hypothetical repository.
For the purpose of safety-assessment predictions, the two variants P0 and PI can be viewed
as representing a reasonable range of alternative models for flow porosity at this site.
However, the results suggest that, for particular fracture zones and flow paths, the actual
range of behaviour may be even more variable.
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a) Indium-114 Injection in KAS02-4 (P1)

b) Indium-114 Injection in KAS02-4 (PO)

MM

c) R«-186 Injection In KAS08-1 (PO)

d) Uranine Injection in KAS12-2 (PO)
190%

e) Uranine Injection in KASO5-3 & 12-2 (PO)

End of sampling

No arrival of 1-131 from
KAS07-4 or Re-186 from
KAS08-3, for both actual
and simulated tests.

ton, (boa*)

Figure 3.16. Cum/dative arrival data for simulated and actual tracer tests in LPT2.
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3.5 Base-Case Discrete-Feature Model
The base-case DF model for the SITE-94 Reference Case (DF Calculation Case
SKI0/NF0/BC0), serves as a base case that can be compared against to assess the effects of
specific variations in the hydrogeologic model.. The base-case consists of the calibrated sitescale model (SKIO), the detailed-scale model for Aspo granodiorite (NFO) and the same set
of boundary conditions (BCO) as used in the process of calibration and validation:
•

Hydrostatic, fixed-head boundaries on the northward, westward, and southward
vertical faces of the model, with head values calculated from a linear trend fitted to
the surface topography.

•

No-flow boundaries at die base of die model (tight rock and/or termination of
vertical zones at depth), and on the eastward face (zero gradient under die seabed
and/or confining effect of saltwater wedge).

•

Fixed infiltration per unit area on land surfaces (calibrated value).

•

Hydrostatic, fixed head equal to sea level under the Baltic and the straits around
Aspo, and equal to lake surface elevation under the freshwater lake Frisksjo.

The flow field predicted by this model is dominated by the surface boundary conditions,
with fairly uniform heads in the vertical direction due to the multitude of steeply dipping,
transmissive structures. Figure 3.17 gives horizontal cross-section plots which show the head
and Darcy flux distributions at 500 m (repository) depth, and vertical sections passing
dirough die repository in die East-West and North-South directions, for a single realization
of the integrated model.
In the horizontal cross-section showing semiregional heads at 500 m depth (Figure 3.17a),
die dark blue to aqua lines in diis plot, representing head values less than 3 m, roughly form
an image of the coast of the mainland. This indicates that, in this model, the Baltic and
straits around Aspo are a strong control on the hydraulic gradients beneath Aspo and the
lesser islands (Mjalen, Kalvholmen, and Upplango, in particular). The high heads that occur
on die mainland, due to infiltration on die higher-topography areas, are strongly diminished
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by vertical structures connecting with the seabed. The elevated heads on the mainland are
carried to depth by a few gently dipping semiregional structures, which reach the base of the
model below Aspo, and there feed discharging vertical fracture zones. More localized
hydrologic infiltration-discharge cells occur under the western portion of Aspo.
The semiregional groundwater (Darcy) flux at 500 m depth (Figure 3.17b) is visibly
concentrated within a few semiregional features, notably two high-transmissiviry structures,
Nos. 215 and 246, which intersect below Aspo in this section. For the most part, the
direction of flux is downward below areas of the mainland, and upward below the islands
and straits. This indicates that, even at this depth, the model predicts a convergence of
groundwater flow from the mainland toward Aspo.
The large upward fluxes along semiregional Feature 215 in the northwest corner of the
semiregional domain, under the inlet Karrsvik, are the result of a local circulation cell
formed by the intersection of semiregional Features 214 and 215 at depth. This area of the
domain has not been hydrologically characterized, and hence the very high predicted Darcy
fluxes should be disregarded. Most likely the acute wedge between these two structures is
highly fractured near their convergence, resulting in short-circuiting of this circulation cell
at shallower depths.
Under die outlying islands to the east of Aspo (Avro and Utlango), a few poorly-connected
structures close to the edge of the model exhibit high heads, which are a modelling artifact
of the combination of fixed infiltration at the surface, proximity to the no-flow boundary
to the east. The high heads in these structures do not appear to substantially affect the heads
under Aspo. As seen in the cross-section of Darcy flux (Figure 3.17b) the effect of these
structures on the flow field at 500 m depth is minor, and even these effects are restricted to
an area widun about 500 m of the no-flow boundary. However, the poor connectivity of die
semiregional structures in this area, which contributes to these edge effects, may to some
extent affect predictions of radionuclide arrivals in the far field, as discussed below.
The detailed-scale cross-section (Figure 3.17c) shows horizontal head gradients through the
repository on the order of 5 mm per m or less. A few of the fractures in this cross-section
are hydrologicaHy isolated, Le. they are not connected to the external boundaries via the sitescale structures. However, most fractures are hydrologically connected to die far-field
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network, although the connections are sparse and often depend upon out-of-plane
ft

connections which are not explicitly visible in these cross-section plots.
From inspection of these and other, more detailed cross sections it is apparent that there is
a strong contrast in the connectivity of transmissive features, between the site-scale and
semiregional scale domains. This contrast most likely is an artifact of the less thorough
characterization of the semiregional domain, rather than representing a contrast in the actual
structural geology. The effects of this contrast are most acute in the area just east of Aspo,
where several of the site-scale structures terminate without connecting to semiregional
structures (A few of these terminations are visible, for example, in the vertical E-W section
at X = 7300 m, in Figure 3.17a).
Since the general direction of groundwater discharge from the area of the hypothetical
repository is upward and eastward, these connectivity effects may have consequences for
predictions of radionuclide transport for SITE-94. The effect of the poor connectivity east
of Aspo may be to force the discharge to be more directly upward, resulting in shorter
discharge paths and less potential for retardation of the radionuchdes. To some extent the
significance of these connectivity effects can be judged from the boundary-condition variants
BC1-BC3, which allow eastward discharge along gently dipping structures at depth, and from
the hydrologic/structural variants SKBO and SKNO, which incorporate uniformly connected
semiregional models. These variants are presented in the following section.

8

Connectivity of fracture networks in three dimensions is generally found to exceed
their apparent connectivity when viewed in cross-section, for sparsely fractured rock. The effects
seen here may be compared with, e.g. observations in the Stripa mine (Wilson et al., 1981).
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Figure 3.17. Cross sections showing the distributions of groundwater head and Darcy flux within
the discrete-feature model for the Reference Case, base-case variant (Calculation case
SKI0/NF0/BC0). Coloured line segments in plots (a) and (c) represent intersections between the
discrete features and the plane of each cross section; the line colours indicate the magnitude of
hydraulic head. Coloured arrows in plot (b) represent the magnitude and direction ofdarcyflux
through the plane of the repository; the arrow colours indicate the magnitude of the vertical
component of Darcy flux. Coordinates (X, Y,Z values) are in the OKG system for Aspo.

3.6 Structural variations and alternatives
A potentially important source of uncertainty in the DF model is the uncertainty in the
underlying structural model. The SITE-94 structural model (Tiren et a!., 1996) represents a
comprehensive reevaluation of the geological and geophysical database for the preinvestigations on Aspo, with a multitude of assumptions, based on expert judgement, being
applied at various steps. An assumption introduced at a given stage of the structural analysis
may exert a "chaotic" effect on subsequent model development. That is, an assumption made
about a given structure early in the analysis may affect later decisions to include or omit
other structures, and hence may lead to a model composed of a different set of structures.
Within the SITE-94 structural model, parametric uncertainty concerning the geometry of
particular structures has been addressed where possible by specifying ranges for the estimated
dips of the structures. The most significant uncertainty of this type is judged to be the dip
of a regional structure that outcrops SE of the island of Avro, referred to as the Avro Zone,
which could be interpreted as having either a steep or a gentle dip. The effect of using the
latter interpretation, rather dian the former, is assessed by a structural variation of the DF
model, as described below.
More comprehensive structural variations may result from distinct reinterpretations of the
same site data. The diversity of structural models that can be developed by different groups
of experts, working with the same site database, is exemplified by the separate conceptual
models for Aspo: the SKB model (Wikberg et al., 1991), the SKN model (Sundquist and
Torrsander, 1996), and the SKI model (i.e., die SITE-94 structural model of Tiren et a/., 1996).
The SKB and SKN models both include a hydrogeological interpretation of the structures
widiin die respective models, and thus represent the additional diversity of models that can
result from hydrogeologic synthesis.
The steady-state flow fields for these structural/hydrostructural variants, as presented in the
following sections, indicate that structural uncertainty can lead to marked changes in the
direction and magnitude of groundwater flow from the area of the hypothetical repository.
Evaluations of these variants in terms of parameters diat affect performance assessment more
directly are given in a separate SITE-94 report (Geier, 1996a).
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3.6.1 Avro structural variant
In the base-case DF model, the Avro Fracture Zone is assumed to dip steeply NW under
Avro, and therefore exerts little influence on hydrologic gradients in the vicinity of the SITE94 repository. An alternate interpretation of the Avro Zone is that it dips more gently,
passing under southeastern Aspo at 800 to 900 m depth.
This alternative interpretation is implemented as the structural variant SKI1. In practice,
both dip interpretations are included in the DF model, for each of the two discrete structures
belonging to tlie Avro Zone (Semiregional features 75 and 76). For the 0-vanant calculation
cases, the gently-dipping variants of these structures are suppressed by setting their
transmissivities to an arbitrary, low value (1x10 " m"/s), while the steeply dipping variants
are assigned values of 1x10 m / s . For the SKJ1 variant, the steeply-dipping variants are
suppressed and the gently-dipping variants are assigned values of 1x10 irf/s.
As seen in Figure 3.18, this variant produced only minor perturbations in the site-scale flow
field predicted by the 0 variant. At the repository level, the closest of the Avro Zone
structures (semiregional structure 75) appears in cross section about 1000 m SE of the SITE94 repository, where it appears to have only a minor effect on heads and fluxes in the
structures it intersects. Detailed cross-sections through the repository show a slight increase
in heads (about 20 cm or less) in the southeastern corner of the repository.
Tlie minor influence of this variant can be at least partly attributed to the assumption of noflow boundary conditions, where this structure intersects the eastern and lower boundaries
of the model. For the situation of generally eastward and upward flow, the Avro Zone
structures can only participate by providing a connection from at depth to vertically
discharging structures. More pronounced effects of this structural variant might be produced
in combination with the boundary condition variants BC1-BC3, described below.
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Figure 3.18. Cross sections showing the distributions of groundwater head and Darcy flux for
the discrete-feature model structural variant (Calculation Case SKI1/NF0BC0) in which
structures associated with the Avro Fracture Zone are assumed to be gently rather than steeply
dipping. Plotting conventions are the same as in Figure 3.17.
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3.6.2 SKBO structural/hydrological variant
The structural/hydrological variant SKBO is implemented as a DF model by combining sitescale structures, based on the SKB conceptual model for Aspo (Wikberg et a/., 1991), with a
nonhomogeneous, discrete-structure representation of the rock mass throughout the
semiregional domain. Transmisswity estimates for the individual structures are as specified
by Rhen (1991).
The rock mass is represented by three orthogonal sets of parallel, planar structures, spaced
200 m apart in a 1200 m x 1200 m area around the hypothetical repository on Aspo, and 400
m apart in the outer portion of the model. The rock mass is divided into three domains,
GPA12, GPA3 and GPA45, as defined by Rhen (1991).' The elements comprising the rock
mass features are assigned lognormally distributed values of transmissivity based on domain
(GPA12, GPA3, or GPA45) and element scale (taken as die square root of element area), using
die tables for hydraulic conductivity as provided by Rhen (1991). The element conductivity
values Ke are converted to element transmissivities Te using the formula:

where s the spacing between rock-mass features. The factor of one half is used because two
sets of orthogonal planes act as conductors in parallel, for flow in any given direction.

The bounding lines of these domains were extrapolated to the boundaries of the
semiregional model
Note that die DF implementation of tliis model is not identical to a stochastic
continuum implementation based on 3-D isotropic elements. If we envision a cell of this model
centered on the intersection of diree orthogonal discrete features, having side lengths equal to die
feature spacing in each direction, die effective conductivity of such a cell will not in general be
isotropic. This is because, in this DF implementation (for the sake of simplicity) the element
conductivities were generated independently for each of the three DF orientations.
Thus although the expected value of the cell (effective) conductivity tensor is isotropic,
individual cells of the DF model may have preferred conductivities in any of the tliree principle
directions, with equal expectation. Although it can be argued that this DF implementation is a
more reasonable model for the block-scale behaviour of sparsely fractured rock than 3-D isotropic
elements, the distinction from the SKB model as implemented by Svensson (1991) should be
noted.
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Transport apertures are assigned to the site-scale and rock-mass features as defined in Table
3.10.
Table 3.10. Transport aperture values for calculation case SKB0/NF0/BC0.
Feature Name

Aperture

Reference

(mm)
Rock mass

3

Generic value

EW-5

21

Mean e from Table 4.12, Rlien eta/. (1992)

EW-1,3,7

30

Generic value for EW zones

NE-la.lb.2,3,4

30

Generic value for NE zones.

NW-1

30

Generic value

NNW-1

30

Mean e from Table 4.12, Rlien etal. (1992)

NNW-2

8

Mean e from Table 4.12, Rlien etal. (1992)

NNW-3,4,5,6

5

Intermediate NNW estimate.

Each realization of die DF model for this calculation case combines a unique realization of
the near-field fracture population with a unique realization of the far-field rock mass
variability. The locations of repository canister sites in the SKB0 variant are obtained by
rotating the SKI repository layout 20 degrees clockwise about the point (7360,2280) in local
coordinates, which is roughly the center of the SKI repository. The same 40 canister
locations, relative to the repository boundaries, are \ised as for the SKI model. The repository
block for simulation of the detailed-scale DFN is also the same as for the SKI model (7100
m < X < 7550 m, 2140 m < Y < 2460 m, and -540 m < Z < 460 m).
The site-scale distributions of hydraulic head in the SKB0 variant exhibit noticeable
variability between stochastic realizations (Figure 3.19). The highest variability between
realizations is obtained at the margin of Laxemar, where the model predicts relatively strong
horizontal gradients (5 mm head per m), and head differences as high as 2 m between

Note also that the DF implementation assumes no structure (i.e., pure nugget effect) for the
block-scale conductivity field. In this respect the DF implementation is consistent with the SKB
model as implemented by Svensson (1991).
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realizations, at a few points.
Despite these differences, the general features of the flow field for the SKBO variant are quite
consistent between realizations. In comparison with the base-case variant (Calculation Case
SKI0/NF0/BC0), the head field in the SKBO variant is much more uniform. The SKBO
variant does not yield head differences of 1 m or more over distances of tens of meters, such
as occur frequently in the more irregularly connected, base-case model. The SKBO variant also
lacks the spurious high heads, near intersections between fixed-infiltration and no-flow
boundaries, that are present in the base case. This is due to the more uniform connectivity
in the SKBO variant.
The heads on the mainland north of Aspo grade uniformly eastward toward the sea, as
compared with the erratic seaward variation of heads that is seen in the base case. To the
south of Aspo, along the Simpevarp peninsula, the heads also grade uniformly, and more
rapidly, toward the sea. The more uniform gradation of heads can be attributed to the
improved connectivity in the E-W direction, in the SKBO variant. However, the general
picture of converging flow, with discharge in the straits around Aspo, is consistent with the
base case.
The maximum head within the repository vanes by as much as 1 m between stochastic
realizations. This is greater than the difference between realizations for the base case, which
suggests that it is predominantly an effect of the stochastic variability of the semiregional
model, rather than that of the detailed-scale fracture network. Discharge from the area of the
repository is predominantly via the vertical structure that forms the inlet on Aspo,
immediately south of the repository. This result is in agreement with the flow field predicted
by a continuum implementation of the SKB conceptual model (Svensson, 1991, Figure 3-3),
and is also consistent with the predictions of the base-case model.
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Figure 3.19. Cross sections showing the distributions of groundwater head, in two different realizations of the
SKBO hydrologic/structnral variant of the discrete-feature model (Calculation Case SKBO/NFO/BCO).
Plotting conventions are the same as in Figure 3.17.

3.6.3 SKNO structural/hydrological variant
Tlie SKNO structural/hydrological variant is implemented as a DF model by combining sitescale structures, based on the SKN conceptual model for Aspo (Sundqvist and Torssander,
1996), with a homogeneous, anisotropic, discrete-structure representation of the rock mass
throughout the modelling domain. The structures are assigned transmissivity values as
estimated by Sundqvist and Torssander, and a uniform transport aperture of 3 mm, which
represents an effective porosity of 1x10 for a typical fracture zone width of 30 m.
The rock mass is represented by three orthogonal sets of parallel, planar structures, spaced
200 m apart in a 1200 m x 1200 m area around the hypothetical repository on Aspo, and 400
m apart in die outer portion of the model. Rock-mass structures perpendicular to the local
Xcoordinate (/>., vertical features striking approximately parallel to the site-scale schistosity)
are assigned a fixed transmissivity of 4.5x10 m/s times the spacing. For the other two sets
of rock-mass features, a fixed transmissivity of 0.5x10

times the spacing is used. This

combination gives a net hydraulic conductivity of 5x10 m/s in the approximate plane of
the schistosity, and 1x10 m/s across the schistosity. Rock mass features are assigned a
uniform aperture of 30 mm for transport simulations, representing an effective flow porosity
of about 5x10 in the rock mass.
Tlie canister locations for the SKNO variant are defined by shifting the 40 canister locations
for the SKI repository by 50 m in the direction of the local X coordinate, and 56 m in the
direction of the local Y coordinate. The simulation domain is: 7150 < X < 7600, 2196 < Y
< 2496, -540 < Z < -460.
The groundwater head and flux fields predicted by the SKNO variant (Figure 3.20) are even
more uniform than the SKB0 variant, due to the combination of uniform connectivity and
homogeneous features. The semiregional flow field is generally similar to that in the SKB
model, with predominantly eastward flow and convergence toward the straits around Aspo.
Heads from the mainland decrease slightly more quickly in the eastward direction, relative
to die SKB0 variant, due to a higher rock mass conductivity in this direction. Heads within
the SKNO-variant repository are generally low (close to 0.1 m), and the potential for
discharge is very slight. Gradients within the repository are typically less than 1 mm per
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meter in the horizontal plane.
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Figure 3.20. Cross sections showing the distributions ofgroundwater head and flux in a singk
^
the SKN0 hydrologic/structural variant of the discretefeature model (Calculation Case SKN0/NFO/BLU).
Plotting conventions are the same as in Figure 3.17.
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3.7 Hydrologic variations
Hydrologic variations were performed based on the SITE-94 structural model (SKIO
structural variant) to examine the effects of uncertainty relating to:
•

Relative importance of subvertical and subhorizontal structures.

•

Heterogeneity within major structures.

•

Hydrologic connections via fractures in the "rock mass"

•

Effective semiregional boundary conditions

The results of these vanational studies are described in the following sections.

3.7.1 Enhanced transmissivity in gently dipping structures
The base-case variant (Calculation Case SKI0/NF0/BC0) contains a high proportion of
vertical or steeply dipping structures, relative to gently dipping structures. This results in an
anisotropic, effective hydraulic conductivity for the model on the semiregional scale, with
a verticil to horizontal conductivity ratio of roughly 10:1. The SKIOA variant explores the
effects of a more isotropic, macroscopic hydraulic conductivity. This is produced by
uniformly increasing the transmissivity of all gently dipping features

by half an order of

magnitude (factor of V"lO), and uniformly decreasing the transmissiviry of all steep features
by the same factor, relative to the base case.
The effects of this variation are readily apparent in head and flux plots, as given in Figure
3.21. The decreased transmissivity in die vertical structures leads to a general increase in nearsurface heads, due to the increased resistance to infiltration. Groundwater flux is highly
concentrated in the gently dipping E-W trending (e-lo) structures, which carry high upward
Darcy velocities to the north and south of the hypothetical repository.

Local structures nw8, e_lol, e_lo2, e_lo3, ene6, ene7, ene8, ene9, enelO, and n_lol,
and semiregional structures 46, 47, 55, 57, 58, 64, and 74 are the structures classed as "gently
dipping" for the purpose of this variational case. All other structures are classed as steeply dipping.
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In die vicinity of die repository, this translates into slightly a more variable head field, with
heads increased by 0.1 to 0.2 m in feanires (and portions of the fracture network) diat are
most strongly connected to the land surface, contrasting with low heads in features that are
better connected to the seabed.
The increased lateral variability in the SKIOA variant reflects a generally decreased
conductivity in the horizontal direction, despite the increase in fransniissivity of the
subhorizontal features. The likely explanation for this is that the subvertical features account
fora substantial portion of the connective paths in the horizontal direction, as well as in the
vertical direction.
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Figure 3.21. Cross sections showing the distributions of groundwater head and flux in a single realization of
the SKIQA hydrologic variant of the discrete-feature model (Calailation Case SKIQA/NF0/BC0), in which
the transmissivities of gently dipping structures are increased by half an order of magnitude, and those of
steeply dipping structures are decreased by the same amount. Plotting conventions are as in Figure 3.17.
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3.7.2 Effects of stochastic variation within structures
Analysis of packer test data from single-hole tests (Section 2.2.2) shows that even the more
hydrologically coherent structures typically show up to an order of magnitude variation in
transmissivity between boreholes. This heterogeneity within structures is not represented in
the base-case model, due to the practical difficulty of calibrating multiple realizations of a
stochastic DF model. However, the significance of within-strucfure heterogeneity has been
investigated as a variational case.
In this variational case (Variant SKIOD), the transmissivity T,(x) at a given point .Y within
each large-scale (site-scale or semiregional) structure / is assumed to be a stochastic variable.
For each structure, T,(x) is assumed to be lognormally distributed, with an expected log
value E[log T^x)] = log TIO> where TIO is the calibrated estimate of transmissivity for the
structure as a whole, and log variance o 2 logTi = 2. The covariance model for each structure
is assumed to be exponential isotropic, with an effective range 3/X - 500 m..
Stochastic realizations of the transmissivity fields within each large-scale structure are
produced as follows. First, values of an exponential, isotropic field with zero mean and unit
variance are generated for the centroids of the finite elements comprising each individual
structure, using a covanance-matnx diagonalization algorithm (Anderson, 1958, p. 28). The
values thus simulated are then scaled by the model variance and added to the value of log
TIO for die specific feature. "
The hydraulic head fields predicted by the SKIOD variant are generally similar to those for
the base case (Figure 3.22). The effect of including stochastic variation in the large-scale
features is most apparent in terms of the plots of groundwater flux, where a much more
irregular flow field is evident. Despite the increased variability, the structures that display
high flux are basically the same as in the base case.
The variability in head, between realizations, is in general less than 2 m, at any given point

Note that this procedure does not take into account scale effects due to the variable
size of the elements within each feature. The procedure also does not include any correction for
differences between TIU and the large-scale, effective transmissivity for a given realization of a
feature.
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throughout the model. On a detailed scale, the heads in features around the SITE-94
repository are seen to vary by up to 1 m between realizations, with considerable variation in
the direction and location of flow paths through the repository. Despite this increased
variability, the general pattern of discharge is still upward and eastward from the repository,
with discharge along the eastern margins of Aspo.
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Figure 3.22. Cross sections showing distributions of ground-water head and Darcy velocity for two realizations
of the SKIOD hydrologic variant of the discrete-feature model (Calculation Case SKI0D/NF0/BC0,
Realizations 01 and 02). This variant includes stochastic variation of 'transntissivity within the semiregional
and local-scale structures. Plotting conventions are as in Figure 3.17.
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Figure 3.22, ctd. Cross sections showing distributions of groundwater head and Darcy velocity for two
realizations of the SKI0D hydrologic variant of the discrete-feature model (Calculation Case
SK10D/NF0/BCO, Realizations 01 and 02). This variant includes stochastic variation oftransmissivity
within the semiregional and local-scale structures. Plotting conventions are as in Figure 3.17.

3-7.3 Rock-mass effects
Connections via the "rock mass," i.e. the relatively sparsely fractured rock between site-scale
structures, can be expected to increase the overall connectivity of the model and, to some
extent, reduce the head differences between adjacent structures. As the conductivity of the
rock mass increases relative to that of the discrete structures, the behaviour will approach
that of a continuum model, as exemplified by the site-scale flow predictions for the SKN and
SKB hydrologic/structural variants (Sections 3.5.2-3.5.3).
In a preliminary stage of the present study, a DF model based on a preliminary version of
die SKI structural model was used as the basis for variation.il studies regarding the influence
of die rock mass in pumping tests. A set of site-scale, horizontal features on a 50 m spacing,
were included at depths from 50 to 600 m., and assigned a transmissivity of 5*10 nT/s to
give an effective rock mass conductivity of 10

m/s, which is a typical value in the SKB

conceptual model of Aspo (WikbergtfrfZ, 1991). Including the rock mass in this manner had
a principal effect of increasing the frequency and uniformity of responses in borehole
sections during pumping tests.
The final SITE-94 DF model is more well connected than the preliminary DF model, due to
an increased number of structures. As demonstrated in Section 3.4, this model produces
approximately the correct percentage of responding borehole sections, without including a
uniform rock-mass representation. The degree of variability/uniformity in responses for this
model is also basically in agreement with observations. Therefore inclusion of rock mass
features in die site-scale model is judged to be unnecessary.
In the immediate vicinity of the SITE-94 repository, irregular connections through the rock
mass are represented by the discrete fracture population m the repository block. In the
present study, two simple vanations have been performed with respect to the hydrologic
properties of the fracture population.
In the first of these variarional cases, Variant NFOA (Figure 3.23a), the transmissivities of all
fractures are increased by half an order of magnitude, relative to the base case. This produces
a slight increase in the effective conductivity of the repository block, which has the effect of
slightly increasing the flow through the repository, while decreasing the gradient across it
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by up to a factor of two, relative to the base case.
In the second vanational case, Variant NFOB (Figure 3.23b), the standard deviation of log
fracture transmissivity is increased from 1 to 1.5 orders of magnitude. The effect of this
increased variability in fracture transmissivity is seen as an increase in the variability of
heads within die repository block, relative to the base case. Minor and very localized effects
on the head distribution outside the repository can be observed up to 100 m away, reflecting
enhancement of anomalously strong connections through the repository block.
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Figure 3.23. Cross sections showing detailed distributions ofgroundwater head for Realizations 01 and 02 of
(a) Variant NFOA in which the transmissivity of all detailed-scale fractures is increased by a factor ofVIO
relative to the base case, (b) Variant NFOB in which the standard deviation of fracture transmismnty is
increased by half an order of magnitude relative to the base case, and (c) the base case, shown for comparison.
Plotting conventions are as in Figure 3.17.
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3.7.4 Effects of variations in boundary conditions
A significant source of uncertainty in the DF model arises due to the finite size of the
modelling domain, and practically restrictions on the types of conditions that can be
mathematically represented on the boundaries of this domain. In order to fully define the
equations governing flow in the DF network, boundary conditions must be specified at all
points on the exterior of the finite-element mesh. The choice of external boundary
conditions is restricted to two main types: specified-head and specified-flux. Either of these
introduces a degree of artificiality into the model, the effects of which are assessed by
considering alternative sets of boundary conditions.
Three vanational cases deal specifically with alternative sets of boundary conditions. As
summarized in Table 3.10, these incorporate alternative sets of assumptions regarding
conditions (i) on die seaward (eastern) face of the model, (ii) on the seabed, (iii) at the base
of the model, and (iv) on land surfaces.
Seaivnrd confinement vs. hydrostatic conditions
In the base-case model, specified-flux conditions are assigned at the upper boundary (on
land), and on the seaward (eastward) face and base of the model. The infiltration condition
on land is required to model drawdowns during pumping tests (in the calibration process)
while the no-flow conditions on the seaward face and base represent the extreme cases of
confinement due to, respectively, the saltwater interface toward the Baltic, and tight rock or
termination of die steeply dipping fracture zones with depth. The effect of this combination
of boundary conditions is to produce a convergent flow field with strong discharge into the
straits around Aspo, as described in Section 3.5.1.
This configuration of boundary conditions is useful for a performance assessment, insofar
as it represents a relatively severe interpretation of present-day hydrologic conditions.
However, it is reasonable to ask whether this configuration is too severe, and whether the

E.g., a fixed head boundary might produce high simulated inflows that could not
be sustained in reality, since heads in the neighboring rock would be drawn down. Similarly, a
fixed-influx condition might cause a simulated head buildup, contradictory to topographic
constraints.
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predicted flow field differs drastically from that winch would be calculated using a more
optimistic set of boundary conditions.

Table 3.10. Boundarycondition vanational cases
Boundary:

Latera (vertical) faces of the model

Bottom

Upper Surface

N

W

S

E

Base

Lane

Seabed

Case BCO

h(X,Y)

h(X,Y)

h(X,Y)

Q=0

Q=o

q=ql,

H,,

Case BC1

h(X,Y)

h(X,Y)

h(X,Y)

h(X,Y)

Q=0

h=Z

H,, / skm

Case BC2

h(X,Y)

h(X,Y)

h(X,Y)

h(X,Y)

h(X,Y)

h=Z

H,, / skin

Case BC3

h(X,Y)

h(X,Y)

h(X,Y)

h(X,Y)

q = q!

H,, / skin

Key:
h(X,Y)

Hydrostatic fixed head equal
to topographic trend (linear).

cro

No-flow boundary

Ho

Fixed [lead equal to sea level.

q=q«

Fixed infiltration (calibrated value q j

h=Z

Fixed head equal to elevation.

q=q,

Fixed infiltration (q, = q,/VlO)

H t /skin

Fixed, sea-level head imposed above skin elements representing a 1 m thick layer
of silt with hydraulic conductivity 10 m/s.

Furthermore, it has been noted that the specified-infiltration condition on land produces
excess heads at some points in die upper portion of the base-case model. In particular, heads
exceeding die topography by as much as 10 m are calculated at shallow depths near the outer
boundaries, under portions of Avro and Laxemar, where the transmissive subsurface feature
(at 50 m depth) is not present. These excess heads occur within poorly-connected portions
of the DF model, and presumably do not affect the flow field in the area of concern.
However, it is desirable to check this assumption by comparing with a model in which these
excess heads cannot occur.
An alternative to the use of a surface-infiltration boundary condition is a fixed-head
boundary condition at die upper surface, based on topography.

In the hydrologic variation

As noted in Section 3.2.2, the water table in the vicinity of Aspo is roughly
correlated with surface topography.
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BC1, a topographic-head boundary condition on land is combined with hydrostatic
conditions on the seaward boundary, to yield a less extreme picture of the discharge
conditions around Aspo.
Cross sections througli this vanant (Figure 3.24) show a general reduction in head under the
larger land masses around Aspo (Laxemar and the Simpevarp peninsula), and the elimination
of spurious high heads at the seaward boundary where it crosses Avro and Utlango. The
effect of this variation on the heads under Aspo is rather minor, however, due to the good
vertical connections to the zero-head boundary (straits) around Aspo.
Detailed-resolution cross sections (as in Figure 3.24c) show an overall increase of 0.5 to 1.0
m in the heads within the repository, relative to the base case. This is due to vertical
connections to high-topography portions of Aspo, where the water table elevation predicted
by the base case, for the calibrated value of infiltration, is consistently lower than the
topographic head specified for this vanant.
The gradients within the repository are similar both in magnitude and in direction, for the
two cases. Vertical cross-sections show that the heads from high elevation portions of Aspo
induce a local circulation cell that passes downward and eastward througli the repository,
eventually discharging via die same vertical structures as for the base case. High heads in the
gently dipping structures from the mainland are partly drained by vertical connections to
the sea, west of Aspo, but contribute a slight regional component to the local cell.
The most noticeable effect of introducing a hydrostatic boundary condition on the seaward
face of the model is that a regional circulation cell now passes under both Aspo and the
outlying islands (Avro and Utlango). However, the local circulation cell under Aspo can be
expected to dominate discharge and transport from the SITE-94 repository.
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Figure 3.24. Cross sections showing distributions of groundwater head and Darcy velocity for the BCl
hydrologic variant of the disaete-feature model (Calculation Case SKI0/NF0/BC1, Realization 01), which
combines a fixed-head, topographic boundary condition at the surface with Irydrostatic conditions on the
seaward boundary (see Table 3.10). Plotting conventions are as in Figure 3.17.

Boundary condition at base of model
The no-flow boundary condition at the base of the DF model is representative of the extreme
condition of tight rock due to, e.g. sealing and/or termination of fracture zones at depth.
This is a speculative assumption since the site characterization program produced little
information concerning the presence or absence of significant transmissive structures at
depths greater than 1 km. A contrasting assumption would be to postulate a very higlitransmissivity, horizontal structure just below the base of the model.
The effect of such a structure can be represented approximately by a fixed-head boundary
at tlie base of the model. In the variant BC2, the BC1 variant is revised by specifying fixed,
declining heads at the base of the model, with head values grading uniformly from 15
m.a.s.l. at the western edge of the model (approximately equal to the topographic elevations)
to sea level on the seaward edge.
The principal effect of the declining-head condition at the base is seen in cross section
(Figure 3.25) as increased heads at depth under Aspo, with generally upward flow and
discharge through most of the zones around Aspo. The increased heads at depth in turn
produce increased heads (up to 5 m) within the repository, with head differences of 1 m or
more between neighboring branches of the fracture network. Although the flow direction is
mainly upward, an eastward component directs discharge from the repository toward the
eastern side of Aspo.
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Figure 3.25. Cross sections showing distributions ofgroundwater head and Darcy velocity for the BC2
hydrologic variant of the discrete-feature model (Calmlation Case SK10/NF0/BC2, Realization 01), which
combines a fixed-head, topographic boundary condition at the surface with hydrostatic conditions on the
seaward boundary and at the base of the model (see Table 3.10). Plotting conventions are as in Figure 3.17.

Variation in infiltration rate at the upper boundary
The infiltration rate for the base-case model has been estimated by calibration with respect
to hydrologic data from a relatively small portion of the senuregional area. The applicability
of the rate thus estimated, over the entire semiregional model, is therefore questionable. The
variant BC3, with boundary conditions as specified in Table 3.10, explores the consequences
of a half-order-of-magnitude reduction in the infiltration rate, relative to the base case. This
reduction in infiltration is combined with hydrostatic conditions on the se.iward boundary,
to produce what can be viewed as an optimistic combination of lower hydraulic driving
forces with a reduced resistance to eastward, horizontal discharge from the area of the SITE94 repository.
The effect of this variant is a general reduction in groundwater heads, head gradients, and
fluxes throughout the model, relative to the base case. The distribution of flux among
semiregional structures, as shown in Figure 3.26, is quite similar to that for the base case,
except that the magnitude of flux has been reduced by a factor of two to three throughout
die model. Thus die sensitivity of the flux at repository depth, with respect to the infiltration
rate at the surface, can be estimated as slightly less than linear.
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Figure 3.26. Cross sections showing distributions of groundwater head and Darcy velocity for the BC3
hydrologic variant of the discrete-feature model (Calailation Case SKI0/NF0/BC3, Realization 01), which
combines a reduced infiltration rate on land with hydrostatic conditions on the seaward boundary (see Table
3.10). Plotting conventions are as in Figure 3.17.

3.8 Summary of the final model
The base-case discrete-feature model for SITE-94 consists of 21 site-scale features and 48
semiregional structures. Initial estimates of the hydrologic properties of these features were
obtained based upon the full set of single-hole packer test data, plus the full suite of
transient, cross-hole tests performed on Aspo. The effective bedrock infiltration on Aspo has
been estimated by calibration with respect to the estimated, undisturbed groundwater levels
on Aspo.
The hydrologic properties of a subset of the large-scale features have been refined by steadystate calibration of the model with respect to long-term drawdowns in pumping tests LPT1
and LPT2. Further calibration of the model with respect to the transient response in these
tests has not been possible with the computational resources available, but transient
simulations of these tests have been performed in order to confirm that the transient
behaviour of the model approximates that of the system on Aspo.
Discrete-fracture network models for either of two alternative rock types (Smaland granite
or Aspo granodiorite), within a 450 m x 320 m x 80 m block around the SITE-94 repository,
are embedded within the discrete-feature model. These represent the possibility for flow and
radionuchde transport via irregular connective paths through the rock mass, in the vicinity
of the hypothetical repository.
The base-case model compares reasonably well with observations for the vicinity of the SITE94 repository, in terms of the relative magnitudes and sequence of response in different
sections of the various boreholes. However, there is a tendency to overpredict drawdowns in
late time. This discrepancy may be partly due to the specification of a no-flow boundary
condition at die base of the model. Alternatively, it may indicate that the connectivity of the
site, on the large scale, is somewhat underrepresented in the model.
Simulations of the LPT2 tracer tests using the base-case model yield reasonably good
agreement with observations. The model predicts observation of tracer recovery from 2 to
4 of the six injection intervals (sources), depending on which transport-porosity variant is
used for the fracture zones (HI or LO, respectively). The actual tracer tests produced definite
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arrivals from two sources. Ambiguous, secondary peaks in the actual recovery plots, which
have been tentatively attributed to two additional sources (Gustafsson et a/., 1991), might
alternatively be interpreted as secondary transport pathways for the first two sources
For the tracer tests in which a measurable amount of tracer was recovered, the predicted
fraction of tracer recovered is roughly in agreement with observations. However, in two cases
the predicted, median residence times for the recovered fraction are slower than observed
median residence times by factors of 2 and 8, for the low-porosity (PO) variant. On the other
hand, in one case the PO variant predicts substantial recovery whereas none was observed
during the actual monitoring.
These mixed results indicate that a high degree of uncertainty exists with respect to the
transport properties within fracture zones. Taken together, the two porosity variants PO and
PI cover much of die range of observed behaviour, but tlie possibility for more extreme cases
in reality is indicated.
The semiregional flow pattern predicted by the base case model is one of generally
convergent flow toward Aspo from the higher-elevation areas on Laxemar and Simpevarp,
with upward discharge into the straits around Aspo. Poor connectivity in the semiregional
network east of Aspo, in combination with a no-flow boundary condition to the east,
produces a buildup of heads under Avro as well. Tins further concentrates the discharge in
the straits east of Aspo.
In this flow field, discharge to the surface from the vicinity of the SITE-94 repository is
dominated by the two NNW-striking structures which form the eastern boundary of Aspo
(nnw4 and nnw5). Due to their relatively high transmissivity and direct connection to the
seabed, these structures are predicted by the model to transmit low heads to the base of the
model, and thus will intercept nearly all solute.
The alternative models (SKBO and SKNO variants) yield grossly similar patterns of
semiregional flow, but with less strong convergence toward the straits around Aspo. This
difference is mainly due to die more uniform connectivity of these models, particularly east
of Aspo, in the N-S direction. Despite the pronounced differences in the underlying
structural models, the main discharge path from the repository, for both of these variants,
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is still predicted to be via steeply dipping structures in the straits east of Aspo. The SKNO
variant produces low gradients through the repository, relative to the SKBO variant and the
base case, presumably due to its relatively homogeneous distribution of conductivity.
The variations with respect to boundary conditions produce significant changes in the
semiregional pattern of flow, and in the relative importance of semiregional and site-scale
circulation cells in the fracture zones under Aspo. These variations affect the heads and head
gradients through the repository, but do not substantially affect the configuration of
discharge from the repository to the surface. Thus the uncertainty in far-field boundary
conditions can be expected to result in parameter uncertainty regarding the values of
effective transport parameters from the repository, but should not introduce substantial
uncertainty regarding the locus of radionuclide discharge to the biosphere.
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4

Discussion

4.1 Discrete-feature models for the site
The discrete-feature model development for SITE-94 has yielded a practical, base-case model
that is reasonably consistent with the results of single-hole and cross-hole hydrological
investigations on Aspo. The base-case model, which includes an embedded, stochastic
discrete-fracture network, is sufficient to explain most of the hydrologic connections in the
vicinity of the SITE-94 repository. However, the uniqueness of this model, as a description
of the site, is doubtful due to the multitude of redundant connective pathways that can be
constructed from the structural model.
Major characteristics of the model
Groundwater flow in the base-case model is controlled strongly by the boundary conditions
at die surface, namely the fixed-head boundary at the seabed and infiltration on the relatively
high-topography areas to the west of Aspo. The general pattern is of eastward, and upward
flow with convergence toward, and discharge into the straits around Aspo. This pattern of
convergence is partly due to die straits accounting for the largest area of seabed in the model
domain, and partly due to the irregular connectivity of the semiregional structures.
The base-case model yields unrealistically high heads (exceeding the topography) in a few
places on-land, near the boundaries of the semiregional domain, where the specification of
a uniform infiltration rate produces (numerical) head buildups in low-transmissivity
structures which are only weakly connected to the main network. These effects are localized
and do not appear to influence flow in the vicinity of the repository. However, the weak
connectivity of die semiregional network, which is an underlying cause of these effects, does
exert an influence on the discharge path of radionuclides, as discussed below.
Alternative sets of boundary conditions (Variants BC1 and BC2) which incorporate fixed,
topographic heads on land, yield predictions of somewhat less strongly convergent flow
around Aspo. However, even in these cases the general pattern of convergence is apparent.
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To some extent this seems to be due to elevated connectivity .md conductivity in the sitescale model, relative to the semiregional model, as discussed below.
Sufficiency of the model to explain observations
The calibration process has produced a base-case model that is reasonably consistent with
the undisturbed head distribution, and with the drawdowns induced by pumping tests in
the vicinity of the repository. A partial validation of the integrated model, by comparison
with transient drawdowns in LPT2, yields generally good agreement in terms of the predicted
sequence of response, and relative magnitudes of drawdown, for most boreholes in the
vicinity of the repository.
However, residual discrepancies exist between simulations and observations after this
calibration. The largest discrepancies are more than 1 m head for a few steady-state
observations, and up to an order of magnitude for a few transient drawdown observations.
These discrepancies show that the base-case model is not a complete description of the
hydrology, even for the relatively well-characterized, southeastern portion of Aspo. Based
upon the rate of convergence of the objective functions, at the end of the calibrations, it is
speculated that major reductions in the residuals would not be attainable without increasing
the flexibility of the model.
Two ways in which the flexibility of the model could be increased would be (1) to introduce
heterogeneity of transmissivity within site-scale structures, and (2) to add additional, discrete
structures to account for unexplained (or underpredicted) connections. Introduction of
heterogeneity within structures was not possible for the present study, due to the lack of a
developed calibration methodology. However, as discussed in Section 4.2, such a model
could likely account for most of the observed residuals. Introduction of additional, discrete
structures could perhaps be accomplished by stochastic simulation, based on die statistical
properties of the observed structures and conditional upon hydrological measurements.
However, at present a systematic, objective methodology for this purpose is lacking.
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Data density and utilization
The agreement between model and observations is best in the immediate vicinity of the
repository, where the data density is highest. Data utilization, in the process of model
calibration, has also been most thorough in this vicinity. Although all transient, cross-hole
data from Aspo have been used to produce initial estimates of feature properties, the network
behaviour of the model has been calibrated with respect to a more restricted set of data,
namely the long-term drawdowns from pumping tests close to the SITE-94 repository.
For the western part of Aspo, both the data density (from site characterization) and the
utilization of data (in DF model development) are substantially less than for the eastern part
of die island. In the Aspo pre-investigations, the only interference tests on western Aspo were
those in KAS 03, which altogether represent less than 1/3 of the total number of such tests
in the pre-investigations. Moreover, pumping under western Aspo was restricted to one deep
borehole, and most of the nearby observation holes were 100 m or less deep. Hence the
number of borehole-to-borehole connections that were directly tested below western Aspo is
much less than in the east. In the present study, utilization of data from western Aspo has
also been relatively low because calibrations of the DF network were performed only with
respect to the pumping tests in eastern Aspo.
For the mainland (Laxemar and Simpevarp areas) and the neighboring islands, the data
density is even lower than for western Aspo, and data utilization in the DF model has been
minimal. The site-scale model covers only a few of the boreholes on Mjalen, Avro, and
Laxemar. Most of these did not register significant responses in the testing on Aspo. A few
small-scale, cross-hole tests, mainly in shallow holes, have been conducted on Mjalen, Avro,
and Laxemar (see Appendix B in SKB HRL Progress Report 25-92-15). However, these data
were not made available for SITE-94.
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Uniqueness
The small number of long-term, cross-hole tests, and the limited area within which most of
the observations are concentrated, results in non-uniqueness in the initial estimates of
discrete-feature transmissivities and diffusivities. Twenty of the 52 site-scale structures in the
model are found to be hydrologically redundant (in the sense that cross-hole responses
between any two borehole sections that are connected by a single, "redundant" structures
could be explained by a second structure that also provides a direct connection between the
same two borehole sections). For at least 8 of the remaining structures, there is essentially no
direct evidence on which to base initial estimates of their hydrological properties.
Due to die observed degree of redundancy, it can be speculated that, if a different DF model
were produced by replacing any particular site-scale structure by the corresponding,
"redundant" structures, the resulting model would likely, after calibration, be similarly
successful in explaining the hydrologic data from the site. That is, since the "redundant"
structures would connect between the same borehole intervals as the structures they would
replace, the cross-hole responses that are successfully modelled by the base-case DF model
could likely be modelled by a variant based on the "redundant" structures, after sufficient
calibration. Conversely, the connections that are not explained by the base-case model would
also not be explained by a model based on the "redundant" structures.
The nonuniqueness in the model is partly a function of data utilization. A more
comprehensive use of the cross-hole data from Aspo {e.g. fully transient calibrations with
respect to the full suite of interference tests on Aspo and neighboring islands), would
presumably reduce the nonuniqueness, due to the additional constraints imposed by the
transient responses, and by network effects that are not taken into account in the initial
estimation of structure hydrologic properties.
Variations with respect to structural model, far-field boundary conditions, and hydrologic
properties of the features within the DF model, give contrasting pictures of the semiregional
flow around Aspo. However, the discharge paths from locations within the SITE-94
repository are qualitatively similar, for all of the variants that were tested. Thus in terms of
the most significant aspects for performance assessment, the base-case model seems to be
quite robust.
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Effects of coupling between the site-scale and semiregional

domains

The general pattern of converging flow around Aspo may be partly an artifact of contrasts
in connectivity and hydraulic conductivity between the semiregioual and site-scale models.
The higher connectivity in the site-scale model results from the higher intensity of structures
in the site-scale model, relative to the semiregional model. Moreover, directly east of the
repository (under Mjalen) there is a noticeable lack of semiregional connections to the sitescale model (see, e.g., Figure 3.17). Although several site-scale structures extend to the
boundaries of die site-scale domain on this side, they do not connect into, and continue as
semiregional structures. In effect, this creates a partial no-flow boundary to the east of the
SITE-94 repository (although a weak, semiregional connection exists at depth).
The partial no-flow boundary to the east of Aspo would be realistic if there is, in fact, an
essentially monolithic block under Mjalen, bounded by semiregional structures. However,
if this is simply a result of a major semiregional structure having been missed (due to e.g.
poor surface expression) or truncated, then this would amount to an artificial constraint on
the locus of discharge from the repository.
The higher conductivity of the site-scale model may simply be an artifact of (1) the higher
intensity of structures in the site-scale model, and (2) the higher information density under
Aspo. Only a few of the semiregioual structures are constrained, to any extent, by the suite
of cross-hole tests from the pre-investigations. For the remainder, an arbitrary transmissiviry
of 10 irf/s has been assigned, which represents an intermediate (or slightly low) value in
comparison to the site-scale structures on Aspo. However, in retrospect it could have been
appropriate to assign higher transmissivities to these features, comparable to the higlitransmissivity structures on Aspo - both to compensate for the likely censoring of smallerscale structures in the semiregional model, and to reflect the likelihood that semiregional
structures tend to be relatively significant hydraulic conductors.
An alternative approach would be to represent the effective, semiregional conductivity by a
regular grid. This has in fact been done for the SKBO and SKNO alternative models, with the
result that a more uniform flow field is predicted eastward of Aspo. However, it may be
noted that, even in these models, the locus of discharge from the repository is very similar
to that predicted by the base-case model.
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Practicality of the model
The base-case model is implemented in terms of a finite-element mesh with approximately
40,000 nodes and 60,000 elements (The exact numbers vary depending upon the variability
between stochastic realizations of the detailed-scale fracture population). This mesh size is
practicable for multiple steady-state flow simulations, as required for performance-assessment
calculations. Typical run times for a single, steady-state flow solution on a desktop
computer

range from 6 to 10 hours. The construction of the meshes themselves requires

approximately 20 hours for the deterministic portion (which is used in all realizations) and
an additional 8 to 10 hours for each stochastic realization of the detailed-scale DFN.

The system used for most SITE-94 runs was a 80486-based, 66 MHz desktop
computer with 3248 MB of physical memory (RAM), running under OS/2. For a few of the
steady-state realizations, and all transient calculations, the available RAM was exceeded, and the
system utilized virtual memory on the hard disk. Access times for virtual memory are considerably
slower than for RAM, and in these runs resulted in decreased performance which is reflected in
the wide range of run times. The other systems (Silicon Graphics and IBM RS/6000 workstations)
which were used for a portion of the calibration runs gave speed improvements of up to a factor
of 2.5, for the largest meshes, partly due to the larger amount of physical memory on those
systems. For calibration runs in which the detailed-scale DFN was not included, steady-state
solutions were typically obtained within 3 to 4 hours of run time.
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4.2 Evaluation of the calibration approach
The overall procedure for DF model calibration includes two major steps: (1) initial
estimation based upon a simplified analysis of all available cross-hole hydraulic data, and
(2) calibration by nonlinear optimization with respect to steady-state and transient
simulations of the DF model.
The methodology for obtaining initial estimates of ffarure properties, as described in
Sections 2.2.2 and 2.2.3, has proven effective. The subsequent stages of calibration have
yielded, for the most part, only moderate refinement of the initial estimates. The degree of
agreement between the simulated and observed cross-hole dat.isets can be attributed mainly
to the success of the initial estimates. This success may, to some extent, be a function of
nonuniqueness in the model, as discussed in the previous section.
The procedure for calibration by simulation has proven to be only moderately effective. This
is due to the complexity of the final DF model and the consequent computational burden.
Calibration with respect to transient simulations of pumping tests has not proven practical
for the final DF model, given the computational resources available, although transient
calibrations have been successfully performed for a slightly less complex, preliminary model.
Effects of separate derivation and calibration of site-scale and detailed-scale models
The site-scale and repository-scale components of the DF model have been derived and
calibrated separately. Although splitting the problem into two parts, in this fashion, makes
die analysis more tractable, it neglects at least two types of coupling effects between the two
components:
•

The repository-scale fracture network gives conductivity via the repository block,
which has not been accounted for in the calibration of the site-scale model.

•

The site-scale structures may give irregular far-field boundary conditions for packer
tests, which have not been accounted for in the (partial) validation of die fracture
network model by simulation of packer tests.

By neglecting repository-block conductivity during the calibration of site-scale structures, it
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is expected that the transmissivity values for a few structures passing through the repository
block have been overestimated to some extent. From the simulations of cross-hole hydraulic
responses and tracer transport during LPT2, as described in Section 3.4, it appears that this
effect does not seriously impact the overall match between the integrated model and
observations.
This conclusion must be qualified by noting that only one realization of the stochastic,
repository-scale component has been tested. If this were an anomalously poorly-connected
or low-conductivity realization, then perhaps the effects of the separate calibration have been
underestimated. This seems unlikely, however, as the variability between realizations has been
found to be of minor significance relative to spatial variability within a given realization,
in predictions of steady-state groundwater velocities within the repository block (Geier,
1996a).
The impact of using simplified boundary conditions, for the simulated packer tests, is
somewhat difficult to predict a priori, since a one must take into account how more complex
boundary conditions wo\ild impact both the simulated transient responses, and their
interpretation by curve-fitting. The influence of the artificial boundary conditions on the
transient simulations was examined by Geier and Thomas (1996) and found to be negligible,
in general. Since the distance between the simulated test sections and the boundaries was just
20 m, while the actual test sections used for comparison were chosen to be at least 30 m from
the nearest intersection of the borehole with a site-scale structure, the influence of the sitescale network, on the dataset used for DFN model validation, should also be negligible.
However, this finding may be sensitive to the model used for fracture storativity, which is
highly uncertain.
In conclusion, the separate calibration of the site-scale and repository-scale components of
the DF model can be judged to have an insignificant impact on the final model.
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Significance of neglecting heterogeneity during

calibration

As has been noted in die sections on hydraulic parameter estimation and calibration, many
of die site-scale structures are evidently heterogeneous with regard to structure transmissivity.
This heterogeneity is apparent from cases in which single-hole packer tests have been
performed in several boreholes that penetrate the same, given structure.
In die calibration of the DF model, the transmissivity of each individual structure has been
treated as homogeneous, despite that heterogeneity is clearly present. It is obvious that, by
neglecting heterogeneity, the model is made more "stiff1 with respect to calibration. Hence
there is a reduction in goodness of fit diat can be attained. Inclusion of heterogeneity in the
calibration of the model would increase the degrees of freedom in the

optimization

problem, and likely die nonuniqueness of the results. This would of course make evaluation
of the results more complicated, but would afford a better appraisal of hydrologic
uncertainty, if the practical aspects can be handled.
Widiin SITE-94, no DF model with heterogeneous structure properties has been calibrated.
However, die hydrologic variant SKIOD, in which stochastic heterogeneity within structures
was introduced, gives some insight into the possible impact on the DF model.
The results of Variant SKIOD, as discussed in Section 3.6.2, show that the effects on the
semiregional head distribution are minor, but that perturbations in steady-state heads of up
to one meter, in structures near die repository, are seen between realizations. The magnitudes
of diese head perturbations are sufficient to account, nearly entirely, for the residuals after
calibration with respect to the undisturbed head distribution. This confirms that a physically
reasonable degree of heterogeneity within structures could, after calibration, be sufficient to
explain many of the discrepancies between simulations and observations.
Furthermore, predictions of transport parameters for SITE-94 (Geier, 1996a), based on
Variant SKIOD, show diat heterogeneity within structures may have significant implications
for performance assessment. However, interpretation of these results is complicated by the
fact that these heterogeneous realizations have not been calibrated. This problem requires
further investigation. However, the task of calibrating a model incorporating heterogeneity
within structures is nontrivial, as discussed below.
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Comparison of alternative calibration strategies
Two different algorithms have been used to automate the search for an optimum in the
parameter space of feature hydrologic properties: Powell's direction set algorithm, and the
downhill simplex algorithm.
The first optimization algorithm, Powell's direction set algorithm (see Press et ai, pp. 294301) was tested in the early stages of calibration. The algorithm consists of line
minimizations performed in sequence along a set of mutually conjugate directions.
Although this method should, in theory, give faster convergence in the neighborhood of a
locally quadratic optimum, it was found to be relatively ineffective for the DF calibration
problem. The main reason is that, during line minimizations far from the optimum, a large
number of response function evaluations can be required to locate the directional minimum,
to the degree of tolerance that is necessary to maintain the integrity of the direction set. A
second reason for this inefficiency may be that the response functions are defined as sums
of absolute differences, and hence are not locally quadratic.
The second algorithm employed is the downhill simplex algorithm (see Press et a/., 1986, pp.
289-293). In this algorithm, the response function is evaluated at the vertices of a ndimensional simplex (a triangle in the 2-D case, a tetrahedron in the 3-D case, and so on).
The simplex advances toward an optimum by exchanging one vertex at a time (the "worst"
vertex at a given step) for a new vertex that is chosen, essentially, based on a difference
approximation to the local gradient of the response function.
Theoretically this algorithm should give relatively slow convergence in the neigliborhood of
a quadratic optimum. However, it has been found to be relatively effective for coarse
optimization, in the large parameter space that exists for DF model calibration. The relative
efficiency for coarse optimization seems to result from the algorithm performing relatively
few response function evaluations in portions of the parameter space that lie far from the
optimum. The algorithm also does not rely upon an assumption of locally quadratic form,
and is robust for response functions for which only the first derivative (gradient) is
guaranteed to exist at any given point.
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Possibilities for improvement of calibration methodology
Neither of die two optimization algorithms (Powell's or downhill simplex) makes use of the
gradient information that could be obtained by analytical or automatic differentiation of
the finite-element equations. An improvement in the speed and effectiveness of DF model
calibration could likely be achieved by a direct formulation of the optimization problem.
However, implementation of the direct approach would have entailed a substantial
modification of the MAFIC code, which was not feasible within the scope of SITE-94.
Experimentation with the method, to investigate numerical stability issues, would also be
required prior to application.
Extension of the calibration approach to handle intra-structural heterogeneity would be
desirable, both to improve die fits diat can be achieved between model and observation, and
to allow a more thorough and systematic analysis of hydrologic uncertainty. The possibility
has been suggested (G. de Marsily, personal communication, 1995) that stochastic calibration
could be achieved by adapting die pilot-point method (RamaRao et a/., 1995) to the discretefeature approach.
Briefly, the method would consist of (1) selecting a fixed number of "pilot" points within
each structure, and (2) performing optimization with respect to the parameter vector
comprising the transmissivity values at each pilot point. Each step of the optimization
would consist of solving the discrete-feature flow equations based on a conditional,
stochastic realization of the transmissivity field within all structures, conditioned upon
single-borehole transmissivity estimates and the current estimates of the pilot-point
transmissivities. Results would be obtained in terms of sets of estimated transmissivities at
die pilot points, which would be used as the basis for subsequent, conditional simulations
of the heterogeneous model.
Most of die components that would be necessary for stochastic calibration of a DF model,
based on die pilot point methodology, are presently available, including algorithms for (1)
optimization of transmissivity vectors based on steady-state and transient DF simulations,
and (2) conditional simulation of transmissivity fields within a discrete-feature network.
General, objective criteria for the automatic selection of pilot point locations have been
advanced by RamaRao et al (1995), and could presumably be adapted to the DF case.
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However, considerable effort would be required to integrate the various components.
Moreover, there are a number of theoretical issues to be dealt with, in particular what models
should be used to describe correlations across intersections between structures.
Another aspect of the DF calibration methodology that ought to be reconsidered is the
sequential nature of the calibration. In the present study, optimization has been performed
for each of die individual calibration cases (undisturbed heads, drawdowns in LPT1, etc) in
sequence. The results may perhaps depend upon the essentially arbitrary sequence in which
die calibration cases were dealt with. The check of the final, integrated model (Section 3.3.4)
indicates diat the effects of sequential calibration are not significant, m the present instance.
However, in a future application this may not be the case.
Simultaneous optimization with respect to all relevant site data (undisturbed heads,
interference-test drawdowns, tracer arrival data, etc) could be considered, as a more objective,
systematic alternative to die sequential approach. Apart from the formidable computational
requirements of simultaneous optimization, such an approach will need to invoke
subjectivity, in defining an objective function for the various (and possibly incommensurate)
residuals.
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4.3 Variability and uncertainty
Uncertainty in the integrated discrete-feature model can be discussed in terms of the
following categories:
•

Uncertainty in the source data.

•

Uncertainty due to the inherent spatial variability of the site.

•

Uncertainty in the construction of the model.

These categories of uncertainty are discussed in terms of their significance for the DF model
development, in the following paragraphs. The possibilities for reducing overall uncertainty,
by changes in data-gathering and/or calibration methodology, are also discussed.
Uncertainty in source data
Uncertainty in source data includes measurement uncertainty, for the various hydrologic
observations at the site, as well as data and conceptual uncertainty in the various
interpretations of the site data, which form the starting point for this work. Measurement
uncertainty is judged to be of relatively low significance, since the typical errors in
groundwater level measurements are generally small relative to the degree of precision that
can be exploited by the DF model calibration.
Data uncertainty is introduced in the interpretation of groundwater level data to deduce
"undisturbed" groundwater levels (Rhen, 1991), which are used as base data in one stage of
die DF model calibration. Seasonal fluctuations of these levels, as shown in plots by Nyberg
et al (1990), can be of magnitude comparable to the residuals after the calibration with
respect to these data. Hence calibrated parameters such as the infiltration rate may be
sensitive to how the "undisturbed" levels are deduced.
The discrete-fracture network model, which forms the repository-scale component of the
integrated DF model, has many associated sources of uncertainty, as discussed by Geier and
Thomas (1996). The most uncertain aspects of the DFN model are the derived orientation
distributions and fracture location models. Uncertainty regarding the orientation
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distribution is unlikely to exert any tangible influence on the development and partial
validation of the integrated model, as reported here, although this uncertainty is of course
carried over to subsequent applications of the integrated model. Uncertainty regarding the
fracture location model could have a slight influence on the transient simulations of LPT2,
using the integrated model, insofar AS errors in this model lead to under- or
overrepresentation of the frequency of high-conductance pathways through the repository
block.
Uncertainty in the geologic structural models (site-scale and semiregional) is obviously of key
concern for the DF model, because these models proscribe the set of possible, site-scale
connections on which the hydrological interpretation is based. This is a basic conceptual
assumption of the discrete-feature method, as applied in the present study. Uncertainty in
the underlying structural model is addressed by considering structural-model variations (e.g.
Variant SKI1) and alternative structural interpretations (Variants SKBO and SKNO).
Extension of the discrete-feature methodology to account explicitly for certain aspects of
structural-model uncertainty, such as uncertainty in structure dip angles or the possibility
that undetected structures may be present, might be possible but considerable theoretical
work is required.

Uncertainty due to spatial variability
Spatial variability of effective hydrologic properties, within site-scale structures, is a
significant source of parameter uncertainty in the final discrete-feature model. In the extreme
case, a structure is likely to be excluded from the model altogether, if it happens to be
intersected by boreholes only at points of anomalously low transmissivity. Slightly less
extreme cases of anomalous sampling could lead to orders-of-magnitude errors in die
estimated, effective transmissivity of structures.
Conceptual uncertainty regarding the structure of heterogeneity within fracture zones (and
extensive single fractures) is potentially of major consequence for the discrete-feature model.
If, on die one hand, local transmissivity varies within the plane of a structure according to
some process that can be well approximated by an isotropic, two-dimensional geostatistical
model of moderate variance, then the errors that arise from an assumption of uniform
transmissivity, as used in the present study, are probably modest. On the other hand, if the
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structure of transmissivity variation within the fracture zone is more erratic (e.g. high
variance, strongly anisotropic covanance, or channel-like conductive pathways),
representation in terms of a uniform, discrete feature becomes doubtful, particularly when
the aim is to predict effective parameters for transport. Tins conceptual uncertainty could
best be addressed by analyzing data from fracture-zone characterization experiments, to test
the applicability of alternative conceptual models.
Uncertainty in the construction of the model.
Besides the uncertainty that arises from source data and spatial variability, uncertainty in the
integrated DF model arises from modelling choices, and from the indeterminacy of the
calibration process itself.
One of die more significant modelling decisions involves the specification of semiregional
boundary conditions for the model. The influence of the particular choices made has been
evaluated through vanational cases (Variants BC1, BC2, and BC3). Tins evaluation is
incomplete, however, as the model was not recalibrated for each of the alternative sets of
boundary conditions. Therefore it is difficult to say whether the differences among the
boundary-condition variants are representative of the actual uncertainty associated widi this
modelling choice. It may however be speculated that the most likely effect has been to
overestimate the uncertainty, as recalibration would likely bring about a groundwatcr flow
field more similar to that in the base-case model.
Key uncertainties
Tlie most significant uncertainties in die DF model include (1) possible heterogeneity within
structures, and (2) poor hydrologic characterization of the semiregional model. The first of
these has been discussed in Section 4.1. The poor characterization of the semiregional model
is mainly due to low data density in the outlying portions of the model. This affects the
possibilities both to evaluate the effective transmissivity of the semiregional structures, and
to assess the connectivity between the site-scale structures and the semiregional structures.
A set of moderately long-term (10 days or longer) pumping tests, spaced over a wider area
than were the tests for the Aspo pre-investigations, would have been highly useful in terms
of reducing the overall uncertainty of the discrete-feature model. The uncertainty regarding
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heterogeneity within structures can best be dealt with by extending the discrete-feature
methodology to allow for stochastic calibration, as discussed in Section 4.2.
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5

Conclusions
A discrete-feature model has been developed for SITE-94 that integrates deterministic
semiregional and site-scale structural components with a stochastic, discrete-fracture network
model for the repository scale. The hydraulic properties of the site-scale and semiregional
structures have been estimated and calibrated based on the single- and cross-hole hydraulic
test data from die HRL pre-investigations. A partial validation of this model, by simulation
of drawdowns and tracer arrivals in LPT2, gives an adequate match to observations,
particularly for the vicinity of the SITE-94 repository.
This model predicts a general pattern of upward and eastward flow, with convergence toward,
and discharge under the straits around Aspo. Discharge from the vicinity of the repository
is predicted to be mainly via two NNW-trending structures that form the stepped, eastern
boundary of Aspo. Horizontal head gradients through the repository, via the discrete-fracture
network, are on the order of 0.005. Connectivity within the repository is sparse, when lowtransmissivity fractures and relatively small fractures located at a distance from the canisters
are omitted from the model. However, the great majority of fractures are hydrologically
connected to the far-field hydrologic network.
The major aspects of uncertainty for this model relate to the relatively poor characterization
of the semiregional portion of the model, and likely heterogeneity within the major
structures. The first of these is mainly due to the low data density outside of Aspo, which
leads to high uncertainty regarding the hydrologic properties of most semiregional
structures, and regarding the connectivity between the site-scale structures and the
semiregional boundaries. This may affect predictions of transport paths from the repository.
A closely related consequence of the sparse data support on the semiregional scale is that the
effective semiregional boundary conditions are poorly characterized.
Uncertainty regarding semiregional boundary conditions, hydrologic properties of major
structures, and heterogeneity within structures have been investigated by means of variational
cases. Two alternative strucrural/hydrological models have also been evaluated as model
variants. These variational studies are limited by the fact that the individual model variants

145

were not separately calibrated. In general these variants produce similar predicted areas of
discharge from the SITE-94 repository, although significant differences are evident, on a
larger scale, in the semiregional flow field.
The fact that discharge patterns are similar, despite qualitatively differing assessments of the
semiregional flow field, is largely a consequence of the presence of highly transmissive, nearvertical structures on the eastern boundary of Aspo. These structures can be viewed as quite
certain, since high-transmissivity structures are similarly located in the two alternative
strucrural/hydrological models (SKB and SKN models).
The methodology for calibration of the discrete-feature model has been a qualified success.
The procedure for obtaining initial estimates of structure hydrologic properties, by analyzing
distance-drawdown data for cross-hole responses that are assignable to particular features, is
both practical and effective. Calibration with respect to simulations of the network model
has proven less effective, due to the complexity of the final discrete-feature model, and the
consequently large amount of computer time required for each simulation. Further
development of the methodology is recommended, both to improve the computational
efficiency, and to handle the realistic case of heterogeneous transmissivity within individual
structures.
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