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FOREWORD

The booklet Aspo Hard Rock Laboratory -10 years of research, available from
the SKB, provides the reader with a popular review of the achievements This
report is No. 2 of six Technical Reports summarizing the pre-investigation and
construction phase of the Aspo Hard Rock Laboratory.

The reports are:

1 Stanfors R, Erlstrom M, Markstrom I.
Aspo HRL - Geoscientific evaluation 1997/1.
Overview of site characterization 1986-1995
SKB TR 97-02.

2 Rhen I (ed), Backblom (ed), Gustafson G, Stanfors R, Wikberg P.
Aspo HRL - Geoscientific evaluation 1997/2.
Results from pre-investigations and detailed site characterization.
Summary report.
SKB TR 97-03.

3 Stanfors R, Olsson P, Stille H .
Aspo HRL - Geoscientific evaluation 1997/3.
Results from pre-investigations and detailed site characterization.
Comparison of predictions and observations.
Geology and Mechanical stability.
SKB TR 97-04.

4 Rhen I, Gustafson G, Wikberg P.
Aspo" HRL - Geoscientific evaluation 1997/4.
Results from pre-investigations and detailed site characterization.
Comparison of predictions and observations.
Hydrogeology, Groundwater chemistry and Transport of solutes.
SKB TR 97-05.

5 Rhen I (ed), Gustafson G, Stanfors R, Wikberg P.
Aspo HRL - Geoscientific evaluation 1997/5.
Models based on site characterization 1986-1995.
SKB TR 97-06.

6 Almen K-E (ed), Olsson P, Rhen I, Stanfors R, Wikberg P.
Aspb" Hard Rock Laboratory.
Feasibility and usefulness of site investigation methods.
Experience from the pre-investigation phase.
SKB TR 94-24.
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The background and objectives of the project are presented in a background
report to the SKB R&D Programme 1989 (Hard Rock Laboratory), which
contains a detailed description of the HRL project.

The purpose of this report, No. 2, is to present the evaluation of the concepts
and methods used during the pre-investigation and construction phases of the
Aspo HRL. An overview of all the investigations performed is summarized in
Report 1. The detailed evaluation of the pre-investigation and detailed site
characterization is presented in Reports 3-5. Report 6 outlines the usefulness
and feasibility of pre-investigation methods.

May 1997

Ingvar Rhen Goran Backblom Gunnar Gustafson

Roy Stanfors Peter Wikberg
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ABSTRACT

The geoscientific and other work at Aspo Hard Rock Laboratory provides an
important scientific and technical basis for implementing and operating a future
deep repository in Sweden.

A major milestone has now been reached with the completion of the pre-
investigation and construction phases at Aspo HRL. The comprehensive
research conducted has enabled valuable development and verification of site
characterization methods applied from the ground surface, boreholes and
underground excavations. The present data base at the Aspo HRL is one of the
most comprehensive data bases in the world for crystalline rock properties,
containing data from a large number of investigation methods from the surface
down to 1700 metres below ground level.

Site characterization in conjunction with construction work at Aspo has
basically confirmed the pre-construction models. The work at Aspo has shown
that such pre-construction models can be obtained for the key features and
properties of fractured crystalline rock through the application of 'standard
methodology of good quality' for measurements, data analyses, modelling and
evaluation. The site characterization at Aspo has been a realistic 'dress-
rehearsal' that is invaluable for planning and execution of surface and
underground characterization of sites for the deep repository for spent nuclear
fuel in Sweden.

Site investigations at Aspo have contributed significantly to the development
and improvement of instruments, investigation techniques and evaluation
methods. This has provided a solid basis for future site studies. Areas have
been identified where further development of techniques and methods would
be useful.
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ABSTRACT (in Swedish)

De geovetenskapliga och andra forskningsinsatser vid Äspölaboratoriet är en
viktig del i SKB:s program att för att förbereda anläggandet av ett djupförvar
för använt kärnbränsle i Sverige.

En viktig milstolpe är nu nådd, när förundersöknings- och anläggningsskedet
är avslutat för Äspölaboratoriet. Den omfattande forskning som genomförts har
visat på tillförlitligheten hos data och modeller som kan erhållas vid en
platsundersökning. Metodik har utvecklats för undersökningar från ytan, från
borrhål och från tunnlar. Databasen från den kristallina berggrunden i
Äspöområdet är en de mest omfattande i världen och innehåller data från ett
stort antal undersökningsmetoder från markytan ner till 1700 m djup.

Detaljundersökningarna som genomfördes i samband med anläggandet av
Äspölaboratoriet har i huvudsak bekräftat de modeller som upprättades med
ytundersökningar som grund. Arbetet vid Äspö har visat att modeller för
strukturer och egenskaper i klistallin berggrund kan erhållas med tillgänglig
teknik och metodik för mätningar, analys av data, modellering och utvärdering.
Undersökningarna vid Äspö har varit en ovärderlig generalrepetition av plats-
och detaljundersökningar för ett djupförvar av använt kärnbränsle i Sverige.

Undersökningarna vid Äspö har medfört avsevärd utveckling och förbättring
av instrument och metoder för datainsamling och utvärdering, vilket ger en
stabil grund för kommande platsundersökningar, liksom en bas för att
genomföra fortsatta förbättringar inom angelägna områden.
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EXECUTIVE SUMMARY

INTRODUCTION

Background

The Aspo Hard Rock Laboratory (Aspo HRL) provides an important scientific
and technical basis for the work of siting, design, construction and operation
of a future deep geological repository in Sweden for spent nuclear fuel and
other long-lived waste. The need for such an underground laboratory was
identified at an early stage in the Swedish programme for final disposal of
nuclear waste. The Aspo HRL was built to provide an opportunity for research,
development and demonstration in a realistic and undisturbed rock
environment down to the depth planned for a future deep repository for spent
nuclear fuel.

The goals of pre-construction and construction phase characterization 1986 -
1995 were to :

• demonstrate that investigations at the ground surface and in boreholes
provide sufficient data on essential safety-related properties of the rock
at repository level,

• refine and verify the methods and the technology needed for characteriz-
ation of the rock on the detailed site investigations.

The aim was also that the site investigations should give some experience in
order to:

• refine and test on a large scale at repository depth methods and models
for describing groundwater flow and transport of solutes in rock.

• provide access to rock where methods and technology can be refined and
tested so that high quality can be guaranteed in the design, construction
and operation of the final repository.

Characterization of the rock conditions at the Aspo site began in 1986. The first
four years were devoted to investigations from ground surface and in boreholes
drilled from the surface. Models of rock conditions at depth were developed on
the basis of these investigations. The models were evaluated and further
detailed during the following five years (1990 - 1995) when the laboratory was
constructed. The laboratory tunnels and shafts extend down to a depth of 450
metres below ground level. Data collected in the 3.6 km long tunnel, in
surrounding monitored boreholes and in boreholes drilled from the tunnel
throughout the construction phase were evaluated and compared with
predictions based on the pre-construction models.



A major milestone has now been reached with the completion of the pre-
investigation and construction phases encompassing the years 1986 - 1995.
This report summarizes the main findings from the pre-investigation and
construction phase of the Aspo Hard Rock Laboratory, focussing on the
reliability of site characterization methodology.

Approach to site characterization

The Aspo Project was structured to facilitate testing of the reliability of site
characterization methodology. This included:

• iterative updating to allow for increasing the details of models and
possible re-interpretation of previous data sets.

• multi-disciplinary and integrated approach to data collection and
interpretation.

• selection of key issues for site characterization for study and subsequent
sub-structuring in subjects and geometric scales, (Figure I).

The Aspo key issues for site characterizations were:

• Geology,
• Mechanical stability,
• Groundwater flow,
• Groundwater chemistry,
• Transport of solutes.

The most important safety-related function of the bedrock is to protect the
engineered barriers and to provide:

• long-term, stable and suitable chemical environment,
• low groundwater flow,
• mechanical stability.

Such conditions favour longevity of the engineered barriers and the host rock's
function as a barrier to radio-nuclide migration.

A basic requirement for modelling of the mechanical stability, the groundwater
flow, the chemical conditions and the transport of solutes is a good geological-
structural model of the site. However, since the basic principle of the SKB deep
repository is based on the isolation of the radioactive substances, the factors
contributing to isolation are of greater importance than those favourable to
sorption, slow transport in bedrock and dilution in the far-field (see RD&D
Programme 95 for SKB). The selected key issues for the site characterization
at Aspo {Figure I), are thus relevant in relation to the safety related
requirements.
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» 1000 m
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Figure 1. Analyses and modelling have been made on different geometrical
scales with respect to a number of key issues (Geological-structural model,
Mechanical stability, Groundwater flow, Groundwater chemistry and
Transport of solutes) for site characterization.

Out of the five key issues, most work during 1986-1995 was devoted to the
issues Geology, Groundwater flow and Groundwater chemistry. Mechanical
stability addressed issues relating to excavation stability during construction of
the laboratory. Transport of solutes included investigations of fracture
connectivity, transient flow of natural isotopes and assessment of flow porosity.
The main findings for each key issue are presented below.

GEOLOGY

A basic requirement for meeting the needs of repository engineering and
performance assessment is development of a good geological-structural model
of the site. This has been achieved in the quite complex geological environment
at Aspo.

The geological-structural model is the simplified description of the lithology
and fracturing. The simplification of the geological medium to a structural
model is one of the most crucial issues in site characterization as this simpli-
fication provides the basis for design and modelling work for the other four site
characterization key issues. A description of the lithology and main tectonic
structures is needed to provide a framework for all modelling work concerning
mechanical stability, groundwater flow and groundwater chemistry.



Xll

At Aspo the lithology has been classified into the rock types Smaland (Avro)
granite, Aspo diorite, fine-grained granite and greenstone.

There is a special need for a good description of the main structural pattern in
a rock mass. Basic elements in a structural model are first of all a good
interpretation of the major discontinuities (fracture zones) with respect to
position, orientation and character. The identification and description of the
fracture zones which are important hydraulic conductors and important for the
rock stability were of special interest at Aspo. The discontinuities were
classified into major fracture zones (width > 5 metres), minor fracture zones
(width < 5 metres), single water conducting fractures and small-scale fractures.

Some main findings concerning the geological-structural models are
summarized here.

Regional model

The bedrock in the Aspo area belong to the vast region of the
Transscandinavian Granite-Porphyry Belt.

A number of massifs of basic rocks elongated E-W were indicated by positive
magnetic and gravity anomalies. Fine-grained irregular bodies and xenoliths of
greenstone (old volcanites) were found as remnants within the granite mass.

Some circular/semi-circular structures in the area investigated are interpreted
as granite diapirs. They are all represented by a more or less round, non-
magnetic patterns and negative Bouger gravity anomalies. The Gotemar and
Uthammar anorogenic granites are two of these structures which were
interpreted as true diapirs.

Fine-grained greyish-red granite is common in the whole area. On and near
Aspo, which was mapped in detail, the fine-grained granite occurs both in
smaller massifs and as dikes in the older rock.

Information from geological and geophysical investigations support a tectonic
picture dominated by an almost orthogonal system of major discontinuities
trending N-S and E-W and the NW and NE trending system. These
discontinuities exceed more than 10 km in length (Figure 2).

Lithological model of Aspo

The lithological situation at Aspo is complex. It was possible to predict the
general distribution and relative amount of the main rock types (Figure 3), but
as expected it was not possible to predict deterministically the location of rock
types occurring as narrow irregular dikes, such as fine-grained granite and
greenstone.
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Estimates of lithological composition were also made for blocks of 50 m and
5 m size, respectively, and these predictions were in fair agreement with
observations during the construction phase.

Greenstone

Topographically,
geologically and
aerogeophysically
indicated extensive
structure (>approx.10 km)

Geophysically
indicated extensive
structure (<approx. 10 km)

Figure 2. Regional model of discontinuities in the Aspo environs.
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Lithoiogic model of southern Aspo. 1990
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Lithoiogic model of southern Aspo based
on borehole and tunnel data. 1996
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Figure 3. Comparison of lithological model prior to construction and after
construction. The prediction, Model 90 (top) is based on surface mapping and
cored boreholes. Model 96 (bottom) is based on Model 90 data, tunnel
mapping and supplementary boreholes from the tunnel.
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Structural model of Aspo

The existence of several major fracture zones was predicted and their existence
has been confirmed. No further major zones were found during construction in
the target volume for the investigations. A nomenclature for fracture zones and
the reliability of their 'existence' in the predictions (certain, probable, possible)
was adopted. One major subhorizontal zone classified as 'possible' has not
been found. Subhorizontal structures found in the tunnel were narrower and
less hydraulically important than predicted.

The dip and strike of the hydraulically most important fracture zone NE-1 was
predicted and the actual measurements showed small deviations (see Figure 4).
The geometry of the major fracture zone NE-2 is complicated. Parts of the zone
dip north, other parts dip south. As the zone was considered to be of minor
importance, hydraulically and mechanically, few investigations were made to
determine its exact geometry. The measurements show that the zone dips
70-80° south instead of 75° north as predicted.

The comparison between predictions and tunnel data shows that most of the
predictions for major subvertical fracture zones (> 5 m wide) were reliable both
with respect to existence, geometry (Figure 4) and geological character.

Aspo Hard Rock Laboratory

Prediction and Outcome

Simpevarp HdO Aspo

Figure 4. Prediction and outcome for major fracture zones. The picture
illustrates predicted (red) and observed (green) positions and dips in the
tunnel.



XVI

Aspo is intersected by a number of narrow, steeply dipping transmissive
fractures or minor fracture zones (fracture swarms) trending WNW-NNW. The
existence of minor fracture zones was predicted and their existence has been
confirmed. The existence and frequency of these zones (fracture swarms) were
recognized during the pre-investigation phase but it was not possible to predict
deterministically their locations at depth.

The reliability of predictions of minor fracture zones (< 5 m wide) was good
with respect to existence and hydraulic character. Their extent and properties
at depth were described in a stochastic sense. The detailed investigations from
the tunnels provided information on the location of these minor features where
they intersect tunnels and boreholes and an improved statistical base on their
frequency, orientation and properties. Figure 5 shows a comparison of the
structural model with discontinuities prior to construction and after updating
based on all data 1986 - 1995.

Predictions of small-scale fracturing in six 50 m blocks along the tunnel show
that the orientation of the main fracture sets were mostly in fair agreement with
observations during the construction phase as well as nature of fracture
infillings. Estimated fracture length and fracture spacing on tunnel/walls were
in poor agreement with observations during the construction phase.

Methods

In general the site investigation methods used were adequate for relevant
modelling of the most important parameters needed for construction of the
Aspo HRL.

Aerogeophysical investigations, gravimetric measurement and lineament
interpretation are very useful for the structural-geological modelling work of
major structures on a regional scale.

Geological mapping and detailed ground geophysical profiling (electrical and
seismic refraction investigations) indicated minor structures in the site
description stage. Borehole investigations (core logging and geophysical
logging) provided important data for the characterization of the rock mass at
depth. Determination of fracture zone (fracture) orientation was performed by
use of borehole radar and borehole TV.

Reflection seismic indications did not correspond to any subhorizontal zones
of importance down to 500 m depth. Today both the borehole radar and
reflection seismics technique have been developed and probably give better
possibilities of detecting subhorizontal fracture zones compared to a few years
ago.

There is a need for further development of drilling methodology. It is generally
very difficult to penetrate sections of crushed and clay-altered rock using small
bits without grouting. To be able to characterize the most fractured parts of a
zone a triple-bar coring technique must be used.



ASPO HRL
Predicted fracture zone model 1990.
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Fracture zone model 1996. Subvertfcal zones.
Based on tunnel documentation and borehole investigations

Figure 5. Structural model of the Aspd area, with predicted main structures at ground level, prior to construction (left) and after
construction (right).
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Fracture orientation in boreholes was not very successful due to the methods
available. Development of digital down-the-hole TV equipment is now a
preferred method to verify features mapped in the core with an image of their
undisturbed intercept with the borehole. BIP images are also helpful tools in
controlling core orientation during mapping.

MECHANICAL STABILITY

Rock stress and rock strength are important properties in the engineering of a
repository. At Aspb studies were mostly made to find and evaluate potential
problems for the construction.

No indications of rock burst were found and thus the overall expert judgement
of mechanical stability at Aspb' proved to be correct. The basis for the
judgement relied very much on empirical observations in Sweden and
elsewhere. The scientific basis for these judgements is limited due to scarce and
scattered data, and model and parameter uncertainty. Models for excavation
stability have not been thoroughly tested due to the limited stress levels at
Aspb'.

Rock stress

The measurements indicate a NW-SE orientation of the largest horizontal
stress, which is in line with the overall regional stress field at great depth.
Different stress measurement methods were used in surface and tunnel
boreholes. This could be an explanation for higher stresses being measured in
the tunnel than from the surface investigations. The mean K0-value (= oH/ov

where oH is the maximum horizontal stress and o vthe calculated stress from the
weight of the overburden) from underground measurements is 2.9. The
predicted range was Ko = 1.6-1.9. Due to the limited number of data points in
a few boreholes it is possible that the predicted range did not sufficiently take
into account the natural variability of the stress field {Figure 6).

Excavation stability

For the classification of the rock mass in the Aspb tunnel, the Rock Mass
Rating (RMR) system was applied. Experience from the Aspb tunnel shows
that the rock mass quality ; very dependent on the ~~ck type. Fine-grained
granite, which is often fractured, exhibits both signif. .ntly lower mean RMR
values and larger variations. The difference between greenstone, Smaland
(Avrb) granite and Aspb diorite are smaller and they also exhibit smaller
variations. The predicted RMR values for the tunnel mostly exhibit acceptable
correspondence to the observations made in the tunnel. Poor rock was predicted
at 8% while the outcome was 4%. The reliability of the excavation stability
assessment is very much dependent on the reliability of the geological
structural model.
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Figure 6. Graph showing the maximum horizontal stress as a function of
depth. Stresses measured and interpreted prior to construction are shown with
blue, green and red squares and after construction with black squares.
Measurement locations after construction are shown in the small figure above.

Methods

During the site investigation, stress measurements were made in three surface
boreholes. Hydraulic fracturing was used in two boreholes and the overcoring
method in one borehole. Concurrent with the excavation overcoring measure-
ments were made in boreholes drilled from the ramp with the main objective
of evaluating the predictions made prior to excavation.

The big range of maximu -i horizontal stress data has to be analysed more.
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The mechanical characteristics were defined by uniaxial compressive tests on
core samples. The specimens were prepared before testing and the tests were
carried out in a press with very great stiffness.

Core drilling and core mapping provided information for characterization of
rock quality. The holes were drilled in different orientations to obtain
information on different fracture sets, e.g. steep or subhorizontal. The cores
were logged to provide further information on the distribution on different rock
types and to determine their fracture frequencies (RQD), fracture distance and
fracture surface properties (JRC, JCS and fracture fillings).

The methods used (except for surface properties) for testing were relevant and
provided sufficient data for construction purposes.

GROUNDWATER FLOW

It is important to determine the existence, geometry and properties of major
water conducting features in order to be able to select a repository volume that
provides and supports protection of the engineered barriers and isolation of the
waste.

The work at Aspo shows that the major factors of importance for modelling the
stationary flow system were identified and characterized prior to construction.
The major water-conducting features (hydraulic conductor domains, consisting
of major fracture zones and some of the minor fracture zones (fracture
swarms)) were treated deterministically with respect to existence, geometry and
properties. The rock mass between the fracture zones was treated as a
stochastic continuum and divided into subvolumes (hydraulic rock mass
domains). The assignment of hydraulic properties to the rock mass was reliable,
even if problems exist concerning understanding of scale dependency and
anisotropy of hydraulic conductivity.

Numerical codes for groundwater flow have been developed considerably
during the course of the project. A number of numerical modelling efforts were
made and these show that the effects of salinity on the overall groundwater
flow and draw-down can be modelled successfully.

Some main findings concerning the groundwater flow model are summarized
below.

Major fracture zones, minor fracture zones (fracture swarms)

At Aspo all major fracture zones near or intersecting the tunnel were identified,
see Figure 7. Most of them, but not all, were found to be highly or relatively
highly transmissive (T> 10"5 m2/s), (see Figure 8). The transmissivity can be
predicted if there are a few boreholes that intersect a major hydraulically
conductive feature where hydraulic tests have been performed in these
boreholes.
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Figure 7. Left: Model 1990 of hydraulic conductors from the pre-
investigation phase - site scale. Right: 1996 model of hydraulic conductors -
site scale.

It was also shown that some minor fracture zones (fracture swarms) are highly
water conducting and that it is difficult to describe their position and extent
precisely in space. However, the evaluation showed that an approximate
position and extent in the bedrock could be defined. Thus, these features were
also represented deterministically in the numerical model.

The rock mass between fracture zones

Conductivity of the rock

A stochastic continuum model was used for groundwater flow simulations and
the flow capacity of the rock was based on what was called 'effective hydraulic
conductivity'.

The hydraulic properties of the rock mass below Aspo island were found to be
approximately as predicted in spite of uncertainties, for example, regarding
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scale dependency, flow regime interpretation and anisotropy. The prediction for
tunnel section 700-1475 m, below the Baltic Sea, was, however, not within the
predicted range. As very few tests were performed below the Baltic Sea, data
from Aspo was extrapolated to this area, but as tunnel section 700-1475 m is
dominated by very transmissive and wide fracture zones the hydraulic
conditions are quite different from Aspo island. Extrapolation of results to rock
volumes outside the investigated volume should be made with caution if the
geological characteristics can be expected to be different from the investigated
volume.

Anisotropy

The hydraulic tests performed in a large number of probe holes drilled along
the tunnel spiral during the construction showed that anisotropic conditions are
present, with the largest conductivity within a sector being WNW to N-S.
Subvertical fractures striking WNW-NW and approximately N-S are the
dominant water conductive fracture sets and the WNW-NW set has the highest
fracture frequency of all sets. This coincides also with the present main
horizontal stress with direction about NW-SE.

If the rock mass is hydraulically anisotropic the evaluated properties will, to
some extent, be dependent on the borehole direction. It is therefore important
to obtain some indication of anisotropy early in an investigation programme for
planning the main part of the investigations and also for the evaluation of data.

Scale dependency - correlation model

The mean hydraulic conductivity measured from a borehole section or entire
borehole depends on the length of each test interval in the borehole, the test
time and the heterogeneous nature of the rock mass. It has been shown
mathematically that in a stochastic continuum the mean (effective value) of the
hydraulic conductivity is dependent on the size of the volume, which is in
agreement with the results from the Aspo HRL. However, some uncertainties
remain as to how to produce reliable scale relationships and hydraulic
descriptions of the rock mass.

So far no spatial correlation model for hydraulic conductivity has been used in
the groundwater flow simulations. An important reason is that the nugget effect
(the discontinuity at the origin in a variogram model) of the variogram models
has been approximately 60% of the total variance. Because of this a generated
hydraulic conductivity field becomes essentially stochastic without any major
correlation. However, efforts should be made to try to find a methodology to
define a reasonably good spatial correlation model than can include the effect
of an anisotropy and scale dependency. There are also conceptual uncertainties
in evaluation of hydraulic tests. New methodologies can improve the
understanding of flow in the fractures, but conceptual models of the fracture
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system will also to some extent govern the type of parameters evaluated and
also the way in which evaluated data should be used in groundwater flow models.

Groundwater flow model

In general, three-dimensional groundwater flow modelling of Aspo on the site
scale, consisting of a stochastic continuum model with the major water-bearing
zones as deterministic features, provided a good representation of the real
system. The groundwater flow can be fairly well modelled for a site, in terms
of water pressures in the rock mass with the assigned properties of the rock, if
the flow rates at a pumped borehole or into the tunnel are known. Flow into a
tunnel is difficult to predict as the amount and effect of the grouting rather than
the hydraulic properties of the rock control the water flow.

Figure 9 shows some calculations of drawdown during construction. It is the
major water conductors and inflow to the facility that govern the overall
pattern. However, close to the shaft there are differences due to a local water
conducting feature penetrating the shaft that was not accounted for in Model 90
(modelling performed in 1990 before construction of the tunnel was started).
Recalculation of Model 90 with the measured inflow {Recalc 90) to the tunnel
shows good agreement with the measured heads. (Only minor adjustment of the
transmissivities of the hydraulic conductor domains were made by calibration
of the Model 90. The recharge rate was a calibrated parameter.)

The Aspo International Task Force on Modelling of Groundwater Flow and
Transport of Solutes was formed in 1992. Besides SKB, modelling teams from
ANDRA, CRIEPI, PNC, Posiva and Nirex have modelled a long-term pumping
and tracer test (called LPT-2) and the drawdown caused by the Aspo HRL
following somewhat different approaches. The major conclusion is that the
general behaviour of the groundwater flow can be fairly well reproduced with
all approaches based on the available data. However, the tasks have also
illuminated needs for model developments and input data to the models. The
modelling exercises were also fruitful as they gave the modelling teams the
opportunity to discuss modelling concepts and to test the capability to handle
large data sets.

Methods

The hydraulic test-methods used are in general considered to be sufficient for
the models made. Minor problems are that the results are to some extent
dependent of the equipment used and thus method developments during a
project can possibly affect the results to some extent. It is also difficult to
obtain reliable results from low conductivity sections of a borehole because of
the elasticity of the equipment and also because of pressure oscillations.

It is important to perform transient hydraulic tests at different scales systemati-
cally in the boreholes both for scale relationships but also for flexibility in
interpreting how to divide the rock mass into hydraulic conductor domains and
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Figure 9. Measured and calculated drawdown during construction. The black
bullet shows the position of the tunnel face, the + shows the positions of the
borehole sections for the measured water level. The water table is shown with
the tunnel face at chainage 2875 metres (400 metres below the surface) for
measured data (top) and Model 90 (middle) and for Recalc 90 (bottom). Recalc
90 is equivalent to Model 90, but with the measured inflow rate and a new
deterministic water-bearing zone intersecting the shaft.



XXVI

hydraulic rock mass domains. It is also important to perform larger-scale
interference tests both for defining hydraulic conductor domains and for
calibrating and testing numerical groundwater models.

Flow-meter logging is a fast and useful method for finding major hydraulic
conducting features in a borehole and to obtain a rough estimate of their
transmissivities. However, in boreholes where there is a high transmissivity
feature high up in the borehole and water with high salinity at the bottom of the
borehole, flow-meter logging may give erroneous results in the lower part of
the borehole. The possibilities of defining low-transmissivity features with the
test methodology used are also limited.

There are several difficulties in estimating the proper fluxes in the rock mass
from dilution measurements. The technique can be improved, but there are
conceptual uncertainties of the coupling between the flow in the rock mass and
in the borehole that are difficult to resolve. The dilution measurements,
however, are a useful and feasible way of finding out whether or not there are
hydraulic communication in terms of flows and not just pressure responses.

The monitoring of the water pressures is judged to have been made with
sufficient intensity in space and time. However, it would have been preferable
to have had somewhat more measurements of the natural conditions. Due to the
large drawdowns close to the tunnel spiral some borehole sections close to the
tunnel spiral stopped functioning as the equipment for monitoring the pressure
in the boreholes was not designed for these large drawdowns that occurred. It
is, however, judged that these two problems did not have a major detrimental
impact on the possibilities of evaluating the hydraulic properties and testing the
groundwater flow models.

The estimates of the absolute pressures along the boreholes at natural (un-
disturbed) conditions were useful for the interpretation of the water chemical
sampling. However, the measurement technique should be improved to
increase the reliability of the pressure measurements.

GROUNDWATER CHEMISTRY

The work at Aspo has given a broad understanding of the (chemical) processes
that have been active in the past and are currently active in the Aspo ground-
water and rock mass. These processes are expected to be typical of a coastal
granitic rock environment in Sweden. The processes considered to have the
largest impact on the groundwater chemistry are mixing, calcite dissolution and
precipitation, redox reactions and biological processes. In addition to these fast
processes, the long-term groundwater/rock interaction has largely affected the
groundwater chemistry and produced a brine with a total salinity of nearly 100
g/1-
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Mixing

Mixing of water from different sources is considered to be the main reason for
the observed hydrochemical situation. A good overview of the distribution of
the major constituents (main ions) in the water-conducting fractures was
achieved already during the pre-investigation phase. Based on the spatial
distribution and different extrapolation methods it was possible to predict the
composition of groundwater to be sampled in the tunnel.

Methods and models have been developed for identifying the different sources
of groundwater at the Aspo site and the way in which groundwater at specific
locations in the rock mass can be described as a mixture of water from these
sources.

There are two main causes for the mixing observed. One is the disturbance
caused by the borehole by short-circuiting the different water-conducting
fracture systems, the other one is the mixing which has taken place in the past
due to varying hydraulic driving forces which have diverted the groundwater
flow in different paths. In the evaluation work, the mixing caused by the
borehole is considered to be a disturbance which is taken into account and
corrected for. The remaining mixing proportions of different water types are
then described as the result of varying groundwater flow conditions. The
present hydrochemistry model of Aspo accounts for the conditions prevailing
since the latest glaciation. The knowledge of the past also constitutes a basis
for describing the future evolution of the hydrochemistry of Aspo.

Groundwater/rock interaction

Calcite saturation

Calcite dissolution and precipitation are among the few reactions between solid
phases and dissolved components that are rapid. The calcite system affects the
groundwater flow conditions in the rock mass indirectly, due to dissolution and
precipitation, at different locations in the rock mass. Existing flow paths might
be sealed whereas new flow paths might be opened. In addition to the
groundwater composition these reactions are also affected by variations in
temperature and pressure.

During the pre-investigations most of the sampled waters were slightly
supersaturated with respect to calcite. The subsequent evaluation of data
collected in the tunnel shows that the water sampled from tunnel boreholes was
also supersaturated, as expected. Despite the small amount of supersaturation
the groundwater is considered to be in equilibrium with respect to calcite.

Redox conditions and biological activity

It has been clearly demonstrated that the groundwaters at depths greater than
100 m are reducing, and that the dissolved oxygen in the infiltrating surface
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water is consumed by bacteria. It has also been found that bacteria are
important for establishing high dissolved iron and bicarbonate concentrations
and that bacterial reduction of iron (III) minerals and sulphate add to the
reducing capacity of the groundwater.

In addition to the inorganic reactions between oxygen and minerals, the
effective oxygen consumption by bacteria strengthens the general opinion that
anoxic (oxygen free) conditions could always be expected in the deep
groundwater, also during the operational phase of a deep repository.

Because of the effects of the biological processes the observed bicarbonate,
sulphate and iron concentrations were different from those predicted. This was
especially noticeable in the tunnel sections located below the sea, where the
water percolating through the seabed sediments transported large quantities of
organic matter into the rock. Bacteria have increased the iron concentration up
to 4 mg/1 and the bicarbonate content up to 500 to 1000 mg/1.

The observed biological processes are:

• oxygen consumption by oxidation of organic matter
• reduction of iron (HI) minerals through oxidation of organic matter
• reduction of sulphate by oxidation of organic matter

The biological processes are important in the uppermost part of the rock but not
necessarily throughout the entire area. It is mainly below the sea that the
biological processes have been excessive due to a large supply of organic
matter from the seabed sediments.

Modelling

In Model 90, at the end of the pre-investigations, groundwater was classified
into four different water types (see Figure 10) based on linear principal
component analyses of the constituents of the groundwater as collected from
the boreholes prior to construction. Tools for analysis and modelling have been
developed considerably since then. Model 96 is based on all data collected
during 1986 - 1995 and classifies the water according to its origin. For each
'origin1 specific water constituents are identified in order to define 'end-
members' in Model 96. At Aspo all end-members are not present but instead
'reference waters' and their interrelated mixing proportions are calculated:
saline water, meteoric water, glacial water, altered marine water and Baltic sea
water. Even if the results, as shown in Figure 10, may show resemblance it
must be understood that while Model 90 is based on multivariate statistics
only, Model 96 is the combination of statistics and a better understanding of
the processes behind the observations.

Salinity is one of the chemical conditions which illustrates the chemistry of the
groundwater. Figure 11 shows the comparison between the salinity distribution
of the groundwater before and after tunnel construction.
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Figure 11. Salinity of the groundwater at Aspo before (Model 90) and after
(Model 96) tunnel excavation. The interpolated data are based on observa-
tions in 6 deep boreholes for Model 90 and 20 probing holes along the tunnel
for Model 96.

The initial predictions of groundwater chemistry to be observed during tunnel
construction were based on Model 90 and a combination of expert judgement
and principal component analyses. However, the range was only estimated by
expert judgement. It seems now that the estimated ranges presented as
'predictions' were too narrow. The ranges took into account the measurement
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uncertainty, but not the natural variability of input data. However, further
analyses and re-modelling of pre-construction data using different mathemati-
cal methods took into account the natural variability. The range of variation
was calculated on the basis of the variation in input data and the same variation
was expected for the observations. These more correct methods show that most
of the observations fall within the predicted ranges for all constituents except
sulphate and bicarbonate. In some cases the range of the variation is so wide
that it could be questioned whether the prediction is meaningful or not.
Therefore, it can be concluded that predictions in exact locations should not be
made.

Methods

Most important for investigating the chemical composition of the groundwater
in major fracture zones has been the chemical characterization of the ground-
water using a mobile field laboratory with the down-hole Eh and pH measuring
devices. The second most useful method is the sampling during the hydraulic
interference pumping tests. A third useful method is the sampling in percussion
boreholes. The sampling during drilling was not useful due to uncertainty in the
quality and representativity of the water. However, the method for sampling
during drilling can be improved so that useful data on the groundwater origin
and distribution can be obtained.

Much of the approach used at Aspo could be adopted for future site investiga-
tion programmes, provided it is adjusted to the specific conditions at the site.
Hydrochemical characterization should preferably be made using water from
major fracture zones and other water conducting features. Sampling of water
conducting sections should be undertaken at an early stage in the drilling phase.
This was tried at Aspo, but the results were of limited value, since the amounts
of drilling water which remained in the samples were too large, primarily, due
to the large length of the sampled sections. A better sampling procedure has
now been developed to characterize the initial undisturbed situation.

TRANSPORT OF SOLUTES

Studies of the transport of solutes have focussed on two large experiments, that
give relevant insights into this subject - the long-term pumping and tracer test
LPT-2 conducted in 1990-1991 and the study of the flow of saline water during
the tunnel excavation.

A few attempts were made during the pre-investigation and construction phases
to estimate the flow porosity of the rock mass. For example, prior to construc-
tion a combined long-term pumping and tracer test (LPT-2) was conducted to
test the hydraulic connectivity of hydraulic conductors and to derive estimates
on flow porosity. During the construction period some efforts were directed to
the use of other types of natural tracers as well to derive transport parameters
for non-sorbing transport. However, more tests need to be performed to obtain
data on the flow porosity and other transport parameters.
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Prior to construction, scoping calculations were made to assess the change of
salinity in the groundwater as a consequence of the drawdown caused by
construction of the facility. When the flow paths in some major zones (from the
surface, the sea and deep down in the rock) are compared with the water
chemical composition of the water flowing into the tunnel and the water found
in the Baltic Sea, the calculated results are in fair agreement with the measured
values.

Models

Interpretation of the LPT-2 test and subsequent evaluation of the groundwater
flow models has been a task for The Aspo International Task Force on
Modelling of Groundwater flow and Transport of Solutes. Eleven different
groups performed modelling using different conceptual and numerical
approaches for simulating flow and transport in fractured rocks. Evaluation has
shown that all models represented the measured LPT-2 data set well with
respect to drawdown. In general, the data supplied for Aspo, including the
geological structural model, provided a good representation of the real system.
However, a few consistent errors in the modelling results from the teams
provide valuable information for the model of the Aspo site.

If calibration of transport parameters is performed, reasonable agreement
between models and experiment are obtained for the tracer tests of LPT-2. The
general tendency was that modelled travel times for the tracers were too short.
No 'unique' best solution was derived with respect to the transport parameters
which means that the tests could not distinguish between the concepts applied.
Tracer tests conducted in fracture zones, e.g. NE-1, during construction were
useful to define hydraulic connectivity and estimate approximate values of flow
porosity over a scale of about 100 m.

Salinity

Based on the pre-construction Model 90 and assessing the impact of excavation
response on the flow field, changes in salinities were modelled. Under
undisturbed, natural, conditions the maximum depth of the freshwater layer
was predicted to some 200 m and the measurements indicate a maximum depth
of about 250 m (see Figure 12). Observations in boreholes from the surface
show that water with a salinity of 17000 mg/1 under undisturbed, natural,
conditions was found at a depth of about 700-800 m. A salinity of 8000-10000
mg/1 under undisturbed, natural, conditions was found at a depth of 400-500 m.

After excavation of the tunnel, water in short boreholes drilled from the tunnel
at a depth of about 360 m showed a salinity of about 17000 mg/1. Minor
changes in the salinity were observed in boreholes at some distance from the
tunnel. The predictions made using the numerical model also indicated an up-
coning of saline water (see Figure 13). The sections in Figures 12 and 13
showing the measured values are based on interpolation of the measured values
from Baltic Sea water, meteoric water (on land), 29 borehole observations
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during the pre-investigations and 37 borehole observations during construction.
The measured values are concentrated in the central part of the figures and
mainly above 600 m depth. Outside this region the interpolated values should
be concidered uncertain. The numerical model, Model 90, was a stationary
simulation.

Natural tracers

The proportions of different water types, (reference waters, such as glacial,
deep saline, Baltic Sea and meteoric) were evaluated from samples collected
in the main hydraulic conductors on several occasions during construction. The
results can be used to assess the hydraulic connectivity and flow direction in
the zones as the proportions of the reference waters change with time in the
zones. The conclusions from the data are that fracture zones NE-4, NE-3, NE-1
and NNW-4 are connected to the Baltic Sea. Fracture zone NE-2 has good
contact with the deep saline water. Gradually there is a complete mixing
situation in the fracture zones, and it is quite clear that the flow directions are
changing during the construction phase.

In future site investigations, more emphasis should be given to the natural
tracers as a means of understanding the hydraulic connectivity. The technique
developed for evaluating the groundwater types and proportions can be utilized.

Methods

It is important to have a sampling strategy that gives a reasonable number of
points in space where time series are established for natural conditions and for
the construction phase of the important chemical constituents. This forms the
basis for evaluation and simulation of flow paths and flow times on a large
scale. It is also important to measure the flow rates into the tunnel sections
during construction and the chemical composition of the water flowing into the
tunnel sections.

Large-scale tracer tests are to some extent difficult to perform and interpret but
are useful to obtain information on large-scale connectivity. Test methods and
methodology for evaluation have to be better developed to obtain relevant
transport parameters. Work of this kind has already started at the Aspo HRL.

A few deep boreholes for sampling of groundwater and hydraulic tests are also
needed to support the modelling of transport of solutes, and also groundwater
flow and groundwater chemistry.
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Figure 12. Salinity shown for a vertical section through Aspofrom NW to SE.
Ambient conditions. Numerical simulations (bottom) shown down to a depth
of 1250 m. Measured values (top) based on interpolation, shown down to a
depth of 850 m = the deepest measurement point. Salinity in mg/l.
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EVALUATION OF SITE CHARACTERIZATION METHODOLOGY

Iterative approach

An iterative approach to site investigation is preferred. The iterations should
encompass all the activities, not only the data collection, but also analysis,
modelling and evaluation of results compared with the goals set for the site
characterization. The iterations should continue until there is confidence that
the known uncertainties are acceptable for design, construction and licensing
of a repository.

Clear goals for the characterization are important as they give the basis for the
scope of work. Site characterization produces a huge amount of data and it is
a great advantage to have access to a flexible data management system with
good three-dimensional capabilities to visualize data and to perform interpreta-
tions.

The prediction/outcome approach used to evaluate model reliability has some
obvious advantages. It is a good tool, useful for planning, transparency and
documentation, which simplifies evaluation of model and also the usefulness
and feasibility of the methods. However, data collection can be focused too
much on pre-determined spots for which data have been predicted. The
comparison of the predicted parameter with outcome can also lead to several
explanations and therefore there is also a need to scrutinize the underlying
assumptions and processes.

Multi-disciplinary approach to data collection and interpretation

Inter-disciplinary work was performed throughout the investigations to ensure
model consistency. To facilitate integration, only four principal investigators
with broad responsibilities were involved in the science management.
Important definitions, classifications and main issues were defined in the
beginning of the site investigation. It is important to have definitions and
classification systems defined as good as possible at the outset of a site
investigation.

Data collection

The direction, depth and inclination of boreholes, were decided in consensus.
It was also more or less taken for granted that tests for several disciplines
should be conducted in the same boreholes, to avoid 'the geologist's hole', 'the
chemist's hole' etc. The advantage is that several types of observations are
collected for the same rock volume, permitting joint-interpretation of geology,
rock stress, hydrogeology and groundwater chemistry. The design of boreholes
and the test sequence were planned in consensus, maximizing the information
that could be obtained from each hole. Pumping tests for hydrogeology were
planned to allow for sampling of the hydrochemistry as well. With the
experience from the Aspo site characterization the sequence of testing would
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have been different, allowing for more undisturbed groundwater chemistry
sampling.

Modelling

In the early phase of the investigations, all data collected were used to support
the development of a reliable geological-structural model. The geological and
geophysical data were compared with hydraulic responses and the chemistry
of the groundwater to determine the model of the major fracture zones. The
lithological model was used as base for division of hydraulic domains as well.
Groundwater salinity data were used to check the groundwater flow model and
the groundwater flow model was also used for understanding and checking the
mixing models of groundwater chemistry. Rock stress measurements are also
useful for comparing the principal direction of the hydraulic conductivity tensor
with the rock stress tensor. There is a strong and direct coupling between the
geological model and the rock mass classification used to assess excavation
stability.

The use of each borehole for geological, geohydraulical and groundwater
chemical observations also simplified joint-interpretative work when model
updating was done. It is thought that the value of common boreholes overrides
the possible disadvantages of making inter-disciplinary tests in the common
holes.

Modelling on different scales

Aspo models were made on different scales (see Figure I). The Regional scale
model shall provide information useful for selecting potential sites for the
repository. It shall also provide enough data for setting up groundwater flow
and groundwater chemistry models in a large scale. These models are needed
for the general understanding and evaluation of the present and past processes
and have to be used to assess the boundary conditions for the site model.

Fairly limited investigations were performed during the pre-investigation phase
but the data were sufficient to select the site for the laboratory but were later
found to be insufficient for the understanding and modelling of the regional
area with respect to groundwater flow and groundwater chemistry. Supplemen-
tary investigations during the construction phase of the laboratory (drilling of
one very deep borehole and some ground geophysics investigations traversing
a few fracture zones) gave a better insight into processes and properties within
the regional model. However, it is likely that the investigations within a
regional area have to be somewhat more extensive than those for the Aspo
HRL to obtain better confidence of the boundary conditions (mainly hydraulic
and groundwater chemical) but also on the properties of the rock mass in a
regional context.

Site-scale models will be used to find out whether there is a large enough rock
volume to host the repository. The investigations at Aspo were adequate in this
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respect - in this case to host the Aspo HRL. They provide confidence that major
fracture zones and their geometry can be known, based on pre-construction
investigations. Site-scale models are both useful and feasible.

Block-scale models were stochastic for subjects like rock composition, number
of rock boundaries, single open fractures, etc. Sampling of populations to test
these predictions was then conducted in 6 predetermined blocks located along
the tunnel. This approach may be questionable as it might have been better -
due to the natural variability at the site - to sample over larger volumes to
compare parameter populations prior to and after construction. The block-scale
assessment is of course useful for the near-field performance assessment.
However as a 'prediction' exercise the results on the block scale at Aspo were
usually outside the range for pre-located blocks along the tunnel, basically due
to the lithological heterogeneity. Thus, for a repository it is of value that the site
be fairly homogeneous to simplify confidence-building for the near-field
models. Block-scale models should not be made for specific locations but
should be stochastic in nature. Tools for such models have been developed and
tested at Aspo.

Limited work was done for Detailed-scale models. The observations are
considered to be more in line with the predictions than on the block scale due
to the homogeneity of the detailed-scale models compared with that of the
block-scale models. The detailed blocks represented a representative 'standard
unit' of each major rock type at Aspo.

For future work models on different scales are useful. Their feasibility could,
however, be improved by collecting samples over larger volumes rather than
at pre-determined located blocks.

Aspo key issues for site characterization and their relation to SKB siting
factors

The key issues selected at Aspo for site characterization are highly relevant as
these are part of the siting factors defined at SKB.

The Aspo work provided further evidence that the chemistry of the groundwa-
ter at depth has been stable for long periods of time. The efforts undertaken
also shed more light on the previous history of the groundwater and under-
standing of the chemical and biological properties that control the composition
of the groundwater. Evidence at Aspo added to previous general knowledge
that groundwater at depth is reducing. Understanding of the biological
processes in the rock has taken a major step forward and these findings show
that biological processes contribute to the reducing conditions in the rock.

Low groundwater flow is important. The investigations at Aspo show that,
using appropriate methodology, it is possible to obtain confidence in the
hydrological properties at a site being capable of being established in a timely
manner, even in a complex geological environment as at Aspo.
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The question of the long-term mechanical stability is mainly treated within the
general SKB Geoscience Programme. The study of mechanical stability at
Aspo has been devoted to understanding whether mechanical instability will
occur during construction. The expert judgements on these matter have been
correct, which can mainly be attributed to general experience in Sweden that
mechanical stability prevails in 'good rock'.

INTERNATIONAL PARTICIPATION

The work at Aspo Hard Rock Laboratory has been of great interest internation-
ally and several international organisations are participating in the work.
Participating organizations during the period 1990-1996 were:

Atomic Energy of Canada Limited (AECL), Canada
Power Reactor & Nuclear Fuel Development Corporation (PNC) Japan
Central Research Institute of Electric Power Industry (CRIEPI), Japan
Agence Nationale pour la Gestion des Dechets Radioactifs (ANDRA),
France
Posiva Oy, Finland
United Kingdom Nirex Limited
United States Department of Energy (USDOE), USA
Nationale Genossenschaft fur die Lagerung von Radioaktiver Abfalle
(Nagra), Switzerland
Bundesministerium fur Bildung, Wissenschaft, Forschung und
Technologie (BMBF), Germany
Swedish Nuclear Fuel and Waste Management Co (SKB), Sweden (host
organization)

The international co-operation promotes quality, efficient use of resources and
scientific, technical and public confidence building.

In practice, much of the efforts by the organizations have been directed to
refinement of models for groundwater flow and radionuclide transport. The
existing and planned data base at Aspo was used to evaluate different
approaches in modelling.

CONCLUDING REMARKS

Site characterization in conjunction with construction work at Aspo has
basically confirmed the pre-construction models. However, the models have
become more detailed after the construction period.

The work at Aspo has shown that such pre-construction models can be obtained
for the studied key issues through the application of 'standard methodology of
good quality' for measurements, data analyses, modelling and evaluation.

Considering the stage goals the characterization should demonstrate that
investigations at ground surface and in boreholes provide sufficient data on
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essential safety-related properties of the rock at repository level. The work at
Aspo has demonstrated that relevant safety-related data can be obtained. The
data set is not complete, but has permitted safety analyses of a simulated
repository at Aspo by the Swedish Nuclear Inspectorate and SKB (in progress).

The results and experience from Aspo are partly general in nature and partly
site-specific and they should be relevant for planned site characterization in the
Swedish bedrock. If these findings are transferred to other types of bedrock and
target depths appropriate modifications of the characterization and modelling
programme could be required.

In site characterization for a deep repository, methods should only be used that
have been shown to be useful and feasible in practice. Should new methods be
considered in the site investigations for the deep repository the Aspo facility
will provide excellent conditions for testing prior to application at a real site.

The methods and technology needed for characterization of the rock in the
detailed site investigations have been tested and developed. Valuable
experience of construction-testing integration have also been obtained. On-
going R&D work will supplement present knowledge.

The site characterization at Aspo has been used to refine and test on a large
scale at repository depth methods and models for describing groundwater flow
and the transport of solutes in rock. The joint international work in the Aspo
Task Force on Modelling of Groundwater flow and Transport of Solutes has
demonstrated many different approaches to modelling that seem useful.

Design and construction of the Aspo Hard Rock Laboratory, incorporating both
drill-and-blast excavation and mechanical excavation using a tunnel boring
machine, have provided access to rock where methods and technology can be
refined and tested so that high quality can be guaranteed in the design,
construction and operation of the final repository. On-going-experiments at the
Aspo HRL, such as the planned Prototype Repository will be valuable to
transfer general scientific knowledge into engineering practice. For example
development of grouting theory will be useful for the future repository.
Valuable work was performed by the project and developments will continue.

Finally, the site characterization at Aspo has been a realistic 'dress-rehearsal'
that will be useful for planning and executing surface and underground site
characterization for the deep repository for spent fuel in Sweden.



INTRODUCTION

1.1 THE ROLE OF THE ASPO HARD ROCK LABORATORY IN
THE SWEDISH WASTE MANAGEMENT PROGRAMME

The Aspo Hard Rock Laboratory (Aspo HRL) provides an important scientific
and technical basis for the programme of siting, designing, constructing and
operating a future deep geological repository in Sweden. The need for such an
underground laboratory was identified at an early stage in the Swedish
programme. The Aspo HRL was built to provide an opportunity for research,
development and demonstration in a realistic and undisturbed rock environ-
ment down to the depth planned for a future deep repository for spent nuclear
fuel.

Geological investigations in the region around Aspo were started in 1986. The
pre-investigation phase, 1986-1990, involved siting the Aspo HRL and Aspo
was selected as the site for the laboratory in 1988. The natural conditions in the
bedrock were described and predictions made with respect to the
hydrogeological and other conditions that would be observed during the
construction phase. Planning for the construction and operating phases was also
carried out.

Construction of the underground facility started in October 1990 with the
laboratory being completed in the summer of 1995. During the construction
phase, 1990-1995, extensive investigations, tests and experiments were carried
out at the same time as the civil engineering activities. The focus of the
experimental work was mainly to check the reliability of interpretations based
on the pre-investigations and to broaden and detail the data base of the Aspo
site. The first part of the tunnel was excavated using the drill-and-blast
technique. The last 400 metres were excavated by a Tunnel Boring Machine
(TBM) with a diameter of 5 metres. The total length of the tunnel is 3600 m.
The underground excavations are connected to the Aspo Research Village,
containing offices, stores, hoist and a ventilation building, by a hoist shaft and
two ventilation shafts {Figures 1-1, 1-2, 1-3).

A major milestone has now been reached with the completion of the pre-
investigation and construction phases.



Figure 1-1. Location of the Aspd Hard Rock Laboratory.

Figure 1-2. General layout of the Aspd HRL. The total length of the tunnel is
3600 m. The first part of the tunnel was excavated using the drill-and-blast
technique. The last 400 metres were excavated using a Tunnel Boring Machine
(TBM) with a diameter of 5 metres. The underground excavations are
connected to the Aspd Research Village, containing offices, stores, hoist and
ventilation huildinv. hv a hoist shaft and two ventilation shafts.



Figure 1-3. Bird's-eye view of the Aspo Research Village.

The research work at Aspo, 1986-1995, has focussed on the reliability of site
characterization methods. It is important to understand this aspect of site
characterization as the results from the investigations will be used to:

• show whether a site has suitable geological properties for a deep
repository,

• provide data and knowledge concerning the host bedrock so that a
preliminary emplacement of the repository in a suitable rock volume can
be done as a basis for a constructability analysis,

• provide the necessary data for a preliminary safety assessment, which in
Sweden shall serve as support for an application under the Management
of Natural Resources Act (NRL) and the Nuclear Activity Act (KTL) to
carry out detailed site characterization,

• provide data for the planning of detailed site characterization that will
take place during excavation from surface down to the repository level.

The geoscientific site investigation programme which will be conducted by
SKB at a potential repository site will be based on the experience gained from
earlier investigations at study sites around Sweden, as well as at Stripa and
Aspo, and will also draw on the experience from site characterization studies,
in particular in Canada and Finland. Site investigations at Aspo contributed
significantly to the development and improvement of instruments, investigation



techniques and evaluation methods. This has provided a solid basis for future
site studies as well as identification of areas where further development of
techniques and methods has been justified.

1.2 APPROACH TO SITE CHARACTERIZATION AT THE
ASPO HARD ROCK LABORATORY

The site investigations for the Aspo Hard Rock Laboratory prior to construction
of the facility were planned to meet two requirements.

The first requirement set by the SKB was to test the ability to obtain a thorough
understanding of the rock conditions based on investigations of surface and
investigations in and between boreholes drilled from the surface. By under-
standing we here mean to obtain sufficient knowledge to show how things are,
but also to show how things cannot be /Bdckblom et al, 1991/. The requirement
led at that time to the development of a validation process.

The second requirement was to conduct the investigations necessary to design
the underground facility so that it could be constructed with the technology
available at present without major problems down to a depth of 500 metres.
The facility should also be designed to meet the needs for research, develop-
ment and demonstration studies in the operating phase.

The goals of pre-construction and construction phase characterization were to
/SKB, 19891:

• demonstrate that investigations on the ground surface and in boreholes
provide sufficient data on essential safety-related properties of the rock
at repository level.

• refine and verify that the methods and technology needed for characteriz-
ation of the rock in the detailed site investigations.

The aim was also that the site investigations should give some experience on
the third and fourth stage goal:

• refine and test on a large scale at repository depth methods and models
for describing groundwater flow and transport of solutes in rock.

• provide access to rock where methods and technology can be refined and
tested so that high quality can be guaranteed in the design, construction
and operation of the final repository.

The two requirements understanding and design of the facility called for a
careful focussing and structuring of the work. Several decisions were made to
meet these requirements (cf. Section 2.2).



The results from the investigations performed during the pre-investigation and
construction phases of the Aspo HRL have been presented in a large number
of Progress Reports, International Co-operation Reports and Technical Reports
(see Bibliography). An overview of the final reporting of the pre-investigation
and construction phases of the Aspo HRL is shown in Figure 1-4. The booklet
Aspo Hard Rock Laboratory - 10 years of research, available from the SKB,
provides the reader with a popular review of the achievements. The overview
of investigation methods used 1986-1995 is presented in Stanfors et al /1997a/.
The detailed evaluation of the results from the pre-investigation phase is
reported in Stanfors et al /1997/ and Rhen et al /1997a/. Updated models of
Aspo based on site characterization 1986-1995 are reported in Rhen et al
/1997b/.The feasibility and usefulness of site investigation methods are
described in Almen et al, /1994/

Aspo Hard Rock Laboratory
10 years of research

SKB

1

2

3

Overview of site characterization
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SKB TR 97-02

Results from pre-investigations
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Summary report
SKB TR 97-03

Results from pre-investi-
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Feasibility and
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Figure 1-4. An overview of the final reporting of the pre-investigation and
construction phases of the Aspo HRL. 'Aspo Hard Rock Laboratory, 10 years
of research' is an overview booklet of the entire project. The more detailed
reporting is contained in the Technical Reports (TR) shown above.



1.3 OUTLINE OF THIS REPORT

The purpose of this report is to summarize the findings concerning the
reliability of the site investigation methodology. This is achieved by examining
models based on pre-investigation results and comparing them with the derived
results from the detailed characterization conducted in conjunction with the
construction of the underground laboratory.

Chapter 2 explains the concept of key issues. Based on definitions of essential
model elements, some general features of the Aspo models are discussed. The
strategy used for testing the models and an introduction to current models of
the Aspo site is then presented. Finally issues of relevance for repository
studies that are not addressed in the scope of works are identified as an
introduction to Chapters 3,4,5,6,7.

Chapter 3 to Chapter 7 present the summarized evaluation of models for each
key issue. Chapter 3 deals with evaluation of geological models and the
following chapters with mechanical stability, groundwater flow, groundwater
chemistry and the transport of solutes. Each chapter contains comparison of
models prior to construction and models made based on the complete data sets
collected 1986-1995. Evaluations of characterization methods and summarizing
conclusions are presented.

Chapter 8 presents general evaluations of the site characterization methodology
applied at Aspo, and Chapter 9 the concluding remarks.

The reader may have to consult background technical reports or general
material in order to obtain maximum benefit of the report. The list of references
and publications in the Bibliography may provide guidance in this respect.



STRATEGY FOR MODEL TESTS

2.1 INTRODUCTION

This chapter provides the reader with the necessary context to understand the
approach to testing the reliability of models. This testing encompasses both
general tests of the concepts used and the ability to collect enough data of good
enough quality to defend the derived models.

The chapter starts with a definition of key issues and general approach to
modelling in Section 2.2 and model elements in Section 2.3. The approach
taken for investigations of processes, geometrical framework, material
properties and boundary conditions and the approach for testing the reliability
of models are explained in Section 2.4. An overview of the models derived for
the Aspo island is presented in Section 2.5. The chapter ends with stating the
issues of relevance for a repository that will not be dealt with in this report.

2.2 SELECTION OF KEY ISSUES AND GENERAL MODEL-
LING APPROACH

The two planning requirements understanding and design of the facility
required careful focussing and structuring of the work. Several decisions were
made to meet these requirements. These included the following:

• Selection of key issues and subsequent sub-structuring in subjects.

• Conceptual models of the rock made to several geometrical scales.

• Multi-disciplinary and integrated approach to data collection and co-
interpretation.

• Iterative updating to allow for detailing and possible re-interpretation of
previous models.

Figure 2-1 shows a sketch of the key issues (Geological-structural model,
Groundwater flow, Groundwater chemistry, Mechanical stability and Transport
of solutes) and geometrical scales adopted. The rationale for the structuring is
described in Bdckblom et al/1991 b/.

Out of the five key issues, most work was devoted to the issues Geological-
structural model, Groundwater flow and Groundwater chemistry. Mechanical
stability mostly addressed questions relating to short-term issues. Long-term
mechanical stability is a part of the SKB's general RD&D (Research,



Development and Demonstration) programme. Transport of solutes has
included investigations of fracture connectivity, transient flow of natural
isotopes and assessment of flow porosity. The retention properties of rock are
now a major issue in the Aspo Operating Phase.

Chapter 3 to Chapter 7 reports on the overall evaluation of reliability of
models at Aspo for each key issue as shown in Figure 2-1. More details are
provided in Stanfors et al /1997/ and Rhen et al /1997a/.

» 1 000 m
Regional

100-1000m
Site

10-100 m
Block

0-10 m
Detailed

Figure 2-1. Analyses and modelling were developed for different geometrical
scales with respect to a number of key issues (Geological-structural model,
Groundwater flow, Groundwater chemistry, Mechanical stability and
Transport of solutes).

2.3 DEFINITION OF MODEL ELEMENTS

During the course of the project we found it difficult to make overviews
showing all models used and the concepts on which they were based. There
were also imprecise definitions of what should be included in model descrip-
tions. Thus, we developed a structure for describing models /Olsson et al,
1994/ The basic structure of a model is presented in four groups, Table 2-1 and
application for each key issue is presented in Chapters 3 to 7.



Table 2-1. Format for a condensed description of models in the Aspo
HRL project /After Olsson et al, 19941.

MODEL NAME

Model scope or purpose
Specification of the intended use of the model

Process description
Specification of the process accounted for in the model,

definition of constitutive equations

CONCEPTS DATA

Geometrical framework and parameters
Dimensionality and/or symmetry of model. Specification of the size of the modelled
Specification of what the geometrical (struc- volume. Specification of the source of data for
tural) units of the model are and the associated geometrical parameters (or geometrical struc-
geometrical parameters (the ones fixed implic- ture). Specification of the size of the geometri-
itly in the model and the variable parameters). cal units and resolution.

Material properties
Specification of the material parameters con- Specification of the source of data for material
tained in the model (it should be possible to parameters (could often be the output from
derive them from the process and geometrical some other model). Specification of the value
units). of material parameters.

Spatial assignment method
Specification of the principles for the way in Specification of the source of data for model,
which material (and if applicable geometrical) material and geometrical parameters as well as
parameters are assigned throughout the mod- stochastic parameters. Specification of the
elled volume. result of the spatial assignment.

Boundary conditions
Specifications of (the type of) boundary condi- Specification of the source of data on
tions for the modelled volume. boundary and initial conditions. Specification

of the boundary and initial conditions.

Numerical or mathematical tool
Computer code used.

Output parameters
Specification of the computed parameters and possibly derived parameters

of interest.
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First of all the geometric framework and its related parameters must be defined.
Secondly, the types of material property to be assigned to the domains defined
by the geometric framework have to be described. Thirdly, the spatial
assignment method of the material properties within a domain has to be
described. Finally the boundary conditions have to be defined. Now, for a real
case, data will be needed for the four conceptual elements. If needed a
numerical or mathematical tool that handles the processes, features should be
chosen. And, finally, there is a need to select output parameters that satisfy the
purpose of the model.

For the Aspo models we tried as much as possible to connect models for
groundwater flow, groundwater chemistry, rock mechanics, transport of solutes
to the basic geological-structural framework. Figures 2-2 and 2-3 show the
basic conceptual geological-structural framework and the conceptual frame-
work for other models as well.

1000 m

DISCONTINUITY CONCEPTS

Major fracture
zones

Minor
fracture zones

10 m

100m

Figure 2-2. The picture shows that discontinuities are divided into major
(width > 5 m) and minor (width < 5 m) fracture zones. Major zones are
deterministic with respect to existence, geometry and properties. Minor zones
are deterministic with respect to existence, but exact location is not pin-
pointed, thus, geometry is treated stochastically. Small-scale discontinuities,
fracturing, are treated as stochastic with respect to location, orientation,
length, etc.
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1000 m

GROUNDWATER
CHEMISTRY
domains of different

chemical composition

LITHOLOGY
Domains of different

rock types

1000 m
GROUNDWATER

FLOW
hydraulic conductor domains

determinisHcally and rock
In between as boxes with

stochastically assigned properties

1000 m

Figure 2-3. Lithology and different groundwaters are divided into domains.
Major and minor fracture zones are treated as hydraulic conductors with
deterministic transmissivities. The rock mass between zones is treated as a
stochastic continuum with random assignment of conductivities based on
measured values.

2.4 APPROACH TO TEST OF MODELS

One objective (see Chapter 1), was to test the ability to obtain a thorough
understanding of the rock conditions based on investigations of the surface and
investigations in and between boreholes from the surface. By understanding we
here mean to obtain sufficient knowledge to show how things are, but also to
show how things cannot be.

Based on the quite loose requirement of understanding, data were collected in
the field. These data were analysed and abstracted into models set up for
subjects to different scales, as shown in Figure 2-1. The models were, if
possible, calibrated against independent tests. Then the calibrated models were
used to predict outcome as expected from data collected in the excavated tunnel
and in the surrounding boreholes. The idea was then to check predictions and
outcomes as a mean of assessing the ability to understand the rock (see Figure
2-4).

The test of understanding is now restricted to testing a set of pre-described
models based on certain concepts. The scrutiny of the prediction-outcome
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match is a part of the validation process adopted early in the project /Bdckblom
et al, 1991a/. It comprises three basic elements:

• A systematic comparison of prediction and outcome.

• A careful scrutiny of the underlying structures and processes.

• A (subjective) judgement of whether the prediction is good enough.

Evaluation
of methods

Data
collection

Evaluation
of models Analyses

Predictions

z
Models

Figure 2-4. Approach to verification of the pre-investigation methods. An
iterative approach was taken to data collection, interpretation, modelling and
evaluation.

Thus, our approach to test understanding and in a more restricted sense - to test
models - is to check and evaluate how an updated model agrees with earlier
versions of the same model. The agreement is used to assess the robustness and
correctness of previous forecasts and the appropriateness of the methods.

The predictions made at the Aspo HRL are all based on concepts and data
acquired prior to construction of the facility. The site investigations performed
for the Aspo HRL were conceptualized according to key issues and to different
geometrical scales /Wikberg et al, 1991/, and based on these models several
hundred predictions were set up /Gustafson et al, 1991/ All these predictions
have now been checked during construction of the laboratory to test the
appropriateness of earlier work (Figure 2-5).

As stated in the introduction to this report, one of the requirements of the site
investigations was also to obtain sufficient understanding to design the facility
down to a depth of 500 m. A simple test strategy of adequate understanding of
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the rock conditions is to track unexpected layout changes or changes in the
construction specifications due to unexpected rock conditions.

Pre-investigation
phase

Prediction of properties
along the tunnel and
nearby zones.

500 m

Construction
phase

Monitoring of boreholes.

Documentation of pro-
perties along the tunnel.

Testing in boreholes
drilled from the tunnel.

500 m

Figure 2-5. Data and models were initially set up based on pre-investigation
data. Additional data collected in the tunnel and in monitoring boreholes were
used to update previous models. The difference between the models was used
to assess the reliability of models and methods applied from surface investiga-
tions.
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2.5 OUTLINE OF MODELS DERIVED FOR ASPO ISLAND

The reader is first introduced to current models of the Aspo site based on the
investigations from the period 1986-1995. Detailed presentations of the models
for different scales (regional scale » 1000 m, site scale 100 - 1000 m, block
scale 10 -100 m and the detailed scale 0-10 m) are provided in Rhen et al
/1997b/. These models are generally referred to as Model 96 in this report. The
models based on the pre-investigation data presented in Wikberg et al /1991/
are generally referred to as Model 90. In this section an overview of Model 96
for geology is presented on a regional scale and on a site scale for geology, rock
mechanics, hydrogeology and groundwater chemistry.

2.5.1 Regional models of geology

Lithological model

The dominant rocks in the Aspo area belong to the 1700-1800 million year-old
vast region of Smaland-Varmland intrusions (or Trans-Scandinavian Granite-
Porphyry Belt).

A number of massifs of basic rocks elongated E-W were indicated by positive
magnetic and gravity anomalies. Fine-grained irregular bodies and xenoliths of
greenstone (old volcanites) were found as remnants within the granite mass.

Some circular/semi-circular structures in the area investigated are interpreted
as granite diapirs. They are all represented by a more or less round, non-
magnetic pattern and negative Bouger gravity anomalies. The Gotemar and
Uthammar anorogenic granites are two of these structures which were
interpreted as true diapirs (see Figure 2-6, 'Anorogene granite').

Fine-grained greyish-red granite is common in the whole area. On and near
Aspo, which was mapped in detail, the fine-grained granite occurs both in
smaller massifs and as dikes in the older rock.

Structural model - Major discontinuities (major fracture zones)

Information from all geological and geophysical investigations supports a
regional structural pattern dominated by one almost orthogonal system of major
structures trending N-S and E-W and one system trending NW and NE and
extending more than 10 km (Figure 2-6). They often coincide with some
hundred-metre-wide low-magnetic zones with a central more intense fracture
zone up to some tens of metres wide. The major discontinuities close to Aspo
are shown in Figure 2-6.

The structures trending E-W are mostly vertical or with a moderately low dip.
A major structure trending NE-SW across the island of Aspo, is indicated by
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mylonites in outcrops and boreholes. According to a general interpretation most
of the structures trending NE-SW are older than the systems trending N-S and
E-W. Most of the structures trending N-S are probably younger than the ones
trending E-W.

The depth of most of the major structures is estimated to be at least 1500 m to
several kilometres.

Smaland
granite

Anorogene
granite Greenstone

Topographically,
geologically and
aerogeophysically
indicated extensive
structure (>approx.10 km)

ftAnphysically
indicated extensive
structure (<approx. 10 km)

Cross section described in
the modell

Figure 2-6. Overview of the regional structural framework in the Aspo area.
A-A': vertical section in Figures 2-7, 2-8 and 2-9. Aspo diorite and Smaland
(Avro) granite are two varieties of 'Smaland granite'.
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2.5.2 Models on a site scale

Lithological model

Four main rock types - Aspo diorite, Smaland (Avro) granite, greenstone and
fine-grained granite make up most of the rock mass in the Aspo tunnel area
(see Figure 2-7). Aspo diorite and Smaland (Avro) granite are two varieties of
'Smaland granite'. Rocks belonging to the Aspo diorite group (granodiorite,
quartz monzonite and quartz diorite) are by far the most common within the
Aspo area, both on the surface and in the tunnel. The rocks are usually grey to
reddish grey, medium-grained, and contain more or less scattered, large crystals
of potassium feldspar. Granodiorites and quartz monzonites are most common,
but there are also some tonalities and quartz diorites included in this group.
Age determination gave a well defined age of 1804 ± 3 million years for the
Aspo diorite.

Macroscopically, the Smaland (Avro) granite differs from the previous group
in its brighter, sometimes distinctly more reddish colour. The amount of
potassium feldspar phenocrysts is lower and the crystals are much more irregu-
larly distributed. In many places the Smaland (Avro) granite can be seen to cut
the Aspo diorite, which implies that the former is younger. The age difference
between the two groups is probably very small.

GEOLOGY

LEGEND

Mytanite
Ftoe-grainsd granite

Asp6dtoriK
Greenstone

Fractule zone

Fracture swarm

looo m

Figure 2-7. Lithological Model 96 showing domains ofAspo diorite and
Smaland (Avro) granite with inclusions of fine-grained granites, greenstone
and mylonite The structural model shows major fracture zones (width > 5 m)
and fracture swarms. Cored boreholes near the vertical section A-A' are
coloured grey. EW-7 etc is the fracture zone ID. Vertical section A-A' shown
in Figure 2-6.
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The greenstones - fine-grained and medium to coarse-grained greenstone
(diorites to gabbros) are easily distinguished from the granitoid rocks by their
very dark, greenish or greyish black colour. As a rule they occur as minor
inclusions or irregular, often elongated bodies within the granitoids and
dioritoids following the common E-W foliation trend within the area. Except
for the smallest inclusions, the greenstones are often intensely penetrated by
fine-grained granitic material. Most of the greenstone has the character of
inclusions but dikes are also mapped mostly trending EW to the NE.

Fine-grained granites occur rather frequently, both on the surface of the island
of Aspo and its surroundings, as well as in the tunnel. From the surface
mapping it is clear that most of these granites occur as dikes and irregular
veins. The dike character is sometimes not very clear because of strong
deformation in the fine-grained granites, which has obscured contacts. All the
rock mass is veined by fine-grained granite but the number of veins in the
Smaland (Avro) granite in the tunnel is sparse compared with the number of
veins and dikes in the Aspo diorite. Most of the dikes of fine-grained granite
trending NE confirm the idea that the fine-grained granite is closely related to
the Smaland (Avro) granite which is obviously younger than the Aspo diorite.

The brittle deformation has caused a joint pattern in the fine-grained granites,
often characterized by many short joints, closely spaced, which divide the rock
into small blocks. This is quite different from the pattern in the medium to
coarse-grained granitoids where joints are much more widely spaced. No
significant difference has been found between the joint patterns on the surface
and in the tunnel.

The distribution of the four main rock types at depth is quite similar except for
the upper level, 0-100 m, along the first part of the tunnel where the Smaland
(Avro) granite occurs more frequently than the Aspo diorite and in the lower
level, 400-460 m, where mainly Aspo diorite has been mapped. The Smaland
(Avro) granite - which is exposed on Avro, south of Aspo, and on southern
Aspo probably extends northwards, folded beneath the Aspo diorite.

Structural model

The structural model describes the geometrical distribution and character of
discontinuities in the rock volume. Discontinuity is the general term for any
mechanical feature in a rock mass having zero or low tensile strength. It is the
collective term for fractures, weak schistosity planes, weakness (fracture) zones
and faults. During pre-investigation and tunnel mapping of the Aspo HRL
discontinuities were divided into fracture zones (major, width > 5 m and
minor, width < 5 m) and small-scale fracturing in the rock mass between
fracture zones.
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An almost vertical, penetrating foliation trending NE-ENE is the most
dominant structural element in the 1700-1800 million year old Aspo granitoids
and seems to be the oldest sign of the ductile deformation related to the sub-
horizontal NNW-SSE compression.

The first brittle faults probably developed in the region in response to the
emplacement of younger granites. These faults and older ductile zones were
reactivated several times. Fracture zones on Aspo have a wide range of
orientations and styles and most of them reactivate older structures.

Several major fracture zones were located in the Aspo environs (see Figure
2-7). These fracture zones are described in detail in Rhen et al /1997b/. Some
of them are described briefly below: Three of the major fracture zones on Aspo
are named NE-1, EW-3 and EW-1 (see Figure 2-7).

All three branches of the NE-1 fracture zone are connected to a rather complex
rock mass with Aspo diorite, fine-grained granite and greenstone. The two
southernmost branches, trending NE and dipping NW, can be described as
highly fractured and more or less water-bearing. The northern branch, which
is approximately 30 m wide in the tunnel, is the most intense part of NE-1 and
highly water-bearing.

The fracture zone EW-3 was very well indicated topographically, and
geophysically (magnetic, seismic and electric) and in core boreholes KAS06
and KAS07 during the pre-investigations and estimated to be approximately 10
m wide. In the tunnel EW-3 was found to be approximately 14 m wide and
consisted of a 2-3 m wide crushed central section connected to a contact
between Aspo diorite and fine-grained granite.

The fracture zone EW-1 was indicated at an early stage by the airborne
geophysical survey and the lineament interpretation and can be regarded as the
northern part of the about 200-300 m wide low-magnetic zone (Aspo shear
zone), trending NE, which divides Aspo into two main blocks.

Studies of the surface geology revealed the presence of three gentle thrusts on
Aspo striking E-W and dipping N, all of which appeared to be associated with
early gently dipping gneiss zones and fault scarps. Interpretations based on
seismic reflections also suggested the presence of gently dipping fracture zones
at depth. However, only two narrow fracture zones, gently dipping S, were
found in the tunnel.

A great number of minor fracture zones striking approximately NNW-NNE
were mapped on outcrops in Aspo. More or less extensive, they seem to branch
out in an en-echelon pattern across the island. Only a few of them are
topographically significant but normally too narrow to be geologically unam-
biguously indicated. All these minor fracture zones were described under the
designation 'NNW-system'. The different sub-zones, expected to be 0.1-5 m
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wide, were predicted for the 'NNW system' to be 'possible-probable' and their
predicted positions in the tunnel very approximate.

Thorough analyses were made of the small-scale fracturing in the rock mass
at Aspo. The data base consists of more than ten thousand fracture observa-
tions. Most fractures mapped at the Aspo HRL (all fractures >1 m in the tunnel
except fractures in 'fracture zones') fall into four clusters. Three are steep and
strike NS, NNW and WNW; a fourth cluster is subhorizontal. Most of the
mapped fractures containing water are arranged in a single intense cluster of
steep fractures striking WNW. Fractures containing water generally have
coatings enriched in epidote, quartz and Fe-oxides. Fractures with injected
grout are steep, strike WNW and are generally longer than other fractures.
Repeated and sequential reactivation of the same faults was demonstrated by
superposition of different mineral coatings. Fractures trace lengths are log-
normally distributed in all rock types and fracture trace lengths do not vary with
the rock type.

Primary rock stresses and assessment of excavation stability

During the site investigation phase, stress measurements were made in surface
boreholes, employing both hydraulic fracturing and overcoring. Concurrent
with the excavation of the tunnel, overcoring measurements were made in a
series of 12-18 m long, near-horizontal boreholes drilled from suitable
locations along the ramp.

The measurements show a dominating NW-SE orientation of the maximum
horizontal stress (aH). The measurements made in the tunnel showed the
presence of a considerably higher stress level than was anticipated, based on
the measurements made in the deep surface boreholes. The estimated mean Ko-
value, (Ko is the ratio between the maximum horizontal stress (aH ) and the
theoretical vertical stress (ov)) for all boreholes is 2.9, with the average for
individual boreholes ranging between 1.7 and 4.0. The values of single
measurements in the individual boreholes varied between 1.5 and 4.0.

No rock burst was observed during the tunnelling operation. Occasional
cracking was heard after excavation and some tendency to spalling was noted.

Hydraulic conductor domains

The geometry of the hydraulic conductor domains is mainly defined by the
major fracture zones described above. The minor fracture zones in the 'NNW-
system' are also important conductors. A few hydraulic conductor domains
were also added to the model in order to explain some of the responses
obtained in the interference tests. A simplified model of the hydraulic
conductor domains was made by fitting planes to the observations at the
surface and in the boreholes, see Figure 2-8.
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The evaluated transmissivities are generally in the range lO^-lO"4 m2/s with a
median of about 10'5 m2/s. The greatest transmissivities for these larger features
are for the hydraulic conductor domains below the Baltic Sea and for the minor
fracture zone NNW-4. The largest transmissivity is approximately 4 • 104 m2/s
for hydraulic conductor domain NE-1.

Hydraulic rock mass domains

For the southern part of Aspo, bounded by the southern part of EW-1 and to the
fracture zone EW-3, the following results were derived:

The tests on the test scales 3, 30 and 100 m do not indicate a decreasing
hydraulic conductivity in the 0 - 500 m depth interval. Below the 600 m depth
the hydraulic conductivity decreases on southern Aspo, but the result is only
based on one vertical borehole. If the data from the 1700 m deep cored
borehole KLX02 are included in the analysis the hydraulic conductivity seem
to decrease below a depth of 600 m below sea level.

The mapped water-bearing fractures and the fractures filled with grout in the
tunnel (from the pre-grouting ahead of the tunnel face) are dominated by a
subvertical fracture set striking WNW. This fracture set also has the highest
frequency of all fracture sets. Hydraulic tests in probe holes drilled along the
tunnel during excavation indicate that subvertical fractures striking approxi-
mately WNW and N-S are more transmissive than the others. Occasionally
single water conducting fractures in the hydraulic rock mass domains can be
very transmissive and cause high flow rates into drilled boreholes.

Hydrological setting of the Aspo area

The land surface of Aspo is slightly undulating, with a maximum height of
about 14 m, giving small drainage basins with some peatlands and sediments
in the topographic lows. There are no perennial streams on the island. The
surface water is drained to the sea by the peatlands, sediments or directly to the
sea. The annual mean precipitation and temperature of the area are about 550
mm/year, and 6.5°C respectively. The annual sea level fluctuations are
generally within ±0.5 m.

The water table elevation above the mean sea level is about 30% of the
elevation of the topography above mean sea level, within a few hundred metres
from the coast line. During the construction of the tunnel the elevation of the
water table decreased, mainly on southern Aspo. The minimum water table
elevation in 1995 was about 100 m below sea level.
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Figure 2-8. Hydrogeological Model 96 showing the hydraulic conductivity
of the major fracture zones and a typical range of hydraulic conductivity for
the rock mass between the fracture zones. Widths of zones shown in figure are
only approximate. Cored boreholes near the vertical section A-A' are
coloured grey. Inclusions of fine-grained granites, greenstone and mylonite
are indicated in the figure (see Figure 2-7 for details concerning the lithology).
Vertical section A-A' is shown in Figure 2-6.

Groundwater chemical model

In the pre-investigation phase, on a semi-regional scale, data were obtained
from shallow, 100 m deep, percussion-drilled boreholes at Aspo, Laxemar and
Avro.

Site-scale investigations included samples from sections isolated by packers in
the deep core-drilled boreholes on Aspo. Most of the sampling was done in the
first three cored boreholes which penetrated the northern and southern parts of
the island and intersected the Aspo shear zone.

On the average there is a linear increase in salinity with depth, with an increase
of 1000 mg/1 for each 100 m. However, despite the linear increase in salinity,
different water types can be distinguished. Glacial meltwater can be identified
due to its very low oxygen-18 value. Modern and old Baltic Sea water and
meteoric freshwater are also distinguished on the basis of their ratios of major
components. At depths of more than 500 m at Aspo island the water is not
affected by the different stages of the Baltic Sea evolution since the last
glaciation.

The sampled groundwater is in general reducing at depths exceeding a few tens
of metres. However, in exceptional cases oxidizing conditions may prevail
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down to 100 m. Oxygen-rich surface water rapidly becomes anoxic as it
percolates into the rock due to microbial activity.

It was found that bacteria are important for establishing high concentrations of
dissolved iron and bicarbonate and that bacterial reduction of iron (HI) minerals
and sulphate increase the reducing capacity of the groundwater.

Due to the water inflow to the tunnel, the groundwater chemistry has changed
from the initial undisturbed conditions, see Figure 2-9.
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Figure 2-9. The hydro-chemical model 1996 shows the distribution of saline
water in the Aspo area based on 3D interpolation of observations in borehole
sections, the Baltic sea and the composition of the recharge on Aspo. Cored
boreholes near the vertical section A-A'are coloured grey. Inclusions of fine-
grained granites, greenstone and mylonite are indicated in the figure (see
Figure 2- 7for details concerning the lithology). Vertical section A-A ' is shown
in Figure 2-6.

2.6 ISSUES OF RELEVANCE FOR REPOSITORY STUDIES
THAT ARE NOT ADDRESSED IN THE REPORTS

Some technical/scientific subjects of relevance for a repository were not
included in the scope of work. With respect to fulfilling the stage goal of
demonstrating that investigations at ground level and in boreholes provide
sufficient data on essential safety-related properties of the rock at the
repository level it must be understood that the site investigations did not
embrace, or only partially contained:

• Seismo-tectonics and consequences of future events like earthquakes,
glaciation and other similar topics. These issues are a part of SKB's
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general Geoscience Programme. These are generic and cannot be
expected to be resolved within a site characterization program.

Thermo-mechanical properties were not investigated to any significant
extent.

Incomplete work was done to find procedures for selecting suitable near-
field rock, including near-field models for rock mechanics.

Regional groundwater flow and evolution with time. Partial findings
were obtained and continuation is planned as a part of the SKB's general
Geoscience Programme.

Evolution of groundwater chemistry and kinetics of chemistry. Partial
findings were collected and continuation is planned as a part of the
SKB's general Hydro-chemistry Programme.

Radionuclide migration. Partial findings were obtained and continuation
is planned as a part of the Aspo HRL Operating Phase.

MEXT PAGE(S)
i«f t BUUSK
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EVALUATION OF GEOLOGICAL MODELS

3.1 INTRODUCTION

The purpose of the geological models of Aspo is to provide a condensed
description of the geological features as they exist today. The models are based
on a number of assumptions related to geological evolution such as tectonics
and intrusions in general and the major geological events of southeastern
Sweden in particular. The geological models can be used to gain an understand-
ing of observations and the underlying systems and for predictions.

The geological models of Aspo consist of a lithological description and a
description of the discontinuities (fractures and fracture zones) ( see Figure 3-
1). Based on the intended use of the models we have to define the concepts
needed for the modelling work. Table 3-1 provides a condensed description of
the geological concepts, separated into four groups. For a more detailed
presentation, see Rhen et al/1997/.

A description of the lithology and main tectonic structures is needed to provide
a framework for all modelling work concerning mechanical stability, ground-
water flow and groundwater chemistry. One of the main tasks is to describe the
distribution of the main lithological domains and identify their importance with
respect to brittleness and hydraulic conductivity, for instance.

There is a special need for a good description of the main structural patterns in
a rock mass. Basic elements in a structural model are first of all a good
interpretation of the major discontinuities (fracture zones) as regards position,
orientation and character. The identification and description of the fracture
zones which are important hydraulic conductors and from the rock stability
point of view were of special interest at Aspo.

The geological concepts have as a rule been found to be relevant. The
definition, however, of 'fracture zone', mainly according to fracture frequency
compared with the surrounding rock and the subdivision of the zones into
'major' and 'minor' according to 'width', caused some practical problems
during documentation and evaluation of data obtained in the tunnel. It seems
to be more appropriate to describe all discontinuities with respect to geometry
and character without classification at an early stage of pre-investigation.

In order to develop the geological models a number of pre-investigation
methods were used.



26

Table 3-1. Condensed description of the geological concepts used within
the Aspo HRL Project.

GEOLOGICAL MODEL OF THE ASPO SITE

Scope
Description of the lithology and tectonic structure to provide a framework for other models of
the site.

Process description
Geological development of southeastern Sweden in terms of tectonization, post- and anorogenic
intrusives, faulting, and fracturing.

CONCEPTS

Geometrical framework and parameters
3D box with
Lithological domains: Granitic rocks with lenses and xenoliths of minor rock types (summa-
rized location of domains)
Discontinuities: Essentially subvertical fracture zones, possibly also some low-dipping
(location, extent, orientation, width)

Material properties
Lithological domains: fracture density, composition (descriptive)
Discontinuities: character (tensional/shear, classification; major/minor, fracture density)

Spatial assignment method
Lithological domains: averaging, probabilistic with trends
Discontinuities: deterministic (probability classification)

Boundary conditions
Stationary

For the lithological and structural models, airborne geophysical (magnetic,
electromagnetic and radiometric) measurements were interpreted and lineament
interpretation of terrain models was used to identify the major fracture zones
and the general lithology. By means of surface mapping, petrophysical
measurements of rock samples and ground geophysics (gravity, refraction
seismics, etc), different types of geophysical anomalies were identified and the
indicated fracture zones characterized.

An extensive drilling programme including measurements in the boreholes was
carried out. Geophysical logging and borehole radar were systematically
utilised. TV logging, televiewer and Vertical Seismic Profiling were used in a
few boreholes. Detailed geophysical ground surface measurements were
performed which included VLF, resistivity, magnetic, radiometric, seismic
refraction and reflection (limited use) Detailed geological mapping of surface
bedrock was carried out as well. The pre-investigation methodology for
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Figure 3-1. Schematic description of two main components of the geological
description. One is for the description of lithology and one for the description
of discontinuities (fracture zones and fractures).
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Figure 3-2. Pre-investigation methodology. Left: Structural-geological
characterization. Minor fracture zones. Right: Lithological characterization.
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Figure 3-3. Pre-investigation methodology. Structural-geological character-
ization. Major fracture zones.

characterization of lithology and major fracture zones is presented in Figures
3-2 and 3-3.

In the tunnel rock type distributions and fracture data were assessed in
connection with the general geological mapping performed after each new
round excavated. An overview of geological documentation is illustrated on
150 m sections. Drill core samples from the tunnel walls were analysed as
regards density and porosity of rock matrix. Rock types were checked by means
of microscopic modal analyses. Fracture minerals were sampled and to some
extent examined by means of XRD analyses (especially clay minerals). Core
drillings provided supplementary information especially regarding fracture
zone characteristics and grout spread in fractures by means of TV-inspection
using a Pearpoint flexiprobe system. Radar measurements and geophysical
logging in boreholes were also performed for supplementary structural
characterization.

3.2 GEOMETRICAL FRAMEWORK

Lithology

The geological model uses two main concepts, such as lithological domains
and discontinuities, both of which were very useful for describing the
geological-structural model, especially on the regional scale. A lithological
domain is a three dimensional volume of the rock mass which is approximately
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statistically homogeneous with respect to rock type. In the region, the Gotemar
granitic diapir represents one domain with one main rock type (Gotemar
granite) which is easily identified using aero-magnetics and gravity measure-
ments on a regional scale (Figure 3-4).

A'

'&"' 20 »•*»Go

Aeromagnetic investigations

An aeromagnetic
map is useful for
interpretation of
the main lithologi-
cal units and
major structures

-s i

Red more or less circular areas
indicate low magnetic granite
(Gotemar, Uthammar).
Green-blue colour represent
high magnetic basic rocks.

Reddish, elongated lineaments
often represent possible major
fracture zones in the vast yellow
area of Smaland granite.

Gravimetric measurements
Are used to estimate the distribu-
tion at depth of different rock
types based on their different
density.

The rounded massifs of Gotemar
and Uthammar granites have a
lower density compared to the
surrounding Smaland granite.

Figure 3-4. Interpretation of geophysical pre-investigations on a regional
scale.

Minor inclusions, dikes and lenses of minor rock types such as greenstone and
fine-grained granite at Aspo are normally too limited in extent to be described
as separate domains.
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The very irregular distribution of rock types like the fine-grained granite and
greenstone makes it almost impossible to describe the position and extent of
the minor rock units. It was possible on the site scale to make a rough estimate
of the site scale distribution and mutual proportions of the two granitic rock
types - Smaland (Avro) granite and Aspo diorite, but the gradual transition
boundaries between these rocks are difficult to predict. These two granitic rock
types proved to be very similar as regards most rock mechanics parameters but
somewhat different with respect to hydraulic conductivity. The complex
lithology of Aspo is demonstrated in Figure 3-5, which shows tunnel mapping
data.

Legends

fggjg Mylonlte

Grcnlte

STldiand (Avro) Granite

Diorite

Greenstone (Incl. metovolcanlte)

z Oeoth bslo» surface

0/700 Cnolnaoe In tunnel

Figure 3-5. Lithology of the Aspo tunnel.
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Discontinuities

The existence and extent of major fracture zones are normally revealed at an
early stage of the pre-investigation phase using airborne geophysics and
lineament interpretation. More detailed information on dip and character
requires investigations in the form of ground-based geophysics and drilling
(Figure 3-6).

Due to the winding and irregular extent of most fracture zones, especially their
width is difficult to predict within a small range based solely on one or two
boreholes (Figure 3-7). The irregular extent of the fracture zones is probably
caused by the lithological complexity (greenstone xenoliths and winding dikes
and schlieren of fine-grained granite) as well as ductile precursors in the form
of mylonite and foliated gneissic bands in the rock mass.

A summarized comparison between prediction and outcome for a number of
major fracture zones in the access tunnel is presented in Table 3-2. The fairly
good agreement between prediction and outcome for most of the fracture zones
is mainly due to information from a cored borehole KBH02 drilled almost
parallel to the planned tunnel during the pre-investigation phase. The error in
predicting the orientation of NE-2 (Figure 3-8) can be explained by the fact that
only one cored borehole was drilled through the zone. The reason for the lack
of more boreholes was that NE-2 was estimated to be of minor hydraulic
importance.

Fracture zone EW-5 was assumed to trend ENE and dip gently (20-30°) to
NNW, mainly based on observations of gentle thrusts and fault scarps on Aspo
and east of southern Aspo. The zone was predicted to comprise a series of more
or less parallel fractures of hydraulic importance. Two metre-wide, well-
defined and gently dipping fracture zones were found in the tunnel. One
intersects the tunnel at chainage 220 m, striking NW and dipping 25°S. The
second one appears at chainage 1744 m down to 1850 m, trending NE with a
dip 32°SE (Figure 3-9).

There are also normally variations along a fracture zone with respect to
transmissivity and rock mechanics characteristics but core drilling data and
interference testing in at least two boreholes complemented by ground
geophysical data mostly contribute to a reliable description of the average
character of a fracture zone.

A number of minor fracture zones - indicated at the surface by mapping and
ground geophysics - were predicted to intersect the tunnel volume trending
NNW-NNE. On the site scale no exact position of a particular minor zone was
predicted - only the frequency and main orientation of the minor zones. A
comparison between prediction and outcome is presented in Figures 3-10, 3-
11, 3-12. Notice that these figures only show zones which, according to
definition, are mapped as 'minor fracture zones' (more than 10 cm but less than



Table 3-2. Summarized comparison between prediction and outcome /Stanfors et al, 1997/
Major fracture zones.

Prediction
(based on pre-investigation data)

Outcome
(mainly based on tunnel observations)

Fracture
zone

EW-7

NE-4

NE-3

NE-1

EW-3

NE-2*"

Position
(centre of
zone)

773 m(±20)'

830 m(±20)*

988 m(±20)'

1285m(±20)'

1427 m(±20)*

1740m(±30)'

Strike

N70°E

N45°E

N45°E

N45°E

N70°E

N45°E

Dip

65°S(±10)*

65°S(±5)'

70°N(±5)"

65°N(±5)"

85°S(±5)"

75°N(±5)"

Width

(m)

10(±5)'

50(±10)

60(±10)

45(±5)"

10(±5)"

15(±5)*

Position
(centre of
zone)

787 m

828 m

992 m

1284 m

1414 m

1602 m

Strike

N75°E

N50°E

N60°E

N5O-55°E

N80°E

N15-36°E

Dip

75 °S

60°S

75°N

70-75 °N

75-80°

70-80°S

Width

(m)

10

41

49

61

14

1-6
1844 m
2480 m

EW-5 see Figure 3-9 see Figure 3-9

* Confidence level 60 %
** Confidence level 75 %
*** NE-2 was not predicted to cross the tunnel spiral - only touch the tunnel at approx. 1740 m.
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fractures'. They are presented and discussed in more detail in Chapter 5
(Figure 5-20). Except for the water-bearing zone NNW-4W it is not possible
to find persistent 'minor fracture zones' at tunnel level. One reason for this may
be the tendency for most fracture zones to be narrower at depth than what could
be expected from surface indications in the form of fractured and weathered
rock.

LOCALIZATION A N D INVESTIGATION OF FRACTURE Z O N E S

Integrated interpretation of
topographical and aerogeo-
physical is very useful for
localization of major discon-
tinuities.

Ground geophysics and
geological mapping indicate
minor discontinuities.

Investigation in cored borehole.

Fracture zone indications are
confirmed by borehole investi-
gations.

• Packed off sections for ground-
water chemical sampling.

Lithologyl I Fractures] [Hydr. Cond).

Figure 3-6. Strategy for localization and investigation of fracture zones.



34

Figure 3-7. The figure illustrates that modelling fracture zones as planes of
constant width and orientation is a gross over-simplification.

Slmpevarp

—— Predicted

HdO

— .

Position

— — _
RAMP

0
1 i i

~ —

500
i 1

AspO

NE-2 I

f-

n

\ -100

\ -200

" * \ -300

^-400

V500

nrnaw

m

m

m

m

m

m

Figure 3-8. Fracture zone NE-2. Prediction - outcome.
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In the tunnel steeply dipping single fractures (fracture swarms) and some
decimetre-wide fracture zones trending WNW to NE form a complex structural
pattern. The WNW-NW trending structures are normally the most frequent and
hydraulically important (Figure 3-13). In summary, the position of minor
fracture zones may be located at the surface but the prediction of their extent
and position at depth is very uncertain using the methods and techniques
employed on the project. However, in the statistical sense the frequency and
character of the minor fracture zones are in general agreement with the
predictions.

AspO Hard Rock Laboratory

PREDICTED FRACTUKB ZONE EW-fr

ASPO

Plonn«<J Tunnel

INTERPRETED FRACTURE ZONE AND FRACTURE SWARMS:

*SPO

Overvtov

Figure 3-9. Fracture zone EW-5. Prediction - outcome.
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AspO Hard Rock Laboratory

Minor zones 700m - 1500m

Major Zone S>
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Figure 3-10. Comparison between the minor fracture zone prediction (based
on pre-investigation data) and the outcome (based on tunnel data). Chainage
700-1500 m. /Stanfors et al, 1997/ Note, that features mapped as fractures'
(less than 10 cm wide) are not presented in Figure 3-10 (see Figure 5-20 for
larger mapped water-bearing fractures).
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Figure 3-11. Comparison between the minor fracture zone prediction (based
on pre-investigation data) and the outcome (based on tunnel data). Chainage
1500-2300 m. /Stanfors et al, 1997/. Note, that features mapped as fractures'
(less than 10 cm wide) are not presented in Figure 3-11 (see Figure 5-20 for
larger mapped water-bearing fractures).
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Aspo Hard Rock Laboratory

Minor zones 2300m - 3600m
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Figure 3-12. Comparison between the minor fracture zone prediction (based
on pre-investigation data) and the outcome (based on tunnel data). Chainage
2300-3600 m. /Stanfors etal, 1997/ Note, that features mapped as fractures'
(less than 10 cm wide) are not presented in Figure 3-12 (see Figure 5-20 for
larger mapped water-bearing fractures).
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STRUCTURAL MODEL
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(^intersection depth)

Legend:

z=depth (m)
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Figure 3-13. Structural model of the rock mass surrounding the Aspo tunnel.
The model represents the position and estimated extent of fracture zones
(swarms) at tunnel level. The orientation of the main subvertical fracture sets
in major fracture zones and the intact rock mass is based on tunnel mapping
data. 'Fracture swarms' comprise concentrations of subparallel, often water-
bearing faults. Fracture lengths shown are just relative. Actual mean fracture
lengths are much shorter.
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3.3 MATERIAL PROPERTIES

The description of the material properties comprises alteration, porosity,
density and a modal mineralogical description of the main rock types. The
description of small-scale fracturing in different lithologic domains concerned
the number of fracture sets, orientation, spacing and length of fractures and
fracture infilling materials.

Lithology

Four main rock types - Aspo diorite, Smaland (Avro) granite, greenstone and
fine-grained granite make up most of the rock mass in the Aspo tunnel area.
During the early investigations of the bedrock the dominant rock type in the
Aspo area was mapped as 'Smaland granite'. The most frequent variety of
'Smaland granite' is medium-grained, porphyritic and ranges in composition
between granite-granodiorite and quartz monzonite. A variety called Avro
granite, being more like a real granite in composition, is found in minor
amounts on the southern part of Aspo. Later, there was a need for a classifica-
tion system based more on core logging data. A limit was fixed at the silicate
density 2.65-2.70 g/cm3 between the acid varieties of what is now called
'Smaland (Avro) granite' (including Avro granite) and the more basic and
heavier variety called 'Aspo diorite'. This classification was also followed
during mapping in the tunnel and was found to be useful from the hydro-
geological point of view. Data from geological surface mapping and boreholes
were sufficient for mineralogical descriptions of the three main granitic rock
types, but not so good for greenstone due to a big variation in the composition
of many different rock types included under the designation 'greenstone'.

Rock type characteristics of the four main rock types were made to describe
what were considered typical 5 m-blocks within the investigated volume. Each
block described one of the four main rock types, Smaland (Avro granite), Aspo
diorite, greenstone and fine-grained granite (Figure 3-14). An overview of the
ability to predict a specific parameter is shown in Table 3-3.

Discontinuities

Predictions of small-scale fracturing, in six 50 m-blocks and for the four main
rock types on a detailed scale in the rock mass were based on surface fracture
mapping and analysis of fracturing in cored boreholes.

The orientations of the main fracture sets were mostly within the predicted
range. The main fracture infillings were predicted on both the 50 m and 5 m
scale but the fracture length and fracture spacing cannot be modelled with
reasonable accuracy for a specific rock volume at depth. Examples in Figures
3-15 and 3-16 and in Table 3-3.
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Geological-structural model

Detailed scale (5m) RS.&CT20-O3-2
96031b

Increased fracturing

Smaland
(Avro) granite

Fine-grained
granite

Increased fracturing

Aspft dlortte

Rock type characteristics
Mineralogical composition

Alterations
Petrophysics

F r a c t u r e System For fracture sets

- Orientation

- Length distribution

- Fracture spacing
- Fracture Infilling minerals

Greenstone

Figure 3-14. Overview of the subject rock type characteristics of the
lithological models (for the four main rock types), addressed on the detailed
scale.



Table 3-3. Lithological models on the (5-m) detailed scale. Comparison between the prediction and outcome for four (5-m)
blocks. /Stanfors et al, 19971. The generic 5-m blocks were made in order to describe what are considered to be typical 5-m
blocks within the investigated rock volume. Each block described one of the four main rock types Smaland (Avro granite), Aspo
diorite, greenstone and fine-grained granite.

PREDICTION OUTCOME

Subject Smaland Aspo Green- Fine-grained
(Avro) diorite stone granite
granite

Smaland
(Avro)
granite

Aspo
diorite

Green-
stone

Fine-grained
granite

Mineral components (%)
Quartz 20(±3) 15(±5) 5(±3)
Alkali-feldspar 25(±5) 15(±5)
Plagioclase 40(±5) 40(±5) 50(±5)
Biotite/Muscovite 10(±3) 20(±5) 20(±5)
Amphibole - - 20(±5)
Epidote/pyroxene - 5 (±3)
Minor minerals 5(±2) 10(±3)
Total 100 100 100

30(±5)
40(±5)
23(±5)
7(±2)**

100

26
26
37
5

6
100

12
17
47
12

12
100

7
33
54
2

100

27
36
20
17

100

Alteration
(IUGS-classification)

Density (g/cm3)

Porosity ( %)*

1-2

2.62(±0.03)

0.24(±0.02)

1-2

2.70(±0.05)

0.32(±0.02)

1-2

2.8O(±O.O5)

0.16(±0.02)

1-2

2.56(±0.02)

0.30(±0.01)

2

2.64

0.29

2

2.75

0.42

2

2.96***

0.17

1

2.67

0.26

* Total porosity of matrix. *** "Greenstone" includes different basic rocks (dacite-gabbro) with different
** Biotite, epidote and minor minerals. densities.
The confidence level (60% for mineral components and 90% for density/porosity) is based mainly on expert judgement.
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Aspd subvertical fracture sets

N
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282 Fractures to radius
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The orientation of the
subvertical fractures
obtained from surface
mapping on Aspd during
the pre-investigation phase.

More than 10 thousand
fractures were mapped
in the tunnel. Most of
them fall into four
clusters. Three are
steep and strike NS-NNE,
NNW and WNW, a
fourth is subhorizontal.

Figure 3-15. Orientation of the main fracture sets on the surface of Aspd
island (upper) and in the Aspd tunnel (lower).
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Rock Block P 50-05 2422-2472 ±25 m

OUTCOME:

PREDICTION:
N

Orientation of
the 4 major
fracture sets

Rock Block P 50-06 2752-2802 ±25 m

OUTCOME:

PREDICTION:
N

Orientation of
the 4 major
fracture sets

Figure 3-16. Structural models on the (50-m) block scale, small-scale
fracturing. Fracture network model for rock blocks P50-05 and P50-06 based
on tunnel data, shown in the pole-diagrams above the predicted diagrams.
/Stanfors et al, 1997/.
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Data available from cored boreholes are often sufficient for characterization
of the major discontinuities from the aspect of kinematic indicators such as
shear bands, mylonites and gouge, but not good enough for determination of
fracture orientation within a discontinuity.

3.4 SPATIAL ASSIGNMENT METHOD

Lithology

The description of the distribution of major and especially minor lithological
elements (fine-grained granite and greenstone lenses) is very scale dependent.
Data from surface mapping and boreholes was found to be sufficient for
average calculation giving reasonably accurate estimates of the amount of the
different rock types on the site scale (Figure 3-17). A deterministic distribu-
tion of a lithological domain on the block scale, however, is only valid for a
very restricted area close to a borehole.

The lithological model seems to reflect our knowledge of the actual rock
volume as a very complex rock mass (Figure 3-5) in an acceptable way but
it is not possible to model the exact position of a lithological element with
good accuracy (Figure 3-18).

A probability model for the lithology at Aspo was produced from the ground
surface to 800 metres below sea level by application of a Bayesian Markov
Geostatistical Model /Rosen and Gustafson, 1995, 1996/. The model was
based on the surface bedrock map, surface boreholes, access tunnel boreholes,
and access and TBM-tunnel mapping data. The Bayesian convincement maps
show how the certainty of the lithologies decreases away from the borehole
observations and at greater depth. It shows where further observations are
needed to increase the certainty of the results, if required.

Discontinuities

Major fracture zones can normally be deterministically modelled based on
geophysics and borehole data, while minor fracture zones should be described
in a stochastic model on the site scale. This, of course, also applies to small-
scale fracturing in the rock mass.

3.5 EVALUATION OF SITE INVESTIGATION METHODS

The main purpose of the geological site investigations in the initial stage is to
provide a description on a regional scale of the rock type distribution and the
structural pattern in the target area. At a later stage, further investigations are
performed to characterize the rock mass in greater detail.
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A summary of judgement of usefulness of different investigation methods for
the pre-investigation phase of Aspo HRL is shown in Tables 3-4 to 3-6.

Aspo Hard Rock Laboratory
RJ.R00IJ-01-3 «TOI!O

Rock d i s t r i b u t i o n 0700-2265 m

PREDICTION

M Mylonite-hybridized • 2 (=1) 60/

• Fine-grained granite • 13 (*3) 65X

M SmAland (AvrO) granite • 25 (»5) 60Z

M Aspd diorite - 50 («5) 60/

M Greenstone -11 ('3)60/

OUTCOME

M Mylonite-hybridized • 0.2/

• Pegmatite - 0.3/

H Fine-grained granite • 16.8/

H Smaland (Avro) granite • 26.9/

H Aspo diorite • 50.6/

H Greenstone • 5.2/

Figure 3-17. Comparison between the prediction and outcome on the (500
m) site scale. Lithological model.
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The goal is to describe the composition and heterogeneity of a selected rock
volume. This includes a more precise description of the distribution of rock
types, major and minor fracture zones and the fracture geometry and fracture
fillings in the rock mass.

Rock Block P 50-04 1570-1620 *25 m

PREDICTION^

1820

"pos• Fine-grained granite -10Z ('3)JJ
• Smaland (Avro) granite -15/ ('5)ooz

• Aspo dlorite -25Z ('5)80z

• Creenstone -50Z ('10)e0z

• Confidence level - BOZ

1570

OUTCOME:

1610 1665 1660 m

Tunnel Mapping Data

• Fine-grained
• Pegmatite
• Aspo diorite
• Creenstone

granite • 12*
• 1Z
- 32/
• 55Z

Figure 3-18. Comparison between the prediction and outcome on the (50-m
site scale. Lithological model. P50-04.
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3.5.1 Lithological model

The gravity and aero-magnetic methods were found to be very useful,
especially for studies of a regional nature, i.e. for investigating the boundaries
of the Go temar-Uthammar diapirs in three dimensions and the basic rocks of
large extent. The densities and magnetic contents of these granitic rocks
usually differ from those of the surrounding rocks, and they were therefore
good targets for both of these methods. Based on these investigations it was
possible to perform initial three-dimensional lithological-tectonic modelling
on the regional scale.

The petro-physics, based on physical measurements in the laboratory of a
large number of representative samples, is necessary for making a good
interpretation of the geophysical data.

The sonic log and the magnetic susceptibility and gamma-gamma logs seem
to be very relevant for the lithological characterization of a heterogeneous
rock mass such as the one in the Aspo area. There is in particular a significant
correlation between high gamma radiation and the fine-grained granites in the
boreholes.

A combination of the density (gamma-gamma) and magnetic susceptibility
logs was used for the rock type classification.

Detailed geological mapping at the surface combined with drill-core analysis
is the best method of investigating rock composition, rock boundaries and
mylonites on the block scale. The density borehole log gives good information
concerning the difference between Smaland (Avro) granite and Aspo diorite.
Microscopic examination of thin sections supplemented by chemical analysis
is the best way of performing rock type characterization and classification.

3.5.2 Structural model

The aero-magnetic method was very useful on the regional scale for mapping
possible major fracture zones in which oxidation of magnetite to non-
magnetic minerals can cause magnetic minima. Aero-magnetic and Very Low
Frequency measurements seem to be far superior to the EM measurements for
interpreting possible fracture zones. It is important, however, to check the
aero-geophysical data with ground investigation methods before final
interpretation.

Lineament interpretation of relief maps and structural analysis based on
different digital models on a regional scale seem to be a very good basis for
further site investigation work, especially when this interpretation has been
compared with the topographical expression of aero-magnetic lineaments.

The reflectors indicated using the seismic reflection method could only in part
be correlated with zones with increased frequency of low-dipping fractures in
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drill cores. The correlation seems to be greatest for reflectors at great depths,
judging from borehole indications. The two gently dipping fracture zones
mapped in the tunnel are probably too narrow to be indicated by use of
seismic reflection.

Ground geophysical methods were useful for more detailed investigations of
major fracture zones in some areas. The VLF method may indicate water-
bearing fracture zones under favourable circumstances (though it is greatly
disturbed by the salt water). As a complement to the VLF method, resistivity
and magnetic measurements (which were partly severely disturbed by man-
made installations and saline water) and seismic refraction were very useful
in locating and characterizing fracture zones.

Ground radar measurement data gave some interesting correlations with
borehole radar reflections from structures/rock contacts, but further develop-
ment is needed before this method can be regarded as a useful complement to
seismic reflection.

Single-hole radar reflection gave valuable information on the orientation of
fracture zones - especially those intersecting the borehole at rather low angles.
A number of prominent features were indicated in the boreholes using the
directional antenna and dipole antenna radar measurements, which corrobo-
rated the presumed orientation of most of the major fracture zones and some
of the minor zones interpreted.

Vertical Seismic Profiling was found to be important as a complement to the
borehole radar data, especially after three-dimensional processing using a new
technique with Image Space filtering, which has been developed for seismic
reflection studies in crystalline rock.

The results from the caliper log, and the electric logs were of the greatest
interest in detecting fractures and fracture zones. Fracture frequency, but not
fracture length, could be estimated by use of these logs combined with core
mapping. It seems, however, to be rather unnecessary to use three different
electric logs which give largely identical results, so in most of the geophysical
logging surveys, only the single-point resistance log was used.

The TV logging and Televiewer methods used for absolute orientation of
fractures in core boreholes were accompanied by many problems.

Analysis of structural mapping, combined with lineament data and geophysi-
cal data, is very important in final location and characterization of major
fracture zones.

It is generally very difficult to penetrate and characterize sections of crushed
and clay-altered rock in fracture zones using normal small drill bits without
grouting. In such cases the triple barrel coring technique seems to be most
useful.
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Table 3-4. Judgement of the usefulness of different investigation methods for the
pre-investigation phase of the Aspo HRL. Lithology and rock properties /Almen
et al, 1994/.

Subject Methods Usefulness

Regional, Block Detailed
Site scale scale scale

Notes

Lithological
distribution

Rock composi-
tion

Rock type
characteristics

Fracture sys-
tems

Airborne geophysics
- Magnetic
-VLF
- E M
- Radiometric

Petrophysical measurements*
Gravity measurements
Geological surface mapping
Core mapping
Geophysical borehole logging

- Sonic
- Magnetic susceptibility
- Gamma-gamma

Percussion borehole investigations
- Drilling rate
- Examination of drill cuttings

Detailed geological surface mapping

Detailed geological surface mapping
Core logging
Geophysical borehole logging

- Sonic
- Magnetic
- Gamma-gamma

Petrophysical measurements
- Density
- Susceptibility
- Porosity

Mineralogical investigations of rock
samples
Core mapping
Geophysical borehole logging

- Sonic
- Magnetic
- Gamma-gamma

Petrophysical measurements
- Density
- Susceptibility
- Porosity

Absolute orientation
of fractures in boreholes
TV logging
Televiewer

3
-
-
1

2
2
3
3

2
2
2

1
1
-

_

-

-
-
-

2
2
1

_

-

-
-
-

-
-
-

-

-
-
-
-

2
-
-
3

2
2
2

1
1
3

3
3

2
2
2

2
2
1

_

-

2
2
2

2
2
2

2
2

-
-
-
-

2
-
-
3

2
2
2

-
-
3

3
3

2
2
2

2
2
1

3

3

2
2
2

2
2
2

2
2

*Necessary
for evalu-
ation of
geophysi-
cal data

Very useful = 3 Useful = 2 Less useful = 1 Not applicable = -
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Table 3-5. Judgement of the usefulness of different investigation methods for the
pre-investigation phase of the Aspo HRL. Major fracture zones /Almen et al, 1994/.

Subject

Major fracture
zones

Very useful = 3

Methods

Airborne geophysics
- Magnetic
-VLF
-EM
- Radiometric

Interpretation of lineaments
Ground geophysical profiling

-VLF*
- Magnetic
- Seismic refraction

Structural geological mapping
Seismic reflection**
VSP
Ground radar investigation
Borehole radar measure-
ments***
Geophysical borehole logging

- Sonic log
- SP log
- Caliper
- Resistivity

Useful = 2 Less useful

Usefulness

Regional,
Site scale

3
2
2
-
3

2
2
3
3
1
2
2
2

2
2
2
2

= 1 Not

Block
scale

-
-
-
-
-

2
2
3
3
-
-
2
2

2
2
2
2

applicable

Notes

Detailed
scale

-
-
-
-
-

* Disturbed by
saline water

-
-

** Only two m-
wide gently dipp-
ing zones mapped
in tunnel.
*** Restricted due
to saline water

-
-
-

~ -

Table 3-6. Judgement of the usefulness of different investigation methods for the
pre-investigation phase of the Aspo HRL. Minor fracture zones. /Almen et al, 1994/.

Subject

Minor fracture
zones

Very useful = 3

Methods

Seismic refraction
Detailed geological mapping
Core mapping
Geophysical borehole logging

- Caliper
-SP
- Resistivity

Borehole radar*
VSP
Detailed geophysical mapping

- Magnetic
- Resistivity**
- VLF**

Absolute orientation of fractures in
boreholes

- TV-logging
- Televiewer

Useful = 2 Less useful = 1

Regional,
Site scale

3
3
2

2
2
2
2
2

2
2
2

-

Usefulness

Block Detailed
scale scale

3
3
2

2
2
2
2
2

2
2
2

to
 t

o

Not applicable = -

Notes

*Restricted
due to sa-
line water

**Disturb-
ed by sa-
line water
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3.6 OVERALL EVALUATION AND CONCLUSIONS CON-
CERNING GEOLOGICAL MODELS

A summarized evaluation, based on data from comparisons between prediction
/Gustafson et al, 1991/ and outcome /Stanfors et al, 1997/, is presented in
Tables 3-7 and 3-8. Our ability to predict a certain subject (parameter) is shown
by the amount of outcome results inside the predicted range. Results outside
the predicted results are discussed as regards the reason for the deviation. The
sign + represents the most common parameter result (>50%).

3.6.1 Lithology

A lithological description comprise an overall distribution of the main rock
units on a regional scale, while 'Rock composition', 'Rock boundaries', and
'Rock type characteristics' refer to a more detailed description of small-scale
petrographic variation on the block and detailed scales. 'Rock type characteris-
tics' refer to the mineralogical composition and petrophysics of the four most
frequent rock types in the Aspo area: Smaland (Avro) granite, Aspo diorite,
fine-grained granite and greenstone.

Airborne geophysics (magnetic and electromagnetic) provide valuable
information on the distribution of the major rock types on the regional site
scale, especially with respect to big basic intrusions and diapirs of younger
granite. Gravity data confirmed the depth extent of diapiric granites and bodies
of basic rocks. Data from surface mapping contributed to a good understanding
of the two-dimensional extent of the main rock types. In order to get a three-
dimensional lithological model borehole, investigations were performed,
comprising core mapping and geophysical logging.

The reliability of the predictions of the relative amount of the main rock units
is rather good mostly due to well exposed bedrock and borehole data (core and
geophysical logging) (Figure 3-17).

The very irregular distribution of rock types like the fine-grained granite and
the greenstone makes it almost impossible to describe the position and extent
of the minor rock units. Borehole data give only representative information for
a small volume close to the borehole. In a complex rock mass such at Aspo
therefore dikes and veins of greenstone and fine-grained granite are very hard
to model on the block scale (Figure 3-18).



Table 3-7. Comparison between prediction and outcome /Stanfors et al, 1997/. The '+' sign represents the most common
parameter results.

Subject Site scale
Within Outside
predicted range

Block scale
Within Outside
predicted range

Detailed scale
Within Outside
predicted range

Comments

Lithology
Rock types
Position of different

rock types
Rock boundaries

(No/100 m)
Rock composition

Very difficult to predict in a complex lithology.

Major fracture zones
Geometry

Position in tunnel
Strike

Dip
Width

Properties
Character

Prediction of the more exact orientation and width uncertain due
to the winding extent and variation in thickness along most
fracture zones.

en

Minor fracture zones
Geometry

Position in tunnel

Strike
Dip
Width

The more exact location and width at depth of the minor
fracture zones were not predicted.

+ **
+ **

* Verification based only on tunnel observations.
** Subhorizontal fracture zones.
The predictions generally comprise both point estimates and a confidence interval at a certain confidence level. These point estimates and confidence intervals
are obtained both from sample properties and expert judgement. Rather than obtaining a very wide interval for a confidence level, the level of confidence is
in these cases lowered to 60% for most geological parameters, which indicates an estimated low level of certainty./Gustafson et al, 1991/.



Table 3-8. Comparison between prediction and outcome /Stanfors et al, 1997/. The '+' sign represents the most common
parameter results.

Subject Site scale Block scale
Within Outside Within Outside
predicted range predicted range

Detailed scale
Within Outside
predicted range

Comments

Rock type
characteristics

Mineralogical
composition

Alteration
Density
Porosity

Small-scale fracturing
Number of fracture

sets
Orientation
Spacing
Length
Fracture infilling

minerals

Mean values of a great number of core samples normally give
reliable predictions for most of these parameters.

Surface and borehole data mostly give reliable predictions of
the number of fracture sets and fracture infilling.
Changes in orientation at depth, spacing and fracture length are
more difficult to predict based solely on borehole data.

The predictions generally comprise both point estimates and a confidence interval at a certain confidence level. These point estimates and confidence intervals
are obtained both from sample properties and expert judgement. Rather than obtaining a very wide interval for a confidence level. The level of confidence
is in these cases dropped to 60% for most geological parameters, which indicates an estimated low level of certainty. /Gustafson et el, 1991/
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On the detailed scale the prediction of the mineralogical composition of the
four main rock types (Figure 3-14) was based on numerous microscopical
analyses of core samples from the Aspo area. The petrophysical parameters
density and porosity were based on geophysical logging data. There is rather
good agreement between the prediction and outcome regarding alteration and
the major minerals - less good concerning biotite and minor minerals. The
outcome data are normally based on 2-3 microscopical analyses and the density
and porosity are based on 10-12 analyses per a number of 50 m rock blocks
along the tunnel (Table 3-3).

The mineralogical composition data should also be compared with the mean
composition of the four relevant rock types in the whole Simpevarp area (Table
3-9). It is important to note that the designation 'greenstone' was used to cover
all basic rocks such as fine-grained metavolcanics to the rocks of dioritic-
gabbroid composition.

Table 3-9. Main composition of main rock types in the whole Simpevarp
area based on microscopical analyses, (n = Sample size).

Minerals

Quartz
K-feldspar
Plagioclase
Biotite
Epidote
Pyroxene/Amphibole
Minor minerals
Total

Smaland (Avro)
granite
(n=41)

25.8
25.5
37.1
5.2
-
-
6.4
100

Aspo
diorite
(n=87)

14.0
13.0
44.7
14.5
-
-
13.8
100

Fine-grained
granite
(n=41)

30.6
38.6
20.8
-
-
-
10.0
100

Greenstone

(n=23)

3.5
0.8
35.4
14.0
6.0
35.7
4.6
100

3.6.2 Discontinuities

On the site scale is possible to localize sub-vertical major fracture zones (>5
metres wide) during the pre-investigation phase at shallow depths. However,
it is very difficult to predict more exactly the position, width and character at
increasing depth. The error in predicting the position of a major fracture zone
at depth is mainly due to the uncertainty of the dip (Figure 3-7).

There is generally good agreement between the prediction and observations
concerning the main orientation of sub-vertical fracture zones and their
importance for construction. An exception, however, was fracture zone NE-2
which was predicted to be major zone and dip to the NW, outwards from the
tunnel spiral but underground the zone was demonstrated to be a minor fracture
zone dipping to the SE. The predicted dip was estimated mainly on the basis
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of one cored borehole. Underground the undulating character of NE-2 was
confirmed by various measurements in the tunnel.

There is not always a clear correlation between distinct geophysical indications
and the real importance of a fracture zone. For example, the topographically
and geophysically very distinct regional zone EW-1 - which divides Aspo into
two blocks - is of fairly low transmissivity and mostly of rather good
mechanical strength for construction purposes. Zone NE-1, however, which
was crossed by the tunnel, proved to be very difficult to excavate due to very
high transmissivity and low mechanical strength. This zone was rather faintly
indicated geophysically during the regional stage of pre-investigations, partly
because it is located under the sea.

A number of minor, mostly steeply dipping, fracture zones were predicted to
intersect the tunnel volume trending NNW-NNE. On the 500-m site scale,
however, no exact position of a particular zone was predicted - only the
frequency and main orientation of the zones. The different zones in the 'NNW
system were predicted to be 'possible-probable' and their predicted position in
the tunnel very approximate. The widths were expected to be 0.1-5 m (Figure
3-10 to 3-12). The character of the zones were not predicted due to lack of
relevant data.

Only structures that display indicators, such as slickensides, mylonitic fabrics
or faults, were mapped in the tunnel as minor fracture zones. Most of them are
generally not wider than 1 m. Most consist of a single or up to a handful of
faults that generally contain gouge. The host rock is generally mylonitized
shear faults. The nature of fracturing in sheets of fine-grained granite make
such structures difficult to differentiate from fracture zones. However, fracture
zones are here defined as broken volumes of rock that also display kine-
matic/tectonic indicators which discriminate most sheets of fine-grained
granite.

The predicted water-bearing zone NNW-4W is an example of a minor fracture
zone which is indicated in the tunnel by two intersections, at 2020 m and
2120 m and 2914 m (Figure 3-13). Except for NNW-4W it is not possible to
find persistent 'minor fracture zones' in the tunnel according to the definition
given in the prediction based on surface indications. One reason for this may
be the tendency of most fracture zones to be narrower at depth than what could
be expected from surface indications in the form of fractured and weathered
rock.

Combined results from tunnel mapping and drilling show the characteristic
pattern of the 'NNW structures'. They mostly occur in a complex pattern of
steeply dipping fractures (fracture swarms) and some decimetre-wide 'fracture
zones' trending WNW to NE. Many of the narrow fracture zones are connected
to veins or dikes of fine-grained granite. It seems possible to correlate a few
fracture zone indications in the tunnel to observations in boreholes crossing the
central part of the spiral and forming a hydraulically active pattern trending
WNW-NNW (Figure 3-13). The character of many of these structures as
'fracture zones' is not very evident. They should rather be described as a 10-
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30 m wide swarm of mostly subvertical conductive fractures trending WNW-N
where the WNW trending fractures are normally the most frequent and
hydraulically important.

On the 50-m scale minor fracture zones are penetrated by the access tunnel in
rock blocks 50-01 and 50-02. (Predictions were made for six 50 m rock blocks
along the tunnel.) In rock block 50-01 - where the prediction/outcome
discrepancy is most evident - three minor fracture zones were predicted, based
on cored borehole KBH02. In the tunnel the increased fracturing is found to
occur more or less continuously over an approximately 40-m long section.

In rock block P50-04, at 1570-1620 m in the spiral tunnel three minor fracture
zones were predicted, based on the cored boreholes. In the rock block only one
minor fracture zone was found.

Three(±l) minor fracture zones were predicted for each of the blocks P50-05
(at 2422-2472 m) and P50-06 (at 2752-2802 m) but only one zone was mapped
in each block.

The discrepancy between the prediction and outcome regarding minor fracture
zones shows that it is almost impossible to predict the exact position of a
specific minor fracture zone based solely on surface data and information from
a single borehole in or close to an actual rock block. The main orientation,
however, of the 'NNW fracture zone system' and its water-bearing character
was in fair accordance with the prediction.

Predictions, in the 50-m blocks, of small-scale fracturing were based on surface
fracture mapping and analysis of fracturing in cored boreholes.

As there was no core orientation in borehole KBH02, penetrating P50-01 to
P50-03, the prediction of the main fracture set orientation in these blocks was
based solely on data from surface mapping. The best agreement with
predictions seems to be for the approximately N-S and E-W fracture set orient-
ations, which could be explained by the dominating character of these fracture
sets in the whole area.

The prediction of the main fracture set for the rock blocks P50-04 to P50-06
was based mainly on data from TV orientation in cored borehole KAS05. The
best agreement with predictions seems to be for the approximately N-S and
NW-SE fracture set orientations. Example in Figure 3-16.

As regards predictions of small-scale fracturing on the 5-m scale for typical
examples of the four main rock types, there is good agreement between the
prediction and outcome regarding 'fracture minerals' and 'main fracture
orientation' (especially concerning the two dominant fracture sets striking
approximately E-W and N-S) and less good regarding fracture spacing and
fracture length (Table 3-10).



Table 3-10. Structural models on the (5-m) detailed scale. Comparison between prediction and outcome for four (5-m) blocks involving small-
scale fracturing. /Stanfors et al, 1997/.

Subject

Fracture length
(>0.5 m)

Fracture spacing
(>0.5 m)

Main fracture
orientation

Equal area
projection
(lower hemi-
sphere)

Fracture minerals

Smaland
(Avro)
granite

1.2(±0.3)

1.0(±0.3)

l.Cl,Ep,Ca,FeOH
2. Cl,Ca,FeOH
3. Cl,Ep,Ca
4. Cl,Ep,Ca

PREDICTION

Aspo
diorite

1.2(±0.3)

1.0(±0.3)

l.Cl,Ep,Ca,FeOH
2. Cl,Ca,FeOH
3. Cl,Ep,Ca
4. Cl.Ep.Ca

Green-
stone

1.2(±0.3)

1.0(±0.3)

l.Cl,Ep,Ca,FeOH
2. Cl,Ca,FeOH
3. Cl,Ep,Ca
4. Cl,Ep,Ca

Fine-grained
granite

0.8(±0.1)

0.5(±0.1)

1. Cl,Ep,Ca,FeOH
2. Cl,Ca,FeOH
3. Cl,Ep,Ca
4. Cl,Ep,Ca

Smaland
(Avro)
granite

1.6

0.6

OUTCOME

Aspo
diorite

2.1

0.5

a. Cl,Ca,FeOH,Ep a. Cl.Ca.FeOH
b. Cl,Ca,FeOH b. Cl,Ep,Ca

c. Cl,Ep,Ca

Green-
stone

1.9

1.5

a. Cl,Ca
b. Ca,CI
c. Ca,Cl,Cy,Ep
d. Cl,Ca,Cy

Fine-
grained
granite

0.7

0.5

a. Cl,FeOH,Ca

CO

Cl = chlorite, Ca = calcite, Ep = epidote, FeOh = Fe-oxihydroxide, Cy = clay
The confidence level (60% for fracture length and spacing) is based mainly on expert judgement.
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3.6.3 Conclusions

The following are the most important conclusions.

• Predictions of lithology on the regional scale are mostly very reliable as
regards the distribution of major lithologic domains such as granite
diapirs and big massifs of basic rock, where we had aero-geophysical
data and well exposed bedrock.

• The main rock types is generally well predicted for most of the tunnel
rock volume whereas the spatial distribution of minor rock types is very
uncertain. Borehole data provides only representative information for a
small volume close to the borehole. In a complex rock mass such as at
Aspo therefore dikes and veins of fine-grained granite and greenstone for
example cannot be predicted with respect to exact position at depth.

• The position and general properties of major fracture zones are accurately
obtained from the surface and borehole investigations in particular for
subvertical structures. The main structural pattern is normally revealed
at an early stage of the pre-investigation phase using airborne geophysics
and lineament interpretation (existence and extent of major structures).
Accurate information on the dip and character of the structures was
obtained from more detailed investigations in the form of ground-based
geophysics and drilling (see Figure 3-19).

Aspo Hard Rock Laboratory

Prediction and Outcome

Slmpevarp H<5IO AspO

Legend

— Predicted

— Outcome

I I i i

M_ss2oc-oz-4 non«

Figure 3-19. Prediction and outcome of major fracture zones. The picture
illustrates predicted (red) and observed (green) dips and positions in the tunnel
of the major fracture zones.
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To be able to determine the geometry of a certain fracture zone at depth
it is very important to try to find some significant features and properties
which can be used for identification of the zone in cored boreholes.
Examples of such 'markers' are shear bands, mylonite, certain fracture
minerals and gouge. Interference tests can be helpful for defining the
geometry of a fracture zone.

Suitable investigation methods, such as refraction seismics, core drilling,
geophysical logging and radar in boreholes, have resulted in generally
good agreement between the prediction and outcome where major
subvertical fracture zone data are concerned, such as orientation and
general character. An exception, however, was fracture zone NE-2,
which was predicted to be 'major' and dip to the NW, outwards from the
spiral but underground the zone has been demonstrated to be a 'minor'
fracture zone dipping to the SE. The reason for the poor prediction was
that only one cored borehole crossed the zone, which is winding and
irregular.

All the subhorizontal structures found in the tunnel were narrower and
less hydraulically important than had been predicted, based mainly on
geological field observations. There was no agreement - except as
regards the existence - between prediction and outcome. Geophysical
methods, which are suited to determination of geometry and more
detailed characterization of narrow fracture zones at depth in crystalline
rocks, were not available.

The reliability of minor (local) discontinuities (less than 5 m wide) was
good regarding their existence and hydraulic character but not so good
as regards the extent and structural character at depth. It seems to be
almost impossible to predict an individual minor zone in terms of exact
position and orientation.

The characteristics of small-scale fracturing in the rock mass between the
fracture zones, such as orientation of the main fracture sets and fracture
infillings were mainly concordant with the predictions (Figure 3-7).
Spacing was almost within the predicted range. It is not possible to
estimate fracture length from borehole investigations at depth.
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4 EVALUATION OF MECHANICAL STABIL
ITY

4.1 INTRODUCTION

Mechanical stability is a key issue when engineering a deep repository. The
long-term aspect of mechanical stability is to design the repository so that
potential movements caused by current and future stresses (due to temperature
changes, earthquakes and glaciation) will not damage the canisters containing
the waste. The short-term aspect is mechanical stability during construction and
operation of the repository. The Aspo project has so far dealt mostly with the
short-term aspect to assess that the excavated openings in the rock will be
stable during construction and operation of the laboratory.

There is a need for good understanding of the geology, the stress field and
mechanisms of deformation and potential failure to make reliable models for
assessing short-term mechanical stability.

Primary stresses were measured using two different methods, hydraulic
fracturing and overcoring. Rock mass quality assessments were made using the
Rock Mass Rating (RMR) system /Bieniawski, 1989/. The assessment is
primarily based on the geological-structural model at Aspo. Several properties
of intact rock and fractures were collected and tested in the laboratory prior to
and during construction as depicted in Figure 4-1.

The pre-investigation methodology for defining the rock stress model and the
rock quality according to the RMR system is shown in Figure 4-2.
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Mechanical stability concepts^

Fracture properties

Joint Roughness Coefficient (JRC)
Joint Wall Compression (JCS)
Fracture Frequency
Fracture density (RQD)

Rock stress
and

Rock burst
assessment

Rock quality

RMR (Rock Mass
Rating) in fracture
zones and lithologic
domains.

Mechanical charac-
teristics of intact
rock

o
Rock strength
Elastic moduli
Poissons ratio
Brittleness

Figure 4-1. Schematic description of the work of assessing the reliability of
mechanical models. Primary stresses were assessed using two different
measurement methods, hydraulic fracturing and overcoring. Rock quality
assessments along the tunnel were made using the Rock Mass Rating (RMR)
system. Several properties of intact rock and fractures were collected prior to
and during construction.
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The overall concepts used to describe the issue of mechanical stability are
shown in Tables 4-1 to 4-3. More details are provided in Stanfors et al/1997/
and Rhen et al/1997/. The concepts used to assess stability comprise basically
concepts for the state of stress, excavation stability and rock burst. These
concepts are closely interrelated with the geological processes acting in the
area, i.e. the strain history in southeastern Sweden in relation to faulting and
fracturing and present stress conditions.

The primary rock stresses, Table 4-1 are very much dependent on the local
geology and measurements of rock stresses in general show great variation, cf
Chapter 4.2. The Rock Mass Rating (RMR) system has been used to assess
excavation stability, Table 4-2. Assessment of possible occurrence of rock
burst relied on expert judgement, Table 4-3.

Overcoring
measurements

Hydraulic
fracturing

Analysis

Genera]
experiences

Conceptual
modelling and

Evaluation

Magnitude

Study of terrain
ana exposed

rock

Study of
topographical

mapping

Analysis

Seismic refraction
measurements on surface

Borehole investigations

Gncpbysixl foggiag
Hythw tic tests

Conceptual
modelling and

Evaluation

Mechanical
characteristics

Fracture surface
properties

Rock quality
RMR system.

Figure 4-2. Pre-investigation methodology. Left: Rock stress model. Right:
Rock quality - RMR system.
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Table 4-1. Condensed description of the concepts for rock stress at the
Aspo site within the Aspo HRL Project.

MODEL NAME
Rock stress

Model scope or purpose
State of stress.

Process description
State of stress: Calculation of a rock stress field assumes continuum, homogeneous, isotropic,
linear elastic material based on measured strains (overcoring) or evaluation of measured
pressure responses and the tensile strength of the rock (hydraulic fracturing)

CONCEPTS

Geometrical framework and parameters
Three-dimensional box for primary stresses at boundaries. Shape of opening for rock stresses
close to excavation.

Material properties
Young's modulus, Poisson's ratio and tensile strength of the rock (hydraulic fracturing).

Spatial assignment method
Homogeneous and identical to primary stresses.

Boundary conditions
Primary stresses at measurement points and linear regression of stresses with depth.
Vertical stress calculated from the weight of overburden.

Numerical or mathematical tool

Output parameters
Rock stress.
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Table 4-2. Condensed description of the concepts for excavation stability
at the Aspo site within the Aspo HRL Project.

MODEL NAME
Excavation stability

Model scope or purpose
Assessment of potential non-elastic behaviour of rock, assessment of potential engineering
problems.

Process description
Empirical-based expert system, like Rock Mass Rating:

CONCEPTS

Geometrical framework and parameters
Based on geological model (lithology, discontinuities) and empirical relations.

Material properties
RMR: (strength of intact rock material, drill core quality (RQD), spacing of discontinuities,
condition of discontinuity, groundwater and strike and dip of discontinuities). Joint surface
parameters for characteristic joint sets: (JRC, JCS, spacing, RQD).

Spatial assignment method
Grouping of RMR in five classes and deterministic determination of mean and range of RMR
for the tunnel. Application of the Bayesian Markov geostatistical model to spatial assignment
of RQDs was also tested

Boundary conditions

Numerical or mathematical tool

Output parameters
Potential for excavation instability, assessment of rock quality for engineering purposes.
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Table 4-3. Condensed description of the concepts for rock burst at the
Aspo site within the Aspo HRL Project.

MODEL NAME
Rock burst

Model scope or purpose
Assessment of potential non-elastic behaviour of rock, assessment of potential engineering
problems.

Process description
Empirical-based expert system, supplemented by measurement of brittleness on cores.

CONCEPTS

Geometrical framework and parameters
Geological model, stresses and empirical relations.

Material properties
Empirical assessment based on values of rock stress and unconfined compressive strength.
Brittleness based on comparison of energy used prior to failure and energy after failure as
measured on an intact specimen in a stiff machine.

Spatial assignment method

Boundary conditions
Local stress field.

Numerical or mathematical tool

Output parameters
Assessment of potential for rock burst in each rock type, potential for excavation instability,
assessment of rock quality for engineering purposes.

4.2 ROCK STRESS

The magnitudes of the principal rock stresses are important when making
predictions of the excavation stability and the rock burst potential. Problems
related to excavation stability normally also increase with increasing deviatoric
rock stress magnitude. A detailed assessment of the stress field necessitates a
detailed geological description and knowledge of deformation properties of
rock types and discontinuities. A detailed model of the stress field cannot be
made at an early stage of the investigations.

The predictions of the rock stress situation were based on rock stress measure-
ments in three cored boreholes. Most of the measurements were made using
hydraulic fracturing in cored boreholes KAS02 and KAS03. Some additional
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measurements were made by overcoring in cored borehole KAS05 (cf. Figures
5.27 and 5-28 for borehole locations). The measurements indicated a NW-SE
orientation of the largest horizontal stress component which is in line with the
overall regional stress field at great depths in this part of the Baltic Shield as
evaluated by fault-plane solutions of earthquakes /Muir Wood, 1993/.

The ratio between the maximum horizontal stress oH and the theoretical vertical
stress av was estimated prior to excavation at about 1.6-1.9. According to the
measurements made, this value was estimated to be typical for the depth
interval between 300 m and 500 m below the surface.

In the tunnel, rock stress measurements were made in eleven boreholes. All
measurements were made using the overcoring technique and CSIRO Hollow
Inclusion cells. Measurements in the tunnel were made far from the tunnel
opening (> 12 m) so the tunnel opening itself would not create a stress re-
distribution at the measuring points.

The measurements during construction proved a dominating NW-SE orienta-
tion, which corresponds to the prediction. The measurements made in the
tunnel showed considerably higher stress levels than anticipated /Stille and
Olsson, 1996/. The mean Ko-value (oH/ow) for all boreholes, is 2.9 with the
average for individual boreholes ranging between 1.7 and 4.0. Single
measurements in the individual boreholes vary between 1.5 and 4.0. Figure 4-3
shows the maximum horizontal stress for different depths and for different
boreholes.

A more comprehensive analysis of the rock stress condition at Aspo and
measurement methods is needed to provide a clear explanation of the
significant difference between the rock stress magnitudes measured from the
surface and from the tunnel.

4.3 EXCAVATION STABILITY

The RMR system was used for the classification of the rock mass in the Aspo
tunnel. This system operates with six parameters to describe the rock mass and
is simple to use when the classification is based on pre-investigation data. If
any parameter is missing it is possible to estimate the value of the missing
parameter using engineering judgement. The reliability of the framework is to
a large extent connected to the reliability of the geological model.

Rock mass quality is estimated for the tunnel based on the lithological and
discontinuity domains mentioned in Section 3.2. Experience from the Aspo
tunnel proved that the rock mass quality is very dependent on the rock type.
Fine-grained granite, which is often fractured, exhibits both significantly lower
mean RMR values and larger variations. The differences between greenstone,
Smaland (Avrb) granite and Aspo diorite are smaller and they also exhibit
smaller variations. The predicted RMR values for the tunnel mostly exhibit
acceptable correspondence to the observations made in the tunnel. Poor rock
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Figure 4-3. Maximum horizontal stress as a function of depth below the
surface. Two boreholes, KAS02 and KAS05, are only separated by a distance
of 65 m. Different results with depth could be contributed to natural spatial
variability of the stress field or to the different stress measurement methods
used. Underground measurements exhibit a larger range for maximum
horizontal stresses than the predicted range. The mean Ko-value (aH/av)for
all boreholes is 2.9, with the average for individual boreholes ranging between
1.7 and 4.0. Single measurements in the individual boreholes vary between 1.5
and 4.0. The estimated range ofKo was 1.6-1.9. av is calculated as the weight
of the overburden, regardless of the measured vertical stress.
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was predicted at 8% of the tunnel length while the outcome was 4% (Table 4-
4).

While establishing a rock quality prediction, a rock classification system is
commonly applied to core samples. General experience from using core
samples is that the prediction will be somewhat conservative, i.e. lower RMR
values were predicted than actually found in the tunnel. This can be due to a
fracture length cut-off (0.5-1.0 m) in the tunnel which gives a higher RQD in
the tunnel.

Table 4-4. Summary of predicted and observed RMR values along the
tunnel /Stanfors et al, 1997/.

Class Rock Mass Predicted Outcome
Rating-Value distribution distribution

Very good
Good
Fair
Poor

RMR > 72
RMR 60-72
RMR 40-60
RMR < 40

23%
50%
19%
8%

28%
39%
28%
4%

Predictions of the spatial variability of parameters used in the predictions were
quite simplistic. Mean values and ranges were determined more or less by
averaging collected data over lithological domains.

Later work /Rosen and Gustafson, 1996/ describing a Bayesian Markov
geostatistical model for spatial assignment of parameters is an important
development. The model has been applied to estimate spatial variability of
lithology, RQD, hydraulic conductivity - for which the Aspo site was divided
into cells measuring 20 • 20 • 20 metres and properties were assigned to each
cell. The method is non-parametric, to be able to handle classified information
with unknown statistical distributions. It also uses Bayesian statistics to
formally handle professional judgements of the evaluation. Assignment of
values to each cell can make use of data from the surface, boreholes and tunnel
mapping. The methodology can be useful in future work in spatial assignment
of, for example RMR.

4.4 ROCK BURST, ROCK TYPE PARAMETERS

Rock burst

Rock burst is thought to be a local phenomenon for depths considered for the
Swedish repository (< 700 m). Very high stresses and very brittle rock
behaviour could pose serious problems at repository depth.
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Assessments were based on evaluation of measurement of brittleness and rock
stress. During the excavation period cores were drilled in the tunnel and
selected for laboratory testing. Similar testing was performed during the
prediction phase. A total of ten tests were generally made for each parameter
and rock type. The cores for each rock type were selected from 2-8 different
boreholes, mainly located in the first part of the tunnel, section 745-1675 m.
Less indications of rock burst, like spalling, were observed than expected, even
if the stress range is higher than expected, as interpreted from the CSIRO
measurements. On the other hand, measurements of rock type parameters
performed during excavation show higher values compared to measurements
performed prior to excavations (cf. below).

Rock type parameters

Laboratory testing of cores comprised unconfined compressive strength,
Young's modulus, Poisson's ratio and an estimate of the degree of brittleness.
A few results from testing of joints were also presented.

Prior to construction four samples were tested for each main rock type, in all
16 samples /Stille and Olsson, 1989/. Only a few samples were collected for
testing based on the assessment that no major mechanical problems were
expected. In spite of the few data collected, a prediction exercise was
performed. The difference between the result from the pre-investigation phase
and the excavation phase is mostly significant, /Stanfors et al, 1997/. The
significant deviations are possibly explained by the small number of tests
performed compared with the large natural variations in the rock mass, Table
4-5.

Predicted ranges did not account for the limited number of samples and several
parameters were thus, with hindsight, assigned too small a range compared
with the observations made in the tunnel. With few samples wider ranges
should be assigned for new sites exhibiting similar rock variability.

4.5 ROCK SUPPORT, GROUTING

Three fundamental cases of stability problems can arise:

• The 'normal case' with good rock, some loose blocks, but otherwise
good stability.

• Passage of significant zones of weakness, which comprises a special
case.

• Good rock, but over-stressing and spalling/rock-burst occurs, which
comprises another special case

Based on the RMR classification along the tunnel, demands on rock support
(shotcrete, bolts) were made. It was not possible to identify a relationship
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between the rock quality or rock type and the frequency of rock bolts, except
for the zones. 55% of all bolting and 77% of all shotcreting were performed in
conjunction with fracture zones. Shotcreting was performed predominantly
where the RMR value was less than 60. However there are many areas in the
tunnel with RMR less than 60 that not have been shotcreted. Thus, the amount
of reinforcement has been overestimated in the pre-construction estimates.

Developments in grouting theory and practice were achieved during the
construction phase /Gustafson and Stille, 7996/based on data collected during
grouting at Aspo. A total of 150 series of grouting were conducted. Re-grouting
at a given tunnel section was done 50 times out of the 150. 36 out of these re-
grouting series were done in the major water-conductive fracture zone NE-1.
The total grouted length of the tunnel is about 840 m, (27%). 44% of the grout
volume was injected into major fracture zones (width > 5 m). The rest of the
volume was injected into minor fracture zones (16%) and single fractures.
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Table 4-5. Laboratory testing of mechanical parameters. From Stille,
Olsson, 1996.

Unconfined
compressive
strength
(Mpa)

Prediction
-mean
-range
No. of tests

Outcome
-mean
-range
No. of tests

Young's
modulus
(GPa)

Prediction
-mean
-range
No. of tests

Outcome
-mean
-range
No. of tests

Poisson's ratio

Prediction
-mean
-range
No. of tests

Outcome
-mean
-range
No. of tests

B littleness

Prediction

No. of tests

Outcome

No. of tests

Greenstone

(Mpa)

119
103-168

4

207
121-274

10

(GPa)

53
32-74

4

78
71-96

10

(-)

0.25
0.24-0.26

4

0.24
0.18-0.31

10

more brittle
4

brittle
10

Fine-grained
granite

(Mpa)

236
152-336

4

258
103-329

9

(GPa)

65
59-70

4

77
72-80

9

(-)

0.22
0.20-0.22

4

0.23
0.21-0.25

9

less brittle
4

more brittle
9

Aspo diorite

(Mpa)

184
164-217

4

171
103-210

10

(GPa)

60
54-65

4

73
65-80

10

(-)

0.23
0.20-0.25

4

0.24
0.22-0.29

10

brittle
4

more brittle
10

Smaland
(Avro) granite

(Mpa)

189
147-260

4

255
197-275

10

(GPa)

62
62-63

4

74
63-79

10

(-)

0.24
0.24

4

0.23
0.20-0.26

10

brittle
4

more brittle
10
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Figure 4-4. Models were developed to describe the spreading of grout. Based
on the model the volume of injected grout (grout take) can be estimated if the
grout properties, the hydraulic transmissivity of the grout holes and the
injection gauge pressure during grouting are known /Gustafson and Stille,
1996/. Comparison between calculated and measured grout take for the Aspo
tunnel. (The black diagonal lines indicate the area where the deviation from
the 1:1 relationship is less than a factor 2).

Tunnels at great depth with high water pressure are exposed to increased risk
of instability and special attention must be devoted to the design of the support
in these conditions.

4.6 EVALUATION OF METHODS

In Almen et al, 1994 feasibility and usefulness of site investigation methods,
including models for mechanical stability were presented. Views are expressed
on the usefulness of different methods for different subjects and scales.
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Standard geological and hydrogeological practises are deemed very useful to
assess rock quality. Rock stresses are measured at points by means of
overcoring or hydraulic fracturing. The spatial variation of measured stresses
is very high due to the presence of different lithologies and discontinuities of
differing nature. A detailed description of the spatial variability of rock stresses
is in practice impossible, but a high measurement density should increase the
confidence in predicted ranges. On the site scale it should be possible to
evaluate the general stress direction and general magnitude and range of the
stresses. Large variation in results should be expected. Precise prediction of
rock stresses on the detailed scale should only be expected very close to a point
at which the stress has been measured. Further away, different methods for
stress measurement are not likely to show identical results.

A more comprehensive analysis of the rock stress condition at Aspo and
measurement methods is needed to provide a clear explanation of the
significant difference between the rock stress magnitudes measured from the
surface and from the tunnel.

Descriptions of the mechanical characteristics of the rock properties should
also account for the spatial variability. The International Society for Rock
Mechanics has developed a set of standard methods for measurement and at
Aspo the same methods, instruments and staff were employed for testing
throughout the project. However, too few data samples were collected during
the pre-investigations to allow for a decent statistical analysis and subsequent
predictive work should, with hindsight, have accounted for a larger range of
parameters.

Fracture surface properties were collected prior to construction, but complete
follow-up was not achieved during the construction phase.

4.7 OVERALL EVALUATION CONCERNING MECHANICAL
STABILITY

A simplified overview of subjects, predictions and observed outcome are
shown in Table 4-7. Further details are provided in Stanfors et al /I'997/and
Rhen et al/1997/.

The following are the most important conclusions:

• At Aspo experts judged that there would only occur some possible rock
burst problems in greenstones. No indications of rock burst were
collected and thus the overall expert judgement of the mechanical
stability at Aspb" proved to be correct. However, relevant data on which
to base judgements are normally sparse and scattered due to large natural
variability and model and parameter uncertainty. Models for excavation
stability were not thoroughly tested due to the limited stress levels at
Aspo.



Table 4-7. Overview of subjects, predictions and observed outcomes of relevance for the key issue of mechanical stability.
Further details are given in Stanfors et al 119971. The '+' sign represents the most common parameter results.

Subject Site scale
Within Outside

predicted range

Block scale
Within Outside

predicted range

Detailed scale
Within Outside

predicted range

Comments

Rock quality
(RMR)

Primary stress

Rock burst

In order to make precise prediction of the rock stresses on the
block and detailed scales further investigations of geological
variations and measurement methods are needed .

Mechanical
characteristics
(laboratory measurements)

Rock strength
Elastic moduli
Poisson's ratio
Brittleness

Predictions for greenstone and Smaland (Avro granite) outside
the range.

in

Fracture properties
(laboratory measurements)

JRC
JCS

Spacing
RQD

+ Only a few measurements were made prior to construction and
+ during the construction phase. Further improvements are required

in the recommendations for applying JRC and JCS.
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The difference between the results from laboratory testing of rock type
parameters in the pre-investigation phase and the excavation phase is
significant. The outcome for several parameters were wider than the
predicted range, thus not fully accounting for the natural variations in the
rock. Further, the number of samples was small, thereby providing a low
level of confidence for mean and variance values.

The prediction of rock stress orientation corresponds well to the
outcome. The relation between the maximum horizontal stress and the
theoretical vertical stress, Ko, was predicted to be in the range of 1.7
while the outcome was 2.9. Average values for individual boreholes vary
between 1.7 and 4.0. Single measurements in individual boreholes vary
between 1.5 and 4.0.

The difference between the predicted rock stress levels and the outcome
can possibly be explained by geometric factors and geological variations.
It is also probable that a large portion of the differences is due to the
different methods used to make the measurements. Hydraulic fracturing
results in lower maximum horizontal stress levels than the results of
measurements made using the overcoring method.

The prediction of rock quality for the tunnel, using the RMR system,
show acceptable correspondence to the observations made in the tunnel.
The rock quality is very dependent on the rock type. Fine-grained granite
exhibits both larger variations and significantly lower mean RMR values
than greenstone, Smaland (Avro) granite and Aspo diorite.
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EVALUATION OF MODELS FOR
GROUNDWATER FLOW

5.1 INTRODUCTION

The purpose of the hydrogeological model of Aspo is to provide a condensed
description of hydrogeological features as they are interpreted to exist today.
The model is based on the geological model of Aspo and a number of concepts
used for the evaluation of the hydraulic properties of the rock mass. The
geological model is an important base for the interpretation of the data forming
the hydrogeological model. The hydrogeological model can first of all be used
for understanding observations and the underlying hydraulic systems. It is also
the base for setting up numerical groundwater flow models, which are used for
calculations of water pressure distribution, fluxes in the rock mass and flow
paths.

The hydrogeological model of the Aspo area consists of two main concepts for
describing the domains of the rock mass; hydraulic conductor domains (called
water-bearing zones in Gustafson et al /1991/) and hydraulic rock mass
domains (see Table 5-1 and Figure 5-1). Groundwater flow modelling has
mainly been based on a stochastic continuum approach. The hydrogeological
concepts are presented in detail in Rhen et al /1997b/ together with the
hydrogeological model of Aspo. The groundwater flow is dependent on the
salinity as this affects the density of the water and, thus, the hydraulic forces.
The effects of the salinity could have been discussed in this chapter, but as the
salinity is also considered to be a natural tracer the concepts and results are
presented in Chapter 7, Transport of solutes.

Pre-investigation methods

A number of pre-investigation methods were used to describe the
hydrogeological model. These are briefly outlined below.

Compilation of basic information on the hydrological condition of the area
around Aspo, such as the extent of drainage basins, flow rates in rivers,
precipitation, location of peatlands, etc. was performed by the Swedish
Meteorological and Hydrological Institute (SMHI). No new measurement
stations were established as available data were considered sufficient for the
objectives for the project.
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Table 5-1. Condensed description of the groundwater flow model of the
Aspd site used within the Aspo HRL Project up to 1995.

GROUNDWATER FLOW MODEL OF THE ASPO SITE
Stochastic continuum model

Scope
Natural groundwater flow, flow to laboratory tunnel

Process description
Continuity equation (mass balance equation).
Equation of motion (Darcy's law, including density-driven flow).
Equation of state (Salinity-density relationships ).

CONCEPTS

Geometrical framework and parameters
Three-dimensional box divided into:

Hydraulic conductor domains. 2-D features (location, extent, orientation).
Hydraulic rock mass domains. 3-D features (location of boundaries).

Material properties
Hydraulic conductor domains: Transmissivity (T).
Hydraulic rock mass domains: Hydraulic conductivity (K).

Spatial assignment method
T: Deterministic assignment.
K : log-normal distributions for hydraulic conductivity (Kg, s(Logl0(K)).
K and s are dependent on the cell size within a domain in the numerical model.

Boundary conditions
Upper: fixed infiltration rate on Aspo, constant head at sea and peat areas.
Lower: no flow.
Side: prescribed pressure (hydrostatic).
Salinity: prescribed initial conditions, linear increase with depth at vertical boundaries (see
concepts for the transport of solutes).
Tunnel: hydraulic resistance (skin factor) around the tunnel and prescribed pressure
(atmospheric) or flow rate into the tunnel.

Numerical tools
Finite-volume code PHOENICS.

Output parameters
Groundwater pressure
Groundwater flux
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Hydraulic conductor
domains

Hydraulic rock
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(Bounded by
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Figure 5-1. Schematic description of two main hydrogeological concepts.
Hydraulic conductor domains: 2-D features (location, extent, orientation) and
hydraulic rock mass domains: 3-D features.

The hydraulic properties of the hydraulic conductor domains and the hydraulic
rock mass domains were characterized by means of a number of different
hydraulic tests:

• airlift pumping of percussion drilled boreholes and 100 m sections of
core drilled boreholes,
pump testing and cleaning of borehole (performed directly after drilling),

• flow-meter logging,
• injection tests (packer spacing 3 or 30 m),
• interference tests,
• dilution tests,
• monitoring of water pressure in the rock-mass.

Long-term monitoring was also performed during the pre-investigation phase.

The hydrogeological description of the rock was derived from the evaluated
hydraulic parameters together with the geological model. The first three
methods were performed more or less systematically in all cored boreholes.
The percussion drilled boreholes were either tested by airlift pumping or using
a submersible pump. About 100 pumping tests were performed with test
sections exceeding 100 m. Injection tests with a packer spacing of 3 m (about
1200 tests, injection and recovery periods about 1 0 + 1 0 minutes) were
performed in 8 cored boreholes and injection tests with a packer spacing of 30
m (65 tests, injection and recovery periods about 2 h + 2 h) were conducted in
3 cored boreholes. Roughly 20 interference tests were performed, generally
with a pumping period of 3 days and pressure recovery period of 2 days. Two



80

long interference tests were also performed, with pumping periods of about 60
and 30 days but with somewhat shorter recovery periods. The pre-investigation
methodology for characterization of hydraulic properties of the hydraulic
conductor domains and the hydraulic rock mass domains is presented in
Figures 5-2 to 5-4.

Transmissivity was assigned to each hydraulic conductor domain, included in
the model as a deterministic feature. The transmissivity was mainly based on
the test results but in a few cases a value was assigned based on expert
judgement, as no test was performed in the hydraulic conductor domain. Data
from the injection tests, with a packer spacing of 3 m, were analysed statisti-
cally to provide estimates of the hydraulic properties of the hydraulic rock mass
domains.

Injection
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Evaluation

Drilling doc
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preens, boles
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[investigations
Available
model of

fracture zones

Model of
( water bearing

.ftB&foa antf gnatf at rater
bi

Airlift
test
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Hydraulic
conductivity (K)
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Figure 5-2. Pre-investigation methodology. Left: Properties of hydraulic
conductor domains (or Water-bearing zones). Right: Properties of hydraulic
rock mass domains. Tests to different scales (tested borehole section length and
test time) provide empirical relations for scale dependency of hydraulic
conductivity. Kg: geometric mean hydraulic conductivity, s
deviation ofLog10K.

logK standard

Investigation methods used during construction

The hydraulic data collected during the construction were mainly:

• pressure build-up tests (single-hole test),
• interference test (tunnel boreholes used as sinks),
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dilution test (surface boreholes),
monitoring of water pressure in the rock-mass,
flow-meter logging or logging by inflow observation during drilling,
observation of pressure responses in monitored boreholes during drilling
of core holes,
mapping of water-conducting and grouted fractures in the tunnel,
measuring the water flow into the tunnel.

Injection
tests

I
Conceptual

modelling and
Evaluation

Statistics of distance (D)
between conductive structures

with T>specified value

Figure 5-3. Pre-investigation methodology. Block scale. Statistics of distance
between conductive features. The 1-D approach is used by studying the
distance (D) between conductive features, with a transmissivity (T) greater
than a specified value along boreholes. The characteristic values evaluated for
the distribution is the geometric mean distance (Dg) and the standard deviation
ofLog,0D (s

The main purpose was to obtain data for comparison with the predictions. Data
were compiled for 150-m long tunnel sections /Markstrom and Erlstrom,
1996/.

To some extent water will flow into a tunnel when the tunnel is excavated
below the groundwater level. At the outset of the Aspo HRL project it was
decided that a more or less tight tunnel was not needed and that grouting should
be limited and controlled in order to limit disturbance of the chemical
composition of the groundwater. It was also of interest to obtain sufficiently
large inflows to obtain clear responses in the observation boreholes around the
tunnel. Hence, the excavation itself could be seen as a very long-term hydraulic
test which could be used to;

• check the structural model by observing where and when drawdown
occurred and also how great the drawdown was, and

check and calibrate groundwater flow models.
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A summarized evaluation, based on data from a comparison between prediction
and outcome /Rhen et al, 1997a/is presented in this chapter.
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Figure 5-4. Pre-investigation methodology. Left: Flux distribution in the rock
mass. The dilution test gives the flow rate through the borehole section. Right:
Boundary conditions and pressure in the rock mass. Pressure measurements
are the base for assessing suitable initial and boundary conditions in
groundwater flow models.

Method of evaluating hydraulic properties

Transmissivity (T): T for a section in a borehole is generally evaluated from
transient tests using the method developed by Cooper and Jacob /1946/, and
is valid for the test section or hydraulic conductor interpreted to control the
measured pressure change. If it has only been possible to evaluate the specific
capacity (Q/s), the transmissivity is estimated as T= f(Q/s), where the function
f(Q/s) is the linear least-square-fit of Log10(T ) versus Log10(Q/s ) for tests with
evaluated T and similar test length and test time. The rationale for this is that
Q/s is roughly proportional to T/Carlsson and Gustafson, 1984, Domenico and
Schwartz, 1990/ If T is evaluated for the entire borehole (Tlot) and flow logging
has been done, the approximate T distribution along the borehole is estimated
according to Earlougher /1977/ as Tj = Ttot • dQs /Q tot, where Q lot is the total
flow rate and dQj is the flow rate change per length Lr The dynamic viscosity
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of the fluid and fluid density was assumed to be approximately constant within
the rock volume tested.

The evaluated T for hydraulic conductor domains is normally based on a
transient test where the feature has been straddled by packers. If there were no
tests where the hydraulic conductor domain was straddled by packers, Tj
(defined as above) was used for the feature. If no test at all had been performed
in a geologically defined fracture zone, the geological character, properties of
other hydraulic conductor domains and expert judgement were used to estimate
possible properties.

Hydraulic conductivity (K): It is assumed that the medium is a stochastic
continuum and a local K, in the text called effective hydraulic conductivity, is
generally evaluated as T/L, where L is the test section length, also here in the
text called test scale. Evaluated K is always linked to the test scale in the
approach used. It will be discussed further in the text below.

The rationale for using a 2-D approach for the evaluation of the hydraulic tests
is that in most cases the flow-dimension can be interpreted to be radial flow.

The evaluated transmissivities for the hydraulic conductor domains were
adjusted by calibration of a numerical groundwater flow model made in 1990
/Wikberg et al, 1991/. The adjustments were fairly small.

Hydrogeological model 1996

Figure 5-5 shows the hydrogeological model of the hydraulic conductor
domains and the hydraulic rock mass domains after the construction phase. A
detailed description of the model is presented in Rhen et al /1997b/ and the
model will also be discussed in the sections that follow.

5.2 GEOMETRICAL FRAMEWORK

The model comprises the following geometrical concepts:

• hydraulic conductor domains,
• hydraulic rock mass domains.

Hydraulic conductor domains are large two-dimensional features with
hydraulic properties different from the surrounding rock. They are generally
defined geologically as major discontinuities but in some cases they may
mainly be defined by interpretation of results from hydraulic interference
testing.

Hydraulic rock mass domains are geometrically defined volumes in space with
properties different from surrounding domains (rock mass and conductors).
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Figure 5-5. Model 96 of the hydraulic rock mass domains and hydraulic
conductor domains /Rhen et al, 1997b/.

They may either be defined by lithological domains or purely by interpretation
of results from hydraulic tests.

Hydraulic conductor domains

The most important hydraulic conductor domains were approximately at
predicted positions. The domains checked were the ones that intersected the
tunnel or were expected to be close to the tunnel. The volume checked was thus
limited but it can also be noted that no unexpected hydraulic conductor
domains with large transmissivities were found along the tunnel! A few
corrections of other domains were also made based on re-interpretation of the
data. Figure 5-7 shows the hydraulic conductor domains according to
predictions and according to the new model. Most of the hydraulic conductor
domains correspond to the major fracture zones shown in Chapter 3 but some
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Figure 5-6. Schematic description of hydraulic conductor domains and test
methods used during the pre-investigation and construction phases..
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1000 (m)

— — Regional structure
Certain conductive structure
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Figure 5-7. Left: Model 1990 of hydraulic conductors from the pre-investiga-
tion phase - site scale. /Gustafson et al 1991/. Right: 1996 model of hydraulic
conductors - site scale /Rhen et al, 1997b/.
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correspond to what in that chapter are called fracture swarms. Hydraulic
conductor domains NNW-1,2 and 7 are interpreted as consisting of steeply
dipping fractures mainly with strikes N-S and WNW to NW (see Figure 5-8).

Identification

Identification of a water-bearing zone (hydraulic conductor domain) with
respect to its existence, position and extent is generally based on geological and
geophysical investigations. It is then generally what in Chapter 3 are called
'major fracture zones' that are identified. However, interference tests may be
a very useful complement to the geological and geophysical interpretations of
the position and extent of a certain zone. Hydraulic tests must be made to
estimate the hydraulic connectivity within the zone and with other zones. Low
transmissivity of a zone and/or long distances between observation points
and/or few observation points for the pressure responses, however, reduce the
chances of confirming a zone with interference tests suggested by geological
and geophysical investigations. It is therefore important to have a close
interaction with the geological team when new boreholes are planned.

ASPO HRL STRUCTURAL MODEL
Fracture zones ot tunnel depth ^Intersection depth)

Probable extension
of fracture swarms
(mainly NW to WNW
trending foults)

N

t
Minor frocture
zone - certain

NE-2/

Minor frocture
zone - certain

NE-1

Figure 5-8. 1996 model of hydraulic conductors on southern Aspo - site
scale. A schematic figure of the fracture sets present at Aspo and how these
sets are interpreted to form some of the hydraulic conductor domains. The
domains called NNW-xx are formed by interconnected, steeply dipping
fractures mainly with strikes N-S and WNW to NW. The frequency of the WNW
to NW fractures dominates (see Chapter 3). ( Fracture lengths not to scale.)
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For what are here called fracture swarms (or also minor zones in Chapter 3),
it is difficult to define the water-bearing zones by means of geological and
geophysical investigations, but the position can be indicated from the
interpretation of interference test results. The possibility of identification is,
however, very dependent on the number of observation boreholes and the way
in which they are equipped (number of packed off sections) and their positions
in relation to the pumped borehole.

Even though it has not been demonstrated at the Aspo HRL, it should be
possible to identify a subhorizontal conductive feature by means of interference
testing if several boreholes penetrating the feature within a distance of a few
hundred metres and with the boreholes packed off in a proper way. At the
Finnsjon site in Sweden a large subhorizontal fracture zone was investigated
/Ahlbom and Smellie, 1991/.

The width of the hydraulic conductor domains must generally be defined in the
numerical continuum models. This can only be done approximately as there is
no sharp interface between a hydraulic conductor domain and the hydraulic
rock mass domain. The width varies also from place to place, as was mentioned
in Chapter 3 and illustrated in Figure 5-6. However, this is not such a sensitive
factor as the transmissivity evaluated from the hydraulic tests and that also
controls the flow in the domain. The width is only used to calculate a hydraulic
conductivity for the estimated width.

The Aspo model

The concept of deterministic hydraulic conductor domains was found useful
and feasible. The hydraulic conductor domains of importance for Aspo were
found at approximately the predicted intersections with the tunnel or at
positions close to the tunnel spiral. The numerical groundwater flow modelling
shows that the measured hydraulic potential can be described fairly well using
the hydraulic conductor domains and their transmissivities given in the
descriptive hydrogeological model /Wikberg et al, 1991, Svensson 1991, 1994,
1995b, Gustafson and Strom, 1995/. Based on the results from the groundwater
flow modelling and a re-evaluation of available data a few minor changes were
made in the location and properties of the hydraulic conductor domains in
1996. However, the fracture swarms that were given deterministic positions
and extents can possibly be modelled as stochastic features in space or by
assigning anisotropic material properties to the rock mass where these fracture
swarms were defined. More details concerning the groundwater flow modelling
are presented in Section 5.6.

The pre-investigations were focused on the actual site for the Aspo HRL. Due
to this, the extent of the hydraulic conductor domains outside southern Aspo
and below about 1000 m depth should be considered uncertain due to the
limited investigations. Additional investigations would be needed to provide
a better definition of the geometry of the hydraulic conductor domains
somewhat outside the rock volume of the facility. However, at some distance
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from a facility it will be of less importance to know the exact geometry and
properties of the hydraulic conductor domains for calculation of the flow field
in the rock volume for the facility.

In the cases in which the predictions were less good a number of uncertainties
were reported, but still the features were judged to be deterministic because
several indications pointed in the same direction. An example is the sub-
horizontal domain EW-5, which was considered as a possible zone in the 1990
model but was excluded from the 1996 model (see Rhen et al /1997a/ for
details).

Hydraulic rock mass domains

Several investigations in Sweden and Finland indicate that the rock becomes
less permeable with depth /Ahlbom et al, 1991a, 1991b, 1992a, 1992b, Rhen
and Gustafson, 1990 and Ohberg et al, 1994/ Rock down to a depth of 100 or
200 m has an effective hydraulic conductivity (K) 100-1000 times greater than
the effective K for the depth 500-1500 m according to the regression lines in
the reports.

At the four SKB study sites there are hardly any low-conductivity borehole
sections down to 100-200 m depth, but below this depth a large number were
recorded as being at the lower measurement limit /Ahlbom et al, 1991a, 1991b,
1992a, 1992b/ (see examples in Figure 5-9). The hydraulic conductivity is
definitely lower below 100 to 200 m compared with above, but the suggested
decrease based on a power function can be discussed. From an examination of
the plots it is not obvious that there is a clear decrease below 100-200 m. A
similar conclusion is drawn in Winberg /1989/. In that report it is concluded
that there is mainly a variation with depth around a constant mean value for the
hydraulic conductivity below 200 m depth at the sites Gidea, Fjallveden and
Kamlunge.

For three of the sites (Gidea, Fjallveden and Kamlunge) the fracture frequency
is 4-5.5/m down to 100 to 200 m and 2-2.5/m below 200 m at two sites and
below 500 m at one site (Gidea). The fracture frequency is fairly constant
below the depths mentioned above. The rock types at these three sites are
mainly sedimentary gneiss (Fjallveden and Gidea) or a mixture of sedimentary
gneiss and granite (Kamlunge). The fourth site is dominated by Smaland
granite (Klipperas).

At the Aspo HRL the decrease in K with depth is not so clear (see Figures 5-
10—5-12). On Aspo K is fairly constant down to 600 m, and below that, data
were only obtained from only one subvertical corehole (KAS02). Below 600
m there are relatively few measurements but the tests indicate that the effective
K is around 20% of the effective K within the depth range of 0-600 m. (All
boreholes within the Aspo and in surrounding areas with test scales of
approximately 100 m are included, see Rhen etal, 1997b.) Taking into account
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Figure 5-9. Hydraulic conductivities evaluated Kamlunge ( test scale 25 m)
and Klipperas ( test scales 20 and 25 m) /Ahlbom et al, 1992a, 1992b/.
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the fact that the test scale below 600 m is around 300 m and above about 100 m
and also the relations between K and different test scales shown in Rhen et al/
1997b/, the effective K value below 600 m should rather be 10% of the
effective K within depth range 0-600 m for test scale 100 m. The base for the
conclusion that K does not decrease down to a depth of 600 m is the injection
tests with 3 m packer spacing and the hydraulic tests at the 100 m test scale
performed at Aspo (see Figure 5-12) /Rhen et al, 1997b/.

The mean fracture frequency on southern Aspo is about 3.4/m for 50 m depth
intervals down to 400 m depth /Liedholm, 1991a/. The fracture frequency for
the uppermost 100 m is about 4.2/m. At the deepest part of cored boreholes
KAS07 and KAS08 (depth about 450-500 m) the fracture frequency increases
due to fracture zone NE-1. Below about 700 m the fracture frequency increases
in KAS02, possibly because NE-1 is close to the borehole. Thus, there is no
clear decrease in fracture frequency with depth at Aspo.
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Figure 5-10. Hydraulic conductivities evaluated for southern Aspo (test scale
3 m) based on data from coreholes KAS02, 05-08. Data for borehole sections
which are intersected by the hydraulic conductor domains in Model 96 are
excluded in the figure. Data below depth about 525 m is only from one
borehole, KAS02.
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In summary, the hydraulic conductivity is fairly constant down to a depth of
500 m at Aspo and below that level there is possibly a decrease according to
the pre-investigations. (Exclusion of borehole sections interpreted to be
intersected by the deterministic hydraulic conductor domains in the 3 m test
scale does not change the conclusion, see Figure 5-11 and 5-12). Based on the
additional data from the construction phase this conclusion still holds.
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Figure 5-11. Hydraulic conductivity (K) distribution on the site scale, {mean-
arithmetic mean of Log w (K), standard deviation=Standard deviation of Log w

(K), n=sample size). Test scale 3 m. Data from cored boreholes KAS02,05-08
on Aspo. Sample statistics based on the data presented in Figure 5-10.
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Identification

To characterize the hydraulic properties of the rock mass hydraulic tests must
be performed systematically in boreholes. The boreholes must of course
penetrate the rock mass in a way that can be expected to provide reliable
samples of the rock mass properties. The test scale must be linked to the
expected sizes of the lithological units if hydraulic properties are to be
determined for these units. In the case of Aspo, greenstone occurs as minor
inclusions, irregular, often elongated, bodies and fine-grained granite generally
as dikes. The thickness of the bodies or dikes is generally less than a few
metres, which indicates that the packer spacing should not be more than a few
metres to permit estimation of the properties of the lithological units.

The Aspo model

The Aspo model was divided into three hydraulic rock mass domains in the
models for the predictions, northern Aspo, the Aspo shear zone (EW-1) and
southern Aspo. It was not possible to check the division into these three
domains because the investigations during the construction phase were focused
around the tunnel spiral, within the southern Aspo domain, to follow up the
predictions made. The 1996 model comprises five domains, northern Aspo, the
Aspo shear zone (EW-1), southern Aspo, south of Aspo (see Figure 5-5), and
a fine-grained granite body at a depth of approximately 300 m within the tunnel
spiral.

The Aspo shear zone EW-1 is more conductive than northern Aspo and
southern Aspo looking at the single-hole hydraulic tests. However, the
interference tests and drawdown during construction of the Aspo HRL showed
that EW-1 acts as a semi-permeable boundary The interpretation of this is that
there are a number of low-conductivity 'sheets' in the E-W direction within
EW-1. These 'sheets' are mainly interpreted to be mylonites lenses found
parallel to zone EW-1.

It was found that the rock mass was considerably more conductive south of
Aspo than in southern Aspo and as a consequence of this a fourth domain was
added to the 1996 model. The borders between the others were changed slightly
as the geometry of EW-1 was re-defined based on drillings from the tunnel
/Stanfors et al, 1997/.

At a depth of approximately 300 m within the tunnel spiral there is probably a
larger body or number of bodies of fine-grained granite, according to the
geological model /Rhen etal, 1997b/. As the effective hydraulic conductivity
is higher compared with other lithological units (see Figure 5-15) it is
suggested that the volume of the fine-grained granite is a domain (called SDR5
in Table 5-2). Based on the results from the simulation with the Bayesian
Markov Geostatistical Model (Bay Mar) mentioned in Rhen et al/1997b/'the
domain is approximated to an elliptical body 150 m long with its main axis in
the E-W direction. The lengths of the minor axes are estimated to be 0.5 of the
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main axis length. The centre is estimated to be at a depth of 350 m and in the
centre of the spiral. The volume and shape of the domain should be considered
uncertain.

5.3 MATERIAL PROPERTIES

The material properties for the domains are

• Hydraulic conductor domain: Transmissivity (T)
• Hydraulic rock mass domain: Hydraulic conductivity (K)

T is assumed to be constant and isotropic within a domain and can therefore be
described by a single parameter value. K is assumed to be a stochastic property
and can vary in space within a hydraulic rock mass domain.

The rationale for having a constant T is that it is generally not possible to
determine the variability within a hydraulic conductor domain with the
methodology used. First of all the evaluated T generally represents an effective
value within a large influence radius. (Evaluation of middle to late time
responses.) With this type of evaluation the flow capacity of the domain should
be preserved. Early time responses are generally masked by well bore storage
and skin effects. Secondly, generally just a few tests have been performed at
different locations in a hydraulic conductor domain. The statistics may become
poor due to this and correlation models may be difficult or impossible to set up
with these data. In the pre-investigation phase it was not considered possible
to define the variability within a hydraulic conductor domain.

The variability of the effective hydraulic conductivity is clearly large (see
Figure 5-10). Instead of estimating a large-scale value for the effective
hydraulic conductivity for a rock mass domain the stochastic approach was
chosen as it was considered to give a more representative flow distribution in
the rock mass. It was also a test to see the importance of the heterogeneity on
the undisturbed heads and also the drawdown in numerical groundwater flow
simulations.

Transmissivity of hydraulic conductor domains

The predicted ranges of the transmissivities of the most transmissive hydraulic
conductor domains were generally within or straddled the range of the
geometric mean transmissivity /Rhen et al, 1997a/ (see Figure 5-13). The
outcome shown in the figure is based on tests performed in boreholes from the
surface and from the tunnel.

Parameter estimation

The results show that the variability of the transmissivity within a geologically
well defined hydraulic conductor domain is rather large but the predicted
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Figure 5-13. Transmissivity of water-bearing zones for tunnel section 700 -
2875 m. Site scale.(mean = arithmetic mean ofLog}(^T), standard deviation =
Standard deviation ofLogJT), n = sample size). EW-IS, NNW-7, 8 are new
water-bearing zones and NW-1 was re-evaluated.
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ranges for the mean transmissivity (arithmetic mean of the
Log]0(transmissivity)) are generally within the confidence limits of the mean
of the outcome. (The outcome is based on data from the pre-investigation and
construction phase.) The standard deviation of the Log,0(transmissivity) is
about 0.5 to 1. The variability of the transmissivity within a hydraulic
conductor domain geologically defined as a fracture swarm or complex zone
(EW-1) is rather large, with a standard deviation of the Log10(transmissivity)
around 1 to 1.5. The standard deviation of the low-transmissivity feature NE-2,
however, is high with a standard deviation of the Log,0(transmissivity) around
2.

The transmissivity of the domain can be predicted fairly well if there are a few
boreholes through an identified hydraulic conductor domain in which reliable
hydraulic tests have been performed. Estimation of the storativity of the
domain, which was not a predicted property, is more difficult as it is necessary
to have observation boreholes in the same feature rather near the pumped
borehole, which is not always the case. It is not possible to evaluate the
storativity from the data collected in the pumped borehole, observation
boreholes are needed. If there are long distances to the observation boreholes
there will be a risk that features that have the same magnitude of transmissivity
as the tested feature will disturb the test if they intersect the tested feature
between the pumped borehole and the observation borehole, or close by.

It is important for the borehole section intersecting the hydraulic conductor
domain to be at some distance from hydraulic conductor domains with higher
transmissivities than that of the tested domain. Otherwise it is possible that the
nearby domain will dominate the useful part of the transient response, and the
evaluation of the test will not give the correct transmissivity for the domain.
The test can, however, be useful for interpreting the connectivity between
domains on the site scale.

Hydraulic conductivity of hydraulic rock mass domains

Site scale

Predictions were made for the depth intervals 100-200, 200-300 and 300-400
m and were mainly based on the injection tests with 3 m packer spacing. Only
a few hydraulic tests in boreholes drilled from ground level were made in the
rock volume close to tunnel section 700-1475 during the pre-investigations. A
few air-lift tests were performed at the 100 m test scale, but none at smaller
scales. Results from Aspo at the 3 m test scale were therefore used as a base for
extrapolation for tunnel section 700-1475 m (depth interval 100-200 m).

The predictions of the geometric mean hydraulic conductivity were close to the
predicted range for depths of 200-400 m (see Figure 5-14). The predictions
were outside the range below the Baltic south of Aspo, tunnel section 700-1475
m. The predicted standard deviation was somewhat less than the outcome.
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Figure 5-14. Hydraulic conductivity in tunnel section 700 - 2875 m. Site scale.
Test scale 14 m (mean = arithmetic mean ofLog,0(K), standard deviation =
Standard deviation ofLog1(JK), n = sample size). Evaluated data comprises
both hydraulic rock mass domains and hydraulic conductor domains, but as
the number of samples belonging to the latter, the statistics for the rock mass
domains are almost identical to the total sample shown here, as shown in Rhen
et al/1997b/. It should also be observed that the predicted values were scaled
from the 3 m test scale to the 14 m test scale according to the relations
suggested in Wikberg et al/1991/. Scaling of test results is discussed in the text
below.
Tunnel section 700 -1475 m: depth interval 100-200 m.
Tunnel section 1475 - 2265 m: depth interval 200-300 m.
Tunnel section 2265 - 2875 m: depth interval 300-400 m.

The measurements in tunnel section 1475-2875 m seem to indicate a decreasing
hydraulic conductivity with depth. However, this is probably due to the large-
scale heterogeneity and the anisotropic conditions. Tunnel section 1475-2265
m covers an entire spiral turn but tunnel section 2265-2875 only cover covers
two-thirds of a tunnel spiral turn, and thus the anisotropic conditions must
affect the result. It is also clear that large-scale heterogeneity can have caused
the difference between the two depth intervals, if the individual boreholes on
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southern Aspo are considered /Rhen et al, 1997a/. The tests with test scales 3
and 100 m do not indicate any decrease with depth either (see Figure 5-12). It
is therefore concluded that neither the pre-investigations nor the investigations
during construction indicate any decrease with depth of the hydraulic
conductivity down to at least 400 m (see also the previous section).

The result of the extrapolation (based on data from Aspo) was poor because
tunnel section 700-1475 m penetrated a rock mass that was much more
fractured and conductive than that on Aspo, over long stretches of the tunnel.
Several fracture zones are intersected that are very transmissive and wide in
that part of the tunnel. The hydraulic properties below the sea along tunnel
section 700 - 1475 m were thus quite different from those on Aspo.

Aspo model

As a base case it is suggested that no spatial correlation be assumed and that the
data used in a stochastic continuum model be scaled according to Rhen et al
/1997b/. The suggested properties for the populations are shown in Table 5-2.
The hydraulic conductivity is assumed to have a lognormal distribution (see
Figure 5-21). The effective hydraulic conductivity for domains SRD1-3 is
based on the properties evaluated from the injection tests with a 3 m packer
spacing.

As there are no packer tests in domain SRD4 the evaluated properties are based
on tests in probe holes, excluding the deterministically defined hydraulic
conductors, for tunnel chainage 700-1475 m.

There are no injection tests with a 3 m packer spacing below a depth of about
800 m on southern Aspo, 400 m in the Aspo shear zone and 550 m on northern
Aspo, and there is only a limited number of tests below 800 m in the entire area
around Aspo. It is therefore suggested that the properties given in the regional
model for depths below 600 m be used (see Chapter 6 in Rhen et al /1997b/).

Block scale

Two out of six predictions of the geometric mean hydraulic conductivity of 50
m blocks at specified points along the tunnel were within the range. The
predicted standard deviation was approximately as the outcome (see Rhen et
al/1997a/).

Detailed scale

The outcome of the geometric mean hydraulic conductivity for the four
lithological units (Smaland granite, Aspo diorite, fine-grained granite and
greenstone) were close to the predicted ranges (see Figure 5-15). The outcome
of the difference in hydraulic conductivity between the four lithological units
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was as predicted. The predicted standard deviation was somewhat less than the
outcome.

Table 5-2. Site scale hydraulic Rock mass Domain (SRD) (see Figure 5-5).
Hydraulic conductivity - Spatial assignment method. db = depth to bottom
level of numerical model, scale = length of test section, m = arithmetic
mean of Log]0(K), s = standard deviation of Log10(K).

Croup
of
domains

SRD1
SRD2
SRD3
SRD4
SRD1-4
SRD5

Depth
range

(m)

0-600
0-600
0-600
0-600
600-db

See text

Scale

(m)

3
3
3
15
300
3

m(Loglt(K))

Log10(m/s)

-8.74
-7.82
-9.47
-6.46
-7.33
-8.32

s(Logw(K))

(-)

1.32
1.79
1.63
1.61
0.72
1.99

Comment

KAS03-'rock'
KAS04- 'rock'
KAS02,05-08-'rock'
Probe holes-700-1475 m
Ace. to regional model
Fine-grained granite

Parameter estimation

The hydraulic conductivity follows approximately a lognormal distribution for
test scales longer than about 15 m. For the test scale 3 m the distribution
deviates somewhat from the lognormal distribution. The lowest measurable
values from the injection tests with packer spacing 3 m were estimated at about
10" - 10"12 m/s, which compares well with the results of tests on the 5 cm scale
performed in the Aspo HRL tunnel /Olsson et al, 1996/.

The temperature has only a minor influence on the evaluated hydraulic
properties if the natural temperature gradient (about 15°C per km, /Sundberg,
1991/) and a depth down to around 1000 m are considered /Rhen et al, 1997a/.
The salinity has even less influence on the viscosity, at least down to a depth
of 1000 m at Aspo, as the salinity is less than 2% down to that depth /Rhen et
al, 1997b, Earlougher, 1977/.

The large-scale heterogeneity within a site strongly affects the chances of
making reliable estimates of the hydraulic properties using a few boreholes.
One reason for the deviations from the Aspo site predictions is the
heterogeneity within the site, illustrated by Figure 5-16. If a population has a
normal distribution it is easy to estimate new sample characteristics if the
standard deviation and mean for the sub-samples are known. This is called
pooling. To illustrate the uncertainty of the estimated sample statistics in a
heterogenous site like Aspo, the sample statistics for each borehole on Aspo
(KAS02-08) were used to estimate sample statistics for the Aspo site. Each
borehole constitutes a sub-sample with mean = arithmetic mean of Log10(K)
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and standard deviation = standard deviation of Log,0(K) (K= hydraulic
conductivity). The variation of the sample statistics can be shown by calculat-
ing the sample characteristics for all combinations of 1, 2, 3, 4, 5, 6, and 7
boreholes (see Figure 5-16).

As pointed out above, the distribution of Log,0(K) for the 3 m scale is not so
well described by a normal distribution. In a statistical analysis of the sample
based on the original data of the sub-samples the statistics would probably
become somewhat different compared with pooling, but a variation of similar
magnitude would very probably be seen.

Based on Figure 5-16 it is concluded that even if the confidence limits for the
mean value are narrow for the sample from one or a few boreholes, these limits

K(m/s)
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mean -1 standard deviation

jan—-i

mean + 1 standard deviation
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Figure 5-15. Hydraulic conductivity for different rock types along tunnel
section 700 - 2875 m. Detailed scale. Test scale 14 m. The outcome shown is
for tunnel section 1475-2875 m except for greenstone, which is for tunnel
section 700-2875 m (Fracture zones are included in the outcome.) (mean =
arithmetic mean of Log!(JK), standard deviation = Standard deviation of
Logl0(K), n = sample size.)
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Figure 5-16. Estimated effective hydraulic conductivity (K)for Aspo, based
on the means and standard deviations evaluated for the individual boreholes
by pooling under the assumption that Logw(K) on the 3 m test scale has a
normal distribution (mean = arithmetic mean ofLogl0(K), standard deviation
= Standard deviation ofLogI(j(K)). Each point in the figures above represents
estimates of properties based on pooling of data from the number of boreholes
shown on the horizontal axis. All possible combinations of boreholes KAS02-
08 are shown. (The high value for one borehole and Logw(K) is borehole
KAS04.)
Top: Mean ofLog10(K)).
Bottom: Standard deviations ofLogI0(K)).
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may be irrelevant if the site is heterogenous on a large scale. It is concluded that
on a site that is heterogenous on a large scale it is necessary to have more than
just a few boreholes to estimate sample characteristics for the entire site. It
should, however, be pointed out that the geological model is important both for
the investigation strategy and the evaluation of the tests. Understanding of the
geological heterogeneity can of course give insight into how to interpret the
data and how to assign properties to different domains.

Special consideration in estimating the hydraulic properties of the rock mass
domains should be taken in the design of a field programme if anisotropic
conditions exist, as illustrated in Figure 5-17. The results indicate that at the
Aspo site the hydraulic conductivity may be around 100 times greater in the
most conductive direction than in the least conductive direction (see Figure 5-
18). The figure is based on data for tunnel section 1400-3600 m, thus also
including the fracture swarms, or as they are also called in this chapter: NNW
hydraulic conductor domains. This is essentially a result due to the fact that the
main hydraulic conductors on a local scale in the rock mass are fractures
trending WNW with high frequency. But as can be seen in Figure 5-18 the
fractures trending N-S are also transmissive. In conclusion there is a need to
have boreholes in directions that are not subparallel to find if anisotropic
conditions exist. The evaluation methodology of the hydraulic tests may have
to be improved for the evaluation of anisotropic conditions.

ASPO HARD ROCK LABORATORY
Geohydrological properties - Anisotrophy

Figure 5-17. The evaluated hydraulic properties are dependent on the
borehole direction if there are anisotropic conditions.
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Figure 5-18. Estimated transmissivities (T)for different directions according
to the Aspd co-ordinate system in the spiral of the Aspd HRL. The direction is
given as the strike of a plane perpendicular to the borehole. Data : probe holes
in tunnel section 1400-3600 m. The points in the figure represents arithmetic
mean, upper quartile and lower quartile ofLog10 (T) for planes within a 20°
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An investigation of the structural geology of water-bearing fractures was made
in the tunnel /Hermanson, 1995/. It was found that the entire fracture system
can be grouped into five main sets. The mapped water-bearing fractures and the
fractures filled with grout (from the pre-grouting ahead of the tunnel face) are
dominated by a subvertical fracture set striking WNW-NW. The N-S and
NNW-SSW subvertical sets are also present but these subvertical sets are less
pronounced compared with the entire fracture set (see Figure 5-19). The
relevance of the orientation of the mapped water-bearing fractures can be
questioned as the zone closest to the tunnel wall was damaged to some extent
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by the excavation, giving increased fracturing and possibly a change in the
hydraulic properties. Due to this the flow paths near the tunnel wall may be
different than those of the undisturbed rock mass. However, the mapped grout-
filled fractures should be a good indicator of the water conducting fractures, as
the grouting was performed generally 5-15 m ahead of the tunnel face where
the rock mass should be fairly undisturbed.

A : All fractures
B : Waterbearing fractures
C : Fractures filled with grout

Figure 5-19. Schmidt nets with lower hemisphere projection of Kamb
contoured poles to fracture planes. Contour interval 2.0 sigma. N= sample
size. /Hermanson, 1995/.
A: All fractures from 705 m to the end of the TBM tunnel, 3600 m. The plot

shows five concentrations of fracture orientations, one sub-horizontal
set, four steep sets striking N-S, NNW, WNW-NW and a comparatively
less pronounced NE set.

B: Water-bearing fractures from the same part of the tunnel as A. The steep
set striking WNW-NW is more pronounced compared with the same set
in plot A. The other sets are less evident.

C: Fractures with grout from the same part of the tunnel as A. The plot is
dominated by steep fractures striking WNW-NW. All other sets mentioned
earlier are still visible, though not as pronounced as the WNW-NW set.

A mapping campaign of major larger (intersecting the entire tunnel) water-
bearing fractures in the spiral showed that all mapped fractures either had a
substantial water inflow and/or grout and often gouge, brecciation or ductile
precursors /Hermanson, 19951. They were not in any case classified as zones
and their widths ranged from millimetres to centimetres. Figure 5-20 shows the
mapped fractures. The fractures shown were mainly subvertical. According to
Hermanson /1995/ the fault system trending NW and NNW generally appears
as sub-planar fractures with a central water-bearing fault plane that often
contains fault breccia and/or fault gouge as well as mineral assemblage.
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Figure 5-20. Mapped large, single, open, water-bearing fractures in the
tunnel. The fractures are mainly subvertical. N = Magnetic north, x = North
in the Aspo co-ordinate system.

5.4 SPATIAL ASSIGNMENT METHODS

Transmissivities (T) for the hydraulic conductor domains are assigned
deterministically. T is based on transient hydraulic tests in most cases. When
no hydraulic tests have been performed in a structure, T is sometimes based on
geological classification combined with the evaluated transmissivities for the
hydraulic conductor domains at Aspo.
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The concept used for assigning hydraulic properties to the hydraulic rock mass
domains is that the hydraulic conductivity within the domain can be described
using a lognormal distribution, which depends on the scale of the discretisation
in the flow model. No spatial correlation is assumed between the cells used in
the flow model.

Hydraulic conductor domains

The assignment of the transmissivity as a constant value for each hydraulic
conductor domain seems useful if solely the hydraulic potential within the
model is considered. The numerical groundwater flow modelling shows that the
measured hydraulic potential can be described fairly well using the hydraulic
conductor domains and their transmissivities given in the descriptive hydrogeo-
logical model /Wikberg et al, 1991, Svensson 1991, 1994, 1995b, Gustafson
and Strom, 1995/(see also Section 5.6). A stochastically distributed transmiss-
ivity within a hydraulic conductor domain would be more realistic but has only
been tested so far on the site scale /Svensson, 1994/ and on the detailed scale
for a fracture /Kuylenstierna and Svensson, 1994/ The evaluated properties
indicate that the standard deviation for the Log10 (transmissivity) is about 0.5
to 1. The number of samples per domain is so small (see Figure 5-13), that it
is difficult to judge if lognormal distribution (or any other distribution) of the
transmissivity values for a domain is justified in general, but the more
transmissive domains with sample size larger than 4 data points seem to be of
approximately lognormal distribution. The sample sizes were also so small that
it was not justifiable to estimate a correlation model within a domain. It is a
difficult task to decide the design of tests and the number of tests needed to find
estimate of the correlation models within the hydraulic conductor domains.
Probably one needs many and well-controlled tests. A specific problem is for
example how to evaluate the support scale (or influence radius) for an effective
parameter that is evaluated.

There does not seem to be any significant change in the transmissivity with
depth for the domains at Aspo /Rhen et al, 1997al.

Hydraulic rock mass domains

The hydraulic conductivities based on measurements has a more or less
lognormal distribution (see Figure 5-21). The figure shows normal probability
plots and a frequency plot of Log10(K). The diagrams are based on tests at
different test scales (3, 30, 100 and 'entire hole') performed in boreholes
KLX01, KAS02-08. The tests at the 30 and 100 m scales were not performed
systematically in all boreholes, giving some uncertainty in the interpretation
that follows here. From Figure 5-21 it can be seen that it is convenient to
evaluate the mean and standard deviation for Log10(K) and describe the
population characteristics using these values as the distributions are more or
less lognormal. The assumption that the population can be described by a
lognormal distribution makes it easy to generate the hydraulic conductivity
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field in a stochastic continuum model - where effective values of hydraulic
conductivity have to be used. However, the way of using the values in a
numerical model is not obvious. The mean of Log10(K) is equal to the
geometric mean of K, and, as can be seen in Figure 5-21, both the geometric
mean of K and the standard deviation of Log10(K) change with the test scale.
In the cases shown the test times also increase from about 10 minutes to 3 days.
The evaluated arithmetic mean of K, geometric mean of K and standard
deviation of Log10(K) are shown in Figure 5-23. It can be argued that the great
change in geometric mean in Figure 5-23 is due to the way in which the
characteristic values for the distribution of the hydraulic conductivity is
calculated. This is partly true since sections with higher transmissivities will
always dominate the statistics increasingly with increasing test scale.

Figure 5-22 shows the results of a synthetic data set for test scales 30 m, 90 m
and 'entire boreholes' (chosen as an even number of 90 m sections) calculated
from the 3 m injection tests. The transmissivities were calculated for the
section (30, 90 m or 'entire borehole' ) as the sum of the 3 m transmissivities
and then divided by the section length (30, 90 m or 'entire borehole'). As
'entire borehole' was not exactly the same section as in Figure 5-21, two cases
with synthetic data were calculated starting from the bottom or top borehole
sections for the boreholes in Figure 5-21. Only one of these cases is shown in
Figure 5-22 as the other is almost identical. The evaluated arithmetic mean of
K and geometric mean of K and standard deviation of Log,0(K) are shown in
Figure 5-23 for the real and synthetic cases. As can be seen the geometric mean
behaves in a similar way for the synthetic case and the data based on different
test sections, which is not strange at all. More interesting is the arithmetic
mean, which decreases with increasing test scale and test time for the real case
but is constant for the synthetic data. This is interpreted as good evidence that
the connectivity between the fractures is limited (see illustrations in Figure 5-
24). True scale effects exist! Figure 5-23 illustrates well the problem of
defining an effective hydraulic conductivity as a single value for a homoge-
neous case or a statistical distribution appropriate for a stochastic simulation.
How this problem has been handled so far and the probable reasons behind the
behaviour of the statistics is discussed below.

The relations for the geometric mean and standard deviation shown on the left
in Figure 5-25 were used to scale the hydraulic conductivities used in the
numerical groundwater flow models in Model 96/Rhen et al, 1997b/. A similar
relationship was used for Model 90 /Wikberg et al, 1991/ The use of a linear
relationship as suggested in Figure 5-25 can be discussed. It was used because
it was not considered justified to use a more complicated relationship. The
linear relationship cannot be used for test scales larger than log10 scale -2.7
= 500 m, which is the maximum length of test section used in the individual
boreholes. Possibly it should not be used for scales larger than about 200 m. As
can be seen in the figures there is a spread of Ka and K̂  values for test scale
=500 m indicating a standard deviation that probably should be taken into
account considering scaling of values for a site and not just a borehole.
However, several other functions give about the same correlation coefficients
as the linear fit and the functions can be made to converge asymptotically to the
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geometric mean ofK. Scale = length of test section in the borehole. The values
of Ky, and FQ for Logw scale -2.5-3 are identical as they are the effective
hydraulic conductivity for the entire borehole. Data are from the pre-
investigation phase, including boreholes KLX01, KAS02-08. (Standard
deviation was set to zero for the 'entire borehole' value as there is only one
value for Ka and KJ
Middle black line: Mean of Y.
Inner grey lines : 95 % confidence band on mean of Y.
Outer most black
lines:
Left figure:

Right figure:

95 % prediction band on Y as a function of Log ,0(scale).
Data from the pre-investigation phase where tests were
made on different test scales (see Figure 5-21).
Synthetic data based on the 3 m injection tests (see Figure
5-22).
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ASPO HARD ROCK LABORATORY
Geohydrological properties - Scale dependence

Figure 5-24. The evaluated hydraulic properties are dependent on the test
scale (length of the tested section) and test time. Larger test scales and longer
test time result in fewer fractures being hydraulically active for the duration
of the test. Some of the minor features intersecting the boreholes have no or
poor connection with other conductive features.

estimated values for the entire borehole. The difference will be larger
correction for smaller test scale, (less than about 3 m) and smaller corrections
for larger test scales (>3 m).

A few spatial correlation studies have been made: Variogram models in 1-D
and 3-D, based on the injection tests from the surface with a 3 m packer
spacing, indicate that the hydraulic conductivity is dominated by a random
component /Rhen et al, 1997a, Niemi, 1995, La Pointe, 1994/. In all studies all
data were used, thus including both hydraulic rock mass domains and hydraulic
conductor domains. The evaluated correlation ranges are around 20 to 70 m and
the modellers assumed that isotropic conditions prevailed. However, the
hydraulic conditions at the Aspo HRL are anisotropic and the correlation ranges
may be different in different directions. The correlation range is fairly short
compared with the cell size in the numerical model and, what is more
important, the nuggets in the variogram models are large (generally about 60%
of the total variance). The assumption of no correlation between the 20 • 20 •
20 m cells on the site scale numerical models seems justified, based on the
correlation models mentioned above.

However, there is most likely too little correlation in the stochastic model
without any correlation structure for features with higher transmissivities when
cell sizes in the numerical model are tens of metres or less with the modelling
approach used so far. The radius of influence for a specific test depends on the
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Figure 5-25. Regression of Y versus Log!0 (scale). Y = Logl0 (Ka /K J, Logw

(Kg /K bh) or s( Log10 (K)). K = hydraulic conductivity, K a = arithmetic mean
K, K g = geometric mean K. K hh= mean K when entire borehole was tested,
corrected according to test sections outside the range for other test scales.
Scale = test section length in the borehole. The values ofKH and KJor Logw

scale -2.5-3 are identical as they are the effective hydraulic conductivity for
the entire borehole. The linear relation should not be used for test scales larger
than log10 scale -2.3 -200 m. Data are from the pre-investigation phase,
including boreholes KLXOl, KAS02-08. (Standard deviation was set to zero for
the 'entire borehole' value as there is only one value for Ka and KJ.
Middle black line: Mean of Y.
Inner grey lines : 95 % confidence band on mean of Y.
Outer most black
lines : 95 % prediction band on Y as a function of Log m (scale).
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hydraulic properties around the borehole. So far, the radius of influence has just
been estimated roughly using the test section length as an indication of mean
influence radius. Using the suggested relationships between hydraulic
conductivity and specific storativity shown in Rhen et al/1997b/'the arithmetic
mean influence radius is about 6, 22, 17 and 62 m for test scales 3, 15, 30 and
100 m respectively, using the simple approach of radial flow (see Figure 5-26).
(Total test time was used if no upper time for the evaluation period was given.)
The values above and in Figure 5-26 should be seen as indications of influence
region and not absolute values. The radius of influence linked to the evaluated
hydraulic property can possibly be evaluated and incorporated into the model
description, thus improving the base for a spatial correlation model.

In order to see if it was possible to estimate effective values of the hydraulic
conductivity of a rock block measuring 50 m simulations using a Discrete
Fracture Network (DFN) model were made /Axelsson et al, 1990, La Point et
al, 1995/. The first attempt was not successful as it turned out that the results
depended very much on the boundary conditions. The simulations performed
in La Point et al /1995/ suggest that the conductive network was sparsely
connected and that the block permeability decreases when the block size
exceed the scale of well-connected fracture networks. The results showed that
the block permeability was sensitive to the mean fracture size and fracture
intensity, not surprisingly. They also noted that anisotropic conditions may
exist with the permeability (k) in the north-south direction, followed by the k
in the vertical direction and with the k in the east-west direction that was
evaluated to be the least. The results also showed a need for improved data
collection and better methodology for using the well test data in the numerical
models. A good representation in 3-D of mapped fracture intersections in
boreholes and fracture traces on rock surfaces is needed to improve the
description of the orientation- and size distributions of the fractures, and also
fracture intensity. A difficulty in the mapping and testing in boreholes is to
distinguish water-conducting fractures and non-water-conducting fractures,
which also affects the modelling.

The reasons for the scale dependency seen in the evaluated statistical properties
are:

• The hydraulically active fractures are sparsely distributed and not very well
interconnected hydraulically.

• Longer test time result in fewer fractures being hydraulically active. Some
of the minor features intersecting the boreholes have no or poor connection
with other conductive features and with increasing test time the flow will
decrease in these features. The larger and more transmissive features will
control the flow towards the borehole.

• Part of the scale dependency observed, is due to the way in which the
statistical properties are calculated. Features with large transmissivities will
dominate the statistics for larger test sections.
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Figure 5-26. Indication of radius of influence assuming a power law
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to Rhen et al /1997b/ and radial flow. Data from the pre-investigation and
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the evaluation period was given.
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5.5 MONITORING OF WATER PRESSURES, PRECIPITATION,
ETC.

During both the pre-investigation and construction phases, the air temperature,
precipitation and sea level were measured for neighbouring areas. The potential
evapotranspiration and run-off for some nearby areas were also estimated /Rhen
et al, 1997b/. These measurements form the base for defining the upper
boundary conditions for groundwater flow models. A main effort during both
investigation phases was the monitoring of the water pressures in the rock
mass. These measurements form a base for defining the vertical boundary
conditions in groundwater models. By means of the relatively intense
measurement of the water pressures it was possible to gain a better understand-
ing of the influence of the barometric pressure, sea level and tidal effects on the
pressures and also the groundwater recharge due to the precipitation.

The piezometric levels of the groundwater in the Aspo, Avro and Laxemar,
areas were measured in a large number of boreholes drilled from ground level
(see Figure 5-27 and 5-28). The percussion boreholes, generally 100-200 m
deep, contained 1-3 measurement sections. The coreholes, which are up to
1000 m deep, had up to 6 measurement sections. Some of the boreholes drilled
from the tunnel were also equipped with packers and connected to the
monitoring system in the tunnel. The monitoring system is described in more
detail in Almen and Zellman /1991/ and Almen and Johansson /1992/.

The monitoring of the water pressures in the rock mass was used for:

• interpreting interference tests,
• interpreting hydraulic responses during the excavation of the Aspo tunnel,
• interpreting hydraulic responses during drilling from the tunnel,
• measuring the natural water pressures (undisturbed by the tunnel) and
• measuring the drawdown during excavation.

The measured data are very important for the numerical groundwater
simulations. The data were used for calibrating the groundwater flow models
and to test how well the models reproduce the measured pressures. The
boundary conditions used in the numerical groundwater flow simulations are
presented in Section 5.6.

The absolute pressure along parts of the coreholes was also estimated from the
transient injection tests with a packer spacing of 3 m. These estimates were
considered uncertain as the pressure-transducers used and calibration
procedures were not aimed at getting a good resolution of the absolute
pressures. The pressure distribution along the boreholes is useful to know so
the flow directions in the borehole before packer installation can be estimated
and used for interpretation of the water chemical sampling, and also the
temperature and resistivity logging in open boreholes. As mentioned above, it
is also important to have reliable measurements of the natural (undisturbed)
pressures for the assessments of the boundary and initial conditions in the
numerical models. Hydraulic tests and monitoring can provide these data.
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Figure 5-27. Plan of the boreholes (black label) included in the predictions
of the piezometric levels reported in Rhen et al/1991 /. Boreholes with a red
label were drilled during the construction of the Aspd HRL. Filled circles:
Cored boreholes. Un-filled circles: Percussion boreholes.
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5.6 GROUNDWATER FLOW SIMULATIONS

The data in the model presented in Wikberg et al /1991/ were used to make a
three-dimensional groundwater flow model that was calibrated with a number
of the interference tests as well as the natural level of the water table. The code
used was PHOENICS ISpalding, 19811.

Predictions of the drawdown due to the construction of the Aspo HRL were
made in 1990 and presented in Gustafson et al/1991/, Rhen et al /1991/ and
Svensson /1991/ (here called Model 90). The boundary condition in the tunnel
was atmospheric pressure. In 1995 the drawdown was once again calculated
using the same model as in 1990 but in that case with the measured flow of
water into the tunnel up to tunnel section 2874 m (here called Recalc 90)
ISvensson, 1995b/. Another modelling case in 1995 was a modified model of
the hydraulic conductor domains (here called Model 95) and a third modelling
case was with one hydraulic conductor domain (EW-5) excluded (here called
Model 95 without EW-5). Only a few tests with different realizations of the
hydraulic conductivity field within the hydraulic conductor domain, sometimes
called Monte Carlo simulations, were performed with Model 90. It was found
that the influence on the drawdown was limited and thus the predictions were
based on one realization of the hydraulic conductivity field. Recalc 90 was
performed as Monte Carlo simulations with 10 realizations of the hydraulic
conductivity field between the hydraulic conductor domains. The
transmissivities of the hydraulic conductor domains were the same in all
realisations.

Below are a few comments on the way in which Model 96 was used for
numerical groundwater simulations in order to give the reader a brief insight
into the model development. The results from that modelling are, however,
presented in Rhen et al /1997b/.

Process

The numerical model is based on the:

• Continuity equation (mass balance equation).
• Equation of motion (Darcy's law, including density-driven flow).
• Equation of state (Salinity-density relationships).

The models up to 1995 were single-phase models assuming saturated condition
up to the surface. The groundwater flow simulations based on Model 96, a
simplified approach to model the unsaturated conditions, were used (see
'Boundary conditions' below).
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Material properties and spatial assignment methods

For all Aspo HRL site models up to 1995 the following spatial assignment
methods were used:

• The hydraulic conductivities of a hydraulic rock mass domain were given
as a stochastic distribution for the domain. The distribution of K was
assumed to be lognormal with characteristic values Kg (geometric mean)
and sLOG|0K (standard deviation of Log10(K)). Kg and S^^OK were scaled
according to the cell size in the numerical model (see Wikberg et al/1991/
for the scale relationship). No spatial correlation was assumed between
the cells in the numerical model.

• The transmissivity of a hydraulic conductor domain was given as a
constant value for the domain. In the numerical model the cell-wall
conductivities were modified based on the intersection length of the
hydraulic conductor domain on each cell-wall and the transmissivity (see
Svensson/1991/).

The same spatial assignment methods as above are suggested for Model 96 in
Rhen et al /1997b/ except for the scaling Kg and s ^ ^ , which have been
updated. Figure 5-5 and Table 5-2 summarize suggested material properties
and spatial distribution of domains.

Boundary conditions

The boundary conditions used in the numerical models up to 1995 on the site
scale were:

Upper boundary:
Fixed infiltration rate on Aspo = 3 mm/year (based on calibration using the
undisturbed water table), constant pressure head at sea and peat areas.

Lower boundary:
No flow.

Side boundary:
Prescribed pressure (hydrostatic with an assumed salinity distribution).
Salinity: linear increase with depth at vertical boundaries and water flowing
into the model is given the salinity value corresponding to the depth at which
it flows in (see Chapter 7 - transport of solutes - for details).

Internal boundaries:
Tunnel: skin factor (local hydraulic resistance) for rock around the tunnel and
prescribed pressure at tunnel wall (atmospheric, Model 90) or no skin factor for
the rock around the tunnel but instead prescribed flow rate into the tunnel
(Recalc 90, Model 95 and Model 96 without EW-5).



120

The skin factor in Model 90 was based on the following: At the outset of the
project it was decided that a more or less tight tunnel was not needed and due
to hydrochemical reasons the grouting should be limited and controlled. From
the hydrogeological point of view it was also of interest to obtain sufficiently
large inflows to get clear responses in the observation boreholes around the
excavated tunnel. At the outset of the planning for the groundwater flow
simulations it was decided to take into account the working environment and
probable grouting in a realistic way. Accordingly, the flow into the tunnel from
the deterministically defined water-bearing zones was limited to a maximum
of approximately 3 1/s. Fracture zones which ungrouted would give higher flow
rates than this were expected to be grouted. In the numerical model each zone
intersecting the tunnel was given, if necessary, a hydraulic resistance, here
called a 'skin factor', in order to maximize the flow rate to approximately 3 1/s.
The skin factor of the rock between the zones was assumed to be 0 or 10. These
two different values were used to test how the skin factor would affect the flow
rate into the tunnel and the pressure outside the tunnel. The increase in the
hydraulic resistance around the tunnel (skin factor = 10) could be due to
grouting or due to changes in the hydraulic properties within the EDZ
(Excavation Disturbed Zone).

In Model 96, as implemented in the numerical model, the groundwater recharge
is dependent on the level of the water table. Drawdown increases the local
groundwater recharge. The upper boundary in Model 96 is modelled in the
following way: P-E, Precipitation minus Evaporation, is set to 200 mm/year in
the regional model, which is relevant for the Aspo area. Capillary forces are not
considered, which means that pressure in the unsaturated zone will be equal to
the atmospheric pressure, here set to zero. It then follows that the vertical
conductivity, K^, is equal to P-E close to the ground surface. This can be
understood from the balance of forces:

o = - |H - f wcp - eg,
oz Kz

where w is the vertical Darcy velocity, Q density and g the gravitational
constant, (p is estimated by iteration in order to achieve p = 0 in the unsaturated
zone /Svensson, 1995a/. The resistance factor cp also reduces the horizontal
hydraulic conductivities. For the unsaturated zone close to the ground p = 0 and
w = -(P - E) and hence K̂  = P - E.

The other site scale boundary conditions for Model 96 are taken from a larger,
regional model.

Measured and predicted values - Cumulative flow into tunnel

The total net flow into the tunnel is shown in Figure 5-29. The prediction and
outcome of the flow into tunnel section 700 - 2875 m are presented in Figure
5-30 and Table 5-3. As can be seen the outcome is 84 - 93% of the prediction.
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Figure 5-29. Flow into tunnel section 0 - 3600 m. The monthly inflow into the
tunnel is the sum of the estimated monthly mean inflows measured at each weir
/Rhen et al, 1997a/.
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Figure 5-30. Water flow into tunnel section 700 - 2875 m, when the tunnel
face was at 2875 m. Predictions were for section 700 - 2790 m, which
approximately corresponds to actual tunnel section 700-2875 m /Rhen et al,
1997a/. Predictions shown were based on Model 90.

The decrease in flow rate during the spring of 1995 shown in Figure 5-29 is
probably due to the permanent reinforcement of the tunnels performed from
January to late May 1995.

The net inflow of water in the ventilation air was approximately 0 - 0.035 • 10"3

mVs in May to August and the net outflow of water in the ventilation air was
approximately 0 -0.06 • 10"3 rrrVs from September to April, which are small
flow rates compared with the flow rates at the weirs.

Table 5-3. Water flow into tunnel section 700 - 2875 m, when the tunnel
face was at 2875 m. Predictions shown were based on Model 90. (Skin
factor = SK) /Rhen et al, 1997a/.

Tunnel section

(m)

700-1475
700 - 2265
700-2875

Outcome

(m7s)
10-'

20.2*
27.6**
28.7

Prediction
SK = 0
(nrVs)
10-'

15
27.5
34***

SK = 10
(mVs)

10 '

14
24.5
2 [ * * *

Depth
for
sample
(m)

100-200
100-300
100-400

* August 1992
** March 1993
*** Tunnel section 700 - 2790 m according to predictions, which corresponds approximately

to the actual tunnel section 700-2875 m.
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Measured and predicted values - water table

Figure 5-31 shows the measured water table and the water tables based on
Model 90 and Recalc 90. Details of the simulations are contained in Rhen et al
/1997a/.

The drawdown predictions made in 1990 during construction of the Aspo HRL
were approximately the same as the measured drawdowns. When the measured
flow into the tunnel was available the drawdown was re-calculated with the
measured inflow rates but otherwise using the model 1990, the fit became
somewhat less good compared with the predictions made but still the draw-
downs where approximately as those measured. When the hydraulic conductor
domain close to the shaft, NNW-7, was added to the model the drawdowns
became better compared with the predictions made in 1990 /Rhen et al, 1997a/.
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Measured watertable (m), LEVEL 1 (0-75 m)

7200 g.

7000 3-

^•6800
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EASTERN, ASPO system (m)

Predicted watertable (m), LEVEL 1 (0-75 m), Model 90

6800
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Predicted watertable (m), Recaic90
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Figure 5-31. Water table with the tunnel face at chainage 2875 m.
Top: Outcome. Middle: Prediction made in 1990 (Model 90 ).
Bottom: Prediction made in 1995 (Recalc 90). '+' shows the

position of the borehole sections for the measured water
level and the black dot the tunnel face position for the
shown drawdown.
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Summary of predictions and outcome

For comparison between different predictions the mean error and accuracy have
been estimated as below. The results are shown in Table 5-4. The mean error
and accuracy are less for Model 95 than for Recalc 90. The model was also
improved, in terms of decreasing lower values for dh, dh(abs) and Dh, to some
extent when the subhorizontal conductor domain EW-5 was excluded.

MEAN ERROR

£ K -
dh =

(m)

dh(abs) = -i:

w i <;•i w

(m)

ACCURACY

Dh =
\

{^ - ht - dhy (m)

n - 1

n: Number of points with measured data, used to compare with
calculated points.

h: Piezometric level (fresh-water head) in metres above sea level

(masl).

index m: Measured value,

index c: Calculated value.
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Table 5-4. Mean error and accuracy of predictions. SK= skin factor for
the tunnel.

Tunnel
face
position
(m)

1475
2265
2875
2875
2875
2875

Model.
year

1990
1990
1990
1995
1995
1995

Model

Model 90
Model 90
Model 90
Recalc90'
Model952-
Model953-

dh
SK=0

(m)

0.34
6.62

12.87
19.93
9.03
8.04

dh
SK=10

(m)

-0.89
-0.78
5.48

abs(dh) abs(dh)
SK=0

(m)

3.44
13.45
16.84
26.13
11.02
9.78

SK=10

(m)

2.73
10.64
10.93

Dh
SK=0

(m)

10.24
20.48
22.21

120.41
11.23
10.25

Dh
SK=10

(m)

4.85
16.73
14.22

Measured flow rates into the tunnel used.
Measured flow rates into the tunnel and up-dated model of the hydraulic
conductor domains used.
Measured flow rates into the tunnel and up-dated model of the hydraulic
conductor domains used. Hydraulic conductor domain EW-5 excluded.

Conclusions

Cumulative flow into tunnel

The prediction of the total flow into the tunnel was successful, but it should
also be said that the flow rate into a tunnel is difficult to predict as the amount
and effect of the grouting is not known beforehand. The flow rate is more or
less governed by the effect of the grouting as grouting is only performed when
the tunnel intersects conductive parts of the rock mass.

It can also be added that the total flow into the tunnel after the excavation was
somewhat less than the total pumping capacity of the drainage system. As a
drainage system may be expensive and difficult to change it is of course
interesting to make reasonably reliable predictions of the flow rate before
construction is started.

From the groundwater flow modelling view point it is also important to obtain
reliable measurements in time and space of the flow rates if more detailed
simulations are to be made to test or calibrate the hydrogeological model. Dams
should be constructed upstream and downstream of a hydraulic conductor
domain, where high inflow rates are expected. One problem at the Aspo HRL
was the delay in the construction of the dams and other facilities for measuring
flow rates from the dams. For practical reasons it was found difficult to
construct a dam closer than about 150 m from the tunnel face, if it were not to
interfere too much with the excavation work. However, a number of dams were
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constructed far away from the tunnel face, which of course made estimation of
the flow (as a function of time) into the tunnel uncertain and cumbersome.
Measurements of the flow into the tunnel can, and should, certainly be made
in a better way than was done at the Aspo HRL, but it should also be
remembered that more detailed measurements in space and time would also
have a great impact on the contractor's work and also that a dam of good
quality is quite expensive.

Drawdowns

The recalculations of the drawdowns with the measured flow rate into the
tunnel indicate that the drawdowns could approximately be predicted with
Model 90. However, close to the shaft and north of the spiral the differences
were rather large, mainly due to the absence, in the model, of a hydraulic
conductor domain intersecting the shaft. In the Model 90 the transmissivities
of 5 conductive zones were slightly modified based on calibration of the model
IWikberg et al, 1991/. In the Model 95 these transmissivities were used, and
according to Table 5-4 the overall conductivity of the model seems to be a bit
too high as the measured drawdown is greater than the predicted.

The hydraulic conductor domains control the drawdowns to a large extent in
the modelling approach used. If the properties of the hydraulic conductor
domains are changed (by calibration) the average error of the drawdown can be
reduced. There will, however, remain greater or lesser individual errors. To
obtain better agreement between the model and the observations there should
probably be some correlation of the hydraulic conductivity within the hydraulic
rock mass domains. The 'correlation length' in the simulations was about 20
m, as that was the cell size and no correlation model was used when the
hydraulic conductivities was assigned to the model. There are very probably a
number of conductive features larger than the cell size that are not modelled
deterministically. If a reasonably good model for the correlation within the
model could be defined for the spatial assignment of the hydraulic conductivity,
the errors within the hydraulic rock mass domains would probably be reduced
to some extent.

5.7 EVALUATION OF NUMERICAL, MATHEMATICAL
TOOLS

Process

The concepts described in Table 5-1 formed the base for the numerical
groundwater flow modelling with the finite-volume code PHOENICS. Up to
1995 only steady-state simulations were performed using the PHOENICS code.
It was assumed that only the concentration of salts (salinity) controls the
density, and not the temperature and pressure. The salinity calculated is
dependent on the advection and the dispersivity (see Chapter 7 for details). The
hydraulic conductivity was used in the simulations assuming that the dynamic
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viscosity of the fluid and fluid density were approximately constant within the
numerical model.

Geometrical framework

Svensson /I991/ presented the principle of the way in which the hydraulic
conductor domains were included in the model. The properties of cells within
the numerical model intersected by a hydraulic conductor domain,
approximated to a plane, are modified on the basis of the transmissivity of the
hydraulic conductor domain and the intersection characteristics between the
individual cell in the model and the hydraulic conductor domain. It is an
efficient way of constructing a model as the geometry of the cells in the model
is not dependent on the geometry of the hydraulic conductor domains.

Model development

When the predictive site-scale modelling was started around 1990 the
stochastic continuum approach was chosen. During the years that followed a
number of developments were made to improve the visualization of results and
the calculations. Some of these developments have now been incorporated into
the numerical realization of Model 96 - as for example a new groundwater
recharge algorithm /Svensson, 1995a/. A program for conditioning the
hydraulic conductivity field around the boreholes was also developed, in order
to simulate in a more realistic way the dilution and water pressure in the
borehole sections /Svensson, 1992/ However, the conditioning of the
conductivity field around the boreholes has so far not been incorporated into
the site-scale models.

Anisotropic conditions have so far not been used in the stochastic continuum
models. As anisotropic conditions may be important, the numerical models
must be able to simulate such conditions.

Model approaches

International co-operation concerning modelling of groundwater flow and
transport has been going on for some years at Aspo HRL. Besides the SKB,
modelling teams from ANDRA, CRIEPI, PNC, Posiva and Nirex have been
modelling a long-term pumping and tracer test (called LPT-2) and the
drawdown in the laboratory. The major conclusion is that the general behaviour
of the groundwater flow can be reproduced fairly well with all approaches
based on the available data /Gustafson and Strom, 1995/ However, the tasks
have also illuminated needs for model developments and input data to the
models. For example, no modelling group was able to use all interference test
data for calibration purposes. More flexibility in applying boundary conditions
could probably also improve the modelling in some cases. The modelling
exercises have also been fruitful as they have given the modellers an
opportunity to discuss modelling concepts and to test the ability to handle large
data sets.
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5.8 EVALUATION OF SITE INVESTIGATION METHODS

Hydraulic tests

Flow rates and drawdown/recovery are generally much better controlled during
a pumping test and permit more reliable estimates compared with an air-lift
test. However, in cases where both pumping tests and air-lift tests were
performed the air-lift tests seem generally to give relatively reliable transmiss-
ivities of the hydraulic conductor domains.

Transient testing methods are preferred because they provide an opportunity to
evaluate the flow regime and give some rationale for the choice of evaluation
method. The hydraulic resistance around the borehole ('skin') that is always
more or less present may also be separated from the properties of surrounding
rock, which cannot be done using stationary evaluation methods. Transient tests
are also useful for calibration of numerical models.

Interference tests can be rather time-consuming in planning, execution,
processing of data and evaluation of data. It is very important to plan
interference tests and other activities, which may cause pressure responses (for
example drilling) so that they do not interfere with each other. If other tests or
activities causes pressure responses, they may ruin the interference test.

During interference tests the drawdown and recovery period was generally 3+2
days. This was a good choice in terms of the influence on a large volume of
rock, which is good for calibration purposes, and to reduce the negative
influence earth tides may have on the evaluation of the hydraulic properties. Far
away from the pumped borehole the responses are generally small and earth
tides generally disturb the responses. If the measurement period is several days,
the approximate trends caused by the pumping can still be seen, but if the
pumping period is 0.5 - 1 day it may be impossible to judge if the response seen
is caused by pumping or earth tides.

Flow-meter logging is a fast, useful and feasible method for finding hydraulic
features in a borehole and obtaining a rough estimate of their transmissivities.
However, in boreholes in which there is a high transmissivity in the upper part
of the borehole and water with high salinity at depth in the borehole, flow-
meter logging may give false results in the lower part of the borehole. The
reason is that the dense, saline, water rises in the borehole up to a level where
it balances the drawdown in the borehole, and the result is stagnant water in the
lower part of the borehole. To obtain estimates of the hydraulic properties
along the entire borehole it is therefore important to perform systematic
injection or pumping tests or pumping tests within limited sections of a
borehole with a double-packer system. These tests can also be performed step
by step during drilling by testing the last section drilled with a single-packer
system.

A few more hydraulic tests should be performed in some of the major domains
compared with that done during the investigations for the Aspo HRL to better
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estimate the spatial distribution of transmissivity within hydraulic conductor
domains.

The anisotropic conditions make it much more difficult to sample data that are
useful for the analysis intended to provide a quantitative description of the
anisotropic conditions. If the rock mass is anisotropic the evaluated properties
will be dependent to some extent on the borehole direction (see Figure 5-17).
Indications of anisotropy at an early stage of an investigation programme are
therefore important for the planning of the main part of the investigations and
also for the evaluation of data.

The anisotropy also makes it difficult to sample data useful for estimating a
correlation structure in three dimensions.

Dilution measurements and interpretation of the results

It is well known that a borehole will disturb the natural flow close to the
borehole and that this has implications for the interpretation of dilution tests.
The corrections applied usually assume that the direction of the natural
groundwater flow is perpendicular to the borehole centre line /Halevy et al,
1967, Drost et al, 1968, Landberg J, 1982/. An approximate relationship
depending on the angle between the undisturbed flow and the borehole's
longitudinal axis, borehole radius and section length in the borehole open to
flow was made in Liedholm /1991b/. This relationship was used to transform
the flow rates calculated in the numerical groundwater flow model to expected
dilution rates in the boreholes.

The predicted flow rates are generally 10 to 100 times greater than the
measured ones except for borehole KAS03 on northern Aspo, where predicted
values were approximately as measured /Rhen et al, 1997a/.

Dilution measurements

More reliable predictions and measurements can most probably be achieved if
shorter test sections for dilution measurements are used. The test section should
also preferably just straddle the hydraulic conductor domain or just be in what
is considered to be a hydraulic rock mass domain. This may stand in conflict
with the way in which the entire borehole is instrumented as only a limited
number of test sections can be installed.

Modelling

If a hydraulic conductor domain intersects a borehole section and dominates the
flow field in that section, the flux rate and direction in the hydraulic conductor
domain must be the ones used together with the width of the domain to
calculate the transformation factor. In many other cases it is probably difficult
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to define representative flux rates and flux directions in the model that are
useful for estimating the flow rate in the borehole.

Generic studies were also tested to simulate a sub-model of the borehole
section itself surrounded by the measured hydraulic conductivities and taking
the boundary conditions from the site-scale model /Svensson, 1992/. In this way
it could be expected to be more reasonable to compare the actual measurements
with the simulated flows in the borehole. This approach should be tested. In
such a case no transformation is needed as it is possible to calculate the flow
in the borehole section directly.

Transformation

If the impact of the borehole flow field itself and the flow in the borehole are
not modelled, some correction of the filtration velocity has to be made if the
filtration velocity in the numerical model is to be compared with dilution
measurements. The transformation should be based on the evaluated geometri-
cal framework and the local material properties around each borehole section
but also on a thorough evaluation of the flow field around the borehole section
in the groundwater flow model in order to obtain relevant parameters for the
transformation. It is then likely that the transformation can be improved
compared with what was achieved in the predictions, and possibly that at least
the right magnitude of the flow rate can be predicted.

However, the heterogeneity will most probably cause problems in the
evaluation of relevant parameters in the groundwater flow model and also in
correctly describing the way in which the borehole is hydraulically connected
to the formation, especially when there is a positive skin factor around the
borehole. The fracture itself is very heterogenous and the measured dilution
rate will depend on where the borehole intersects the fracture plane.

Even though it is evident for a number of reasons that there are difficulties in
estimating the proper fluxes in the rock mass from dilution measurements, the
dilution measurements are useful and a feasible way of finding out whether or
not there is hydraulic communication in terms of flows and not just pressure
responses.

Monitoring

The measurement intensity of the monitoring of the water pressures in space
and time is judged to be mainly sufficient. However, it would have been
preferable to have had somewhat more reliable measurements of the natural
conditions. To some extent the natural conditions were disturbed by perfor-
mance of the investigations, mainly the hydraulic tests. It also turned out that
the equipment for monitoring the pressure in the boreholes was not designed
for the large drawdowns close to the tunnel spiral. At the end of the excavation
period several of the borehole sections close to the tunnel spiral stopped
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functioning. It is, however, judged that these two problems did not have a
major detrimental impact on the possibilities of evaluating the hydraulic
properties and testing the groundwater flow models.

Effects of earth-tide, precipitation, barometric pressure and sea level changes
on the water pressures can be seen with the measurement intensity chosen
(surface holes connected to the HMS (Hydro Monitoring System): measure-
ments every 8th minute and the value is not stored unless the change is more
than 0.2 m from the latest stored value. However, a value is always stored every
second hour).

The undisturbed pressure distribution along the deep cored boreholes was
estimated from the transient injection tests. These absolute pressure estimates
were considered uncertain but were useful for the interpretation of the chemical
sampling. However, more reliable measurements of the absolute pressure
during natural conditions should be made in the future. Table 5-5 contains a
summary of the usefulness of a number of methods.

Table 5-5. Judgement of the usefulness of different investigation methods
for the pre-investigation phase of the Aspo HRL. /Almen et al, 19941.

Subject

Water-bearing zones

Hydraulic conductivity

Conductive
structure

Boundary conditions
and pressures in the
rock volume

Flux distribution

Methods

Drilling documentation - percussion holes
Drilling documentation - cored holes
Air-lift tests
Clean-out and pumping test of borehole
Spinner or flow-metre measurement of the
borehole
Injection tests - 3 m packer interval
Injection tests - 30 m packer interval
Interference tests - test section between two
packers
Interference test - open borehole
Interference test - open borehole - long time
Other methods (geological and geophysical
investigations)

Available hydrogeological investigations in the
area of interest
Injection tests - 3 m packer interval
Injection tests - 30 m packer interval
Air-lift tests
Clean-out and pumping test of borehole
Interference test - open borehole
Core mapping

Injection tests - 3 m

Groundwater monitoring
Borehole deviation measurements

Dilution test

Regional,
Site scale

2
2
2
2
3

1
1
3

2
3

3

2

3
3
3
3
3
-

3
3

3

Usefulness

Block
scale

_
-
-
-
-

-

-

-
-

-

_

-

3

_
-

-

Detailed
scale

-

1

3
.

3

_

_
-

-

Very useful = 3 Useful = 2 Less useful = 1 Not applicable = -
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5.9 OVERALL EVALUATION CONCERNING HYDROGEO-
LOGICAL CONCEPTS

5.9.1 Models

The stochastic continuum approach chosen in 1990 involved state-of-the-art
modelling approaches used at that time. The model approach used in 1990 was
both useful and feasible. It has been shown to be a model that is rather easy to
develop and, in that respect, a good choice. The international co-operation
within the Task Force on Modelling of Groundwater flow and Transport of
Solutes has, however, also shown that several approaches can be used to obtain
results that reproduce the pressure observations fairly well.

The model used today has an improved groundwater recharge algorithm and
uses the topography to define the upper boundary. The purpose of introducing
the new method is to see if it is possible to define a more robust boundary
condition than, for example, constant rate, that can handle both natural
conditions and large disturbance due, for example, to flow into a tunnel system
(for details see Svensson /1995a/).

For the future, new developments are needed so that correlation models can be
estimated from the field data, and also implemented in the numerical models,
in order to generate the hydraulic conductivity field in a more realistic way. The
hydraulic conductivity field in the models should also be conditioned against
available field data, which also demands developments of the numerical
models

5.9.2 Prediction and outcome approach

A summarized evaluation, based on data from a comparison between prediction
and outcome/Rhen et al, 1997a/is presented in Table 5-6 and Table 5-7. The
(+) sign represents the most common parameter result. Our ability to predict a
certain subject (parameter) at Aspo is shown by the number of outcome results
inside the predicted range. Results outside the predicted results are discussed
with respect to the reason for the deviation,

The hydrogeological concepts have mostly been found to be relevant. The
usefulness of individual subjects, however, can questioned.



Table 5-6. Comparison between prediction and outcome IRhen et al, 1997a/. The '+' sign represents the most common
parameter result.

Subject Site scale Block scale Detailed scale
Within Outside Within Outside Within Outside
predicted range predicted range predicted range

Comments

Major water-bearing
zones
Geometry

Position in or close
to tunnel +

Properties
Transmissivity +

Hydraulic rock mass
domains
Geometry

Depth dependance +
Properties

Hydraulic conductivity +*

Boundary conditions
and pressures +**

Interpretation based mainly on geology but interference tests
were important for defining the NNW structures. The
important zones were approximately at the predicted
positions and a few corrections of others were made.

The most transmissive zones were within the predicted range.

No depth dependence was predicted down to 500 m depth.

Site scale: Outside range below the Baltic Sea south of Aspo.
Close to the predicted range for depth level 200-400 m.
Block scale: Two of six predictions within range.
Detailed scale: Outcome both within and just outside
predicted ranges. The outcome of the difference between the
lithological units was as predicted.

Pressures were predicted using a groundwater flow model.

* Uncertainties mainly due to anisotropic and heterogenic conditions.
** No strict ranges were given in the predictions. However, the results from simulations with two different skin factors for the tunnel are here used as

prediction ranges and a judgement was made if the results were relatively close to the predicted range( =within predicted range) or not (outside range).
The predictions generally comprise both point estimates and a confidence interval at a certain confidence level. These point estimates and confidence intervals
are obtained from sample properties. Predicted ranges are the results of expert judgements. The confidence level was 95% for the confidence limits of the point
estimate. 'Range' in the table above may be the confidence limits or the ranges based on expert judgements.



Table 5-7. Comparison between predictions and outcomes /Rhen et al, 1997a/. The '+' sign represents the most common
parameter result.

Subject Site scale Block scale Detailed scale
Within Outside Within Outside Within Outside
predicted range predicted range predicted range

Comments

Flow into the tunnel (+)

Flux distribution

Conductive structures

Flow in conductive
structures

Pressure around the
tunnel

Point leakage
Wet tunnel area
Inflow characteristics
Inflow types

+*

+**

+*•

Fairly close to predictions. The flow rate is more dependent on
the grouting in the tunnel than on the hydraulic properties of
the rock mass and zones.

The directions of the predicted changes of flux rates in the bore-
hole sections are generally as the measured ones. Predicted
rates are generally much larger than those observed. Long
borehole sections for measurements are probably one of the
reasons.

The distance between hydraulic conductors along boreholes with
a transmissivity greater than a specified value was predicted.

Flow distribution around the tunnel periphery was predicted.

The variability in the measured pressure is large.

Wet tunnel area by rock type
Characteristics: Flows, drips or moisture to sporadic drips.
Types: Bolthole, node, extensive, point or diffusive.

* Uncertainties mainly due to anisotropic and heterogenic conditions.
** No strict ranges were given in the predictions. However, the results from simulations with two different skin factors for the tunnel are here used as

prediction ranges and a judgement is made if the results are relatively close to the predicted range( =within predicted range) or not (outside range).
The predictions generally comprise both point estimates and a confidence interval at a certain confidence level. These point estimates and confidence intervals
are obtained from sample properties. Predicted ranges are expert judgement. The confidence level was 95% for the confidence limits of the point estimate.
'Range' in the table above may be the confidence limits or the ranges based on expert judgements.

OJ

en
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Hydraulic conductor domains

The types of method and number of hydraulic tests used were mostly sufficient
to define the hydraulic conductor domains near the Aspo HRL. However, the
hydraulic tests in the coreholes were less extensive in the uppermost 100 m of
the boreholes and due to this the interpretation became more difficult and
uncertain. Standardized investigations should be performed in a consistent way
in the entire borehole using a few methods. Specially designed tests may then
be performed in parts of the borehole where a hydraulic conductor domain is
interpreted as intersecting the borehole.

It is also valuable to have a good three-dimensional CAD system in which
results from the investigations, the geological and hydrogeological model can
be visualized during the investigations. An effective tool was not available
during the pre-investigation and construction phases of the tunnel.

Hydraulic rock mass domains

The statistical properties of the hydraulic conductivity of the hydraulic rock
mass domains were estimated approximately correctly for southern Aspo with
the methods used. It is judged that the effective values of the hydraulic
conductivity of the rock mass domains between the major conductor domains
or for lithological domains can be predicted if several boreholes penetrate the
volume to be predicted. Extrapolation of results to rock volumes outside the
investigated volume may be unreliable, at least if for geological reasons it can
be expected that the fracture characteristics are different from those in the
investigated volume.

There are, however, a few problems concerning the evaluation of the properties
of the hydraulic rock mass domains. It will be a cumbersome task to estimate
properties if the rock mass is heterogenous on a large scale. Anisotropic
conditions will also make it more difficult to perform relevant tests and
evaluate the properties. There is a scale dependency that has been handled
using data from a number of boreholes, with tests performed over different
lengths in them, to formulate an empirical relationship. Efforts should be made
to continue performing tests in a systematic way so that at least two test scales,
besides tests in which the entire borehole is pumped, are used as long as no
reliable method for scaling is available. More efforts should also be made to
develop a somewhat more realistic spatial correlation model for the hydraulic
conductivity.

Methods

It is important to perform tests at different scales systematically in the
boreholes, both for scale relationships but also for the flexibility in the
interpretation of how to divide the rock mass into hydraulic conductor domains
and hydraulic rock mass domains. It is also important to perform larger scale
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interference tests both for defining hydraulic conductor domains and for
calibrating and obtaining test cases for numerical groundwater models.

5.9.3 New knowledge from the tunnel

During the construction work anisotropic conditions of the rock mass were
established. These were based on the systematic hydraulic testing along the
tunnel ramp, and, as the tunnel was made in a spiral on southern Aspo, the
possibility of testing the anisotropy of the rock mass became quite good.

The mapping of grouted fractures also gave good indications of fracture sets
that were hydraulically active on a local scale. /Rhen et al, 1997b/.

The probe holes used for systematic hydraulic testing along the tunnel were
also used for pressure measurements. These measurements give a good picture
of the heterogeneous nature of the crystalline rock, shown as a large variability
of the pressures close to the tunnel /Rhen et al, 1997b/. The data were also used
to obtain rough estimates of the hydraulic resistance around the tunnel due to
grouting or effects of the disturbed zone.

The investigation along the tunnel also increased the level of detail in the
model. The new data resulted in more precise dips of zones intersecting the
tunnel and more data on the transmissivities for the zones.

5.9.4 Conclusions

• The hydraulic test methods used can in general be said to be sufficient for
the models made. Minor problems are that the results are to some extent
dependent on the equipment used and thus method developments during
a project can possibly affect the results to some extent. It is also difficult
to get reliable results from low conductivity sections of a borehole
because of the elasticity of the equipment and also because of pressure
oscillations.

• To construct a reliable model it is important to perform tests on different
scales systematically in the boreholes, both for scale relationships but
also to gain flexibility in the interpretation of how to divide the rock
mass into hydraulic conductor domains and hydraulic rock mass
domains. It is also important to perform large-scale interference tests for
modelling purposes.

• For the interpretation of the hydraulic conductor domains it is important
to work in close co-operation with the geologists. It is also important to
have a good three-dimensional CAD system in which results from the
investigations, the geological and the hydrogeological model can be
visualized during the investigations.
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A site that is heterogenous on a large scale and anisotropic conditions
makes the investigations and evaluation work more extensive and
difficult. However, this character may only be established after quite
extensive investigations.

It is probable that there is some spatial correlation within the hydraulic
rock mass domains due to some large and more transmissive features not
accounted for in the present concept used. Efforts should be made to
develop a more realistic spatial correlation model for the hydraulic
conductivity.

The groundwater flow models used work satisfactorily in several aspects
but developments are still needed. For example, new developments are
needed so that spatial correlation models set up can be used to generate
the hydraulic conductivity field in a more realistic way and also to
condition the hydraulic conductivity field against field data. Develop-
ments are needed to achieve more efficient handling of input data and
calibrations and also to obtain better visualization of the results.

Interference tests can be rather time-consuming in planning, execution,
processing of data and evaluation of data. It is very important to plan
interference tests and other activities, which may cause pressure
responses (for example drilling) so that they do not interfere with each
other. If other tests or activities causes pressure responses, they may ruin
the interference test.

Measurements and evaluation methodologies of dilution rates should be
further studied to obtain more confidence in how to calculate more
reliable flow rates in the rock mass from the dilution rates.

The measurement intensity of the monitoring of the water pressures in
space and time is judged to be mainly sufficient. However, it would have
been preferable to have had somewhat more reliable measurements of the
natural conditions. To some extent the natural conditions were disturbed
by performance of the investigations, mainly the hydraulic tests.

More reliable measurements of the absolute pressures along the
boreholes at natural (undisturbed) conditions should also be made to
provide better possibilities for interpretation of the water chemical
sampling, especially in open boreholes.
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EVALUATION OF MODELS FOR GROUND
WATER CHEMISTRY

6.1 INTRODUCTION

The purpose of the groundwater chemical investigations and descriptions is to
give a view of the possible variations and the long-term stability of the
observed concentrations of elements and other properties, major ions, trace
elements etc. which are important for the construction and performance and
safety assessment of a nuclear waste repository. A second purpose, at Aspo, is
to provide a description of the groundwater flow system evolution in the past.

The hydrochemistry model is a description of the groundwater composition in
the investigated rock volumes, focusing on the southern part of Aspo island.
The description is related to the water in the interconnected fracture system,
consisting of the major and minor water-conducting fracture zones and
conductive fractures. Groundwater samples are collected from these boreholes
on different occasions (see Almen et al/1994/). The groundwater chemistry of
the isolated water in the rock matrix is not included. The reason for this
limitation is that hydrochemical investigations, carried out through boreholes,
can only focus on the high-conductivity borehole sections. However, a pilot
study of the water in the low-conductivity rock mass is presented in model
Report 5 in this series /Rhen et al, 1997b/. The results indicate only minor
differences in composition compared with the water sampled in the high-
conductivity borehole sections. Further studies are planned.

The models for groundwater chemistry are presented in detail in Report 5 in
this series /Rhen etal, 1997b/as an over-all hydrochemical model of Aspo. The
description of the model includes the processes considered to be the most
important for the observed groundwater composition. Table 6-1 includes the
different concepts under which the processes are discussed. The structure of the
table is the same for all the disciplines, geology, mechanical stability,
hydrogeology and chemistry. From a hydrochemical point of view, it is more
important to describe some parts of the concepts than others. Introductory
comments to Table 6-1 are:

• The mixing of different end-members (original groundwater types) is a
physical process taking place both at present and in the past. This process
is governed by the hydraulic conditions, i.e. head and transmissivity at
present and in the past.

• The mixing process is closely linked to the geometry of the hydraulic
structures (water-conducting fracture zones and fractures) whereas for the
other processes there are no strict relations to the geometry of water
conductors.
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• Ground water/rock interaction includes all processes affecting the
groundwater chemistry, specifically calcite saturation, redox and
biological processes, which have the greatest influence on the ground-
water composition.

• Groundwater properties (i.e. concentrations of constituents) are affected
differently by different processes.

• Spatial assignment methods are related to the prediction of groundwater
chemical properties in the tunnel on the basis of pre-investigation data
and models.

Table 6-1. Condensed description of the components of the hydro-
chemical models of the Aspo site.

HYDROCHEMICAL MODELS OF THE ASPO SITE

Scope:
Present and past groundwater composition in fracture zones and hydraulically interconnected
single fractures, (does not include water isolated in the rock matrix, e.g. fluid inclusions.)

Process description:
Mixing of water with different origin and composition
Groundwater/rock interaction: Calcite saturation, redox controlling processes, biological
activity, ion exchange.

CONCEPTS

Geometrical framework:
Mixing in deterministic fracture zones defined as planes in the rock volume.
Distribution of groundwater types in the rock mass.

Groundwater properties:
Concentrations of Na, Ca, K. Mg, Cl, SO4, HCO,, Fe, HS. The master variables pH, Eh, and
contents of TOC (Total Organic Carbon), dissolved gases, microbes, isotopes.

Spatial assignment method:
The following alternative methods have been used:
• Traditional hydro-geochemical evaluation methods,
• Multivariate (Principal component) analyses,
• Linear regression,

Kriging,
• Neural Networks

Boundary conditions:
Conditions affecting the groundwater chemistry at present and in the past, i.e. to identify
end-members and reference waters.

Output parameters:
Mixing proportions of reference waters and end-members.
Saturation index, equilibrium concentrations,
Data on groundwater properties and residence time
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Figure 6-1. A schematic presentation of the methods used for the hydro-
chemical investigations. '3P' , 'SDD', 'SPT', 'CCC' and 'Surface Waters'
complemented by well records comprise the sample collection and chemical
analysis made by the Aspo HRL project, see Table 6-2.

The pre-investigation methodology for characterization and the groundwater
chemistry is presented in Figure 6-1. Discussion about the pre-investigation
methods is presented in Section 6.2.1.

During the tunnel construction phase groundwater samples were collected and
analysed mainly to provide the data necessary for comparison with the
predictions and to give a more detailed description of the different processes
which affects the groundwater composition.

6.2 HYDROCHEMICAL MODEL

6.2.1 Groundwater chemical properties

Concentrations of Na, Ca, K, Mg, Si, Cl, SO4, HCO3, Fe, HS, pH, Eh, TOC
(total organic content) or DOC (dissolved organic carbon), dissolved gases,
microbes, isotopes are the properties of the groundwater which are included in
the hydrochemical description of Aspo. Some of them are essential for the
safety assessment of a deep repository, whereas some are important for
understanding the way in which the groundwater chemistry has evolved in the
past. This may be almost as important, since understanding the past is the key
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to understanding the future. The present model includes a palaeo-hydrological
view of the conditions which have influenced the groundwater chemistry since
the latest glaciation. We might assume these conditions to be repeated after a
future glaciation as well, and in such a case expect similar influences on the
groundwater chemistry after the next glaciation.

The concentrations of major constituents Na, K, Ca, Mg, Cl, SO4, HCO3, Fe,
HS, and pH and Eh largely define the character of the groundwater chemistry.
However, for performance assessment calculations the amount of organic
matter, TOC, and especially the fractions of fulvic and humic acids are needed
as well as the concentrations and types of microbes and colloids. Nitrite, nitrate
and ammonium concentrations were mostly below the level of detection (of
order ppb). These elements were only rarely measured /Smellie and
Laaksoharju, 1992/.

Most information on groundwater chemistry was collected from sampling of
the deep cored holes. The different sampling procedures are all listed in Table
6-2. The analytical data are presented in Appendix 2.

As such the drilling might affect the hydrochemistry severely by causing an
artificial mixing which could be difficult to separate from the natural mixing
situation. This disturbance can vary from one sampling location to another
depending on the technical conditions during drilling and on the hydraulic
situation. An empirical classification of the water-conducting fracture zones
has been made to handle the risk of disturbances:

• 'Highly conductive' (transmissive) - borehole sections (zones) with a
hydraulic transmissivity above 10~5 m2/s, are generally contaminated by
drilling water. However, a carefully planned hydrochemical
characterization in conjunction with hydraulic pumping tests has given
valuable information on the origin and mixing of different groundwater
types. The relatively large pumping rate gives an opportunity to observe
possible transients in the composition due to variations in the proportions
of different water types.

• 'Conductive' - borehole sections with a hydraulic transmissivity of 10'5 -
10"8 m2/s, are optimal for detailed and careful hydrochemical character-
ization. The mobile field laboratory unit was constructed specially for
this purpose.

• 'Low conductivity' sections - transmissivity below 10'8 m2/s cannot be
sampled as part of a surface based site investigation programme, simply
because it would be too time-consuming to extract a large enough
volume of water from the low-conductivity borehole sections. Other
methods like pore extraction of core samples might be more appropriate.
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Table 6-2. Overview of sampling and analyses programme.

Constituents

PH

Eh

Sodium

Potassium

Calcium

Magnesium

Chloride

Bicarbonate

Sulphate

Silica

Iron (total)

Iron(II)

Manganese

Strontium

Lithium

Sulphide

Bromide

DOC

Colloids

Uranium

Uranium isotopes

Oxygen-18

Deuterium

Carbon-14

Carbon-13

Strontium-87

Sulphur-34

Dissolved gas

3P

3

-

2

2

2

2

2

2

2

-

-

-

-

-

-

-

-

-

-

-

-

3

3

-

-

-

-

-

SDD

-

3

3

3

3

3

3

3

3

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

SPT

1

-

1

1

1

1

1

1

1

1

1

-

1

2

3

1

3

2

-

3

3

2

2

3

-

-

3

-

ccc

1

1

1

1

1

1

1

1

1

1

1

1

1

2

3

1

3

2

4

3

3

2

2

3

-

-

3

3

Tunnel 1

0

-

-

-

-

-

0

0

-

-

-

-

-

-

-

-

-

-

-

-

-

5

5

-

-

-

-

-

Tunnel 2

0

4

0

0

0

0

0

0

0

0

0

0

0

0

0

4

4

4

-

4

4

0

0

-

4

4

4

4

3P = sampling of shallow, percussion drilling holes, pumping for 12 hours
SDD = sampling during drilling of deep, cored holes, pumping for a minimum of 1 hour
SPT = sampling during pumping tests, pumping for three days
CCC = complete chemical characterization in separate campaigns, pumping for ten days
Tunnel 1 = sampling at the end of the probe hole drilling in the tunnel
Tunnel 2 = repeated sampling in the selected probe holes = the constituent has not been analysed
0 = analyses are made each time a sample is collected
1 = analyses are made daily during a pumping campaign lasting for at least three days
2 = samples are collected for analyses on a few occasions during a pumping period
3 = samples are collected at the end of a pumping period
4 = samples are analysed only when some specific questions arise
5 = stored samples are analysed afterwards if specific needs arise
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Figure 6-2. The different evolutionary stages of the Baltic Sea after the most
recent glaciation and a picture of the previous highest coastline. The pictures
were produced from SKB's Geographic Information System. /SKB, 1995/
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Figure 6-3. A post-glacial scenario at Laxemar and Aspo. Possible flow lines
from the hydraulically driven injection of glacial melt-water into the basement.

6.2.2 The groundwater history of the Aspo-Laxemar area

The groundwater in the Aspo area reflect pre-glacial, glacial and post glacial
conditions. There has been a number of episodes during which the groundwater
has been largely affected regarding both flow and chemistry. The deglaciation
and subsequent land rise is the most important recent event in the Aspo
groundwater history. Figure 6-2 shows the coast line of Sweden at the different
stages of the Baltic Sea during its shifting between freshwater lakes and
brackish seas since the last glaciation.

When the continental ice was melting and retreating, glacial melt-water was
injected into the basement, (Figure 6-3). The depth to which the melt-water
reached is largely unknown. Groundwater flow models suggest that under
hydraulic gradients caused by a thick ice cover the melt-water could be pressed
to a depths of more than 1000 m at Aspo /Svensson, 1996/. The present
hydrochemical data cannot tell whether or not this has been the case. There is
a clear indication of a "cold" water signature down to a depth of 1000 m which
implies that glacial water is present at that depth. However, the water at 1000
m has such a high salinity that it can hardly be explained as a result of mixing
of glacial meltwater and brine as a two component system. Therefore it seems
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Figure 6-4. A post-glacial scenario at Laxemar and Aspo. Possible flow lines
from the hydraulic head at Laxemar. The Baltic Ice Lake covered the Aspo
island.

more likely that the glacial water at depths of a 1000 metres is resulting from
some previous glaciation or that glacial melt water could also be drawn down
via pumping. The effects of meltwater from the latest glaciation is observed to
a depth of 200-300 m.

The first stage of the Baltic Sea, known as the Baltic Ice Lake, started to form
about 13 000 years ago. 10000 years ago the Baltic Ice Lake covered Aspo
(Figure 6-4). The fresh water did not affect the groundwater in the basement
since the density was similar and there was no hydraulic head difference when
the island was under water. Far to the west, the Laxemar area rose above the
water level.
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Figure 6-5. A post-glacial scenario at Laxemar and Aspo during the Yoldia
Sea stage.

During the next phase the Yoldia Sea (10000-9000 B P) covered the island.
The brackish-marine water could have affected the more conductive upper parts
of the basement by density-driven turnover (buoyancy flow), as shown in
Figure 6-5. The Yoldia Sea stage was short compared with the other stages and
the influence on the groundwater system could have been insignificant.



148

m

50-

40-

30-

20-

10-

0-

:
I

-1000-

Non

: j :
L

0 1

Laxemar

Saline/ /
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Figure 6-6. A post-glacial scenario at Laxemar and Aspo during the Ancylus
Lake stage.

The Ancylus Lake (9000-7000 B P), which was a freshwater lake, did not
influence the water in the basement of Aspo. At Laxemar the recharge and
discharge controlled by the topography affected the areas above the water level
(Figure 6-6). The next stage was the Litorina (7000-2000 B P) Sea. Density-
driven turnover is believed to be an important process during this period. The
glacial water was replaced and mixed with the sea water (Figure 6-7). In the
Baltic Shield area the highly saline coastal groundwaters are only found below
the highest level of the post-glacial Litorina Sea since the density-driven
turnover was probably an important process during this stage.
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Figure 6-8. Present day situation at Laxemar and Aspo.

Aspo island rose above the sea level some 4000 B P. A meteoric water aquifer
started to form which created hydraulic head differences and started to wash the
sea water out of the more shallow parts of the basement (Figure 6-8). Regional
flow from the mainland could have started to affect the water composition. The
saline waters at depth were probably not affected by the post-glacial events
(Figure 6-4—6-7). Traces of deglaciation in more shallow groundwaters should
be detectable in the groundwater composition.

6.2.3 Present day models

The model from the pre-investigation was used to make the detailed predictions
of concentrations of the main constituents to be observed during tunnel
construction (see Section 6.3).

The isotopes, both radiogenic and stable, were used to evaluate the pre-history
of the groundwater. Due to the scarcity of the data from pre-investigations it
was not possible to predict the isotopic signatures of the groundwater. During
the construction phase AVallin and Peterman, 1994/ the knowledge of end-
member signatures and background levels have increased. These are described
in detail in Rhen et al /1997b/. The combination of several isotopic methods
has provided the means to tackle the history of the groundwater in a systematic
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way. So far the events occurring after the latest glaciation have been resolved
and these data have been of the outmost importance for the identification of the
end-members used to construct Model 96.

An illustration of the models based on the data from pre-investigations and the
data from the tunnel construction phase are given in Figure 6-9. The corre-
sponding salinity distribution is presented in Figure 6-10 and 6-11. The
differences in salinity distribution are due to the effects caused by the tunnel
drawdown. The biological and redox conditions are not presented since they are
considered to be evenly distributed in the rock mass.

The Model 96, developed during the construction phase, is more developed and
quantitative than Model 90 from the pre-investigation phase. In Figure 6-9 the
presentation is made in such a way that the models can be compared, but it
must be realized that the figure is only an illustration of the models. Model 90
groups the groundwater observations into four classes based on principal
component analyses. The Model 96 defines the end-members, reference waters
and mixing proportions of the reference waters. This is a comprehensive
modelling work which is described in detail in Report 5 of this series /Rhen et
al, 1997b/. In Figure 6-9 the dominating reference waters are qualitatively
related to the statistically defined classes of the previous model.

A consistent picture was obtained by 2H, 3H, I8O, I3C, 14C, 87Sr, 3iS and 3fCl ana-
lyses which were made on different occasions during tunnel construction.
There are a few additional isotopic methods, ^Ar/^Ar and 85Kr which might be
useful for differentiating between the effects of the latest and previous
glaciations. So far these methods have not been employed on Aspo groundwa-
ter samples.

The development of investigation and modelling methods has changed the
significance of groundwater chemistry from being solely a question of
obtaining a span of realistic variations in groundwater composition to being a
description of the episodic and continuous evolution of the hydrochemistry in
the past. This knowledge is then useful for defining the possible gradual
evolution in the future.
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Figure 6-9. Illustration of Model 90 based on data from the pre-
investigations and Model 96 which also involves the data collected during the
tunnel construction phase. Model 90 defines 4 four classes based on statistical
treatment of the data, whereas Model 96 is based on identified end-members
and selected reference waters and the mixing proportions of these waters (see
Rhen et al /1997b/).
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Figure 6-10. The salinity distribution presented as the chloride concentration
under the undisturbed conditions prior to excavation. The sampling locations
are marked in the figure. (Total salinity = 1.7 times the chloride
concentration).
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Figure 6-11. The salinity distribution presented as the chloride concentration
under the disturbed conditions after construction. The sampling locations are
marked in the figure. (Total salinity = 1.7 times the chloride concentration).
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6.2.4 The mixing process

There are two main causes for the mixing. One is the disturbance caused by the
borehole by short-circuiting the different water conducting fracture systems, the
other one is the mixing which has taken place in the past due to varying
hydraulic driving forces which has driven the groundwater flow in different
directions. In the evaluation work, the mixing caused by the borehole is
considered a disturbance which is taken into account and corrected for. The
remaining mixing proportions of different water types is then described as the
result of varying groundwater flow conditions. The mixing process has been in
depth assessed by Laaksoharju and Skdrman /I995/ and by Laaksoharju and
Wallin, /1997/.

Mixing is considered to be the main reason for the observed hydrochemical
situation. It is because of mixing that the different end-members (=original
groundwater types) identified in the hydrochemical system are not isolated to
some specific volumes of the rock mass. The mixing has probably been most
effective during episodes of glacial ice melting and intrusion of sea water and
subsequent land uplift. The effects of such episodes affecting the Aspo
groundwater system after the last glaciation have been well established, while
the conditions prevailing before and during the last glaciation is largely
unknown.

The end-members identified in the mixing modelling are largely the result of
the episodic events. It should be noted that the further back in time the events
occurred, the more uncertain are the definitions of the end members. It is
strictly speaking not possible (nor perhaps even necessary) to define the end-
member of the Brine. It has evidently been isolated from the atmosphere for
more than one million years /Louvat, Michelot and Aranyossy in Laaksoharju
and Wallin, 1997/'but it might still be involved in a regional flow system /Voss
and Andersson, 1993/

A detailed description of the evaluation and definitions of end-members and
reference waters is found in Report 5 in this series /Rhen et al, 1997b/. A short
description is given below:

• Glacial meltwater end-member which is represented by the glacial
reference water in the calculations. The glacial reference water consists
of roughly 50% glacial meltwater.

• Brine is represented by the most saline water encountered at the bottom
of the 1700 m deep KLX02 borehole at Laxemar. Saline water is, thus,
a reference water, see Figure 6-9.

• Baltic Sea water is a reference water. The end-member to the present
day Baltic Sea water is the preceding Litorina sea water.

• Altered marine water is a reference water which is an original Baltic
Sea water with a modified composition due to bacterial activity.
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• Meteoric water is the reference water which has the composition and
isotopic signature of modern precipitation.

The Brine reference water has a salinity of 80 g/1 which is slightly below the
defined limit of 100 g/1 TDS /Davis, 1964/.

Table 6-3 summarizes the mixing proportions found in the identified fracture
zones in the tunnel. The reference waters selected for the mixing calculations
can vary depending on the purpose of the calculations. The ones selected to
represent the Aspo site in Figure 6-9 are slightly different from the ones
selected to calculate the proportion in Table 6-3. The data of Table 6-3 is
graphically presented in Figure 6-12.

It may be seen that there are clear differences in the mixing proportions related
to whether the sampling point is located under the island of Aspo or under the
sea. The fracture zone NNW-4 has a large proportion of sea water from the
interconnection to NE-1, through which the sea water reaches NNW-4. NE-2
has a smaller proportion of sea water than the other zones.
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Table 6-3. Mixing proportions of the waters in the identified fracture zones in the
tunnel. The location of the fracture zones can be found in Figures 3-13 and 3.19.
Detailed descriptions of the fracture zones and mixing modelling are given in Rhen
et al/1997b/. In this table the altered marine water and Baltic Sea water have been
summed up to represent water of marine origin. The fracture zones NE-2 and
NNW-4 are encountered at several positions in the tunnel. Bold figures indicate the
largest proportion of the dominating water type of each fracture zone.

Fracture
zone

NE-4

NE-3

NE-1

EW-3

NE-2,1

NE-2,2

NE-2,3

NNW-4,1

NNW-4,2

NNW-4,3

Time since
start of
construction
(days)

350
750
1150
1350
350
550
750
950
1150
1350
550
750
950
1150

1350
750
950
1150
1350
750
950
1150
1350
750
950
1150
1350
1150
1350
950
1150
1350
950
1150
1350
1350

Proportions
Meteoric

29
23
20
23
15
13
14
18
18
20
30
25
20
17
16
29
25
19
25
10
15
21
26
19
22
23
32
15
16
30
29
30
31
16
26
16

of the different reference waters (%):
Baltic Sea

44
66
68
69
76
77
75
67
66
70
43
56
71
68
76
43
61
68
64
12
18
26
31
23
27
28
36
21
20
38
42
41
38
64
47
20

Glacial

17
9
9
7
6
6
8
11
12
8
17
15
7
11
6
23
11
10
9
66
50
39
30
45
35
33
19
46
46
17
17
18
18
14
15
45

Brine

11
2
3
1
3
3
4
4
4
2
10
4
2
4
2
6
3
3
2
12
17
14
13
13
16
16
13
18
18
15
12
11
13
6
12
19

Sampling point
(borehole)

SA850B
SA813B

SA976B
SA1062B
SA1062B
SA958B

SA1342B
SA1327B
SA1229A
HA1327B
SA1229A
SA1420A

SA1614B

SA1828B

SA2583A

SA2074A

SA2109B
SA2142A
SA2175B

KF3191F
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Figure 6-12. Mixing proportions of the waters in the identified fracture zones
in the tunnel. The location of the fracture zones can be found in Figures 3-13
and 3.19. The time axis shows the time since start of construction.
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6.2.5 Calcite dissolution and precipitation

Calcite reactions are among the few between solid phases and dissolved
components that are rapid. The calcite system is controlled by the calcium and
bicarbonate concentrations together with the pH value and solid calcite. The
partial pressure of carbon dioxide is defined through the pH and the bicarbon-
ate concentration.

The calcite system has the potential to affect the groundwater flow conditions
in the rock mass indirectly, due to dissolution and precipitation at different
locations in the rock mass. Existing flow paths might be sealed whereas new
flow paths might be opened. In addition to the groundwater composition these
reactions are also affected by variations in temperature and pressure.

In recharge areas there is, in general, an uppermost layer of the rock where the
calcite has been dissolved by the infiltrating groundwater. Such conditions
were never observed at Aspo. This would imply that there is no, or very little,
recharge of groundwater on the Aspo island.

A large deviation from the equilibrium solubility might indicate errors in
analysis or sample treatment. The saturation index (SI = log(solubility/
solubility constant)) is thus a good indicator of sample and analysis quality.

The groundwaters sampled during the pre-investigations were generally slightly
supersaturated with respect to calcite. This was thought to be an artefact caused
by pumping water from the borehole. Because the drawdown waters from
different locations were mixed in proportions different from those of the
undisturbed situation and thus the calcite system was not in equilibrium. A
similar supersaturation was also expected in the tunnel boreholes and was, as
such, included in the predictions. The subsequent evaluation of the tunnel data
/Laaksoharju and Skdrman, 7995/shows that the water sampled from tunnel
boreholes was supersaturated, as expected, but in some cases also under-
saturated. However, there is a general tendency that at deeper sections in the
tunnel the calcite system is at equilibrium. A plausible explanation of this is
that the groundwater system is more homogeneous and more stable at depth,
and that the drawdown caused by the tunnel has not changed the proportions
of the different water types in the deep part of the rock, as much as it has
changed the conditions at shallower depths.

6.2.6 Redox reactions (processes)

Redox conditions are important for the safety assessment of a nuclear waste
repository /SKB, 1995/. The observed redox potential (Eh) and the redox
buffering constituents in the groundwater are extremely sensitive to distur-
bances caused by sampling and analyses. The redox buffer may ultimately be
provided by the fracture filling minerals in contact with the groundwater and
by the biological processes /Banwart,ed. 19951.
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Great efforts were made to investigate and solve the issue of deep groundwater
redox conditions /Grenthe et al, 1992/ The present understanding is that the
ferrous and ferric iron minerals generally govern the redox properties. This is
also the case for data from the investigations at Aspo. However, occasionally
other systems are thought to dominate, e.g. the uranium system /Ahonen et al,
1992/. Regardless of which system controls the Eh it has been clearly
demonstrated that the deep groundwaters are generally reducing.

The redox-sensitive elements, for which analyses are normally made are iron
(total and ferrous), manganese, sulphide, uranium and dissolved oxygen. As
expected, there are normally no measurable concentrations of dissolved
oxygen, but the sensor is needed to register any disturbances in the groundwater
pumping and sampling procedure. A zero reading of the dissolved oxygen
content indicates that the water is anoxic.

Eh measurements are made using three types of electrode, gold , platinum and
glassy carbon. Only the complete chemical characterization (see Table 6-3),
included the proper Eh measurements in the pre-investigations. The measure-
ments were continued for a period of several days (weeks) until the readings
levelled out at roughly the same value for all three electrodes. This is the
reported Eh value. During sampling in the tunnel no Eh or dissolved oxygen
contents were measured, except for those in the redox experiment /Banwart et
al, 1995/

The enhanced water flow in the upper part of the rock, caused by the inflow to
the tunnel, was expected to transport oxygenated water down into the fracture
zones and enter the tunnel. This phenomenon was studied in a fracture zone at
a depth of 70 m below ground level /Banwart et al, 1995/ The predictions of
oxygen breakthrough failed because the effects of biological oxygen consump-
tion were not taken into account. The conclusion is that an enhanced groundwa-
ter inflow does not cause oxygenated water to reach any greater depths, as long
as the amount of organic matter is larger than the amount of dissolved oxygen.
These conditions could of course vary from place to place but as a starting
point the situation at Aspo could also be expected at any other place. At the
Stripa mine, for example, where the hydrology had been affected by the
drawdown by the mine gallery for several decades, there was no oxygen in the
infiltrating groundwater at a depth of 400 metres. Most evidence suggests that
the penetration depth for oxygen is a maximum 100 m for the undisturbed
conditions and it is not expected to be significantly deeper under disturbed
conditions. The effective oxygen consumption by bacteria strengthens the
general opinion that anoxic (oxygen free) conditions could always be expected
in the deep groundwater.

The Eh value is coupled to the pH value. An empirical relation is a decrease of
60 mV with an increase of one pH unit. At pH 7 the Eh values are mostly
between -100 and -300 mV. Plots of the Eh-pH data from the pre-investigation
phase and from a few observations in the tunnel are shown in Figure 6-13. At
these low Eh-levels uranium exists in a reduced (+IV) form and is extremely
insoluble.
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Figure 6-13. Eh versus pHfor the data obtained from the pre-investigation
phase (squares) and from the construction phase (Circles). The uncertainty in
Eh is estimated to be ±50 mV and the uncertainty in pH is ±0.1 pH unit. The
figure includes the calculated Eh for the equilibrium between UO2 and
dissolved UO2

2 at a concentration of 10 ppb.

A practical approach for nuclear waste disposal safety assessment is therefore
to define reducing conditions to be when uranium (plutonium, technetium and
neptunium as well) exists in a reduced form, and oxidising conditions when
uranium exists in the hexavalent (+VI) state. The usefulness of this approach
is that it resembles well the conditions of the iron system. Under reducing
conditions ferrous iron is present in the groundwater in measurable quantities,
above ppb levels. In this context it might also be worth mentioning that there
is a large difference between reducing and anoxic conditions. Anoxic
conditions only mean that there is no measurable amount of dissolved oxygen
in the water, whereas reducing means that the Eh value needs to be low enough
to have uranium in a reduced form (concentrations at ppb levels). A reducing
groundwater is always anoxic.
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6.2.7 Biological processes

The microbes themselves do not create new reactions, but they catalyse
reactions which would otherwise not take place, e.g. the reduction of sulphate
to sulphide and dissolution and reduction of ferric iron minerals. At Aspo the
biological processes turned out to be even more important than the chemical
interaction between the groundwater and the minerals. The microbial processes
always involve redox reactions. They mostly also produce (or consume) carbon
dioxide and thus affect both the calcite and redox systems. Because of the
unexpected effects of the biological processes the observed bicarbonate,
sulphate and iron concentrations were different from those predicted. This was
especially noticeable in the tunnel sections passing below the sea, where the
water percolating through the seabed sediments transported large quantities of
organic matter into the rock. Figure 6-14 presents the predicted and observed
chemistry of the groundwater from fracture zone NE-3. The low sulphate
concentration correlates well with the high bicarbonate concentration as a result
of the reduction of sulphate and oxidation of organic matter.

The biological processes were not considered to be of importance at the time
of prediction, before the tunnel construction was started. But now we know that
the bacterial activity has influenced the chemistry and greatly affected both the
redox and calcite systems. It has increased the iron concentration up to 4 mg/1
and the bicarbonate content up to 800 mg/1, in the fracture zones NE-3 and
EW-3.

The observed biological processes are /Pedersen and Karlsson, 1995/:

• oxygen consumption by oxidation of organic matter
O2 + (CH2O) - CO2 + H2O

• reduction of iron(m) minerals through oxidation of organic matter
4Fe(m) + (CH2O) +H2O - 4Fe2+ + 4H+ + CO2

• reduction of sulphate by oxidation of organic matter
SO4

2" + 2(CH2O) + H+ - HS" + 2H2O + 2CO2

These three reactions will continue until one of the components involved in the
process has been depleted. In the Aspo case, aerobic respiration continued until
all the dissolved oxygen was consumed /Banwart et al, 1995/.
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Figure 6-14. Predicted and observed groundwater chemistry of fracture zone
NE-3.
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The sulphate reduction has been most effective in the tunnel sections where
modified seawater containing large quantities of organic matter has infiltrated
the rock before and during tunnel construction /Laaksoharju, ed. 1995/.

6.2.8 Ion exchange

The ion exchange reactions probably affect the ratio of sodium/calcium,
especially during episodic events when sea water and glacial melt water are
infiltrating into the bedrock. It has been suggested that the calcium in the Aspo
redox zone groundwater at 70 m depth could be the result of ion exchange
which takes place with the infiltrated old Baltic Sea water /Bruton and Viani,
1994/. The ion-exchange potential of the site is supported by the occurrence of
clay minerals etc.

6.3 GROUNDWATER CHEMISTRY PREDICTIONS

6.3.1 Scope and limitations

Hydrochemical data from the pre-investigations were evaluated by univariate
and multivariate analyses. The result of the evaluation was Model 90 as
described briefly in Section 6.2.3. It was mainly the water-conducting fracture
zones which had been sampled during pre-investigations and therefore also
those which were predicted. However, the conditions were also thought to be
valid in the intact rock mass where no water samples had been taken. The
groundwater composition was extrapolated by linear regression between the
observation points.

For the purpose of making detailed predictions it was necessary to focus on the
different constituents in the groundwater one by one. The concentration of each
constituent was related to the geometrical position (x,y,z) where the sample
was collected during the pre-investigations. In the same manner, the predicted
values were calculated for the corresponding (x,y,z) where the tunnel was
expected to intersect a water-conducting feature. Figure 6-15 illustrates the
position of the data used for the predictions and the position of the observations
along the tunnel.
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Figure 6-15. A schematic illustration of the position where the data were
collected for the hydrochemical predictions and where in the tunnel the
observations were made for comparison with the predictions. It should be
mentioned that all the positions of the pre-investigation boreholes are not in
the plane of the tunnel. Vertical section according to A-A' in Figure 2-6.

An important limitation in this approach was the necessity to consider the
hydrochemical system in a steady state, where the conditions observed during
pre-investigations would remain unchanged during the tunnel construction. Of
course this was not entirely expected to be the case, but the reason for making
this assumption was that there were no established methods that could be used
to make a transient hydrochemistry model for the tunnel excavation phase. The
first sample collected immediately after drilling of the probe holes in the tunnel
front was thought to be a good reference of undisturbed conditions. Thus
assumed that only minor disturbances would have taken place before sampling,
giving that the comparison with the predicted situation would be correct. This
is illustrated by the predicted and observed element concentrations in
groundwater from fracture zone NE-1 {see Figure 6-16). The approach of
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finding the undisturbed conditions in the tunnel front was expected to be
correct through the straight part and the first turn in the spiral. However, the
information in Figure 6-14 (earlier presented), with prediction and observations
in NE-3, does not reflect as good agreement as for NE-1. The reason for this is
probably the difference in the amount of data available from the pre-investiga-
tions. NE-1 was chemically sampled from three boreholes while NE-3
chemistry was evaluated from one single sample of one borehole.

The concentrations of major constituents were predicted for every tunnel
position where a discrete water-conducting feature was expected to intersect the
tunnel. Report 4 of this series /Rhen et al, 1997b/ contains a systematic
comparison of all the predictions and outcomes. Figure 6-16 shows the
comparison between prediction and outcome for NE-1. In this case all the
predicted and observed concentrations agree. Figure 6-14 shows the corre-
sponding predictions and observations for NE-3. In this case only the pH,
calcium- and magnesium concentrations agree whereas, for example, the
predicted concentrations of sodium, chloride, sulphate and bicarbonate disagree
(cf. Section 6.3.2 for discussion).

Transient predictions were also made. In some major conductive zones and five
selected borehole sections the chemical composition and transport of solutes
were predicted for undisturbed conditions before starting the excavation of the
HRL tunnel and for successive intervals as the tunnel approached its final
length /Rhen (ed), 1991, Gustafson et al, 1991/. Table 6-4 shows the predicted
groundwater chemical composition of fracture zones NE-1, NE-2 and NNW at
their intersection with the tunnel.

The predictions were based on the knowledge gained during the pre-investiga-
tion programme about natural chemical conditions before the start of tunnel
excavation, i.e. groundwater samples in borehole sections. The chemical data
were then related to the structural model of the Aspo island, including fracture
zone geometry, interconnections, hydraulic conductivity, porosity and
measurements of natural flow rates, hydraulic heads and estimated flow
directions.

In the prediction of the disturbed conditions four chemical end-members were
considered 1. Rainwater, 2. Shallow groundwater, 3. Baltic seawater and 4.
Fracture-zone groundwater. The last one, fracture-zone groundwater, is specific
to every fracture zone and varies depending on which fracture zone is
considered and also the depth in the zone. The predictive calculations were
mainly made utilizing simple analytical expressions, but also principal
component analyses were used.

The combined effect of sparse predictions (with only a few points in tunnel and
surface boreholes with complete time series of chemical, head and flow data)
together with changed tunnel lay-out, revised fracture zones and changed
chemical end-members makes evaluation of prediction reliability cumbersome.
However, the overall conclusion is that the predictions made during the pre-
investigation as a whole are in accordance with the outcome, although the
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tunnel breach of zone NE-1 changed the flow and chemical composition in
zones NE-2 and NNW-4 to a larger extent than was predicted. The surface type
of waters also penetrated the fracture zones to a lesser extent than expected
from the predictions.

Table 6-4 presents the fracture zone groundwaters predicted to be found in
specific tunnel situations during excavation.

Table 6-4. Prediction of groundwater chemical composition at the
location of the HRL tunnel intersection with fracture zones NE-1, NE-2
and NNW at successive intervals (Tunnel Face Position, TFP) during the
tunnel excavation. Compiled from /Gustafson et al, 1991/.

Conductive TFP

zones

NE-1

NE-1

NE-2

NNW

NNW

NNW

m

700-1475

3064-3854

1475-2265

1475-2265

2265-3064

3064-3854

Na
mg/l

1900
±200

2000
±500

1200
±300

500
±200

800

±300

1000

±500

K
mg/l

31
±20

8
±5

5
+5

5
±5

7
±5

8
±5

Ca
mg/l

1200
±350

2000
±800

1100
±300

400
±200

800
±300

1000

±500

Mg
mg/l

150
±80

80
±20

30
±30

30
±300

40

±30

50
±20

Cl
mg/l

5300
±400

7000
±2000

3800

±1000

1500
±1000

2500

±1000

3500
±1000

HCO3
mg/l

290
±100

14
±5

70
±50

150
±50

170
±70

120
±20

so4
mg/l

210
±50

320
±80

140
±40

150
±50

120
±80

160
±80

Fe-
mg/l

0.6
±0.6

0.3
±0.3

0.3
±0.3

0.3
±0.3

0.3
±0.3

0.3
±0.3

PH

7.2
±0.3

8.0
±0.5

7.7
±0.1

7.8
±0.2

7.7
±0.3

7.6
±0.2

Eh
mV

-230
±25

-340
±25

-290
±25

-300

±25

-290

±25

-290

±25

6.3.2 Spatial assignment methods

Initially (before tunnel construction was started) the predictions were made by
a combination of principal component analysis and expert judgement. The
predicted values were fairly easy to calculate, but the variability had to be
estimated. At an early stage of the tunnel construction phase, it was evident that
there were many disagreements between predictions and observations. It was
not clear why there were large discrepancies, because sometimes, in the case
of NE-1, for example, there was agreement between predictions and
observations. However, one explanation could be that an unsuitable method
had been used for the predictions. Therefore, tests of different interpolation
methods were made to see which could be used to perform spatial assignment
of groundwater chemistry properties. The tested tools were:

• Linear regression analysis
• Principal component analysis

Kriging
• Neural networks
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The multiple Linear regression model is based on the least-square method. The
linear regression analysis minimizes the distance between the observations and
a straight line as a function of the position (x,y,z). The basic requirements of
the model are that the observations be independent, normally distributed and
have the same variance. In order to give a good correlation all observations
need to be linearly dependent on the position (x,y,z). The computer program
used was STATISTICA for Windows /1994/ and STATGRAPHICS PLUS for
Windows /1994/. Separate calculations were made for each of the major
components separately.

Multivariate (principal component) analysis is a mathematical way of treating
the different parameters all together. The values to be predicted could be
considered as missing data in a matrix. The principal components are computed
directly from the known data values as a linear function of all the underlying
parameters. The principal components are independent and extrapolated to the
position (x,y,z). A predicted value for each constituent is recalculated from the
linear correlation of the principal component as a function of position. The
method used was Fillas in the computer program PARVUS /Forina et al,
1988/

Kriging is an interpolation method based on a non-linear correlation function.
The basic assumption is that the modelled properties are continuous and that
positions physically close to each other also have properties numerically close
to each other. Thus, an observation physically close to a position to be
predicted has a larger weight than an observation which is physically further
away from the position to be predicted. The correlation function is obtained
from the calibration data and the predictions are more uncertain the further they
are from an observation. All values have an uncertainty, a variance, associated
with them. There are different ways of estimating the unknown values and their
corresponding variances. The computer program used was SURFER for
Windows /1994/ Separate calculations are made for each element to be
predicted.

Neural networks contain artificial neurones organized in layers and connected
to each other in a way simulating the human brain. Each neurone in a layer is
connected to all neurones in the previous and the following layers. The
connections between the neurones have different strengths. The neurone
computes its output signal as a weighted sum of its input signals. Neural
networks learn by associations, from examples, by comparison, and by
repetition. The neural network is non-linear, highly interconnected and is
therefore able of capturing complex relationships between input and output.
Thus, neural networks possess an ability to treat complicated non-linear
problems, generalize, analyse large amounts of data, interpolate and optimize
data. The software BRAINMAKER PROFESSIONAL for Windows /1993/ was
used to create, train and run neural networks /Hecht-Nielsen, 1991, Hertz et al,
1991 and Lawrence, 1992/on the chemical data in both the pre-investigation
and construction phases.
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Only principal component analysis was performed in the phase of initial
predictions. The same data set - the pre-investigation data - was later used to
make 'predictions' using the other methods as well. The careful testing of the
different tools shows that there are differences in the results which could be
related to a systematic difference in the way they are constructed. Some general
conclusions are:

• The principal component analyses and linear regression analyses give a
larger difference between predicted and observed concentrations than the
other two methods. This is probably due to the fact that these methods
only include linear combinations, in this case the predicted value as a
linear function of the data from co-ordinates (x,y,z).

• Neural networks and kriging reflect surprisingly well the trend in the
variations in the concentrations and are therefore also closer to the
observations. Kriging is generally closer than the neural network but the
differences are small.

Figure 6-17 illustrates the predicted and observed chloride concentrations
along the tunnel for all the tested methods.
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Figure 6-17. Predicted and observed concentrations of chloride calculated
by different mathematical methods, but with exactly the same input data.

6.4 EVALUATION OF MATHEMATICAL TOOLS

6.4.1 General

Hydrochemical evaluation has traditionally been a "handicraft" for specialists,
but in addition to that there are now several different computer codes available
which improve and simplify evaluation and interpretation. This work has made
extensive use of the M3 modelling concept, see Section 6.4.2. M3 stands for
Multivariate-Mixing and Mass balance calculations. The program package was
developed during the course of the Aspo project. It includes principal
component analyses designed to identify end-members and define reference
waters for mixing calculations. The mass balance calculations are then used to
calculate how much of the variables cannot be accounted for by mixing. The
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greatest advantage of M3 modelling is to provide a documented and
reproducible sequence of the entire modelling, see Section 6.4.2.

There are other numerical codes which can handle both mixing and reaction as
well as transport and reaction. These computer codes can only handle a few
reactions which are pre-set or a few free variables simultaneously. The codes
mostly assume that the reaction is the dominating process and that the mixing
is a secondary process. An example of such a code is NETPATH which was
also frequently used for evaluating Aspo data. PHREEQE was the most
commonly used equilibrium reaction code in the data evaluation. The
calculations were used to check the status of reactions which are expected to
be at equilibrium, mainly calcite, but also other fast reactions were checked.

The improvement of the evaluation and prediction methods by using standardized
mathematical/statistical tools has two major advantages. The first one is that with
the computer-based programs it is much easier to assess and control and document
the quality of the evaluation and the prediction procedures compared with the use
of 'expert judgement' methods. The second advantage is that the
mathematical/statistical methods are reproducible and not entirely dependent on the
person who does the modelling. A general way of adapting the modelling tools is
to start by expert methods, to 'look at the data and try to understand it', followed
by a thorough multivariate (principal component) analysis. After the PCA the end
members involved in the groundwater should be identified and the proportion of
the end members in all the collected samples calculated. The integrated mixing and
mass balance calculation (M3) sorts out the mixing and the reaction proportions
(see Laaksoharju and Wallin /1997/). A good description of the conditions of the
site facilitates the prediction of the future evolution of the groundwater system.

An attempt was made to achieve more sophisticated modelling of the transient
situation during tunnel construction. The inflow to the tunnel was used to
calculate the water flow in the different fracture zones intersected by the
surface boreholes. Using the calculated flow in the packed off monitoring
sections and the assumed flow porosity of the water conductors it was possible
to calculate the groundwater volumes transported through the rock volume. It
was also possible to calculate the way in which the different water types were
transported through the different fracture zones. For a more detailed and
comprehensive prediction of this type, it would be necessary to develop a
computer code. The manual calculations are time consuming. For these mixing
calculations only three water types were used, deep saline water, sea water and
meteoric freshwater. A detailed discussion on these 'predictions' is given in
/Ittner and Gustafsson, 1995/ and is briefly described in /Rhen et al, 1997a/.

6.4.2 Multivariate Mixing and Mass balance calculations (M3)

The origin and evolution of the groundwater can be described if the effect from
mixing and reactions can be examined separately. In order to do this separation
a new method named Multivariate Mixing and Mass balance calculations
(abbreviated to M3) was constructed. The model consists of 3 steps where the
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first step is a standard principal component analysis, followed by mixing and
finally by mass balance calculations.

The M3 calculations contain the following steps:

1. A standard multivariate technique, called Principal Component Analysis
(PCA) is used for cluster analyses of the data by using the major
components Cl, Ca, Na, Mg, K, SO4 and HCO3 in combination with the
isotopes 6D, 618O and3H. The PCA aims to describe as much of the
information from the ten variables in the first equation called the first
principal component as possible. The rest of the information is described
by the second principal component and so on. The Principal Components
are calculated as linear combinations of all variables in a way to
minimize the difference (error) between the model and the data. The
components are derived in decreasing order of importance. Generally the
first Principal Components will account for most of the variation in the
original data.

The first principal component is applied to the initial data. The variation
not accounted for by the first principal component is described by the
second principal component and so on. For the Aspo hydrochemistry data
the first three principal components were calculated and analysed. It
turned out that the first two components did describe the system well
enough, whereas the third component mainly described the disturbance
caused by drilling and pumping in one single deep borehole at Laxemar,
KLX02, see/Rhen et al, 1997b/. For the first two principal components
an x, y scatter plot can be drawn. The x is the equation for the first
principal component and y the equation for the second principal
component. The plot is named the M3 plot and is used to visualise the
clustering of the data as well as to identify extreme waters. Extreme
waters are called end-members or reference waters. A reference water is
a well-sampled groundwater which resembles an assumed or modelled
end-member eg. Glacial meltwater (see Figure 6-18a and b) Lines are
drawn between the reference waters so a polygon is formed. By definition
the selected reference waters can describe the observations inside the
polygon. The observations inside the polygon are compared to the chosen
reference water compositions.

2. Mixing calculations are used to calculate the mixing portions of the
reference waters or the end-members. The mixing portions describes the
different reference waters in the observed water. The calculated mixing
portion can be used to evaluate the origin of the groundwater. The mixing
portions are equal to the trigonometrical distance to the selected reference
waters or end-members in the M3 plot (see Figure 6-18c).

3. Mass balance calculations are used to define the sources and sinks for
different elements which deviate from the ideal mixing model used in the
calculations (see Figure 6-18d). The mixing portions together with the
composition of the reference waters are used to calculate new values for



174

each point. No deviation between the measured and calculated value
indicates that mixing can explain the element behaviour. A source or sink
is due to reactions. The evolution of the groundwater can thus be
described.
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Figure 6-18. Different steps in the M3 modelling; a) principal component
analysis is used to obtain the maximum resolution of the data set, b) selection
of end-members and reference waters - the other groundwaters are compared
to these, c) mixing calculations - portions of meteoric water are shown in the
figure, d) mass balance calculations - the sources and sinks of eg. Carbonate
are shown which cannot be accounted for by mixing. The groundwater samples
in Figure a, b and c have been colour coded based on the Cl-content into
saline, brackish and non-saline groundwater.

The M3 model can describe the groundwater chemistry as a result of mixing
and mass balance reactions. It is important to note that the modelling is always
relative to the selected reference waters or end-members. The boundary
conditions of the modelling can be changed depending on the selection of
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reference waters or end-members. A calculated portion of e.g. Glacial water
based on the reference water composition may be 50% higher than when the
calculation is based on an end-member composition.

The advantage of using a reference water rather than an end-member is that the
composition of the end-member is never as well known as for the reference
water. Effects of reactions can therefore only be revealed for calculations that
are based on reference waters.

6.5 EVALUATION OF SITE INVESTIGATION METHODS

Groundwater chemical properties were investigated by sampling in boreholes
on different occasions. Figure 6-1 illustrates the different sampling methods
and the evaluation of the data.

Most important for defining the chemical composition of the groundwater in
major fracture zones was the chemical characterization of the groundwater by
using a mobile field laboratory with the downhole measuring devices, CCC in
Table 6-2. The second most useful method was the sampling along with the
interference pumping tests, SPT. A third useful method was the sampling in
percussion boreholes, 3P. Due to contamination the samples collected during
drilling SDD were not useful.

Lightweight portable sampling equipment was developed for sampling in
percussion boreholes. The equipment consists of a packer, a pump and tubes
and is operated by a gas pressure, 3P. This unit was most useful for the very
first sampling of percussion boreholes when there were no roads to the
boreholes.

The sampling during drilling of the deep cored boreholes was not useful since
the water was always highly contaminated by drilling water. Nevertheless,
these data were used to describe the groundwater composition in those fracture
zones where no other kind of sampling was performed. In many cases the
content of drilling water was up to 50% or more.

The results of the flow-meter and spinner survey were successfully used to
select the borehole sections for the complete chemical characterization, and for
interference pumping tests. A combination of different geophysical logs cannot
provide the same exact identification of the hydraulic sections in the hole.
However, a good overall picture of transmissive borehole sections was obtained
by combining fracture frequency, single point resistance and sonic logs /Smellie
and Laaksoharju 1992/.

The combination of complete chemical characterization {CCC) and sampling
during pumping tests (SPT) is very favourable, since SPT is a much faster
procedure and can thus be conducted at a large number of borehole sections in
a relatively short time. A further advantage of the 5P7"is the fact that the results
of the hydraulic interference test can be used in the evaluation of the
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hydrochemical results. Due to the large volumes of water pumped out it is
possible to evaluate the chemical transients and thus be able to trace the flow
direction.

The poor usefulness of sampling during drilling (SDD) was due the fact that the
sample often contained up to 50% of drilling water. Methods to avoid the
contamination of samples by large quantities of drilling water, has been in
focus during the drilling at Aspo, where the so-called telescope type drilling
technique' was used. The advantage over ordinary core drilling, is that more
water is pumped out of the borehole than is pumped down as drilling water.
This procedure was not sufficient to provide representative samples during
drilling. Further improvement of the drilling technique and an improved
sampling technique is needed, and has now been made.

During the tunnel construction phase, groundwater samples were collected
through the probe holes drilled into the tunnel walls a few metres back from the
front. No special equipment was used for the sampling. Also due to the location
of the boreholes it was not possible, nor necessary, to install any permanent
sampling devices.

There are different needs for hydrochemical data. These can be grouped into
three categories:

• Reliable data on safety related parameters such as pH, Eh, redox and pH-
sensitive constituents, (like bicarbonate, iron and sulphide and
radionuclide analogous) are needed as input to the safety assessment
calculations.

• Chemical processes which determine the present-day situation but also
the evolution of the hydrochemistry into the future. Major and minor
constituents and end members for different water types are essential in
order to understand present-day conditions and useful for the prediction
of future conditions.

• To assess the groundwater residence time, there is a need to analyse for
stable and radiogenic isotopes as well as for conservative constituents.

The listed sets of data are in some cases extremely sensitive to disturbance
while others are fairly robust. Based on the experience obtained from the SKB's
early study site investigations in 1982-1984, the Finnsjon project, and in 1986-
1995, the Aspo project, a well-defined classification of information levels can
be achieved:

1 The telescope type drilling technique involves ordinary core drilling to 100 m.
Before the drilling is continued the hole is reamed to a diameter of 110 mm, making it
possible to pump out the water as the drilling is continued.
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i Major constituents, sodium, potassium, calcium, magnesium, bicarbon-
ate, chloride and sulphate are unaffected by disturbances from drilling or
contamination from other investigation methods, as long as the propor-
tion of drilling or testing water can be analysed, and corrected for.

ii Trace elements and stable oxygen-18 and deuterium isotopes are reliable
even with a content of up to 5% of drill flushing water.

iii pH-sensitive trace elements, tritium and carbon-14 data are reliable only
when the contamination by drilling water or meteoric water entering
through the borehole is less than 0.1%.

iv Eh and redox-sensitive elements are reliable when the electrode readings
have stabilized and the Eh value can be interpreted. Normally several
days of continuous pumping is needed with measurements in on-line
flow through cells, and preferably downhole measurements of Eh and
pH.

With the techniques used at Aspo, Level iv can only be reached using the
procedures for complete chemical characterization, CCC. An improvement in
the procedures and technique of sampling during interference pumping tests
could perhaps result in Level iv data.

Level iii is reached by the CCC and the pumping tests, SPT. A modification of
the pumping technique, which has now been made, makes it possible to achieve
reliable pH readings as well for SPT. Reliable Eh data would need much longer
pumping time.

Sampling during drilling and sampling with the 3P equipment provided data
of Level I. A more carefully planned drilling and sampling procedure should
give data of Level ii. A more comprehensive development of down-hole
samplers could perhaps result in data of Level iii. This possibility is now being
tested.

A subjective judgement of the usefulness of the sampling procedures is given
in Table 6-5.
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Table 6-5. Judgement of usefulness of different investigation methods
from the pre-investigation phase of the Aspo HRL.

Subject Methods

Groundwater Sampling in percussion-drilled holes
chemistry in -3P 2
major fracture Sampling in cored holes
zones -SDD 1

-SPT 2
-CCC 3

Clean-out pumping 1
Spinner survey 2

Block
scale

Usefulness
Detailed
scale

Site
scale

*

Quality changes Sampling
and redox -CCC - 2
conditions -SDP - 1

Very useful = 3 Useful = 2 Less useful = 1 Not applicable = -

• Not used as a single method

6.6 OVERALL EVALUATION

6.6.1 General

A hydrochemical model is the description of the groundwater chemistry and the
processes responsible for the observed chemical composition. By careful
investigations it is possible to obtain a good picture of the present chemical
conditions of the groundwater. The pre-investigations at Aspo aimed at giving
a good enough description, for the performance assessment of a nuclear waste
repository site of the variability of the groundwater chemistry and the most
important processes affecting the groundwater composition. These are:

• Mixing of water from different origin.
• Biological processes which are mainly affecting the conditions below the

sea bottom.
• Chemical reactions mainly calcite equilibration and long-term water-rock

interaction.

From a hydrochemical point of view, the conditions at Aspo were optimal for
evaluating the processes behind the observed groundwater chemistry. The
increase in salinity with depth gave a possibility to differentiate between the
effects of mixing and the effects of groundwater/rock interaction. This led to
the conclusion that mixing is more important than groundwater/rock reactions
for the chemical composition. The results indicate that mixing has been
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concentrated to episodes in the period lasting from the last glaciation up to
now. Conditions prevailing before and during the glaciation can not be
evaluated at present.

With the increased understanding of the processes taking place in the past there
is now a good basis for predicting future conditions. Table 8-1 gives a
condensed overview of the important processes and their status after
completion of the pre-investigation and construction phase investigations at
Aspo.

In a future repository site investigation it is necessary to collect data for two
purposes. The first one is to assess the conceptual model of the site. This model
is largely expected to be similar to the Aspo site model: The groundwater in the
deeper parts of the rock are expected to be more immobile and more affected
by water rock interaction than the more shallow parts where mixing of different
type of groundwater is more important than the chemical reactions. The second
purpose is to obtain the data necessary for describing the processes responsible
for the observed groundwater chemistry. In practice there will be no major
difference in the way in which the future site investigations will be performed
compared to how the Aspo investigations were performed. The main difference
will be in the planning and evaluation of the investigations.

Hydrochemical processes

The role and scope of groundwater chemical investigations and hydrochemical
modelling of a repository site are to:

• verify the generally known and expected conditions (conceptual model).
• perform tests to show if unfavourable conditions exist.
• provide the input data for site-specific assessment calculations.
• examine the data for unexpected processes which might be of importance

for the future evolution of the groundwater chemistry.

The groundwater mixing process has been identified as the most important for
the groundwater chemistry. This needs to be checked at a repository site.

The calcite dissolution-precipitation is well established and will eventually
control the pH of the groundwater. Data for the calcite system is needed for the
calculations.

Redox conditions are expected to be reducing. Initial careful measurements
(down hole) are needed to verify this and to ensure that oxidizing conditions
do not occur. Data on redox buffers are needed for safety assessment
calculations. Biological activity is also affecting the redox conditions.
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6.6.2 Models

The development of investigation and modelling methods has changed the
significance of groundwater chemistry from being solely a question of
obtaining a span of realistic variations in groundwater composition to being a
description of the episodic and continuous evolution of the hydrochemistry in
the past. This knowledge is then useful for defining the gradual evolution in the
future.

The present knowledge is a detailed understanding of the hydrological and
hydrochemical conditions prevailing since the latest glaciation. At depths of
more than 500 m a saline water dominates. At this depth, the water has not
been significantly affected by the conditions prevailing since the last glaciation.
Glacial melt-water is found at depths of 200 to 300 m. This could have been
caused by either as a short pulse, or gradually over much longer time span.
Regardless of which, we see the effect as a peak in glacial reference water in
fracture zone NE-2 (see Table 6-3). There are also minor proportions of glacial
water at depths of more than 500 m. At present it is not possible to tell
definitely whether this water has a different origin than that of the glacial water
at a depth of 200 to 300 m.

Biological activity is the most recent process taken into consideration in the
modelling work. At present there is a good picture of the magnitude and the
location of the biological processes. On-going work will lead to even better
understanding of the biological processes and the possibility of using the model
in a predictive mode.

6.6.3 Prediction-outcome approach

There are simple ways of checking the predictive ability of a model. The
simplest is to compare the prediction and the outcome to see if they agree. In
practice this was the intention when the predictions of construction phase
groundwater chemistry were made on the basis of the pre-investigation models.
Some general comments on this approach are:

• The initial predictions were based on a combination of expert judgements
and principal component analyses. However, the range was only
estimated by expert judgements. It seems now that the estimated ranges
were too narrow, because the estimate did not include the natural
variability, only the uncertainty in the data.

• When the different mathematical methods described in Section 6.4, were
tested, the range of variation was calculated on the basis of the variation
in input data. The same variation was expected for the observations. The
result is that most of the observations fall within the predicted ranges for
all constituents except sulphate and bicarbonate. In some cases the range
of variations is so wide that it could be questioned whether the prediction
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is meaningful or not. Sulphate and bicarbonate predictions failed in
positions where sulphate reducing bacteria have been active.

The approaches to consider the hydrochemistry as a static system reflecting the
conditions of the pre-investigations are of course dubious. However, by
selecting a suitable predictive tool, kriging or neural networks, the observations
all fall within the predicted ranges. It is therefore possible to predict a
repository rock volume on the basis of pre-investigation data. Observations
must then be made in a way to be comparable to predictions.

The approach of predicting the groundwater composition to be observed during
construction might not be worthwhile for a real repository anyway. The reason
is that too many conditions which will affect the outcome cannot be foreseen.
Also the need for predictions is not urgent, since the chemical conditions
during construction are expected to be different from the conditions prevailing
after closure of the repository. These conditions are important and probably
more close to the initial undisturbed conditions. Therefore, it is important to
obtain a good description of the chemical conditions during the pre-investiga-
tions when the groundwater system has not been mixed up by drawdown into
excavated tunnels. A carefully planned and performed site investigation
programme can fulfill such criteria.

Quantitative predictions of groundwater composition are sometimes useful for
planning construction work. The salinity of the groundwater has a severe
impact on the corrosion of steel constructions in the tunnel. Such predictions
could however, be made as quantitative estimates of the salinity, for instance.

If hydrochemical predictions were to be made at Aspo, or elsewhere, they
would be based on the concept of mixing and include the mixing proportions
of the identified and selected end-members and reference waters. These
predictions would have two different purposes. One to assess the long term
performance issues and the second to assess the groundwater flow model with
the mixing caused by the tunnel draw-down.

6.6.4 New knowledge from the tunnel

The large number of sampling points in the tunnel has given a more detailed
picture of the variability of the groundwater chemistry. It has been extremely
useful to compare the results from the tunnel section passing below the sea with
the results from the tunnel spiral under Aspo. The massive biological activity
is concentrated to spots in the tunnel section located below the sea. The sea-bed
sediments are likely to feed the bacteria with organic matter.

As important as the large number of sampling points, and time series data from
these points, is probably extra given time used for renewed interpretation of
the previous and new data together. This has given a more mature model of the
hydrochemistry.
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6.6.5 Conclusions

The processes considered to have the largest impact on the groundwater
chemistry are mixing, calcite dissolution and precipitation, redox
reactions and biological processes. In addition to these fast processes, the
long-term groundwater/rock interaction has largely affected the ground-
water chemistry and produced a brine with a total salinity of nearly 100
g/1-

Mixing of water from different sources is considered to be the main
reason for the observed hydrochemical situation. Methods and models
have been developed for identifying the different sources of groundwater
at the Aspo site and the way in which groundwater at specific locations
in the rock mass can be described as a mixture of water from these
sources.

It has been clearly demonstrated that the groundwaters at depths greater
than 100 m are reducing, and that the dissolved oxygen in the infiltrating
surface water is consumed by bacteria. In addition to the inorganic
reactions between oxygen and minerals, the effective oxygen consump-
tion by bacteria strengthens the general opinion that anoxic (oxygen free)
conditions could always be expected in the deep groundwater, also
during the operational phase of a deep repository.

The observed biological processes are:

• oxygen consumption by oxidation of organic matter
• reduction of iron (HI) minerals through oxidation of organic matter
• reduction of sulphate by oxidation of organic matter

Most important for investigating the chemical composition of the
groundwater in major fracture zones has been the chemical characteriza-
tion of the ground-water using a mobile field laboratory with the down-
hole Eh and pH measuring devices. The second most useful method is
the sampling during the hydraulic interference pumping tests. A third
useful method is the sampling in percussion boreholes. The sampling
during drilling was not useful due to uncertainty in the quality and
representativity of the water. However, the method for sampling during
drilling can be improved so that useful data on the groundwater origin
and distribution can be obtained.

The experiences and knowledge have made it possible to define four
practical and relevant levels of chemical information:

i major dissolved components
ii i + trace elements and stable isotopes
iii ii + pH sensitive elements, tritium and carbon-14
iv iii + Eh and redox sensitive components
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EVALUATION OF MODELS FOR TRANS
PORT OF SOLUTES

7.1 INTRODUCTION

Modelling of the transport of solutes was mainly aimed at describing the
salinity distribution in the rock mass under natural conditions and during
construction of the tunnel. Predictions were made using the PHOENICS
numerical code /Spalding, 1981/'to test its ability to predict the salinity of the
flow into the tunnel and in borehole sections. Scoping calculations of flow
paths and flow times were also performed to some extent.

The transport-of-solutes model is linked to the groundwater flow model
presented in Chapter 5 as the same geometrical framework is used and the
pressure head is dependent on the water density. In the Aspo case it is the
salinity of the water that affects the density. In the transport-of-solutes model
a few concepts concerning the material properties were added to the coupled
model (see Table 7-1). The transport-of-solutes concepts are presented in detail
in Rhen et al /1997b/ together with the transport-of-solutes model of Aspo.
Concepts for the groundwater flow model are presented in Chapter 5. The
concepts described in Table 7-1 formed the base for the numerical groundwater
flow modelling of transport of solutes with the PHOENICS finite volume code.

Up to 1995 only a few tests had been made at the Aspo HRL to estimate the
transport properties of the rock mass. Rhen et al /1997b/ contains a brief
presentation of these results together with some data from other sites compiled
in Andersson /1995/ in order to give possible values or ranges for some of the
transport parameters. The projects at Aspo related to the transport of solutes are
briefly presented below. Estimation of the transport properties of the rock mass
will be one of the main objectives of future work at the Aspo HRL.
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Table 7-1. Condensed description of the transport-of-solutes model of the
Aspo site used within the Aspo HRL Project.

TRANSPORT OF SOLUTES MODEL OF THE ASPO SITE

Scope
Flow paths during natural flow, interference tests and flow to the laboratory tunnel.
Solute transport of non-sorbing elements.
Solute transport of elements affected by retardation.

Process description
Flow processes - see process description for groundwater flow.
Advection.
Hydrodynamic dispersion (mechanical dispersion + molecular diffusion).
Retardation (chemical reactions , molecular diffusion in rock matrix).

CONCEPTS

Geometrical framework and parameters
Three-dimensional box divided into:
-Hydraulic conductor domains. 2-D features (location, extent, orientation).
-Hydraulic rock mass domains. 3-D features (location of boundaries).

Material properties
Kinematic porosity , (ne).
Dispersivity (a, aT).
Molecular diffusion coefficient.
Retardation coefficients.

Spatial assignment method
Kinematic: Deterministic assignment within a domain, - constant
Dispersivity: Deterministic assignment within a domain, or by a probable

density function for particle movement (pdf(p)).
Molecular diffusion coeff.: Deterministic assignment within a domain
Retardation coeff.: Deterministic assignment within a domain or by pdf(p)

Boundary conditions
Flow field: See concepts for groundwater flow.
Mass or concentration: Mass flux or prescribed concentration of the solute.

Numerical tools
PHOENICS finite-volume code.

Output parameters
Salinity distribution
Flow paths

Scope of work related to the transport of solutes

The tests aimed at estimating transport properties in the rock mass are briefly
described below.
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At the Aspo HRL a Long-Term-Pumping test (called LPT2) was performed on
the southern part of Aspo in 1990 /Rhen et al 1992/. During this test tracers
were injected into a number of boreholes with the main purpose of testing the
connectivity of the conductive system. The dilution in the injection sections
was monitored and the arrival of the tracers was monitored in the pumped
borehole.

During the construction of the tunnel a simple tracer test was performed in
hydraulic conductor NE-1 /Rhen and Stanfors 1993, Stanfors et al 1992/. The
purpose was to obtain some indications of the kinematic porosity for planning
the grouting before the tunnel penetrated hydraulic conductor NE-1.

Extensive investigations were performed in a conductive structure intersecting
the tunnel at approximately tunnel section 500 m, at about 70 m depth below
Halo /Gustafsson et al, 1994; Banwart et al 1995/ As a part of these investiga-
tions, hydro-tests and a tracer test were performed in the conductive structure.

A project called Tracer Understanding Experiment (TRUE) was started in 1995
and the first tracer test was performed in late 1995 /Winberg (ed), 1996/. The
tests were performed in a rock of fairly low conductivity.

The evaluations of the kinematic porosity and dispersivity in the references
mentioned above are based on analytical methods assuming radial or linear
flow.

To put the evaluations of the kinematic porosity and dispersivity from Aspo in
a general perspective we refer to a compilation from the literature on tracer
tests in fractured rocks presented by Andersson /1995/ The evaluation methods
used for these tracer tests were analytical and/or numerical and the evaluated
parameters were given as a single value or range for each parameter.

Methods used

Waterchemical composition and properties for transport of solutes were based
on:

• Water sampling in boreholes from surface and tunnel.
• Water sampling of the Baltic water and meteoric water.
• Geophysical logging.
• Tracer tests.

Water samples were the base for the interpretation of the distribution of the
salinity and other natural tracers in the rock mass. The logging of the electrical
conductivity was initially used to interpret the salinity distribution in the
boreholes. Tracer tests were used to test the hydraulic connectivity and to
obtain rough estimates of the kinematic porosity. Figure 7-1 illustrates the pre-
investigation methodology.
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Figure 7-1. Pre-investigation methodology.
Left: Salinity distribution within the rock mass.
Right: Flow paths and arrival times.

7.2 GEOMETRICAL FRAMEWORK

The concepts, used of the geometrical framework are the same as for the
groundwater flow shown in Chapter 5:

• Hydraulic conductor domains,
• Hydraulic rock mass domains.

See Chapter 5 for more details concerning the domains. The numerical
groundwater flow modelling with PHOENICS code described below is based
on the models mentioned in Chapter 5.

Hydraulic conductor domains

The LPT2 test confirmed the hydraulic conductor domain NNW-2 /Rhen et al
19921. It was shown that there was good connectivity between the injection
point and the pumped borehole, both boreholes were assumed to intersect
NNW-2. The injected tracer that was intended to show the connectivity within
hydraulic conductor domain EW-5 never showed up. It was interpreted that
EW-5 was possibly highly fractured and that the test duration was not long
enough to show the break-through.
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NNW-2 was confirmed by hydraulic tests in the tunnel. EW-5 could not be
confirmed in the tunnel, only subhorizontal fracture sets and a few minor
subhorizontal fracture zones were found. The present model does not include
any hydraulic conductor domain corresponding to EW-5.

The tests in the hydraulic conductor domains NE-1 /Rhen and Stanfors 1993,
Stanfors et al 1992/ and the Redox zone /Gustafsson et al, 1994; Banwart et
al 1995/ also confirmed connectivity between the points in the interpreted
domains.

7.3 MATERIAL PROPERTIES

The material properties for the domains are:

• Advection • Kinematic porosity ( nc)
• Mechanical dispersion • dispersivity (a ).
• Molecular diffusion • effective diffusion coefficient

(D*).

(Retardation parameters are not described here as solely generic modelling was
done of techniques of how to incorporate retardation in the model. References
are shown in Rhen et al /1997b/).

The kinematic porosities for some of the hydraulic conductor domains were
calculated to 0.002-0.007, assuming radial flow for the evaluation. The
dispersivities were estimated to 7-20. The distances between injection points
and sampling points in these tests were in the range of 40-200 m. For more
details see Rhen et al /1997b/ Rhen et al /1992/ Rhen and Stanfors /1993/
Stanfors et al /1992/ Gustafsson et al /1994/ and Banwart et al /1995/.
Winberg (ed) /1996/ reports lower values for the dispersivity and kinematic
porosity but the rock was also fairly low-conductive.

In some of the numerical groundwater flow simulations performed up to 1995
a kinematic porosity of 0.001 was used for scoping calculations of the mean
travel time for particles released in the model.

In the numerical modelling using the PHOENICS code at the Aspo HRL up to
1995 the hydrodynamic dispersion was assumed to be constant or dependent
of the Darcy velocity within the model. The hydrodynamic dispersion has so
far, using the PHOENICS code, been modelled as a • L • q where a is a
dispersivity coefficient, L is the coefficient that can be associated with the cell
size in the numerical model and q is the Darcy velocity. Molecular diffusion
has been neglected. When the salinity distribution within the model was
calculated the dispersivity was assumed to be a constant within the model and
not dependent on the direction of flow. The dispersivity within a cell in the
numerical model was set at a • L = 2. The cells size were 20 m cubes below
Aspo. However, a technique was also tried with probability density function
controlling the particle movements (pdf(p)) in each cell in the model in order
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to simulate the effect of the heterogenous medium (see Rhen et al/1997b/tot
overviews of modelling performed).

A linear relationship between the salinity and fluid density was used in the
numerical modelling and this variable fluid density was included in the
pressure term in the equation of motion /Rhen et al, 1997b/.

7.4 SPATIAL ASSIGNMENT METHODS

In the numerical simulations performed up to 1995 the kinematic porosity and
the dispersivity was assumed to have constant values within the modelled
volume.

7.5 BOUNDARY CONDITIONS

Water samples were taken for chemical characterization in corehole sections
during the pre-investigation phase are the base for assessing the boundary and
initial conditions (conditions before excavation).

The following conditions were assumed in the numerical simulations up to
1995:

Upper boundary:
The salinity of the Baltic Sea was assumed to be 0.7%.
The salinity of precipitation was assumed to be 0%.

Side boundaries:
The salinity is 0.7% at sea level and increases linearly to 1.8% at 1300 m below
sea level.

Lower boundary:
Zero flux conditions.

7.6 PREDICTION AND OUTCOME

7.6.1 Salinity field

The predicted salinity distribution in space for natural conditions (undisturbed
by the tunnel) and for a few tunnel-face positions during construction were
presented in Gustafson et al /1991/ and Wikberg et al /1991/ Details of the
prediction was presented in Rhen et al/1991/. The predicted salinity distribu-
tions for natural conditions and for the final tunnel-face position after
construction are shown in Figures 7-2 and 7-4. The simulations presented in
Svensson /1991/ and Wikberg et al /1991/were replotted and are therefore not
exactly as the figures presented previously. Due to the interpolation of the
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simulated results, the salinity field has become less irregular in Figures 7-2 and
7-4 compared to the initial plots. Figures 7-2 and 7-4 are based on interpolation
of the original data from the simulations. Interpolation was made with a
program called Voxel Analyst and with an interpolation algorithm called the
Metric method. It uses the powers of the inverse distance as weight. The
salinity distributions for natural conditions and for the final tunnel-face position
after construction based on measurements was also estimated by interpolation
in three dimensions using Voxel Analyst. The interpolation algorithm used for
the measured data is a distance-based method, called the Multiquadric method.
The modelled values at the points for the input data exactly match the original
input values, except for some minor truncation errors, and the interpolation
function also approximately preserves the gradient inherent in the input data.

The data used are measured values from the Baltic Sea, the properties of the
meteoric water (on land), samples from the boreholes made during the pre-
investigations (29 borehole sections). Samples were also taken from boreholes
made during the construction (19 sections in boreholes from the surface and 18
sections in boreholes from the tunnel). The samples representing the tunnel
construction are from the end or after the tunnel construction. Most of the
observations are above 600 m depth and also focused below Aspo island,
central part of the figures. The observation points for the measured values in
boreholes are shown in Figures 6-10 and 6-11. Due to this the interpolated
values should be considered uncertain below 600 m depth and near the vertical
boundaries. The assumed boundary conditions for the total salinity of the box
for interpolation were:

Land:

Baltic Sea:

Omg/1

6008 mg/1

Side top corners of the box, z = 0 m: 6008 mg/1

Side bottom corners of the box,
z = 850 m: 18870 mg/1 (the values in the bot-

tom borehole section in KAS02
(depth 850 m))

The results based on the interpolation are shown in Figures 7-3 and 7-5 for the
same vertical sections as the ones for the prediction in Figures 7-2 and 7-4.



A
(SW)

An
(NE)

Aspb: c r o s s - s e c t i o n s A and B
(natural conditions, interpolation based on calculated values)

400* 200I

Salinity (mg/1)

B
(SE)

Bn
(NW)

10000-11000

11000-12000

12000-13000

13000- 14000

14000-15000

15000-16000

16000-17000

17000-18000

Above 18000

400i

Figure 7-2. Natural conditions - Numerical groundwater flow simulations. The salinity distribution is shown for two vertical sections,
section A (above) and B (below). Salinity is given in mg/1. The maximum depth of the vertical sections is 1250 m, which correspond to the
bottom in the numerical model. (Simulations presented in Svensson, /1991a/ and Wikberg et at, /1991/ have been replotted and are
therefore not exactly as the figures presented in these reports).
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Changes in salinities were modelled based on the pre-construction Model 90
and assessing the impact of excavation response on the flow field. Under
undisturbed conditions the maximum depth of the fresh water bubble was
predicted to be some 200 m (Figure 7-2) and the measurements indicate a
maximum depth of about 250 m (Figure 7-3). Observations in boreholes from
the surface show that water with a salinity of 17000 mg/1 under undisturbed,
natural, conditions was found at a depth of about 700-800 m. Salinity of 8000-
10000 mg/1 under undisturbed, natural, conditions was found at a depth of 400-
500 m. After excavation of the tunnel, water in boreholes drilled from the
tunnel at a depth of about 360 m showed a salinity of about 17000 mg/1. Minor
changes in the salinity were observed in boreholes at some distance from the
tunnel.

The predictions made using the numerical model also indicated an 'up-coning'
of saline water (see Figure 7-4). The numerical model, Model 90, was a
stationary simulation.

Conclusions

Generally, the salinity of the water flowing into tunnel sections and in the
boreholes did not change very much during the construction of the tunnel. The
salinity of the water flowing into the tunnel changed more than that of the water
to boreholes drilled from the surface. In some boreholes along the tunnel the
salinity increased considerably compared with the values measured at about the
same level before construction in boreholes from the surface. This was also in
line with the predictions based on the numerical model. Measured and
predicted values indicate up-coning of the saline water in the same range.

Although the predicted flow rates for the tunnel spiral were about twice the
measured ones, the predicted salinity distribution was about the same as the
measured! However, the predicted drawdown was in the same range as that
measured (see Rhen et al /1997a/), and the drawdown seems to control the
distribution of the salinity. The salinity distribution is more dependent on the
pressure field than on the hydraulic conductivity field and is thus easier to
predict than, for example, the water flux in the rock.

The Model 90 was a stationary simulation but due to the different stages of
prevailing hydrological conditions since the last glaciation the boundary
conditions are changing and may play a role for the present situation at Aspo.
There remains uncertainties of how the shore displacement, and also the
development of the Baltic sea since the last glaciation, influence the distribu-
tion of salinity at present.
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7.6.2 Natural tracers

Predictions 1990

In the model presented before tunnel construction was started all
hydrochemical information was presented as concentrations of the most
important ions and isotopes. Some of them are considered to be non-reactive
and thus capable of being used as groundwater tracers. Some manual
calculations were done to predict the concentrations of these natural tracers at
selected time steps during construction. As a basis for the calculations three
different water types were selected, Baltic Sea water, meteoric freshwater and
deep saline water.

Scoping calculations with Model 90

With Model 90 scoping calculations of the flow paths from some of the
borehole sections to the tunnel were made. Calculations were performed as
stationary simulations with the tunnel face at four positions (about 1450 m,
2500 m, 3100 m and tunnel after construction). Calculations showed that the
travel times from several borehole sections on southern Aspo to the tunnel were
just a few days assuming a kinematic porosity of 0.001 /Rhen et al, 1991/.

Evaluation of predictions

During construction the natural tracers were monitored in selected borehole
sections at Aspo. At the same time the dilution rate was measured in the same
borehole sections. In most cases there were large differences in the flow rates
compared with the predictions. The observed rates were generally one to two
orders of magnitude lower than the predicted.

Because of the difference in the dilution rates mentioned above, a systematic
scrutiny of the separate measurement points was judged not to be meaningful.
However, a more important question now is how the enhanced knowledge of
groundwater evolution would have changed the way the predictions were made.
The present hydrochemistry model includes the definition of five water types
('reference waters') which in varying proportions describe all observations. If
this model had been available when the predictions were made, the predicted
item would have been the mixing proportions of the reference waters. The
observations to be compared with the predictions are:

NE-4 is dominated by sea water, which increased from 44 to 69 per cent during
construction while shallow water decreased from 29 to 23 per cent. (Depth
below sea level at the tunnel intersection: - 110 m.)

NE-3 is dominated by seawater, which decreased from 76 to 69 per cent during
tunnel construction. (Depth below sea level at tunnel intersection: ~ 140 m.)
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NE-1 is dominated by seawater, which increased from 44 to 76 per cent while
the shallow water decreased from 30 to 16 per cent. (Depth below sea level at
tunnel intersection: ~ 180 m.)

EW-3 is dominated by seawater, which changed from an initial 43 to a stable
65 per cent with a decrease of shallow and glacial water. (Depth below sea
level at tunnel intersection: ~ 200 m.)

NE-2 is dominated by glacial water at all three intersections with the tunnel.
The proportion of glacial water decreased from 65 to 30 per cent, 45 to 19 per
cent and 47 to 45 per cent respectively during construction of the tunnel.
(Depth below sea level at tunnel intersections: ~ 220-350 m.)

NNW-4 is dominated by shallow water in the proportion of some 30 per cent
(Depth below sea level at tunnel intersections: ~ 250-400 m.)

With an updated model for the hydraulic conductor domains (Model 95)
scoping calculations of the flow paths were made. In this case back-tracking of
the particles from the tunnel was used in order to trace the origin of the water
flowing into the tunnel. The calculations were stationary simulations with no
tunnel present (undisturbed conditions) and with the tunnel face at 1475, 2265
and 2874 m. /Inner and Gustafsson, 1995/

The flow paths considered to be of most interest were the ones identified from
the LPT-2 tracer test. Data on flow porosity was obtained from the same tracer
test.

The general picture of the proportion and the distribution of the 'reference
waters' along the tunnel show that there is a general agreement between the
observations and predictions.

7.7 EVALUATION NUMERICAL, MATHEMATICAL TOOLS

One purpose of including the transport of solutes in the numerical modelling
was to estimate the salinity distribution within the modelled volume, which
affects the fluid density and then also the fluid flow (see Chapter 5). Salinity
was also used as a tracer to study the salinity within the flow field under natural
(undisturbed) conditions and during construction of the Aspo HRL.

Another important use of the numerical model was to study flow paths under
natural (undisturbed) conditions and during construction of the Aspo HRL in
order to trace the origin of sampled groundwater.

Up to 1995 only a few tests had been performed with sorption/desorption of
particles on their flow path using the PHOENICS code (see references in Rhen
et al /1997b/).
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A method for calculating the proportions of different water types using the
numerical groundwater flow model was tried. The calculated flow field is used
for back-tracking marked fluid elements, released around the tunnel or near a
borehole section. Back-tracking means that all flow vector components are
used with reversed signs. If it is assumed that stationary conditions prevail it
is possible to calculate the paths for the water passing the borehole section or
entering the tunnel. It is then also assumed that no chemical reactions will take
place along the flow path.

It is also possible to visualize the region in the rock mass where most of the
particles are at a certain time before entering the tunnel or passing a borehole
section. The particle distribution can be shown by an iso-surface for the particle
concentration.

It can of course be argued that the flow conditions are transient and will affect
the composition with time as water flows into the tunnel. However, it seems to
be a simple and fast method (as it is a stationary flow field ) to get some idea
of the flow paths and the possible origin of the water. As a next step it would
naturally be desirable to do transient simulations and release particles at
relevant points, or evenly distributed throughout the rock mass. However, it is
important to release a very large number of particles in order to calculate the
proportions in relation to time. The computer simulations may thus become
time consuming.

7.8 EVALUATION OF SITE INVESTIGATION METHODS

Hydraulic connectivity

The tracer tests were useful for testing the hydraulic connectivity between
borehole sections assumed to be in a hydraulic conductor domain. Hydraulic
interference tests give rather good opportunities to indicate hydraulic
communication within a defined hydraulic conductor domain, if the
transmissivity is high compared with the transmissivities of the possible
hydraulic conductor domains intersecting the tested domain fairly close to the
pumped borehole. However, it is pressure responses that are measured at
observation points in an interference test and not flow rates. It is possible that
a packed off borehole section intersects close to a boundary of a very
transmissive fracture. In such a case the interference test indicates good
hydraulic communication with the pumped borehole but still the water in the
fracture may be more or less stagnant. Thus, in some cases there may be
problems when performing a tracer test, but if the rock is highly fractured in the
borehole section where tracer is to be injected the risk of problems is probably
minimal. Dilution test is a useful method for finding out if a borehole section
is in good contact in terms of groundwater flow.
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Transport parameters

Site-scale tracer tests can be useful for confirming the connectivity within
hydraulic conductor domains. Evaluation of reliable estimates of the transport
properties from these large-scale tests seems to be difficult so far.

The tracer tests in NE-1 and the redox zone were rather successful for defining
hydraulic connectivity but also for approximately estimating the kinematic
porosity. For these cases the test scale (distance between injection sections in
boreholes and inflow to boreholes or tunnel) was up to about 100 m and the
hydraulic conductor domains were fairly well defined geologically.

The usefulness of some pre-investigation methods is summarized in Table 7-2.

Table 7-2. Presentation of usefulness of different investigation methods.
/Almen et al, 19941.

Subject Methods Usefulness

Regional,
Site scale

Flow path and arrival Tracer test
time

3

Natural tracers Sampling in percussion boreholes
Sampling during drilling
Sampling during interference tests
Complete chemical characterization
Monitoring of chemistry and the natural
groundwater flow in permanently packed-
off borehole sections

Saline interface Geophysical logging
Pumping for chemical sampling
Air-lift pumping of packed off sections
Chemical sampling in water circulation
sections
Electrical conductivity measurements in
borehole sections

Very useful = 3 Useful = 2 Less useful = 1 Not applicable = -
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7.9 OVERALL EVALUATION CONCERNING THE

TRANSPORT-OF-SOLUTES CONCEPTS

7.9.1 Models

Salinity

It was possible to reproduce approximately the salinity field by numerical
simulations with the groundwater flow model and the material properties
assumed for the transport of solutes. As regards the transport of salt the simple
approach used seems to work satisfactorily. However, more realistic descrip-
tions of material properties and boundary conditions should be tested in the
future.

Transport parameters and hydraulic connectivity

The LPT2 test was performed on a large test scale, several 100 m, and several
hydraulic conductor domains were tested. As a connectivity test it was useful
but the evaluation of the transport properties was more difficult. A number of
modelling groups used the data from the LPT2 test and tried to simulate the
transport, but found it difficult to find a 'unique' solution concerning the
transport parameters. The modelling work is summarized in Gustafson and
Strom /1995I and reported in detail in Rhen et al /1992/, Hautojdrvi /1994/,
Taivassalo et al /1994/, Billaux et al/ 1994/ Noyer and Fillion /1994/
Barthelemy et al /1994/, Holton and Milicky /1996/ Gylling et al /1994/
Kobayashiet al /I994/ Igarashiet al / 1994/and Uchida et al /1994/

Flow paths and arrival times

Flow paths and arrival times were not specifically assessed, mainly because
these subjects were not particularly important at this stage. However, it may be
concluded that the models for calculation of flow paths and arrival times must
be further developed.

7.9.2 Scoping calculations

A summarized evaluation, based on data from comparisons between calcula-
tions and outcomes /Rhen et al, 1997a/is presented in Table 7-2. The '+' sign
represent the most common parameter result. The results are discussed briefly
below.

Groundwater chemical composition and transport of solutes

The combined effect of sparsely made predictions (with only a few points in
tunnel and surface boreholes with complete time series of chemical, head and
flow data) together with changed tunnel lay-out, revised fracture zones and
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changed chemical end-members, makes evaluation of prediction reliability
cumbersome. However, the overall conclusion is that the predictions made
during the pre-investigation as a whole are in accordance with the outcome,
although the tunnel breach of zone NE-1 changed the transport of solutes and
chemical composition in zones NE-2 and NNW-4 to a larger extent than was
predicted. The surface type of waters also penetrated the fracture zones to a
lesser extent than expected from the predictions.

Table 7-2. Comparisons between predictions and outcomes IRhen et al,
1997a/. The '+' sign represent the most common parameter result. (+):
Results only based on scoping calculations.

Subject

Salinity
In boreholes
Saline interface

Flow paths

Site
Within
range

+ **
+ **

(+)

scale
Outside
range

Comments

The flow r
model do not contradict the groundwater
chemical measurements in the tunnel bore-
holes, surface boreholes or Baltic Sea.

Arrival time A few results based on the groundwater
chemical measurements in the tunnel bore-
holes indicate transport times in the same
range as estimated using the groundwater
flow model.

Natural tracers A systematic scrutiny of the separate mea-
surement points could not be made (see
text).

** No strict ranges were given in the calculations. However, the results from simulations
with two different tunnel skins are here used as prediction ranges and a judgement is made as
to whether the results are relatively close to the predicted range (=within predicted range) or
not (outside range).

7.9.3 Conclusions

The multivariate groundwater mixing and mass balance modelling
concept M3 seems to be one of the tools that can be useful for the
interpretation of the flow paths and transport times. Another tool is of
course a groundwater flow model for calculations of flow paths in the
rock mass that can be compared to the multivariate groundwater mixing
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and mass balance modelling. However, there is still much work to be
done to improve the integration between the groundwater flow, ground-
water chemistry and transport of solutes models. Work is on-going.

Tracer tests are useful for checking the connectivity within and between
hydraulic conductor domains. At a relatively small scale, about 50-100
m, it seems possible to get rough estimates of the flow porosity and
dispersivity within a hydraulic conductor domain. At larger scales it is
difficult to evaluate the transport properties but the tests can be useful for
defining hydraulic connectivity.

The tests on larger scales may also demand a fairly long test time,
involve a large number of observation points for pressure and points for
tracer injection. Because of this the large-scale tests also become quite
expensive to perform.

It should be pointed out that few attempts have been made to estimate the
transport properties of the rock mass at Aspo HRL sofar. In the next
phase of the Aspb" HRL a much greater effort will be made on finding
useful concepts and parameters for calculations of transport of solutes.

NEXT PAGI(S)
loft BLANK
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8 EVALUATION OF THE SITE CHARACTER-
IZATION METHODOLOGY APPLIED AT
• • ••
ASPO

8.1 INTRODUCTION

The aim of Chapter 8 is to highlight some topics in the methodology used on
the Aspo HRL Project. It includes evaluation of the:

• iterative approach to site characterization.

• multi-disciplinary approach to data collection and interpretation.

• modelling in different scales.

The next section is devoted to important new findings in connection with
characterization in conjunction with construction and the following section
summarizes the evaluation of subjects of importance for each key issue defined.
In the last section our findings at Aspo are summarized and evaluated in the
light of the siting factors that SKB applies to the siting of the deep repository
for spent fuel /SKB, 1994/. During the course of this work, a great deal of
general experience was gained and reported in Bdckblom et al, /1997/ and the
reader is referred to this report for details.

8.2 EVALUATION OF THE ITERATIVE APPROACH

It is quite obvious that an iterative approach to site investigation is preferred.
The iteration should encompass all the activities, not only the data collection
(see Figure 2-4). Iteration should continue up to a point when there is enough
confidence that the known uncertainties are acceptable for the respective steps
of design, construction and licensing of the repository. Using the iterative
approach, results should become more certain, with time (see Figure 8-1).
Three important stages in the iterations can easily be defined for the level of
understanding and knowledge; 1: at the start of site investigation, 2: at the start
of construction and 3: after construction.

The following sections describe some general experience and evaluations,
structured as shown in Figure 2-4.
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start of start of
investigations construction

after
construction

properties

geometry

existence of process

certain probable possible

Figure 8-1. The horizontal axis shows how understanding and knowledge is
increased with further site investigations. First the existence of processes are
found out, then the geometry (e.g. domains of existence, spatial assignment)
and finally the properties for the domain are derived. In spite of detailed
investigations uncertainties will always exist and these must be taken into
account in the design and the performance and safety assessment.

Goals

Time and greater understanding has led to a successive development of the
objectives of the Aspo HRL Project /SKB, 1986, SKB, 1989, SKB 1992/.

The Aspo HRL was launched with a general thought that a laboratory is an
important tool in driving the overall programme forward. The laboratory can
be used to test and develop methods and technology before being applied to a
real site. This includes site characterization technology, construction and
handling methods, and long-term pilot tests of parts of a repository.
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The driving force for defining the site investigations were the data need for
safety analysis and for design and construction of the laboratory. The set of data
needed has however successively developed. A common basis for the Aspo
programme has been that the site investigations shall provide a good
understanding of the site and a sufficiently comprehensive data set to be able
to handle various issues during construction. Within the project a detailed list
of subjects for the site investigations were developed. Based on the experience
from Aspo a general site characterization programme is being developed by
SKB. This programme will address (in as great detail as is reasonable in
advance with no or limited knowledge of the specific site) those measurable
parameters that are relevant to safety as well as to design and construction. The
parameters chosen by the Aspo project are mainly a part of those defined in the
site characterization program under development.

Data collection

A multi-disciplinary approach was used in the data collection. Several
improvements in methods have been achieved during the pre-investigation and
construction phases. Examples of significant technology developments during
the Aspo project for data collection are the telescope shaped borehole design,
technology for dilution measurements to measure groundwater flow, the flow-
meter tool for identifying water conductors, and the on-line monitoring network
of boreholes. However, there is still a need for further improvement /Bdckblom
et al, 1997/, and such developments are in progress. Examples are a positioning
system for measurements in boreholes, reversed flushing during drilling to
minimize groundwater contamination and methods to simplify orientation of
fractures in boreholes by digital down-the-hole TV. Further developments are
for example a need for improved groundwater sampling technique and flow
meter logging in the upper part of the telescope shaped boreholes.

The independent review of the data from the pre-investigation data in the SKI
Site 94 Project /Geier et al, 19961, confirms many of our own conclusions,
especially with respect to the usefulness of the previous data base management
system. As a result of the Aspo findings a new data base system - SICADA -
has been developed. Large amounts of data are collected and it is important to
have a good data base structure including some references to more details about
the data, for example descriptions of measurement techniques.

Data collection (with exception of reflection seismics) was adequate to make
conclusive statements of importance for engineering purposes. Data have been
enough in quantity and of good enough quality to show the existence of several
important processes in the rock. The geological models and geometrical
framework were in general reliable. But the amount of data was not, as
expected, adequate for deterministic descriptions of minor discontinuities in the
rock. Nor has the data quality been adequate for precise determination of the
primary stresses. For many parameters the natural variability makes it only
feasible to derive a stochastic distribution of the parameter in question.
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In general, parameter values can be derived with reasonable effort. However,
it can be very time consuming to show the non-existence of processes or
features like fracture zones, especially when only one method provides an
indication that the process/feature exists. A practical example is where analyses
of reflection seismics indicated subhorizontal fracture zones at Aspb", which
conformed to the general understanding of the geological setting of the region
where such subhorizontal zones exist. A great deal of effort was needed to
resolve the relevance of these seismic indications. It was found that the seismic
results did not correspond to any subhorizontal zones of importance down to
about 500 m depth. The two gently dipping fracture zones (less than 1 m wide)
mapped in the tunnel are probably too narrow to be indicated by the seismic
reflection used at Aspo but today the reflection seismics technique has
developed and probably give better possibilities to detect subhorizontal fracture
zones compared to a few years ago.

Analyses

The analysis part of the site investigations is at present the most complex one.
Based on previous experience and data collected at the site one or several
conceptual models should be chosen to describe a process. Each conceptual
model presents its own needs for data and interpretation of data. However,
when a conceptual model has been selected, the data need and interpretation of
data become more straightforward. The data collected should also allow
alternative interpretations based on different conceptual models. It should also
be pointed out that inter-disciplinary interpretation is vital as supporting
evidence for certain models.

There are sometimes conceptual uncertainties of a general nature that are
complicated to analyse, like the scale-dependency of parameters. Our approach
to scale-dependency of the permeability of the rock mass was to perform tests
on several measurement scales. Further, several conceptual alternatives are
likely to be viable for models of hydraulic conductivity, retardation, etc. There
is a need for a dedicated effort to consistently present results with error bounds
representing both measuring accuracy, parameter variability and conceptual
uncertainty.

Our approach to dealing with the geometrical complexity of the rock was to
distinguish between deterministically assigned geometry and properties and
stochastically assigned geometry and properties. This separation has been of
value to treat the complexity of the rock (Figure 8-2). There will always be a
choice to be made as to what should be described deterministically and what
should be described stochastically. This decision is dependent on the purpose,
scale, availability of data, etc.

In-depth analyses of the results can be hampered by the allocation of insuffi-
cient time. Thus, it is imperative that the time targets of the overall site
investigation permit careful analyses and co-interpretation. There is a need for
in-depth analyses not only to describe how things are, but also how things
cannot be as well. However, there is a general advantage using the iterative
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updating approach to analyses and modelling, i.e. starting with the simplest
possible model and making it more sophisticated if necessary. Thus, un-
resolved questions can be taken care of in the next iteration.

Simple rules used for the data collection and subsequent analyses were dogmas
like 'Do not collect data at a greater rate than we can document and evaluate',
'Data will only be collected if there is a client/customer who will bear
responsibility for evaluating it'. These simple rules should be remembered
during site characterization.

It is also a great advantage if there is an interactive 3-D CAD system available
for interpreting results, integrated modelling, visualization and transformation
of relevant geometrical information into numerical groundwater flow models,
for example.

Models

For Aspo the intended use of modelling was to develop predictive models to
forecast conditions to be measured during construction of the Aspo facility. To
obtain a simple overview of models (concepts, data) a model format was
developed /Olsson et al, 1994, Chapter 2/using principles which are employed
in this report. (Chapter 3-7).

Inter-disciplinary modelling work should be performed continuously through-
out the characterization work to ensure that models are consistent. Investiga-
tions are made in steps and after each step integrated geological,
hydrogeological and hydrochemical models are established. These integrated
models should be the base for planning further investigations. It is also
essential that enough time be reserved for analysis of collected data and
updating of the models between each step. It is also of major importance at an
early stage in the investigations to select an appropriate, consistent nomencla-
ture for descriptions of, for example, fracture zones, lithology and groundwater
chemistry.

Predictions

The model (of a process) consists of the model elements; geometrical
framework, material properties, spatial assignment and boundary conditions,
see Table 2-1. Now for a real case, data, will be needed for the four elements
of the model. If necessary a numerical or mathematical tool that handles the
processes and features should be chosen as a prediction tool. And, finally, there
is a need to select output parameters that satisfy the purpose of the model. It
is ideally the output of the model that should be predicted. This implies that the
predicted output also can be measured in a useful and feasible manner. If this
ideal situation can not be arrived at, the alternative is to estimate the parameters
for each model element, for example the material properties.



208

deterministic ^ ^ stochastic
description description

order disorder

Figure 8-2. Complexity exists between order and disorder. In general it is
easier to analyse and describe a completely ordered or completely disordered
system. Complete geometric disorder (chaos) is a random system requiring few
parameters for description. The completely ordered system is also easy to
describe with few parameters. At Aspo certain subjects are described using a
deterministic approach; other subjects are described using a stochastic
approach, first using non-correlated data. Application of spatial correlation
of the stochastic data makes models more complex. The study of complexity is
itself a general scientific discipline and the reader is referred to
/N0rretranders, 1994/for a popular presentation.

The groundwater flow models can be tested with data from large scale
interference tests and drawdown by the facility constructed. However, with
groundwater flow models, for example, we calculate the flow distribution,
which can not readily be measured in the case of a large volume. Therefore
sub-sets of the model, as the geometrical framework, material properties, etc.
are tested using the prediction-outcome approach in order to obtain confidence
for the model.

Different approaches have been taken for the predictive work. For parameters
where many samples will be collected it is possible to calculate an estimate of
the mean and variance of a parameter. The mean and variance of a population
can be estimated for each investigation stage and while the data sample is
getting larger and larger the confidence in the derived statistical distributions
is increasing. Where few data will be collected, a lower level of confidence can
be used. Some geological predictions were made using a 60% level of
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confidence. Sometimes expert judgements were made and only possible ranges
of parameter values were given. There are also deterministic 'yes-no'
predictions to evaluate, like whether a major fracture zone exists or not. For
some of these predictions no uncertainty really can be accepted. There should,
for example, be no uncertainty regarding reducing conditions in the
groundwater at a virgin repository site at repository depth. It will also not be
practicable to find a major, water-conducting fracture zone intersecting for
example the hoist shaft. In general designers tend to ask for determinism, while
safety assessors can meet their needs by stochastic models.

Predictions of lithology, material parameters like hydraulic conductivity,
fracture properties and primary stresses are more transparent if there is a clear
distinction between measurement accuracy and uncertainty due to natural
variability. It is also advisable that a predicted range should be based on the use
of different methods for sampling in the different investigation stages. At Aspo
hydraulic tests for practical reasons were made with different test-section
lengths in the pre-investigations and during the construction. Another example
is that rock stresses were determined using different methods in the different
phases. Using different methods and different measurement methodology
during the pre-investigations and underground investigations causes
uncertainties of how to compare the results. This type of uncertainty can of
course be limited provided there is a consistency of scales and methods chosen
for surface and underground investigations.

The advantage of the systematic use of predictions as a tool to test
understanding and knowledge is that it puts clear demands on systematics of
the work. The conceptual model(s) must be chosen, data need and means of the
updating observations decided. The approach also stresses descriptions of
previous results for comparison with the updated results.

The prediction-outcome approach has its advantages, but also some drawbacks.
Data collection can be focused too much on finding data in pre-determined
spots for which data have been predicted. It is also only possible to focus on the
concepts where it is known to be possible to acquire new data iteratively during
the construction phase, which can narrow the search for new or alternate
concepts.

Evaluation of models

The comparison of predicted parameters with outcome can lead to several
explanations and therefore it is also a need to scrutinize the underlying
assumptions and processes so that predictions can be defended as being within
the range, indicating a reliable model.

The outcome can also be outside the range for several reasons. Wrong
conceptualization and also previously unknown (new) processes or features are
possible reasons. Previously known processes (features), not taken into
account, but which, with hindsight, should have been taken into account in the
conceptualization can also be a reason. Misinterpretation of data, incorrect data
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analyses, insufficient data sample not taking into account natural variability is
also plausible. There is of course the difficult aspect of treating the case when
predictions are within range, but using a model based on wrong assumptions.

What now is important to bear in mind is that a prediction-outcome approach
is only a tool. It is a tool useful for planning, transparency and documentation
that simplifies evaluation of model and method usefulness and feasibility. An
essential part of the model evaluation is the careful scrutiny of the underlying
processes and incorporated assumptions.

Evaluation of methods

Evaluation of methods includes the general investigation approach, the systems
for data collection, analyses, calculations, etc. To find out the feasibility of
methods, the project has tried to keep a steady pace and thereby eliminating
methods and methodology that were impracticable.

A few examples to illustrate that said above: Orientation of cores was not done
as much as planned originally due to the low feasibility of the method chosen.
Development of digital down-the-hole TV equipment is now a preferred
method to obtain a base for fracture orientation. Hydraulic measurements by
flow logging (spinner) were introduced due to their usefulness and low cost.
Calculations of groundwater flow were performed using a finite volume code
(PHOENICS) which at that time was much more versatile than any of the
finite element codes.

In the site characterization for a deep repository methods should only be used
that have previously been shown to be useful and feasible in practice. At Aspo,
however, part of the exercise was to sort out methods that were not useful or
not feasible for investigations of rock during pre-construction and detailed
characterization in conjunction with construction. If new methods are to be
considered in the site investigations for a deep repository, the Aspo facility
provides excellent conditions for such tests prior to application at the real site.

It is also important to have a good QA of the methods and that the methods and
the measurement accuracy are well documented. Each test should also be well
documented in order to facilitate better possibilities to evaluate the raw data in
a later stage of the investigations. The QA has improved during the
investigations and for example a number of QC documents for several of the
investigations have been written. The QA and QC of the data base has also
been improved.

8.3 MULTI-DISCIPLINARY APPROACH TO DATA
COLLECTION AND INTERPRETATION

Inter-disciplinary work should be performed throughout the investigations to
ensure model consistency. To facilitate integration, only four principal
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investigators, with a broad responsibility, were involved in the science
management.

Data collection

Direction, depth, inclination and surface co-ordinates of boreholes were
decided in consensus. It was also, more or less taken for granted, that tests for
several disciplines should be conducted in all boreholes, to avoid 'the
geologist's hole', 'the chemist's hole'. The advantage is that several types of
observations are collected for the same rock volume, allowing co-interpretation
of geology, rock stress, hydrogeology and groundwater chemistry. Borehole
design and the test sequence were planned in consensus, maximizing the
amount of possible information for each hole. Pumping tests for hydrogeology
were planned to allow for sampling of the hydrochemistry as well.

Modelling

In the early phase of the investigations, all data collected were used to support
the development of a reliable geological-structural model. The geological,
geophysical data were compared with hydraulic responses and the chemistry
of the groundwater to decide the discontinuity models. The lithological model
was used as a basis for division of hydraulic domains as well. Data for the
salinity of groundwater was used to check the groundwater flow model. The
model was then used to calculate the flow field to check the groundwater
chemistry mixing models. Rock stress measurements are also useful for
comparison of the principal direction of the hydraulic conductivity tensor with
the rock stress tensor. There is a strong and direct coupling between the
geological model and the rock mass classification used to assess excavation
stability.

The use of boreholes with common observation locations also simplified co-
interpretative work when model updating was done. It is thought that the value
of common boreholes overrides the possible disadvantages with inter-
disciplinary test deficiencies in the common holes.

8.4 EVALUATION OF MODELLING TO DIFFERENT SCALES

Rationale

One of the early decisions taken by the project was to make models on several
scales, /Bdckblom et al, 1991/(see Figure 2-1) as it was thought that models on
these different scales would be feasible for the real deep repository. The regional
scale » 1000 m forms a basis for later more detailed investigations. Assessments
on a regional scale can be used to select possible suitable sites for the repository,
to define areas of recharge and discharge and to provide the overall tectonic pattern.
The site scale models 100 - 1000 m can be used to define major fracture zones
and/or major flow paths. These investigations will provide guidance on the depth
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at which the repository should be placed as well as delineating a potential
repository volume. Models on this scale are also used for computing far-field
groundwater flux and nuclide transport through the repository and to the biosphere.
Block scale assessment 10 - 100 m will be used to position deposition tunnels and
later to position canisters. The detailed scale 1 -10 m defines the hydrogeological,
chemical and mechanical near-field to the canister. By proper positioning of the
canisters it will be possible to influence the overall safety of the repository.

Regional scale models

The regional scale model shall provide information useful for selecting potential
sites for the repository. It shall also provide enough data for setting up groundwater
flow and groundwater chemistry models in a large scale. These models are needed
for the general understanding and evaluation of the present and past processes and
have to be used to assess the boundary conditions for the site model.

Fairly limited investigations were performed during the pre-investigation phase.
Airborne geophysical measurements and lineament interpretation were the base for
the regional model. Groundwater sampling, geophysical logging and hydraulic
testing in shallow percussion boreholes and a few cored boreholes were used to
detail the regional model towards depth. The data was sufficient to select the site
for the laboratory but was later found to be insufficient for the understanding and
modelling of the regional area with respect to groundwater flow and groundwater
chemistry. Supplementary investigations during the construction phase of the
laboratory (drilling of one very deep borehole and some ground geophysics
investigations traversing a few fracture zones) gave a better insight in processes
and properties within the regional model based on the chemical groundwater
composition and distribution of hydraulic properties towards depth. However, it is
likely that the investigations within a regional area have to be somewhat more
extensive than what were made for the Aspo" HRL to get a better confidence of the
boundary and initial conditions, mainly hydraulic and groundwater chemical but
also on the properties of the rock mass in a regional context.

Site scale models

One important issue on the site scale is to find a large enough rock volume to host
a repository. The rock at Aspo is more heterogeneous than expected for a deep
repository and the number of fracture zones is high. The simple design criterion for
the laboratory was to position the spiral so that it was bordered by major fracture
zones and not cut by major zones. The investigations at Aspo were adequate in this
respect. The investigations at Aspo provide confidence that major fracture zones
and their geometries can be known based on pre-construction investigations.

The major fracture zones and their properties were also quite correctly modelled
with respect to geological character and hydraulic transmissivity which provides
confidence that the pre-construction models also will be useful for performance
assessment purposes.



213

Minor fracture zones and their stochastic behaviour were learnt on the basis of pre-
construction investigations and there is confidence that such features will in future
site investigations be described in a stochastic sense.

The potential host rock for a deep repository and its groundwater chemistry should
also in general be in a reducing state. This was confirmed early in the investigations
and further established during investigations in conjunction with construction.

The potential host rock for a deep repository should also in general provide
mechanical stability. There is general experience in Sweden that mechanical
stability is usually achieved even for very large depths. There is, however, also
evidence of local rock burst problems very close to the surface. At Aspo experts
judged that some possible rock burst problems would only occur in the
greenstones. No indications of rock burst were collected and, thus, the overall
expert judgement of mechanical stability at Aspo proved to be correct. However,
relevant data to make these judgements are normally scarce and scattered due to
large natural variability and model and parameter uncertainty.

Block scale

At Aspo predictions at block scale were basically stochastic for subjects like rock
composition, number of rock boundaries, single open fractures, etc. Sampling of
data to test these predictions were then conducted in 6 blocks with pre-determined
locations along the tunnel. This approach may be questionable as it might have
been - due to the natural variability at the site - more reasonable to sample over
larger rock volumes to compare sample statistics prior to and after construction.
The block scale assessments are of course of relevance for the near-field
performance assessment. The findings at Aspo provided statistics of properties on
a block scale. However as a 'prediction' exercise the results on a block scale for a
pre-determined block in the spiral are typically outside the predicted range,
basically due to the lithological inhomogeneity. Thus, for a repository it is of value
that the block scale is homogenous to simplify confidence-building for the near-
field models. The layout of deposition tunnels should only be preliminary, based
on the pre-construction investigations and fixed only after data from the detailed
characterization. It is possible that more attention to near-field models in the pre-
investigation could have emanated in more precise models. The development of
the Baymar approach to describe natural variability /Rosen, Gustafson, 1996/is a
step in the right direction.

Detailed scale

Limited work was conducted to make predictions in four lithologically
homogeneous rock blocks situated within volumes used for the block-scale
predictions. The observations are considered to be more in line with the predictions
compared to the block scale, certainly due to the fact that the predictions were
made for the general characteristics of each lithological unit at southern Aspo. The
predictions on the 5 m scale were made on generic blocks of each lithological unit,
but the block on 50 m scale was defined in space.
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8.5 FINDINGS DURING THE DETAILED CHARACTERIZA-
TION EN CONJUNCTION WITH CONSTRUCTION

The main finding during the detailed characterization is that the pre-
construction models are basically confirmed. The models have of course grown
more detailed as the data base was increased.

1. Precise geometrical information on the fracture network and distribution of
the lithology has been improved in the near-field to the tunnel (Chapter 3).

2. The expanded data set on the stress field has shown that the range of the
values of maximum horizontal stresses is larger than previously estimated
(Chapter 4).

3. There is now greater confidence in the nature, geometry and properties of the
water conductors, like major fracture zones, minor fractures zones (fracture
swarms) (Chapter 5).

4. Data now permits the hydraulic conductivity to be treated as a tensor with
anisotropy (Chapter 5).

5. The detailed description of the conductive fracture network has been
considerably improved (Chapter 5).

6. Biological processes have been shown to be important for the control of
redox conditions in the rock (Chapter 6).

Further, several improvements in underground site characterization have been
made and these will be reported in a separate SKB Technical Report (in progress).
In this context it can be mentioned that it is expected that the detailed characteriza-
tion from tunnels in a repository will make the models more detailed but also that
the confidence in the models will increase. Some of the results above can serve as
examples of expected model developments.

8.6 EVALUATION OF SUBJECTS OF IMPORTANCE

Table 8-1 summarizes findings with respect to the main 'subjects' defined for each
of the 'key issues' defined by the Aspo project. It treats the present level of the
general scientific understanding, the site-specific knowledge that has been arrived
at Aspo and also the usefulness and feasibility of models and methods.



Table 8-1. Summary table outlining subject resolution for pre-investigation methods with respect to scientific understanding, site-specific
knowledge at Aspo, usefulness of results and feasibUity of methods.

Scientific understanding Site-specific knowledge Usefulness Feasibility

Understanding is the'problem-sol-
ving capacity beyond current
practice', the ability to grasp
abstract concepts, detect and
explain unfamiliar errors.
If there is a general scientific
consensus of the basic principles
and approaches the understanding
is said to be well established.

Knowledge is 'memorized
information', such information
that can be readily retrieved from
reports, data bases, etc. The
degree of knowledge reflects the
comprehensiveness and generality
of the data base for Aspo. Here
the situation prior to construction
is considered.

Usefulness, applicability and
relevance of models and results to
the site investigations for a given
purpose (deep repository). The
degree of fulfilment of data and
analysis requirements.

Ability to collect, analyse and
apply data and models in an
efficient and timely manner.

GEOLOGY

Major (subvertically dipping)
fracture zones

The mechanisms behind and
appearance of major fracture
zones are understood.

The knowledge of most of the
important major fracture zones in
the target area was well
established before the excavation
of the tunnel started

The positions and character of the Feasible methods for identifying
major zones are of paramount and characterizing major zones
importance for groundwater flow, from surface are well established,
transport of solutes and design
and construction.

Subhorizontal fracture zones The mechanisms behind and
appearance of fracture zones are
understood.

The frequency and importance of
subhorizontal fracture zones in the
Aspo area is low.

If there are subhorizontal zones To prove non-existence based on
they may be important for available geophysical methods has
groundwater flow and transport of shown to be a difficult task,
solutes and design and
construction. Relevant for
deciding repository depth.



Scientific understanding Site-specific knowledge Usefulness Feasibility

Minor fracture zones

Small-scale fracturing

Lithology

Our understanding and the
character of minor fracture zones
is established.

The orientation and frequency of The properties of minor zones are Feasible surface methods to

The mechanisms of the
development of the fracture
system in relation to time is
known through our knowledge of
the geological history of the area.
Our knowledge of the geological
fragmentation has grown
considerably.

The development of the lithology
in relation to time is known
through our knowledge of the
geological history of the area, cf.
above.

minor fracture zones are known.
The location of specific zones at
depth is incompletely known.

The fracture system distributions
mapped at the surface have shown
to be persistent also at depth. Our
knowledge of the geological
fragmentation has grown
considerably.

The occurrence and properties of
all major lithological units at
Aspo are well known.

important for calculating ambient determine property distributions
groundwater flow and nuclide exist,
retention. They are also of
importance for laying out tunnels
at repository depth.

Fracture data are important for
groundwater flow and nuclide
retention and for assessing rock
stability.

Lithology determines to some
extent geochemical,
hydrogeological and mechanical
properties of the rock.

Fracture mapping methods are
well established. Some bias be-
tween data collected in boreholes
and collected in the tunnel. Need
for triple barrel coring to obtain
details of fracture zones.

Analysis methods and
classification methods are well
established.

Lithological distribution The development of the rock
distribution in relation to time is
known through our knowledge of
the geological history of the area.

The rock distribution at the
surface is well known. At depth a
probability distribution of rocks
can be established. The local
variability is uncertain.

The rock distribution determines
to some extent the geochemical,
hydrogeological and mechanical
properties of the rock volume.

Methods for predicting the deter-
ministic spatial distribution of
minor rock units in a complex rock
mass are not available.



Scientific understanding Site-specific knowledge Usefulness Feasibility

ROCK STABILITY

Mechanical properties The properties of crystalline rocks An adequate knowledge for Mechanical properties of rocks
are generally understood.
Understanding of the influence of
scale has to be developed.

construction purposes of the
properties of Aspo rocks was
established. The spatial variability
of parameters was under-
estimated.

are vitai for rock-mechanics
analyses.

Methods for laboratory
characterization of rock type
properties are well established.
Methods for characterization of
mechanical properties of fractures
surfaces and fracture zones are not
well established. Methods for
assessing spatial distribution are
not mature.

Rock stress The regional stress distribution
and its reasons are understood.
Local variability is less
understood.

Adequate knowledge of the
direction of the stresses.
Maximum horizontal stresses
exhibit high variability.

Rocks stresses are vital in
analyses of mechanical stability.

Methods for measurement of rock
stresses are established, but results
indicate needs to further develop
the methods. Methods for
assessing spatial distribution are
not mature.

Rock quality The rock quality classification
system used (RMR) is well
established with a comprehensive
data-base of case studies.

An adequate classification for
construction purposes was
established before construction.

Rock classification is of great
importance for design and
construction planning.

Methods for classifying rock
quality are well established.
Methods for assessment of spatial
distribution are not mature.

Rock burst The mechanisms behind rock-
burst are not well understood.

No rock burst occurred. Slight
probability of rock burst was
predicted.

Rock burst is of great importance
for construction and operation of
the repository.

Methods for predicting rock burst
are not mature.



Scientific understanding Site-specific knowledge Usefulness Feasibility

GROUNDWATER FLOW

Major water-bearing zones

Minor water-bearing zones

The major water-bearing zones The knowledge of all major
are all related to the major fracture water-bearing zones in the target

The position and character of the Methods for identifying and

Hydraulic conductivity of the rock
mass between fracture zones

zones. The mechanisms behind
these are understood.

The minor water-bearing zones
are all related to minor fracture
zones or single interconnected
fractures. The understanding of
these is established.

The basic theory behind the con-
ductive properties of fractured
rock is established. Understanding
of the influence of test scale, cor-
relation structure and anisotropy is
incomplete.

area was well established before
excavation of the tunnel was
started. Knowledge of the vari-
ability within zones is incomplete.

The orientation and frequency of
minor water-bearing zones is
known. The location, extent and
properties of specific zones at
depth is incomplete. Knowledge
of the variability within zones is
incomplete.

Statistical distributions of the hy-
draulic conductivity of Aspo were
adequately established.

major water-bearing zones are of
paramount importance for model-
ling groundwater flow and
nuclide retention and for reposi-
tory layout.

The positions and properties of
minor zones are important for
groundwater flow and nuclide
retention and for detailed reposi-
tory layout.

The hydraulic conductivity distri-
bution is important for groundwa-
ter flow, nuclide retention and for
laying out tunnels and canister
positions.

characterizing major water-bearing
zones from the surface are well
established.

Surface methods for determining
the statistical distributions of fre-
quency, length and transmissivity
are available.

Surface methods for determining
the property distribution of
hydraulic conductivity exist, but
anisotropy make the evaluation of
the results more difficult. Method-
ology defining correlation struc-
tures should be improved.

to
CO



Scientific understanding Site-specific knowledge Usefulness Feasibility

Boundary conditions The character and influence of Our knowledge of the boundary The boundary conditions are im- Boundary conditions can be
boundary conditions is sufficiently conditions at Aspo is adequate for portant for groundwater flow and assessed by generic data supported
understood. the purpose of construction-re-

lated influence. Knowledge of
boundary conditions for regional
models and the distant future (>
10 000 years) is incomplete.

transport modelling. by topographical and salinity data.
Regional models can be used to
define site-scale model boundary
conditions.

Groundwater flow models

Pressure around tunnel

The scientific basis for ground-
water flow models of different
approaches is established.

The part of the pressure variations
around the tunnel caused by vari-
able conductivity are understood.
The influence of stress changes,
two-phase flow, Excavation Dis-
turbed Zone (EDZ) and grouting
remains to be fully explained.

The data base for Aspo is
adequate and tested for ground-
water flow modelling by different
approaches.

The groundwater modelling per-
formed in the Aspo project gave
adequate predictions of ground-
water pressures and inflow during
construction. The inflow is, how-
ever, also dependent on the grout-
ing performed.

The assessment of data for the nu-
merical models, and the modelling
itself were found to be feasible for
a range of different approaches.
Assessment of inflow reduction
due to grouting was made by ex-
pert judgement which may be un-
satisfactory.

The pressure variation predictions Basis for stability and sealing as- Static pressure distribution can be
outside the tunnel were within
range. The variability of the pres-
sure a few metres from the tunnel
walls is large.

sessment. Parameter of interest
when testing the groundwater
flow model.

predicted by numerical modelling
with a stochastic continuum or
discrete fracture network
approach. Calculations are uncer-
tain due to the influence of stress
changes, two-phase flow, Excava-
tion Disturbed Zone (EDZ) and
grouting. The pressure around the
tunnel can be measured, but a
large number of measurements are
required.

N)
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Flow into the tunnel Flow into the tunnel related to
variable conductivity is under-
stood. The influence of stress
changes, two-phase flow,
Excavation Disturbed Zone (EDZ)
and grouting remains to be fully
explained.

The predicted flow into the tunnel
was within range. The influence
of grouting was estimated by
expert judgement.

Flow into a tunnel is a basis for
repository design and thus safety
during the post-closure period and
useful for GW-flow model
calibration.

Flow distribution into the tunnel
can be predicted by numerical
modelling with a stochastic
continuum or discrete fracture
network (DFN) approach.
Calculations are uncertain due to
the influence of stress changes,
two-phase flow and grouting. Flow
into the tunnel can be measured
well but dams of good quality are
quite expensive and it is difficult
to make measurements close to the
tunnel face.

Point leakage into the tunnel The conductive elements of the Our knowledge of the actual flow The flow distribution in the rock
rock are basically understood. The distribution for a range of
influence of stress changes, two-
phase flow, Excavation Disturbed
Zone (EDZ) and grouting remains
to be fully explained.

gradients is small.
mass is a parameter for
calculating nuclide retention.

Measurement of point leakage is
feasible only at rock faces, but the
flow distribution is biased com-
pared with the flow within the
rock.

to
to
o

Flux distribution Detailed flux distribution within
small volumes of the rock is not
understood, but large variability is
expected.

Attempts to measure local fluxes
show orders of magnitude
differences from predictions.

Groundwater flux is a basis for
laying out a repository and for
calculating nuclide retention.

No indisputable measurement
technique exists. Measured
discrepancies from predictions
may be an artefact of the inability
to measure, but also to transform
the measured value to a flux in the
rock mass. Models generally
predict averaged fluxes which is
another reason for discrepancy.
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Conductive structures The appearance and properties of Statistics of frequency and trans- Knowledge of the frequency of Assessment based on borehole
conductive structures are missivities were adequately conductive structures is basic to data, borehole flow metering or
understood (cf. Minor water- predicted from surface boreholes. DFN-modelling and of packer tests,
bearing zones). importance for repository design.
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GROUNDWATER
CHEMISTRY
Groundwater mixing Groundwater mixing is the main

process behind the hydrochemical
situation at Aspo. Coupling of
mixing to a groundwater flow
model remains to be done.

Before excavation, four water
types were statistically defined.
Now a five-component system
with five well defined end mem-
bers has emerged.

The mixing model defines the
basic hydrochemistry of the
groundwater, which is a basis for
performance and safety analyses.

Both sampling and numerical ana-
lyses, for the mixing models, can
be performed using the technique
established by the project.

Groundwater/rock interaction (cal- The calcite-carbon dioxide system
cite saturation) is rapid. Other groundwater rock

interaction systems have not
reached equilibrium.

Borehole data, taken before exca-
vation, were basically confirmed.

The calcite-carbon dioxide system Groundwater sampling and chemi-
defines the pH of the system. This cal analyses are standard
is a basis for performance and procedures. Sampling for volatile
safety analyses. carbon dioxide is difficult.

Ion exchange

Redox reactions

The processes of ion exchange
with fracture filling materials is
basically understood.

Reducing conditions are expected
from a depth of a few tens of
metres in any rock formation due
to bacterial activity consuming
dissolved oxygen in the upper part
of the rock, and the reducing ca-
pacity of the minerals.

Data show substantial ion
exchange in historical intrusion of
water from different stages of the
Baltic sea.

Understanding of how redox con-
ditions develop in the rock has
grown considerably during the
project.

Ion exchange has an influence on
the calcite-carbon dioxide system
and other solubility limiting solid
phases, and retardation of radio-
nuclides.

Redox conditions are essential for
performance and safety analyses.
At any particular site the
understanding needs to be veri-
fied by a few observations of high
quality.

Groundwater sampling and chemi-
cal analyses are standard proce-
dures. The capacity and amount of
exchange are difficult to estimate.

In-situ measurements of Eh are
difficult, but necessary. Stable and
feasible relations between Eh and
other constituents (e.g. Fe ) have
been established.

to
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Biological processes The original hypothesis was that The knowledge of bacteriology Biological reactions influence and Methods of taking microbiological
biological processes exerted
insignificant influence on water
chemistry.

and its influence on water
chemistry can still be enhanced.
However, it has been
demonstrated that they have a
great influence on redox sensitive
constituents and on concentrations
of major constituents. The spatial
variability of the process are not
well established yet.

sometimes control redox
conditions This is of importance
for performance and safety
analyses.

samples and analysing the
microbiology of the Aspo rock
have been developed but need to
be further evaluated.

NJ
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TRANSPORT OF SOLUTES
Salinity

Flow paths

Natural tracers

The principles behind density-
driven flow are established.

The data base supports the
interpretations of the salinity
models before and during
excavation.

Salinity has a significant influence
on groundwater flow and
transport as well as
hydrochemistry and thus
influences performance and safety
analyses.

Modelling of density-driven flow
was developed as a part of the
groundwater flow modelling.

Flow paths relate to the
connectivity of the rock and are
thus coupled to the conductive
features. Further understanding of
flow and transport phenomena is
required.

There is a general understanding
of the geological and chemical
processes that control the
concentrations of natural tracers in
relation to time.

Three tracer experiments were Reliable models of flow paths and Assessment of transport property
performed, showing connectivity
where hydraulic conductors exist.
A preliminary data base on
transport properties for non-
sorbing species exists.

The understanding of the
evolution of the palaeo-
hydrogeological conditions at
Aspo was immature at the start of
the project. A basic knowledge of
the evolution and the distribution
of natural tracers has been
developed. The data base of the
distribution of natural tracers is
today reasonably comprehensive.

transport times are of great
importance for the safety analysis
for the repository.

Natural tracers are important in
evaluating and judging the
residence time of the groundwater
and in interpreting historic and
future evolution.

data by means other than tracer
tests is not evident, other than in a
generic sense.

Sampling techniques and tracer
analyses are standard procedures.
Different isotope methods have
been developed during the time
since start of the Aspo project.

N)
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8.7 EVALUATION OF THE ASPO RESULTS IN THE CONTEXT
OF THE SKB SITING FACTORS

Aspd key issues

Site characterization is a multi- and inter-disciplinary task that necessitates
integration during data acquisition, evaluation and presentation of results. In order
to facilitate such integration, three basic decisions were made for the site
characterization as explained previously. The first was to utilize an iterative
approach to the investigations and modelling, the second was to make models to
different scales as a means of sorting models used for the Aspo HRL project and
the parameter need for each model. The third decision was to divide the site
characterization into a set of key issues, namely the geology, incorporating the
simplified description of lithology and the fracturing, mechanical stability,
groundwaterflow, groundwater chemistry and transport of solutes. To each "key
issue" a number of "subjects' were defined that formed the basis for the
investigations and the predictions. The main subjects were presented in Table 8-1.

The SKB siting factors for the deep repository

On request of the Swedish government in 1993 SKB structured the siting factors
into four groups /SKB, 1994/.

• Safety - Siting factors of importance for the long-term safety of the deep
repository.

• Technology - Siting factors of importance for the construction, perfor-
mance and safe operation of the deep repository.

• Land and Environment - Siting factors of importance for land use and
general environmental impact.

• Societal factors - Siting factors connected to the development of society
and impact on society.

A description of how the siting factors can be applied in the initial siting stage
was also provided. One question to be considered for the initial siting stage is:

'A large site with few major fracture zones. This provides extra flexibility in
connection with coming investigations and improves the prospects of being able
to construct a repository with room for the necessary number of canister
positions in sound rock with a high level of safety'

The most important safety-related function of the rock is to safeguard the
engineered barriers and, as far as possible, to provide:

• a long-term, stable and suitable chemical environment,
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• low groundwater flow

• mechanical stability.

An important safety-related function of the bedrock at a deep repository site is its
ability to retain the radionuclides or retard radionuclide transport in the event of
a failure of the engineered barriers. The basic requirements on the rock are also,
in this case, chemical stability and low groundwater flow.

It is favourable to have recharge area conditions near the deep repository and
favourable dilution conditions in the discharge areas, which limit release of
radioactive substances to human beings and other living organisms. A basic
requirement for modelling of the chemical conditions, the groundwater flow,
transport of solutes and the mechanical stability is a good geological-structural
model of the site. However, since the basic principle of the SKB deep repository
is based on the isolation of the radioactive substances, the factors contributing to
isolation are of greater importance than those which are favourable to slow
transport in bed rock, sorption and dilution in the far-field.

If possible, sites where future wells and future human intrusion are more
probable, for example in ore-bearing bedrock, should be avoided.

The technological siting factors primarily include issues which are of importance
for technical feasibility. The underground facility must fulfil the elementary
requirements for any underground facility. 'Good rock', i.e. relatively low
frequency of fractures and a low hydraulic conductivity of the rock, will facilitate
the construction work and is also advantageous from the standpoint of the long-
term safety of the repository. Factors which affect the construction work include
the rock type, fracture frequency, position and character of the fracture zones,
groundwater flow, the size and direction of rock stresses and the mechanical
properties of the host rock. It is an advantage if the results of the bedrock
investigations can be simply and unambiguously interpreted. This will facilitate
the planning and implementation of the investigations, design, performance and
safety assessment. No or a very thin soil cover, simple and homogeneous bedrock
conditions as well as a regular system of fractures/fracture zones will improve the
level of reliability of the prognoses.

Findings of relevance for evaluation of the siting factors

It can first of all be concluded that the "subjects"chosen by the Aspo project are
a part of the SKB siting factors developed later.

The Aspo work has given further evidence that the chemistry of groundwater has
been stable for long periods of time. The efforts undertaken have also shed more
light on the previous history of the groundwater and understanding of the
chemical and biological properties that control the composition of the
groundwater. Evidence at Aspo have added to previous general knowledge that
groundwater at depth is reducing. Further understanding of the biological
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processes in the rock has taken a major step forward and these findings put even
more confidence in the reducing conditions in the rock.

Low groundwater flow is important. The investigations at Aspo show that there
is confidence that by appropriate methodology the hydrological properties at a
site can be established in a timely manner, even in a complex geological
environment, as at Aspo. The findings at Aspo show that near-field models based
on pre-investigations should be more reliable in a more homogeneous geological
setting.

The question of the long-term mechanical stability is mainly treated within the
general SKB Geoscience Programme. The study of mechanical stability at Aspo
was mainly devoted to understanding whether mechanical instability will occur
during construction and if so, where. The expert judgements on these matters
have been correct, which mainly can be attributed to general experience in
Sweden that mechanical stability prevails in 'good rock'.

N1XT PAOE(S)
left BLANK
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CONCLUDING REMARKS

The site investigations for the Aspo Hard Rock Laboratory prior to construction
of the facility were planned to meet two requirements. First to conduct the
investigations necessary to design the underground facility so that it could be
constructed with presently available technology without major problems down
to a depth of about 500 metres. The construction of the Aspo HRL was made
down to a depth of 450 m successfully with only minor layout changes. Secondly
to obtain a thorough understanding of the rock conditions based on investigations
of the surface and investigations in and between boreholes drilled from the
surface. The main conclusions concerning the understanding of the rock
conditions is summarized below.

Site characterization in conjunction with construction work at Aspo has basically
confirmed the pre-construction models. However, the models have become more
detailed after the construction period.

The work at Aspo has shown that such pre-construction models can be obtained
for the studied key issues through the application of 'standard methodology of
good quality' for measurements, data analyses, modelling and evaluation.
Standard geological and geophysical methods in combination with hydraulic tests
have shown lithological domains and the geometrical framework. Hydraulic tests
in and between boreholes have shown the existence of the major hydraulic
conductors and their geometry. In spite of scaling problems, reasonable estimates
of hydraulic conductivity have been achieved. Sampling of groundwater was
done and subsequent chemical analyses have put the Aspo groundwater in a
regional context as well as created an understanding of the past evolution of the
groundwater at the site. The technology for rock stress measurement and
interpretation is available, but additional studies are needed to explain differences
in results from different measurements. So far tracer tests have been used to
examine the connectivity of the hydraulic framework and to find crude parameter
estimates for non-sorbing transport.

Concidering the stage goals the characterization should demonstrate that
investigations at the ground surface and in boreholes provide sufficient data on
essential safety-related properties of the rock at repository level (stage goal I).
The work at Aspo has demonstrated that relevant safety-related data can be
obtained. The data set is not complete, but has anyway allowed for safety
analyses of a simulated repository at Aspo by the Swedish Nuclear Inspectorate
and the SKB (in progress).

The results and experience from Aspo are partly general in nature and partly site-
specific and they should be relevant for planned site characterization in the
Swedish bedrock. If these findings are transferred to other types of bedrock and
target depths appropriate modifications of the characterization and modelling
programme could be required.
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In site characterization for a deep repository, methods should only be used that
have been shown to be useful and feasible in practice. Should new methods be
considered in the site investigations for the deep repository the Aspo facility will
provide excellent conditions for testing prior to application at a real site.

The methods and technology needed for characterization of the rock in the
detailed site investigations have been tested and developed (Stage goal 2).
Valuable experiences of construction-testing integration have also been obtained.
On-going R&D work will supplement present knowledge.

The site characterization at Aspo has been used to refine and test on a large scale
at repository depth methods and models for describing groundwater flow and the
transport of solutes in rock (Stage goal 3). The joint international work in the
Aspo Task Force on Modelling of Groundwater flow and Transport of Solutes
has demonstrated many different approaches to modelling that seem useful.

Design and construction of the Aspo Hard Rock Laboratory, incorporating both
drill-and-blast excavation and mechanical excavation using a tunnel boring
machine, has provided access to rock where methods and technology can be
refined and tested so that high quality can be guaranteed in the design,
construction and operation of the final repository (Stage goal 4). On-going-
experiments at Aspo HRL, such as the planned Prototype Repository will be
valuable to transfer general scientific knowledge into engineering practice. For
example theoretical development of grouting theory will be useful for the future
repository. Valuable work was performed by the project and developments will
continue.

Finally, the site characterization at Aspo has been a realistic 'dress-rehearsal' that
will be useful for planning and executing surface and underground site
characterization for the deep repository for spent fuel in Sweden.
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GROUNDWATER CHEMISTRY IN FRAC
TURE ZONES

The chemical composition of the groundwater, the saturation index of calcite
and carbon dioxide, indication of sulphate reduction, in the different fracture
zones (EW-3a, NE-4a,4b, NE-la,lb, NE2a-l, NE2a-2, NE2a-3, NE-3b,3c,
NNW-4H2O-1, NNW-4H2O-2,NNW-4H2O-3) and in the Redox zone over time
are listed. In fracture zones with no groundwater sampling boreholes, the
boreholes ±100 m from the actual fracture zone were set to represent that
fracture zone. If two borehole observations fall inside the range the observation
closest to the fracture zone was selected. When the results are interpolated in
space (±100 days) the accuracy decreases.
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-8.2
-7.2
-8.2
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Fe(tot)

(mg/L)
0.200
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6.330

2.160
3.334

2.160
2.891
2.640

l.UO
1.941

0.309

0.865

0.242
0.373
0.755

0.881
0.882

Fe 2 +

(mg/L)
0.200
0.291
0.216

6.330

2.160
3.323

2.150

2.430

l.UO
1.920

0.298

0.848

0.236

0.734

DOC

(mg/L)

12.0
14.0
18.0
11.3

8.3

11.0
9.1

21.0
4.8

1.0
1.0
1.0

1.0
1.0

0.4

1.0
1.0

3.4

pH

(units)
7.8
7.7
7.7
7.5
7.4
7.3
7.7
7.3
7.1
7.0
7.2
7.3
7.3
7.0
7.5
7.0
7.3
7.4
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7.6
7.3
7.3
7.2
7.4
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7.4
7.2
7.4
7.4
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7.3
8.1
7.4
7.8
7.3

Calcite

(log IAP/KT)
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0.66
0.60
0.32
0.18
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0.93
0.53
0.07
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0.75
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0.44
0.58
0.33
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0.17
0.66
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0.29
0.10
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0.18

-0.25
0.67

-0.45
-0.20
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0.82
0.23
0.84

-0.08

Log pCO2

(bar)
-2.62
-2.46
-2.37
-2.14
-2.03
-1.93
-2.70
-1.82
-1.82
-1.75
-1.75
-1.81
-1.91
-1.68
-2.24
-1.80
-2.30
-2.21
-1.62
-1.76
-1.72
-2.57
-2.18
-2.18
-2.10
-3.06
-3.34
-2.73
-2.41
-3.00
-2.96
-2.87
-2.40
•3.64
-3.51
-2.60
-2.45
-2.55
-3.49
-2.50
-2.92
-3.11

Indicator of
sulphat reduction

Bacteria

GW
GW
Bacteria

Bacteria
GW
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