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

Bjorn Dverstorp
Project Manager

Abstract
This report documents the site-specific base data that were available, and the utilization
of these data within SITE-94. A brief summary is given of SKB's preliminary site
investigations for the Aspo Hard Rock Laboratory (HRL), which were the main source
of site-specific data for SITE-94, and an overview is given of the field methods and
instrumentation for the preliminary investigations. A compilation is given of comments
concerning the availability and quality of the data from Aspo, and specific
recommendations are given for future site investigations.
It was found that the HRL pre-investigations produced a large quantity of data which
were, for the most part, of sufficient quality to be valuable for a performance assessment.
However, some problems were encountered regarding documentation, procedural
consistency, positional information, and storage of the data from the measurements. A
summary of the major issues is given in Chapter 6 of this report.

Abstract (Swedish)
Denna rapport beskriver geovetenskapliga platsundersökningsdata från Äspölaboratoriet
och dess användning inom SKIs säkerhetsanalysprojekt SITE-94. De platsdata som
använts i SITE-94 kommer huvudsakligen från SKBs markbaserade förundersökningar
vid Äspö, d.v.s. mätningar från markytan och i borrhål, som genomfördes under perioden
1986 - 1990. Rapporten innehåller en kort översikt av de mätmetoder och instrument
som användes i dessa undersökningar. Vidare redovisas erfarenheter från användningen
av förundersökningsdata, bl.a. vad gäller tillgänglighet och kvalitetsaspekter.

SKBs förundersökningar vid Äspö producerade en stor mängd data vilka i de flesta fall
var av hög kvalitet och av stort värde för SITE-94. Erfarenheterna från SITE-94 visar
dock på vissa brister vad gäller dokumentation, klassificering och nomenklatur,
positionsangivelser samt rutiner för lagring av data i databaser. En sammanställning av de
viktigaste slutsatserna tillsammans med förslag till förbättringar av mätmetoder och
datahantering ges i Kapitel 6 i denna rapport. Det fortlöpande utvecklingsarbete som
SKB bedrivit sedan avslutandet av förundersökningsskedet av Äspölaboratoriet har ej
beaktakts i denna rapport, varför vissa av de dataproblem som tas upp inte längre är
aktuella.
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Introduction
In order to ensure traceability within a performance assessment, careful documentation
of basic data and their utilization is essential. An important aspect of SITE-94 was the
development and application of procedures for ensuring traceability. This exercise gave
practical experience in working with the types and quantities of data, such as would be
encountered in a performance assessment for an actual repository. This experience
facilitates appraisal of the adequacy, accessibility, and quality of data that the site
characterization methodologies provide.
This report describes the available basic data, and summarizes the utilization of these
data within the SITE-94 performance assessment. Chapter 2 describes SKB's preliminary
site investigation for the Aspo Hard Rock Laboratory (HRL), which was the source of
the site-specific data used within SITE-94. Chapter 3 gives an overview of the field
methods and instrumentation that were used in the preliminary site investigation. The
available site data and their utilization within SITE-94 are described in Chapter 4. Data
quality, availability, and accessibility are discussed in Chapter 5.
SITE-94 is representative of a performance assessment such as could be based upon the
types of information that are available from a preliminary, detailed site investigation,
prior to any excavation, in which site data have been obtained solely from aerial, surface,
or borehole investigations. This type of preliminary investigation is henceforth referred to
as a "pre-investigation."
Data for the SITE-94 project were generously provided by the Swedish Nuclear Fuel and
Waste Management Co. (SKB), from the Aspo HRL site investigations. In order to
make SITE-94 representative of preliminary performance assessment, such as would be
required prior to commencement of underground activities at a candidate repository site,
SITE-94 utilized only data that were gathered in the HRL pre-investigation phase, which
preceded the excavation and construction phase.

In retrospect, SITE-94 can be viewed as a practical test of the sufficiency of a
representative pre-investigation database, as the basis for an independent performance
assessment. However, any such lessons to be drawn from SITE-94 must be considered in
light of the specific objectives of the HRL pre-investigations. The HRL preinvestigations were focused on the construction of a research facility, not an actual
repository, and it must be emphasized that the pre-investigation data were not gathered
with a site evaluation such as SITE-94 in mind. Furthermore, the data were gathered
mainly in the period 1986-1990, and methods for acquiring and managing sitecharacterization data have evolved significantly during the HRL investigations, and
within the timespan of SITE-94 (1992-95). Therefore some of the data that were
available from the pre-investigations, at the start of SITE-94, are not representative of
SKB's current site-characterization capabilities. Instances where these considerations
affect the lessons to be drawn from SITE-94 are noted throughout this report.
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Site investigation programme

2.1 General goals of a repository site pre-investigation
The major objectives of the preliminary stage of a site investigation include (SKB, 1992):
Definition of the specific position of a rock volume for a repository.
Planning of the surface and subterranean facilities, to be carried out in parallel
with, and largely based on the results of the geoscientific pre-investigations.
Providing a basis for a preliminary, site-specific, performance assessment.
The preliminary performance assessment is required as part of the permit application to
carry out further, detailed investigations of a potential repository site.
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2.2 Objectives of the HRL pre-investigations
The objectives of SKB's investigation programme at Aspo (Stanfors et ah, 1991) differed
in some respects from the objectives mentioned above, since the emphasis was on
constructing a research facility rather than an actual repository. As the HRL preinvestigations were not planned specifically with the aim of providing a basis for a full
performance assessment, minor deficiencies are to be expected, in applying these data to
the SITE-94 performance assessment.
The research objectives of the HRL itself are specifically (SKB, 1994):
•

Research and development of models for groundwater flow and radionuclide
migration,

•

Tests of repository construction methods and waste handling methods,

•

Pilot tests of important parts of a repository system.

•

Verification of pre-investigation methods, and

•

Finalization of detailed investigation methods.

The program of research at the HRL includes verification studies and experiments in
fracture zones. The need to facilitate such investigations may have resulted in the siting
criteria for the HRL being somewhat different from those for an actual repository.
Although, in order to conduct such research, proximity of the HRL facility to a few
fracture zones was necessary, an actual repository would most likely be situated so as to
avoid major fracture zones, insofar as possible. The specific research objectives of the
HRL might furthermore have led to the pre-investigations being more intensively focused
on a smaller number of major fracture zones (i.e., those that were anticipated as being of
interest to the research program), than might be the case for an actual repository.
Despite these differences, in many respects the scope of the HRL pre-investigations was
similar to what can be expected for a real disposal site. The stated objectives of the preinvestigation phase were: site selection for the HRL, description of the natural conditions

in the bedrock, and predictions of changes that would occur during construction. All of
these are of concern for an actual repository. Moreover, a general aim of the current
HRL work is the "verification of pre-investigation methods and development of the
detailed investigation methodology" (SKB, 1994), which implies that the preinvestigation methods being verified should be representative of those envisioned for an
actual repository.

2.3 Sequence of investigations
The pre-investigations for the HRL were carried out between late 1986 and October,
1990 in three main stages (Stanfors et al, 1991):
Siting stage (late 1986 - 1987)
Site description stage (1987 - 1988)
Prediction stage (late 1988 -1990)
The siting stage consisted of a regional survey over an approximately 25 km x 35 km
area, roughly centered on Simpevarp (Figure 2.1). Methods used in the siting stage
included airborne geophysical surveys (Nisca, 1987ab), structural interpretation of digital
terrain models (Tiren etal, 1987; Tiren and Beckholmen, 1987; 1988), geologic
mapping (Kornfalt and Wikman, 1987ab; Talbot and Riad, 1987; Ericsson, 1987), and a
compilation of the existing hydrological data for the region (Liedholm, 1987ab).
The site description stage was focused on the vicinity of Avro, Aspo, and Laxemar
(Figure 2.2 and 2.3). Twelve percussion-drilled holes on Aspo, eight on Avro, and seven
in the Laxemar area were drilled to facilitate study of the geology, hydrogeology, and
groundwater chemistry at shallow depths. Four cored holes (KAS 02, KAS 03, KAS 04
and KLX 01) were located based on a preliminary geological and hydrogeological model
of Aspo, and were characterized using techniques including core mapping, geophysical
logging, hydrologic testing, and geochemical sampling. Surface investigations on Aspo
during this stage included detailed geophysical profiles, and detailed mapping of bedrock
types (Kornfa'lt and Wikman, 1988) and fracturing (Ericsson, 1988). Short-term
interference pumping tests were performed in KAS 02 and KAS 03.
The prediction stage consisted of additional investigations that were focused on
refinement of the conceptual model for the vicinity of the HRL laboratory and access
tunnel. The HRL site was chosen in southern Aspo. Additional percussion-drilled (HAS
13-17) and core-drilled holes (KAS 05-08) were directed toward "indicated zones of
geological and hydraulic importance" (Stanfors etal., 1991). Hydrogeologic evaluation

and/or changes in the layout of the HRL (see Stanfors et al., 1991; Wikberg et al.,
1991) prompted a third drilling campaign, which included two core-drilled holes on Halo
(KBH 01 and 02), and additional boreholes on Aspo (KAS 09-14 and HAS 18-20).
Short-term interference tests were performed in most of the new holes, and two longterm pumping tests, LPT1 and LPT2, were conducted.
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Adapted from Stanfore H al. (1991)

Figure 2.1. Areas covered by HRL investigations on a regional scale: (a) location
within Sweden, (b) coverage of the regional aeromagnetic survey, and (c) coverage of
the regional geophysical interpretation. Coverages of other particular regional
investigations are indicated in figures by Stanfors et al. (1991).
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Figure 2.2. Areas covered by HRL investigations on the semiregional and site scales,
including Aspo, Avro and Laxemar.

10

O

KAS03

O HAS03

Core boreholes
Percussion boreholes

N

BoriioSmsfjirden

Figure 2,3. Locations of boreholes onAspo and Halo.
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3 Methods and instruments
This chapter gives a summary of the data collection methods that provided the basic data
for SITE-94. The main types of methods are listed in Table 3.1, which also indicates the
coverage and type of information sought and/or provided with each method. This
information is drawn mainly from three SKB reports that summarize the HRL preinvestigations: (1) a comprehensive tabulation of the investigation methods, by Stanfors
et al., 1991, (2) summary descriptions of the field methods and instrumentation, by
Almen and Zellman (1991), and (3) a description of how the results were evaluated, by
Wikberg et al. (1991). A list of over 80 HRL progress reports, which contain more
detailed descriptions of the pre-investigation methods and analyses, is given by Stanfors
etal.
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Table 3.1 Characterization methods used in the Aspo HRL preliminary investigations,
and for other sources of site data. This table is based primarily on information from
Stanfors et al. (1991), Almen andZellman (1991), and Wikberg et al. (1991). Key to
abbreviations: R = regional scale (30 km square or larger), S = semiregional scale (ca.
10 km square), L = local scale (2-5 km square), A = site scale (southern Aspo only); K
= core-drilled hole(s), H = percussion-drilled hole(s).
Method
Survey/remote sensing data
Landsat thematic map (TM)
Aerial photographs
Topographical maps
Digital elevation models
(DEMs)
Nautical charts & fair sheets
Airborne geophysical surveys
Magnetic
VLF & horizontal-loop EM
Radiometric (U, Th, K)
Surface geophysical surveys
Gravity
Magnetic profiles
Electrical resistivity profiles
VLF & horizontal-loop EM
profiles
Seismic refraction profiles
Seismic reflection profiles
Ground radar profile
Geological surveys
Geologic field studies
Outcrop and trench mapping
Drilling program
Core logging
Drill cutting analyses
Thin-section analyses
Chemical rock analyses
Fracture mineral analyses

Type of information sought or obtained

Coverage

Land relief & features
Land relief & features
Topography (land relief)
Topography (land relief)

R
L
L
R

Bathymetry (seabed relief)

R,S

Bedrock variation; oxidation zones
Water-bearing fracture zones
Bedrock variation

R
R
R

Bedrock variation
Bedrock variation; oxidation zones; displacements
Water-bearing or clay-filled fracture zones

R
S,L
L

Water-bearing fracture zones

S,L

Fracture zones, fracture intensity changes with depth
Subhorizontal fracture zones
Fractures, lithologic contacts

S,L
L

Lithologic distribution & structural character

R,L
L

Detailed lithology, structural character, fracture
statistics

A

Lithology, fracturing, fracture mineralogy
Lithology
Petrology
Petrology; constraints on groundwater geochemistry
Infilling mineralogy; indicators of groundwater
geochem.

L. 14 K
L: 19H
L: 13 K
L:5K
L:8K

Borehole deviation logging
Borehole calliper logging

Borehole positional information
Borehole diameter, possible fracture zone locations

Borehole TV-logging /
televiewer

Absolute fracture orientations (for selected sections)

L: All KM
L: All K, some
H
L:5K
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Table 3.1, ctd.
Method
Borehole geophysical logging
Gamma-gamma (density)
Neutron
Natural gamma
Magnetic susceptibility
Sonic (acoustic)
Resistivity (normal & lateral)
Borehole radar, dipole
(semidirectional) antenna
Borehole radar, directional
antenna
Fluid resistivity
Temperature
Vertical seismic profiling
Geochemical investigations
Sampling during drilling (SDD)
Sampling in percussion-drilled
holes
Sampling during hydraulic
pumping tests (SPT)
Complete chemical
characterization (CCC)
Sampling during monitoring
(SPM)
Fracture mineral chemistry
Geomechanical measurements
Hydraulic fracturing
Overcoring stress measurements
Laboratory tests

Type of information sought or obtained

Coverage

Lithology (bulk density)
Lithology (mafic mineral content) or porosity
(fracturing)
Lithology (potassium, uranium, and thorium content)
Lithology (magnetite content)
Fractured zones
Fractured zones

L: 9 K, 6 H
L: 9 K, 6 H
L: 13 K, 17 H
L:13K, 17 H
L: 13K.6H
L: 13 K, 17 H

Radar reflectors (large single fractures or fracture
zones) and angle between reflectors and the borehole
axis
Radar reflectors and their absolute orientations

L:4K

Groundwater salinity and flowing fractures
Flowing fractures, geothermal gradients
Fractures/fracture zones

L: 13 K, 17 H
L: 13 K, 17H
A: I K

"First strike" indication of groundwater geochemistry
(major elements, drilling water content)
Groundwater geochemistry (major elements, 2H, 3H,
"0)
Groundwater geochemistry (major, minor elements,
drilling water content, stable isotopes, 3H, & 14C)
Groundwater geochemistry (major, minor elements,
drilling water content, stable isotopes, 3H, & UC),
with downhole Eh, pH & gas measurements.

L: U K

L: 10K.2H

L:5H
L: 3 K; HAS 13
L:4K

Groundwater geochemistry (major elements, Li, & Sr
) of selected sections, 12-18 mos. after pumping.
Chemical characterization (trace elements & C, 0
isotopes of calcite); groundwater history, in-situ Kd

L:3K

In-situ stresses (horizontal components)
In-situ stresses (horizontal components)
Uniaxial comp. strength, elastic parameters,
brittleness, joint roughness coefficient, friction angle

L:2K
L: I K

Hydrogeological measurements
Airlift tests (100 m intervals)
Preliminary transmissivity and pressure estimates.

L:3K

L:2K

Packer tests (injection/recovery,
3 m)
Packer tests (inj/recovery, 30 m)

Detailed hydraulic conductivity distribution

L: 14K.20H
L:8K

Hydraulic conductivity/transmissivity distribution

L:3K

Flowmeter (spinner) logging

Inflow distribution; major hydraulic conductors.

L: UK
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Table 3.1, ctd.
Method

Type of information sought or obtained

Hydrogeological measurements, ctd.
Total well capacity/transmissivity
Pumping tests
Interference tests
Characterization of major transmissive features
Dilution tests
Groundwater pressure
monitoring
Groundwater level monitoring
Radially convergent tracer tests

Natural flow through selected borehole sections
Monitor groundwater head in distinct borehole
sections
Monitor groundwater head in open boreholes
Connectivity and transport characteristics (porosity,
water residence times) of major fracture zones

Coverage
L: 10K.20H
L: 10 K, 2H
L: 13 K
L: 15K.29H
L: 4 K, 6 H

A: IK
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3.1 Remote sensing and survey data
Remote sensing and survey data for the Simpevarp area were produced initially by
various governmental agencies, independent of the HRL investigations. These data
included Landsat satellite imagery presented as thematic maps (TM), topographic
contour maps produced by the Swedish National Land Survey (LMV), bathymetric
charts produced by the Hydrographic Office of the Swedish Administration of Shipping
and Navigation (SFV), and a preliminary digital elevation model (DEM) of Sweden,
which was compiled from various sources by LMV. Supplementary surveys were
commissioned by SKB to establish a single, detailed elevation database for the
Simpevarp area.
Lineament interpretations based on these data were available as maps from the HRL
siting stage. Interpretations of lineaments based on the Landsat TM data were produced
by Witschard and Larsson (1987). Tiren et al. (1987) processed the DEM data to
produce five different types of digital terrain models: hill shading, residual elevation,
edge texture, line texture, and iso-elevation, and used each of these, plus the regional
topographic maps, to produce separate sets of lineament interpretations. Additional
lineament interpretations, based on the detailed, local elevation contours and bathymetric
charts, were produced by Tiren and Beckholmen (1987 and 1988, respectively).

17
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3.2 Geophysical survey methods
Geophysical surveys during the HRL pre-investigations included airborne surveys,
ground-based surveys, and geophysical logging in boreholes. A list of the instruments
used for each of the various methods in the above-ground surveys is given in Table 3.1
of the report by Almen and Zellman (1991), who also provide descriptions of the
instruments used for the geophysical logging of boreholes.
The airborne geophysical surveys were conducted on a regional (ca. 50 km) scale during
the HRL siting stage (Nisca, 1987ab). These surveys included magnetic, coaxial
electromagnetic (horizontal loop), VLF (two-station), and radiometric (U, Th, and K)
measurements along profiles spaced 200 m apart, obtained with a ground clearance of 30
m. Lineament interpretations were produced based on the aerial magnetic and
electromagnetic surveys. A regional, ground-based gravity survey was also conducted,
with a measurement density of approximately one point per square km (Nylund, 1987).
During the siting stage, supplementary ground-based geophysical surveys were
performed on about 20 profiles across specific regional lineaments that had been
indicated by the airborne magnetic and electromagnetic (EM) surveys. The methods used
included magnetic, VLF, and seismic refraction profiling (Stenberg and Sehlstedt, 1989;
Rydstrom and Gereben, 1989).
Additional ground-based surveys were subsequently conducted on the semiregional
scale. Two sets of four long (2-3 km) profiles were performed in the Bussvik and
Laxemar areas of the mainland (just north and west of Aspo, respectively), using
magnetic and VLF methods (Stenberg, 1987). Electromagnetic (horizontal-loop) and
magnetic surveys were subsequently performed on a regular grid covering Aspo, Avro,
and Halo, with a 200 m spacing between profiles (Gentzschein et al, 1987). The
magnetic survey grid was extended to cover the bay Borholmsfjarden, between Aspo and
Halo (Triumf and Sehlstedt, 1989). Two electrical resistivity soundings and several short
seismic reflection profiles were performed on eastern Avro, along with two seismic
reflection profiles across Aspo (Ploug and Klitten, 1989).
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Finally, ground-based surveys were conducted locally on Aspo and nearby portions of
Halo (i.e., the Bockholmen area). Radiometric and magnetic profiles along the three
cleared trenches, several VLF and resistivity profiles, and vertical electrical (resistivity)
soundings were conducted on Aspo by Barmen and Stanfors (1988). A detailed
magnetic and geoelectric (resistivity) survey covering Aspo was performed by Nisca and
Triumf (1989). Seismic refraction surveys were conducted by Sundin (1987) along
numerous profiles transecting Aspo and the surrounding straits.
Geophysical logging was performed in a majority of the cored and percussion-drilled
holes at the HRL site. Borehole deviation and caliper measurements were made to
determine the curvature and variation of borehole diameter along the length of most
core- and percussion-drilled holes. Borehole geophysical techniques included magnetic
susceptibility logging, sonic velocity logging, vertical seismic profiling (in KAS 07 only),
several types of geoelectrical and radiometric logging, and borehole radar surveys.
Acoustic televiewer and borehole TV (video) logging were also performed to produce
images of the borehole walls for selected portions of the first five core-drilled boreholes
(Stanfors, 1988).
Several different types of electrical logs were produced. Single-point (formation)
resistance and borehole fluid resistivity logging were used within all but a few boreholes.
In a few core-drilled holes, formation resistivity was also measured using normal and
lateral resistivity probes. Spontaneous-potential (SP) measurements were also performed
in these holes. The fluid resistivity data, which are alternately referred to as conductivity
(i.e., the inverse of resistivity) logs, were also transformed to salinity logs, based on an
empirical relationship between salinity and electrical resistivity.
Radiometric logging included natural gamma, gamma-gamma, and neutron logs. Natural
gamma logging was performed in all but a few boreholes for the purpose of identifying
lithological changes. Gamma-gamma (density) and neutron (porosity) logging were
performed together in nine of the core-drilled holes.
Borehole radar surveys were performed in most core-drilled holes plus two of the
percussion-drilled holes. Two different types of borehole radar systems were used,

20

employing two different types of antennae to receive the reflected signals: an ordinary
dipole antenna, and a directional antenna. The radar image produced by the dipole
antenna is axially symmetric, and thus the orientation of a reflection-producing feature is
only determined in terms of the angle it makes with the borehole axis. The directional
antenna, by detecting perpendicular components of the reflected radar signal, allows
estimation of the absolute orientation of each reflector. In the HRL investigations, the
directional radar was used in three core-drilled holes, while the (semidirectional) dipole
system was used in most of the core-drilled holes and a few of the percussion holes.

21
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3.3 Geological investigations
Geological investigations at the surface included field studies based on outcrop mapping
on the regional and local scales, and mapping of cleared trenches on the local scale.
Borehole geologic logging consisted of lithologic and fracture mapping on core from the
14 deepest holes on Aspo, Laxemar, and Halo, plus logging of drill cuttings (rock chips)
in the shallower, percussion-drilled holes.
Mapping of solid rocks in the Simpevarp area was carried out first as a reconnaissance
study covering an area of about 600 km2, based on a compilation of older maps and a
new mapping of outcrops and road cuts (Kornfalt and Wikman, 1987a). The results were
presented as a map on a scale of 1:50 000. Three smaller areas within a few kilometers of
Aspo, the Bussvik, Lilla Laxemar, and Glostad areas, totalling about 10 km2 (see Map 4,
Kornfalt and Wikman, 1987b, and Figure 2-4, Stanfors etal, 1991) were mapped in
greater detail to produce a map on a 1:10 000 scale (Kornfalt and Wikman, 1987b).
Subsequently a comprehensive mapping of the existing outcrops on Aspo, plus 1.5 km of
specially cleared, 2 to 5 m wide trenches, provided the basis for a 1:2000 scale map of
the rock distribution on Aspo (Kornfalt and Wikman, 1988). In conjunction with these
mapping studies, rock samples were gathered for subsequent thin-section and chemical
analyses.
Mapping of rock fractures (joints and faults), with the aim of statistical characterization,
was similarly performed in three stages. In an initial regional study (Ericsson, 1987),
fracture characteristics including trace length, orientation, infilling, and truncation were
recorded for 116 selected outcrops and roadcuts within a 20 km x 40 km area, located to
the west of Aspo between Oskarshamn and Vastervik (see Drawing 1, Ericsson 1987,
and Figure 2-2b, Stanfors etal., 1991). In a "close area study" (Ericsson 1987) an
additional 54 outcrops and 2 roadcuts were mapped in the same manner, within a 25 km2
area including Avro, Aspo, Simpevarp, and adjacent areas of the mainland (see Drawing
2, Ericsson 1987). Finally the same type of mapping was performed intensively on 52
outcrops on Aspo (Ericsson, 1988), which were mostly located along the cleared
trenches, mentioned above.
23

Besides the systematic mapping of rock types and fractures described above, several
general geologic studies were performed with the aim of interpreting the geologic
evolution of the Simpevarp area. Wikstrom (1989) studied the structural relationships of
the various granitoids present on Aspo, and implications regarding the early geological
history of the area. The character of fracturing within major structures, and implications
regarding the ductile and brittle deformation history, were examined in a series of studies
(Talbot and Riad, 1988; Talbot, Riad and Munier, 1988; Talbot and Munier, 1989;
Munier, 1989; Talbot, 1990).
The subsurface geologic investigations were based mainly on logging of reconstructed
core from the 12 deepest boreholes on Aspo (KAS 02-08 & 11-14), KLX 01 on
Laxemar, and KBH 02 on Halo. The individual pieces of core that were recovered during
drilling were measured and manually pieced together, insofar as possible. The following
types of observation were noted with respect to their position along the reconstructed
core (Strahle, 1989): rock type, veins, alteration, "induced" and "natural" fractures,
crushed zones, and sections of core loss. For natural fractures, the fracture-surface
character, fracture infilling minerals, and alteration were also recorded.
Relative orientations of fractures intersected by the core-drilled holes were determined as
angles relative to the core (borehole) axis, and an arbitrary reference line drawn along the
length of each reconstructed section of core. Absolute orientation of the core sections
was attempted in KAS 04, using an iron-rod indentor. Borehole televiewer logs (see
Section 3.2) were also utilized in an attempt to obtain absolute orientations for
previously logged sections of core from KAS 05 and KAS 06 (Fridh and Strahle, 1989).
Additional information on the subsurface geology was obtained by examining drill
cuttings (i.e. rock chips) from the percussion-drilled holes. Major lithological changes
and alteration zones were identified by inspection of these chips, with and without a
binocular microscope (Almen and Zellman, 1991).
Detailed petrologic analyses were performed on selected rock samples using thin-section
and chemical techniques (Munier et al, 1988). Detailed mineralogical analyses of fracture
fillings in core (Tullborg, 1989; Tullborg et al., 1991) were performed making use of X-
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ray diffraction techniques. Thin section analyses were conducted in a few cases to
establish the chronological sequence of fracture infillings.
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3.4 Geomechanical and petrophysical measurements
Geomechanical investigations included in-situ stress measurements and laboratory tests.
In-situ stresses were measured by two techniques, overcoring and hydraulic fracturing
(Bjarnason et ah, 1989). Laboratory tests on core samples were performed to measure
the compressive strength, elastic parameters, and brittleness of the major rock types, and
to characterize joints in the core. Petrophysical measurements were performed on rock
samples to measure properties of interest for the geophysical investigations.
The hydraulic fracturing technique was used to estimate the horizontal stresses, at 21
points each in KAS 02 and KAS 03. The directions of the minimum and maximum
horizontal components of stress were determined based on impression-packer imprints.
The stress magnitudes were calculated from the shut-in and secondary breakdown
pressures, as determined from the hydrofracturing pressure records. The vertical
component was estimated as the rock density times overburden thickness (depth).
The overcoring technique was used to estimate the state of stress in KAS 05 (three
measurements at the 195 m level and four at the 355 m level). For each measurement,
the deformation due to stress release during overcoring was measured by three straingage rosettes cemented to a smaller diameter, pilot hole. The strain-gage data were
subsequently analyzed to calculate the magnitudes and directions of the principal
stresses. Although the method in principle allows estimation of the full stress tensor,
apparently in this case the vertical component of stress was estimated from the
overburden thickness (Wikberg et ah, 1991).
The laboratory tests on core samples yielded ranges of uniaxial compressive strength,
Young's modulus and Poisson's ratio for each of the four major rock types: greenstone,
aplite, (grano)diorite, and Smaland granite (Wikberg et ah, 1991). The brittleness of
these rock types was also characterized by controlled, uniaxial compression tests. About
10 joints in core samples were characterized in terms of their joint roughness coefficients
and friction angles.
Petrophysical measurements were performed on rock samples gathered over the regional
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scale, in support of the airborne geophysical surveys, and on core samples from
boreholes KAS 02 and KLX 01. The following properties were measured: density,
porosity, electrical resistivity, magnetic susceptibility, magnetic remanence, and induced
polarization potential (Nisca, 1988).
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3.5 Hydrogeochemical analyses
More than 300 chemical analyses were conducted by SKB on groundwater samples
collected at various stages of the pre-investigations. Samples from the deep, core-drilled
holes may be grouped into four categories in terms of sampling/analysis procedures:
"sampled during drilling" (SDD), samples for "complete chemical characterization"
(CCC), "sampled during pumping tests" (SPT), and "monitoring" samples (SPM).
Additional samples are available from the shallow, percussion-drilled holes. The
groundwater analyses were supplemented by analyses of surface water samples, Baltic
seawater, and fracture minerals in core.
The SDD samples were drawn by air-lift pumping from 100 m sections of KAS 05-09,
KAS 11-14, and KBH 02 during drilling operations. These samples were analyzed only
for major elements, drilling water content, and pH. 36 analyses of SDD samples were
available. Samples drawn during the initial, open-hole pumping test for each borehole
were analyzed in the same manner (Almen and Zellman, 1991).
The SPT samples were drawn during 3-day interference pumping tests from a total of 13
sections in HAS 13, KAS 02, KAS 03, and KAS 06 (Wikberg et al, 1991). Samples
were drawn on a daily basis and were analyzed in the mobile field laboratory for drilling
water content, major element chemistry (Na, K, Ca, Mg, HCO3, Cl, SO4, SiO2, Fe2+, total
Fe, HS", Mn2+), pH, Eh, pS (usually), pO2, gas content, temperature, and electrical
conductivity (Almen and Zellman, 1991). Additional analyses were performed off-site,
including analyses for isotopes (^R, 3H, 14C, 18O, and ^U/ 234 !!), total organic carbon
(TOC), and trace elements. In some instances basic measurements (pH, Eh, pS, pO2,
temperature, and electrical conductivity) were made at the surface with a flow-through
hydrochemical cell, the Chemmac Field Analyser (Almen and Zellman, 1991).
Sampling for "complete" chemical characterization (CCC) was conducted in a total of 11
sections in KAS 02, KAS 03, and KAS 04, and six sections in KLX 01. Samples were
drawn at intervals during pumping of these sections, until stable measurements were
obtained. The analyses performed on the CCC samples were generally similar to those
for the SPT samples, except that pH, Eh, pS (usually), temperature, and pressure were
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measured by a downhole probe as well as at the surface (Almen and Zellman, 1991).
Similar sampling and analysis procedures were used for sections of KAV 01 on Avro.
Samples were drawn from the percussion-drilled holes both during drilling (in 50-75 m
borehole segments) and afterwards from selected, packed-off sections. Except for the
SPT samples that were drawn from HAS 13, these samples were analyzed only for major
element chemistry, 2H, 3H, and 18O. Since drilling water was not introduced into these
boreholes, analyses for drilling water contamination were not necessary for these
samples.
Chemical analyses were also performed on the drilling water used in core drilling, which
was generally pumped from percussion-drilled holes (Almen and Zellman, 1991). The
drilling water was tagged with 0.5 mg/1 Uranine (A-C Nilsson, 1989), an easily measured
fluorometric compound, to allow estimation of drilling water content in the groundwater
samples. Sources of drilling water included (Glynn and Voss, 1995): HAS 13 (for KAS
09-13), the Baltic (for KAS 14 and KBH 02), and HAS 05 (for all other core-drilled
holes on Aspo). The origin of drilling water for KAS 05 was specified as KAS 03 in the
data delivered to SITE-94, but according to O. Olsson (review comments, February
1996) this is probably not correct.
To support hydrogeochemical interpretation of the groundwater sampling program,
chemical analyses were performed on Baltic seawater samples and 20 samples of surface
waters from lake, streams, and ditches, from the Aspo area (Linden, 1988; Laaksoharju,
1988). The Baltic samples were analyzed for major element concentrations and the
isotopes 18O and 2H. For the surface water samples, measurements were made of pH,
electrical conductivity, major element concentrations, radium content, and natural
radioactivity. The groundwater analyses were supplemented by mineralogical analyses of
fracture fillings in core as described in Section 3.3.
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3.6 Hydrogeologic measurements
Hydrogeologic measurements in boreholes were performed utilizing a variety of singlehole and cross-hole techniques. Additional regional well data and groundwater chemistry
were available from well records maintained by the Swedish Geological Survey (SGU),
as compiled by Liedholm (1987ab).
Single-hole hydraulic test methods included airlift tests, packer tests, tracer dilution
measurements and flowmeter logging. Besides these active measurements, groundwater
heads across the site were monitored continuously by pressure transducers in standpipes,
which were connected to each of 142 borehole sections.
The airlift tests were performed at roughly 100 m intervals, during stops in the drilling.
The most recently drilled section was isolated by a packer and connected to the drill
string via an open valve, and the water column in the drill string was lowered at an
approximately constant rate by airlift pumping. The pressure recovery and resulting
inflow to the packed-off section was measured by recording the water level in a
standpipe within the drill string, using a resistive-tape depth gauge.
Fixed-interval-length (FIL) packer tests were performed along the lengths of boreholes
KLX 01 and KAS 02 through KAS 08, using interval lengths (i.e. straddle-packer
spacings) of 3 m and 30 m (Nilsson, 1989; 1990). Each of the 3 m FIL tests typically
consisted of a 10 minute, constant-pressure injection period, followed by a 10 minute
pressure recovery period. The 30 m FIL tests, which were performed only in KAS 02,
KAS 03, and KLX 01, were similar to the 3 m tests except for the longer straddle-packer
spacing and longer (2-hour) durations of the injection and recovery periods. Pressures
and temperatures during the tests were recorded downhole, while flowrates were
measured at the surface. Two different testing systems were used in different boreholes
at Aspo: a conventional pipe-string system and an umbilical-hose system. In the latter, all
water lines and data transmission cables are housed in a single, flexible hose that was
used to raise and lower the packer assembly within the borehole.
Interpretations of both the injection and recovery periods were produced for FIL
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sections that registered appreciable flow, and stored in the GEOTAB database (Eriksson
et al, 1993). For the constant-pressure injection period, the interpretations in GEOTAB
were based upon a steady-state formula for lugeon tests (Moye, 1967). The recovery
data were interpreted by a semilog straight-line analysis. Besides these interpretations,
the raw transient data logs, including pressure, flow, and temperature measurements,
have been saved in GEOTAB.
Flowmeter logging was performed in conjunction with pumping tests in most of the
core-drilled holes, to gain information concerning the distribution of hydraulically
conductive, connective structures. Changes in the measured, upward flow velocity with
depth can be interpreted as points or zones of inflow along the borehole. The flow
velocities were measured with probes based on either a propeller (spinner) or an acoustic
(Doppler-shift) device. The flowmeter logs are alternately referred to as "spinner" logs in
reference to the former type of probe.
The natural flowrates of groundwater passing through selected borehole sections were
estimated by tracer dilution measurements, in conjunction with two long-term pumping
experiments, described below, which were carried out in the later stages of the preinvestigations. To make a measurement, the chosen borehole section was isolated with
packers, and the groundwater from the section was circulated via small-diameter tubing
to the surface, where the tracer, Uranine, was added at constant concentration over a
period of time by a metering pump, and circulated back to the section. The decay of
tracer in the circulation system was then monitored by sampling at intervals over a 5 to
10 day period, and analyzed to produce an estimate of the natural flow through the
section.
The cross-hole testing included short-term (2- or 3-day) pumping tests in single
boreholes or packed-off sections of boreholes, and long-term (3-month) pumping tests
LPT1 and LPT2 in KAS 07 and KAS 06. In each test, groundwater pressures/levels
were monitored continuously in numerous observation holes, throughout the pumping
period and a subsequent, shorter recovery period. Many of the observation holes were
subdivided into multiple observation intervals by multipacker systems. The pumping rate
was maintained at an approximately constant rate within each test, with pumping rates
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ranging from 8X10"6 to 8x10"* m3/s in the different boreholes.
In both LPT1 and LPT2, the flowrates of groundwater passing selected observation
boreholes were estimated from tracer dilution measurements (Gustafsson et al, 1991).
The procedure for these dilution measurements, made under disturbed hydrologic
conditions, were essentially the same as for the measurements made under "natural"
conditions, as described above.
A 3-D convergent tracer test was conducted in conjunction with LPT2 (Gustafsson et
al.t 1991). Four distinct types of tracers (Uranine and three short-lived radioactive
isotopes: Indium-114, Iodine-131, and Rhenium-186) were introduced in a total of 6
different packed-off sections of the passive boreholes. Arrivals of these tracers were
monitored by daily chemical sampling, in eight conductive sections of the pumped hole.
Within SITE-94, a critical review (Andersson etal, 1993) was commissioned of the
geohydraulic measurement methods used by SKB at Aspo. This review discusses various
uncertainties and potential sources of errors related to the measurement methods,
including:
•

Ordinary measurement errors due to instrument resolution, equipment
compliance, borehole survey errors, and test procedures.

•

Uncertainty in measurements due to wellbore storage (fluid and packer
compressibility) and skin effects (e.g. plugging of fractures by drilling fines).

•

Potential measurement errors due to deviations from the boundary conditions
that are supposed to be imposed during a test (e.g. leakage around packers for
injection tests, and short-circuiting of multiple hydraulic units during dilution
tests).

•

Conceptual uncertainty and scale effects due to the heterogeneous nature of the
fractured rock (e.g. flow geometry and volume of rock characterized for packer
tests; distinct multiple pathways for tracer tests).

•

Bias of the Aspo measurements toward the horizontal component of hydraulic
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conductivity (or horizontal fractures), due to the combination of predominantly
near-vertical boreholes and testing methods that primarily measure lateral
conductivity.
The conceptual uncertainty due to rock-mass heterogeneity is likely to be the dominant
source of uncertainty for any single measurement. Furthermore, the presence of
heterogeneity may diminish the comparability of hydraulic measurements, when the
testing equipment and/or procedures are modified during the course of a site
investigation, since such changes may affect the volume of the rock that is actually
characterized by the interpretable response.
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4 Available and used data
This section summarizes the basic data that were obtainable for SITE-94, and describes
the utilization of these data within the performance assessment. Most of the site-specific
data that were used originated from SKB's GEOTAB database (Eriksson et al., 1992).
Aspo Task Force data (Strom, 1992) were used within the structural geologic and
hydrologic analyses. Only data from the pre-investigation phase (i.e., prior to the
excavation of the ramp leading to the HRL) were utilized, in order to make SITE-94
representative of a surface-based performance assessment.
Table 4.1 lists the site-specific data that were delivered to SKI for use in SITE-94, or
were otherwise obtainable, and indicates how these data were utilized within the different
analyses. The entries in the table indicate whether the data were used directly (i.e. in
primary form) or indirectly, and whether they were used for constructing or validating
the site interpretations. Data that were not explicitly used in constructing or validating a
site interpretation, but were consulted as background information on the site, are
indicated in the more significant cases. More specific information on how the various
data were utilized within each particular analysis may be found in the pertinent SITE-94
background reports.
"Generic" (non-site-specific) data were used for some aspects of the performance
assessment, when pertinent, site-specific data were inadequate or unavailable. Generic
data have been drawn from the general base of information that is furnished by the
scientific literature. Sources of generic data are documented, as appropriate, in the SITE94 background reports. Particular instances in which generic data were used, but sitespecific data would have been preferable, are discussed in Section 4.1.
Some geologic information, specific to the region of southeastern Sweden that includes
Aspo, were also obtained from the scientific literature. This information is listed in Table
4.1 as site-specific data. However, this table does not include the various types of
continental-scale information that were used in the modelling for the SITE-94 Central
Scenario. For a description of these data the reader may refer to Provost et al. (1996).
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Table 4.1 Summary of site-specific data utilisation within SITE-94. Key to abbreviations: X = data used directly in analysis; V = data used
directlyfor model validation; S = data used indirectly (e.g. as interpreted outside of SITE-94); B = data used as background information
in the analysis; P = data used directly only in preliminary stages of analysis; D = data evaluated but discarded prior to final analysis;
0 = data produced within SITE-94 as output of this analysis.
Analysis (a keyto abbreviations is given at the end of this table)
Type of data

Source

Stmc Stmc Stnic Hyd
Re
fi Semi Local GRF

Stat
Mv

Hyd
Simp

Hyd Hyd/ Hyd/ GW Hyd Hyd
2D Centrl Struct Chem SC DFN

Hyd Hyd Stabil Stabil
DF VapF FF
NF

Survey/Remote sensing
Borehole coordinate data from KAS01 -14,16, KAV01 03, KBH01-02, KLX01, HAS01-21, HAV01-08,
HLX01-09, HBH01-05, HMJ01

MRM, 1993e,h

Calliper logs (borehole diameter) from KAS03

MRM, 1993c

Detailed topographic map of Aspo

Tiren & Beckhoimen, 1987

Digital elevation models (50 x 50 m grid)

LMV, 1987a

X

X

Topographic maps (1:250 000)

LMV, 1987b

X

X

Nautical charts (1:50 000)

SFV, 1988a

S

S

Fair sheets (1:20 000)

SFV, 1988b

S

s

Prior lineament interpretations

Tirenetal., 1987,
Tiren & Beckholmen, 1988

X

B

X

X

X

X

D

X

X
X
X

X

X

X
X

X

X

x/v
X

Aerial photos (1:30 000)

LMV, 1984

Landsat TM (one quarter scene)

WKschard & Larsson 1987

s

s

Clarifications of Aspo coordinate systems

Dverstorp, 1993

B

B

X
B

B

B

B

B

B

B

B

Geologic/Core logging data
Lithology in core KAS02-09.11-14, KBH02, KLX01

MRM, 1993e,f

Vein data from KAS02-09.11-14, KBH02, KLX01

MRM, 1993f

X
X

"Natural" Joints/fractures in core from KAS03-09.11 14, KLX01.KBH02

MRM, 1993f

x

Fracture frequency in core KAS02-09,11-14,
KLX01.KBH02

MRM, 1993h

Crushed zones in core from KAS03-09,11-14,
KBH02, KLX01

MRM, 1993f

Fracture alpha angles from core

MRM, 1993f
MRM, 1993h

Fracture infilling mineralogy from KAS03-09.11 -14,
KBH02 & KLX01

MRM, 1993f

Detailed fracture mineralogical analyses

Tullborg et al. 1991

X

v

X
X

X

X
X

X
Y

y

Y

A

A

V
A

Y
A

A

Oriented core from portions of KAS02-O6

X

Y
A

V

: A

V

:

A

B
B

D
X

D
o

y

X

B

Table 4.1, ctd.
Analysis (a key to abbreviations is given at the end of this table)
Type of data

Source

Struc Struc Struc Hyd
Reg Semi Local GRF

Stat
Mv

Hyd
Simp

Hyd
2D

Hyd/
Hyd/
GW Hyd
Centrl Struct Chem SC

Hyd Hyd Hyd Stabil Stabil
NF
DFN DF VapF FF

Geologic/Surface data
Geological map of Aspo
Data from outcrop mapping of fractures on Aspo
Supplementary field studies

X

Komfalt & Wikman, 1988
MRM, 1993h
Tirenetal., 1996

X

X

X

X

Geologic/Interpretation
Regional geology
Regional sedimentary geologic maps and cross
sections
Local geology

Regional structural map (2-D)
Semiregtonal structural map (2-D)
SKI 3-D structural model of Aspo
SKB structural model (digitized)
SKN structural model (digitized)
Fracture statistics for DFN model
2-D near-field fracture model simulations

see Tirenetal., 1996
Komfalt &Larsson 1987;
Ahlbometal., 1990
Komfalt & Wikman 1988;
Munler1989;TalD0t&
Riad1987;Wikstrom
1989; Talbot, 1990
Tirenetal. 1996
Tirenetal. 1996
Tirenetal. 1996
Geosigma, 1994
Geosigma, 1994
Geier& Thomas 1996
Geier& Thomas 1996

B

B

B

B
Y
A

R

0

B

D
O

R

D

O

B

0
B

0

X
B

X

X

X

X
X

X
B
B

B

X

B

o
o

Geophysical/Borehole logging
Natural gamma radiation logs from KAS02-09,11-14,
HAS02-20, HAV01-08, HU01-O7.KAV01-03, KLX01
Gamma-gamma (density) logs from KASOS-09,11-14
Magnetic susceptibility logs from KAS02-09.11-14
Lateral resistivity (1.6 - 0.1 m) logs from KAS02-03
Normal resistivity (1.6 m) logs from KAS03
Sonic (acoustic) logs from KAS02-09.11 -14
Self-potential (SP) logs from KAS02-04
Single-point resistivity from KAS02-09.11-14,
HAS02-20, HAV01-O8, HLX01-07,KAV01-03, KLX01
Neutron near detector logs from KAS06-09
Neutron far detector loos from KAS06-09

D
D

MRM 1993c,h

y

y

y

MRM 1993c
MRM 1993c
MRM 1993c
MRM 1993c
MRM 1993c
MRM 1993c
MRM 1993c,h

X
X
X

P
X
p

B
B
B
B
X
B

MRM 1993c
MRM 1993c

x

•

p

X
X

p
p

y

p

X

p

X

P

A

:: :

V
A
••,.::.

B
B

X

X
X

Table 4.1, ctd
Analysis (a key to abbreviations is given at the end of this table)
Type of data

Source

Stnic Stmc Stnic Hyd
Reg Semi Local GRF

Stat

Hyd

Hyd Hyd/

Mv

Simp

2D

Hyd/

GW

Centrl Struct Chem

Hyd
SC

Hyd Hyd Hyd Stabil Stabil
DFN DF VapF FF NF

Geologic/Surface data (ctd.)
Fluid conductivity & salinity logs KAS02-09,11-14,
HAS02-20, HAV01-08, HLX01-07.KAV01-03, KLX01
Temperature logs KAS02-09.11-14.HAS02-14,18-20,
HAN/01-08, HLX01-03,0507, KAV01-O3, KLX01
Conventional borehole radar (dipote antenna) travel
time data, KAS02-09.11, KLX01
Directional borehole radar travel time data KAS12-14
Radar amplitudes from KAS02-14

MRM 1993c,d,h

y

V

A

MRM 1993h
Niva& Gabriel 1988;
Caristen 1989,1990
Caristen 1990
Geosigma, 1993

A:

Y
A

Y
A

y

y

y
A

A

v
A

B
a

X

B

X

B

B

x

A

Geophysical/Above-ground surveys
Airborne electromagnetic survey results
Airborne magnetic survey results
Geophysical profiles: VLF.magnetic, seismic, radar)

Detailed magnetic measurements
Detailed geoetectrical measurements

Nisca 1987ab
Nisca 1987ab
Stenberg, 1987; Barmen &
Stanfors, 1988;Pkxjg&
Witten, 1989; Sundin 1987;
Sandbergetal., 1989
Nisca STriumf, 1989
Nisca STriumf, 1989

s
s

s
s
S

X

B

Hydrologic
Groundwater pressures in boreholes
Groundwater levels In boreholes
Water table map
Injection test data (3 m) from KAS02-08.KLX01
Interpreted K values from 3 m inj. tests
K GRF analyses (3 m section lengths) for KAS02-08
D GRF analyses (3 m section lengths) for KAS02-08
Injection test data (30 m) from KAS02-O8.KLX01
Interpreted K values from 30 m inj. tests
GRF analyses (30 m section lengths) for KAS02-08
Ftowmeter logs from KAS02-14.KLX01
KLX02 hydrologic and salinity data

SKB, 1992b
Strom, 1992
Liedholm, 1991
MRM, 1992; 1993a
MRM, 1993b,i
Geieretal., 1996a
Geieretal., 1996a
MRM 1992, 1993a
MRM 1993b
Geieretal., 1996a
MRM 1993d,g,l
SKB, 1993a

B
X
X

X

X
0
0
X
0

P
X

B

X

X
X
V

X
X
D
X
X

B

X

X
B/V

B

X

Table 4.1, ctd.
Type of data

Source

Analysis (a key to abbreviations is given at the end of this table)
Stnic Stnic
Reg Semi

Stnic Hyd
Local GRF

Stat
Mv

Hyd
Simp

Hyd
2D

Hyd/
Centri

Hyd/ GW Hyd
Struct Chem SC

Hyd
DFN

Hyd
DF

S/B

x/v

Hyd Stobil Stabil
VaoF FF
NF

Hydrological/lnterference tests
Interference test data from short-term pumping tests
in HAS13 & 20, KAS02,03,06,09,12,13 & 14

Ström, 1992

Interference test data from LPT1 (pumping in KAS07)

Strom, 1992

Interference test data from LPT2 (pumping In KAS06)

Ström, 1992

Tracer test data from LPT2

Ström, 1992

x/v
X
X
X

X
X/V

V

Rock mechanics/Petrophysical
Hydraulic fracturing stress measurements

Bjamason et al., 1989

X

Overcoring stress measurements

Bjamasonetal., 1989

X

Uniaxial compressive strength and elastic parameter

Wìkberg et al., 1991

measurements
Porosity measurements from KAS02 and KLX01 [1]

MRM, 1993e

Repository layouts

Geosigma 1994

Geochemical
Sampled during drilling (SDO): Major element
concentrations and drilling water content
Sampling from percussion holes: Major element
concentrations, 2 H , S H , 1 t O

Wikberg et al., 1991;
Smellie & Laaksoharju
1992
SKB1992ac

Sampling during hydraulic pumping tests (SPT):
Major & minor element concentrations, drilling water
content, stable isotopes, ' H , " C

SKB1992ac

Sampling for complete chemical characterization
(CCC): Major & minor element concentrations, drilling
water content, stable isotopes, ' H , " C , Eh, pH,
dissolved gases.

SKB1992acd

Sampling during monitoring (SPM): Major
components, isotopes (*H, S H , " O )

KTH1993ab

Baltic seawater analyses: Major elements & isotopes

SKB1992d; KTH1993b

X
X
X

for Baltic sea water
Rainwater isotope analyses ( 3 H, J H, " O )

SKB 1992d; KTH 1993b

X

Detection limits for chemistry data

SKB 1992d

X

Oriain of drillina water

S K B i 9 9 2 d ; KTH 1993a

X

X
X

Table 4.1, ctd.
Source

Type of data

Analysis (a key to abbreviations is given at the end of this table)
Struc Struc Stnic Hyd
Reg Semi Local GRF

Stat
Mv

Hyd
Simp

Hyd Hyd/ Hyd/ GW Hyd Hyd
2P Centrl Struct Chem SC DFN

Hyd Hyd Stabil Stabil
DF VapF FF NF

Geochemical
SKB analysis of groundwater composition [2]

Smellie & Laaksoharju
1992

SITE-94 classification of groundwater types at Aspo

Glynn & Voss, 1996

B

B

B

B

O

Key to abbreviations for SITE-94 analyses:
Stnic/Reg
Struc/Semi
Struc/Local
Hyd/GRF
Stat/Mv
Hyd/Simp
Hyd/20
Hyd/Centrl

Regional structural model (Tiren et al., 1996)
Semiregional structural model (Tiren et al., 1996)
Local structural model (Tiren et al., 1996)
GRF analysis of packer tests (Geier et al., 1996a)
Geostatistical multivariate analysis (Le Lo'ch and Osland, 1996)
Hydrologic simple evaluation (Dverstorp et al., 1996)
Hydrologic 2 - 0 continuum modelling (Boghammar and Grundfett, 1993)
Hydrologic modelling for the Central Scenario (Provost et al., 1996)

Hyd/Struct
GW/Chem
Hyd/SC
Hyd/DFN
Hyd/DF
Hyd/VapF
Stabil/FF
Stabil/NF

Additional site-specific data utilization (noted by numbers in brackets in the table above):
[1]
[21

Matrix diffusivity for NF (Andersson, K., 1996)
Solubility constraints on source term (Arthur and Apted, 1996)

Hydrologic eval. of SKI structural model (Voss et al., 1996)
Hydrogeochemical analysis (Glynn and Voss, 1996)
Hydrologic stochastic continuum model (Tsang, 1996)
Discrete-fracture network model (Geier and Thomas, 1996)
Discrete-feature hydrologic model (Geier, 1996ab)
Variable-aperture fracture network (Nordqvist et al., 1995)
Far-field mechanical stability (Hansson et al., 1995ab)
Near-field mech. stability (Shen and Stephansson, 1996)

4.1 Generic data utilization
This section discusses instances where generic data were used in SITE-94, but sitespecific data would have been preferable. In a performance assessment for an actual
repository, the use of generic data should clearly be limited to parameters that are
established to be insensitive to site location. Since the HRL site pre-investigations were
not designed to provide a basis for a full performance assessment, within SITE-94 the
use of generic data has likely been somewhat more frequent than should be the case for
an actual repository.
The most significant use of generic data involved parameters for reactive transport
modelling. These included flow porosity, (specific) flow wetted surface, radionuclide
sorption coefficients, matrix porosity, matrix diffusivity, and redox capacity of the rock.
Several of these could be site-sensitive and are discussed below.

4.1.1 Flow porosity
Estimates of the effective flow porosity are needed to calculate water residence time
distributions (RTDs) from the groundwater fluxes predicted by hydrologic models. In
contrast to the large amount of site-specific data that is relevant to estimating the
hydraulic conductivity, hydraulic head, and flux distributions at Aspo, very few data give
information concerning flow porosity.
The only data relevant to the determination of flow porosities at Aspo are the cross-hole
tracer test results from LPT2 (Gustafsson et al, 1991). These data apply only to the
few, specific fracture zones that were targeted for characterization. The characterization
of porosity in those structures was ambiguous, due to the small number of tests, the
generally low recovery of tracer (28% or less), and the lack of clear evidence to establish
the flow field geometry. Indeed, in some cases multiple transport paths may be indicated
(see the discussion of these data by Geier, 1996a) and in other cases no measurable
tracer was recovered.
Generic data for flow porosity were introduced into the performance assessment
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calculations in various ways, depending upon the underlying hydrologic model.
In the stochastic continuum (SC) modelling for SITE-94 (Tsang, 1996), particle tracking
was performed using a porosity uniformly equal to unity. The water RTD for any
particular, uniform value of flow porosity is calculated simply by scaling of the particletracking results. Thus generic data for flow porosity are not used in the SC model itself,
but must be applied to the modelling results, in order to predict water RTDs for
performance assessment.
In the discrete-feature (DF) modelling (Geier, 1996ab), porosity assumptions are implicit
in the values of "transport" aperture (the pore volume per unit area) that are assigned to
each transmissive feature in the model. Generic data, from single-fracture experiments at
Stripa, Sweden and other sites, were used as the basis for an empirical relationship
between fracture transmissivity and transport aperture (Geier et al., 1992). This
relationship was used for discrete fractures within the repository block, and, in some DF
model variants, also for the large-scale structures. In other DF model variants, transport
apertures for the large-scale structures were based on SKB's interpretations of the small
set of tracer tests from Aspo (Gustafsson et al., 1991). In the detailed-scale, variableaperture fracture (VAPFRAC) network modelling (Nordqvist et al., 1995), generic data
on porosity was introduced at a fundamental level, as void geometry variation within
individual fractures.
The site specificity or site independence of flow porosity has not been established, but
arguments for the former can easily be offered. The total porosity of fractured granitic
rock is typically dominated by void space within the fractures, and hence may be affected
by e.g. rock fabric, stress history, and geochemical history, all of which can be quite
variable between sites. Moreover the flow porosity, which is that portion of the total
porosity participating in flow, is not necessarily an isotropic property or even a material
property. Rather, flow porosity will depend upon the detailed heterogeneity and
connectivity of the fractures, plus the hydrogeochemical history and the present-day
hydrologic conditions. The relative significance of intersite vs. intrasite variation, caused
by these and other factors, has not been resolved due to the limited available data from
sites around the world.
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For future performance assessments, a more definitive assessment of flow porosity
would be desirable. If it cannot be demonstrated that flow porosity and, more
importantly, its spatial variability and relationship to hydraulic conductivity, are
essentially site-independent, then it may be necessary to have more comprehensive and
more conclusive site-specific measurements (i.e., tracer tests) than were available from
the HRL pre-investigations. Measurements from multiple scales, and multiple sets of
hydrologic conditions, are probably needed to support extrapolation of these data to the
various scales and conditions that need to be considered in performance-assessment
calculations.

4.1.2 Specific wetted surface
Transport of sorbing radionuclide species is sensitive to the rock-surface area that is
encountered by the transported species. As with porosity, the parameter of interest is not
the total wetted surface, but the effective, "flow wetted surface." Due to the fact that the
tracer tests conducted during the HRL pre-investigations used non-sorbing tracers
exclusively, there were no available, site-specific estimates of flow wetted surface. As for
porosity, generic data for flow wetted surface were introduced into the performance
assessment calculations in different ways, depending upon the hydrologic model.
Sorption effects were not considered in either the SC or the DF modelling (Tsang, 1996;
Geier, 1996ab), so assumptions concerning flow wetted surface did not enter into the
calculations of water RTDs. The DF model was however used to estimate values of flow
wetted surface for reactive/sorptive transport calculations. These estimates were
calculated in conjunction with the particle tracking in the DF network, using the simple
geometric assumption that the available wetted surface for radionuclides travelling
through a fracture is equal to the planar area of the two fracture faces, weighted with
respect to the water residence time. Generic data on aperture variations in actual
fractures was used in the VAPFRAC modelling (Nordqvist et al, 1995), as mentioned
above, to develop estimates of flow wetted surface based on the fracture statistics from
Aspo.
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An alternative estimate of flow wetted surface, based upon geochemical data, was
produced by Glynn and Voss (1996). This estimate is based on the relationship between
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Rn content in groundwater and uranium content in the rock, which by using a simple

kinetic model can be related to the contact area between the groundwater and the rock.
A simple estimate was also calculated directly from the geologic structural model (Voss
eta!., 1996).
Very little experimental evidence is available concerning flow wetted surface and its
variability (intersite and intrasite). Like flow porosity, flow wetted surface is not, in
general, a material property, and likewise it probably depends upon many of the same
site-specific factors that were discussed with respect to flow porosity. The significance of
flow wetted surface, and methods for its measurement, are the subjects of current debate
(see e.g. Olsson eta!., 1995).

4.1.3 Sorption coefficients
Sorption (distribution) coefficients for numerous chemical species and radionuclides
were compiled from the literature (K. Andersson, 1996) for use in the reactive transport
calculations. The effective values of these coefficients, for large-scale reactive transport
modelling, are dependent upon the site-specific groundwater chemical conditions (pH,
redox conditions, salinity, etc.) and also the site-specific assemblage of fracture minerals,
especially the types and quantities of clay minerals and other sheet silicates. It should be
noted that one objective of the planned, matrix-diffusion experiments at the Aspo HRL
will be to measure in-situ values of sorption and matrix diffusion coefficients (Olsson et
a!., 1995).

4.1.4 Matrix porosity and diffusivity
Site-specific, matrix-porosity measurements were available from the petrophysical
characterization of core specimens from KLX 01 and KAS 02 (Nisca, 1988). Reference
was also made to generic data for the sake of comparison, and to gauge the degree to
which porosity may be increased near fracture surfaces (K. Andersson, 1996).
No site-specific, matrix-diffusivity measurements were available. Within SITE-94,
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matrix-diffusivity values were calculated from data for matrix porosity by using an
empirical relationship, Archie's formula, to estimate the formation factor which relates
the effective difrusivity in rock to diffusivity in water. Direct measurements of matrix
diffusivity, on core samples and/or in situ, would be desirable for a future performance
assessment. The planned matrix-diffusion experiments, as mentioned above (Olsson et
al, 1995), are expected to yield in-situ estimates of matrix-diffusion coefficients from the
AspoHRL.
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4.2 List of primary sources for site-specific data
For the sake of traceability, reference is given to all original Aspo data delivered by SKB
to the SITE-94 project, and to interpretations generated within SITE-94. Most of these
data were compiled specifically for the SITE-94 project, and have not been published in
the form in which they were delivered. However, much of the information has been
presented by SKB in the form of analyses, figures and tables, in numerous reports. Some
data were taken directly from SKB's published reports; in such cases the cited reports are
listed at the end of this report. Any questions or requests concerning the original Aspo
data should be directed to the Swedish Nuclear Fuel and Waste Management Co. (SKB).
Ahlbom, K., Andersson, J-E., Carlsson, L., Tiren, S., Winberg, A., Sedimentar
berggrund som hydraulisk barriar: Forstudie. SGAB report IRAP 89264, Sveriges
Geologiska AB, Uppsala, 1990.
Dverstorp, B., Some clarifications regarding coordinate systems and depth
coordinates for borehole measurements at Aspo. Memorandum 1993-05-12, internal
SITE-94 working material, Swedish Nuclear Power Inspectorate, Stockholm, 1993.
Geosigma 1993-05-05. Borehole radar amplitudes from KAS 02 - KAS 14
(unpublished SKB material), Swedish Nuclear Fuel and Waste Management Co.,
Stockholm, 1993.
Geosigma 1994-05-27. Digitized SKI, SKB, and SKN models. Internal SITE-94
working material, Swedish Nuclear Power Inspectorate, Stockholm, 1994.
KTH, 1993-10-04, Geochemistry data including sampling during monitoring and
origin of drilling water (unpublished SKB material), 1993a.
KTH, 1993-11-01, Geochemistry data including sampling during monitoring, isotopes
for Baltic seawater and rainwater (unpublished SKB material), 1993b.
LMV, Aerial photographs, black and white prints 844 05699 6-10 84-06-03 and 844
06720 2-5 84-06-03. National Land Survey of Sweden, Gavle, 1984.
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LMV, Digital elevation model of Sweden, 50 m x 50 m grid. National Land Survey
of Sweden, Gavle, 1987a (unpublished LMV material, presented by Tir6n et al.
1987a).
LMV, Relief karta "Oskarshamn," 1:250 000 scale, National Land Survey of
Sweden, Gavle, 1987b (unpublished LMV material, presented by Tiren et al. 1987a).
MRM, Utdrag ur SKBs databas GEOTAB till Golder Geosystem AB, Mark Radon
Miljo (MRM) MRAP 92061, unpublished SKB material, 1992.
MRM, Utdrag ur SKBs databas GEOTAB: Data fran injectionstester i KAS03,
KAS04, KAS06, KAS08, KLX01. Mark Radon Miljo (MRM) MRAP 93006,
unpublished SKB material, 1993a.
MRM, Utdrag ur SKBs databas GEOTAB: Utvarderade konduktivitetsvarden fran
injektionstester i KAS02-08 och KLX01. Mark Radon Miljo (MRM) MRAP 93011,
unpublished SKB material, 1993b.
MRM, Geophysical logging data delivery. Mark Radon Miljo (MRM) 1993-02-10,
unpublished SKB material, 1993c.
MRM, Utdrag ur SKBs databas GEOTAB: Geohydrology: Spinner och fluid
conductivity. Mark Radon Miljo (MRM) MRAP 93015, unpublished SKB material,
1993d.
MRM, Data delivered from the GEOTAB tables: BHCOORD, PETROD and
ROCKTYPE (update). Mark Radon Miljo (MRM) MRAP 93017, unpublished SKB
material, 1993e.
MRM, Data delivered from the GEOTAB tables: ROCKTYPE, VEIN, NJOINT, and
CRUSH. Mark Radon Miljo (MRM) MRAP 93022, April 8, 1993, unpublished SKB
material, 1993f.
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MRM, Flow measurements from KLXOl in the SKB GEO database GEOTAB. Mark
Radon Miljo (MRM) MRAP 93063, October, 1993, unpublished SKB material,
1993g.
MRM, Data delivery from GEOTAB: Geological core logging, geophysical borehole
logging and background data. Mark Radon Miljo (MRM) MRAP 93064, September
27, 1993, unpublished SKB material, 1993h.
MRM, Corrections to geophysical logging data, spinner, and KAS injection data,
Mark Radon Miljo (MRM) 1993-04-28, unpublished SKB material, 1993i.
SFV, Hydrographic Office of the Swedish Administration of Shipping and
Navigation, 1:50 000 navigation charts for the Simpevarp area, Sjofartsverket,
Stockholm, 1988a (unpublished SFV material, presented by Tir6n and Beckholmen,
1988).
SFV, Hydrographic Office of the Swedish Administration of Shipping and
Navigation, 1: 20 000 fair sheets for the Simpevarp area, Sjdfartsverket, Stockholm,
1988b (unpublished SFV material, presented by Tire"n and Beckholmen, 1988).
SKB, Groundwater geochemical data, SKB 1992-10-09 (unpublished SKB material),
Swedish Nuclear Fuel and Waste Management Co., Stockholm, 1992a.
SKB, Groundwater pressures in boreholes, SKB 1992-11-06 (unpublished SKB
material), Swedish Nuclear Fuel and Waste Management Co., Stockholm, 1992b.
SKB, Isotope data, SKB 1992-11-19 (unpublished SKB material), Swedish Nuclear
Fuel and Waste Management Co., Stockholm, 1992c.
SKB, Geochemical data including Eh, pH, dissolved gases, isotope analyses of Baltic
sea water and rain water, detection limits for chemistry data, and origin of drilling
water, SKB 1992-12-18 (unpublished SKB material), Swedish Nuclear Fuel and
Waste Management Co., Stockholm, 1992d.

49

SKB, Preliminary data from KLX02, SKB 1993-09-24 (unpublished SKB material),
Swedish Nuclear Fuel and Waste Management Co., Stockholm, 1993a.
Strom, A., 1992-10-06. Data delivery No. 1 for Task No. 1. SKB Project
Memorandum 25.1078 to the Aspo HRL Task Force (unpublished SKB material),
Swedish Nuclear Fuel and Waste Management Co., Stockholm, 1992.
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5

Availability and quality of data
The following is a summary of observations concerning data availability and quality for
the Aspo HRL pre-investigations. General issues concerning the documentation of data,
the consistency and adequacy of positional information, and data accessibility and
retrievability are discussed in Sections 5.1 through 5.3. These are followed by more
specific discussions of the data with reference to specific aspects of the performance
assessment.
It should be emphasized that SKB's establishment of the GEOTAB database is in itself of
great value. The collection of primary, geoscientific data in a unified database creates the
potential to investigate relationships among different properties/attributes of the bedrock
and groundwater, using flexible querying techniques. SKB's considerable efforts in
preparing the site data, and in providing these to SKI for SITE-94, are also very much
appreciated. In most cases, the requested data requested were delivered expediently,
together with supporting information which facilitated the analysis of these data within
SITE-94.
Regarding the observations that follow it should be noted that, within SITE-94, these
data were exercised in ways that may not have been foreseen during the acquisition of
these data. The task of organizing and conducting a major site investigation, such as that
at Aspo, is formidable, requiring the coordination of diverse logistical, geoscientific and
construction activities. The HRL pre-investigations provide a valuable learning
experience as to how such an investigation should be conducted, in order to acquire and
preserve the essential, high-quality data that will be required for performance assessment.
SITE-94 may be seen as a part of this learning experience, in that it tests the sufficiency
of the site database as the basis for an independent performance assessment. The
following comments should be viewed as constructive suggestions for future site
investigations. A few of the problems noted have independently been identified and
corrected by the Aspo investigators. The comments focus primarily on quality aspects of
the available data. The relevance of these data, which is of key concern for performance
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assessment, is discussed less fully here, but is addressed in the main and background
reports for SITE-94.
In the years following the HRL pre-investigations, SKB has established a new database
to replace GEOTAB, and has devoted much effort to improving procedures for handling
site data. According to O. Olsson (review comments, February 1996), nearly all Aspo
data from the HRL contraction phase has been entered into the new database, SICADA.
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5.1 Documentation
An important, basic requirement for an independent, site-specific performance
assessment is clear and comprehensive documentation of the basic data. In several cases,
documentation describing the collection of specific data appears to be lacking. In other
cases, the data that have been stored are not clearly defined, or the methods of
measurement are not sufficiently described, to allow a full, independent assessment of the
data.
It is essential that, together with each instance of archived data, information should be
readily accessible concerning (1) how measurements and sampling were performed, (2)
what equipment was used, (3) what detection limits and accuracy levels are associated
with the equipment and procedures, and (4) if interpretations or corrections were
performed, how these were done. When equipment or procedures are modified during
the course of an investigation, the documentation, archiving and retrieval systems must
provide for clear distinction among the resulting data.
For the geophysical and hydrologic measurements in boreholes, a history of borehole
activities is apparently lacking (This deficiency has reportedly been addresed with the
new SICADA database). In some boreholes, logging was aborted at depth before
reaching the bottom of the hole, and the documentation does not explain whether the
stoppage was due to borehole conditions, instrument failures, or some other cause. If
borehole conditions were the cause in some cases, this could in itself be of interest for
site interpretation.
Primary documentation of field work is also lacking in some cases, as noted in the
following sections of this chapter. For some types of data, there are manuals that
document the procedures used for data collection, but in other cases manuals are not
available.
A related problem, from the standpoint of analysts engaged in an independent
performance assessment such as SITE-94, was the lack of a single document giving an
index to the specific data that were available for the HRL site. The overview report for
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the HRL pre-investigations (Stanfors et al., 1991) was valuable as a record of what types
of studies were performed at the site, but it did not provide a comprehensive listing of
the data that were actually available from the site database. In some cases, the basic data
produced by individual studies were not available from GEOTAB, while in other cases
the availability of particular data was only discovered fortuitously, from HRL progress
reports or unpublished sources. Such instances are noted in the later sections of this
chapter.
As a supplement to the type of information given by Stanfors et al., it could have been
useful to have an indication of which types of data (1) were preserved from each survey
or type of survey, and (2) were in fact available from GEOTAB (or some other
accessible archive). Such a document would enable each analyst to readily identify which
of the available data are relevant to the analyst's specific needs, and based on this to
make specific requests. When such a document is lacking, as was the case in SITE-94,
the result can be (1) that relevant data are missed in an independent site evaluation,
and/or (2) that analysts will need to make very general requests for data from those who
operate the database, resulting in unnecessary, extra effort by all parties.
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5.2 Positional information
A second basic requirement for performance assessment is to establish a consistent frame
of reference (spatial coordinates) for the measurements that have been performed. This is
particularly important for structural geologic and geostatistical analysis. In the HRL preinvestigations, several different coordinate systems (the Swedish Land Survey's RAK-3 8
system, an Oskarshamn Karnkraft Gruppen (OKG) system for Simpevarp, and a local
system on Aspo) were used for observations at the surface. Unfortunately the
relationship among these systems was not fully documented. Inaccurate map scales are
also an occasional problem, particularly for certain geological data that are only
presented on maps. For measurements within individual boreholes, the points of
reference were not always consistent.

5.2.1 Coordinate systems for locating observations
Several different coordinate systems were used within the HRL pre-investigations. For
observations at the surface, the systems that were used included:
•

the Swedish Land Survey's RAK-3 8 system,

•

the OKG system for Simpevarp, and

•

a local system on Aspo

RAK is the national survey grid, established by the Swedish National Land Survey
(Lantmateriverket, or LMV, Gavle). As RAK is a "stiff' orthogonal grid, there is in
general a deviation between the orientation of the RAK coordinate axes and the
meridians. The name RAK-3 8 refers to a particular set of reference points and
relationship to the meridians.
The OKG system is a local system of coordinates, which was staked out in connection
with the construction of the power plant on the Simpevarp peninsula. This system was
utilized in setting out the coordinates of boreholes on Avro.
With the start of investigations on Aspo, a local system was established on the island,
based on the OKG system. However, it so happened that there was a slight error in the
coupling of this system to the OKG system (less than ±0.5 m, and with a slight angular
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difference, of about 0.3°).
The discrepancy between the Aspo and OKG systems was noticed during the driving of
the tunnel/ramp from Simpevarp to under Aspo. SKB commissioned an investigation to
determine the difference between the two systems, which yielded a transformation
formula from Aspo coordinates to RAK-38 coordinates as follows:
XRAK-38

= 67978.295 + 0.978799(XA^ - 7484.309) + 0.204822(YAjpfi - 1956.680)

YRAK.38

= 51210.173 + 0.204822(XAv0 - 7484.309) + 0.978799(Y ;M - 1956.680)

Angle of rotation = 13.1323 grades (11.8191 degrees)
Scale factor = 0.999999852
According to this investigation, the Aspo system lies in a 11.96° westward deviation
from North. Unfortunately the findings of this investigation were not directly recorded in
any report (Sven-Ake Hasselund, VBB/VIAK Jonkoping, personal communication to
Sven Tiren, Dec. 1993), although the angular relationship between Aspo coordinates and
geographic North has more recently been documented by O. Olsson (1994). Various
deviations of the Aspo system from North, ranging from 11.7° to 12°, have been cited in
SKB HRL reports.
Difficulty can also arise in relating observations on the islands of Aspo and Avro to
observations on the mainland. For the Laxemar area, an initial coordinate system was
established based on photogrammetry (with a precision of ±2-4 m), from which the
Laxemar borehole positions were transferred, via the RAK-38 system, to the Aspo
system. An additional source of confusion is that the national regional coordinates on
the Laxemar side (from the 1980s) do not agree with the RAK-38 system that originally
applied for Aspo. The Krakemal area, which lies directly east of Gotemar and north of
Aspo, and was investigated earlier as a potential site, lies within the RAK-38 system.
Absolute coordinates (longitude/latitude or RAK coordinates) for the Aspo system were
not provided with the data that were supplied to SITE-94, although this information is
apparently in GEOTAB. For regional studies, the longitude and latitude, as well as the
type of map projection used, need to be noted.
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Concerning elevation, there are two national elevation systems — RH 00 and RH 70, of
which RH 00 is the more commonly used. The vertical coordinate axis of the local Aspo
grid (z = 0) is referred to RH 1900 (RH 00), which at Aspo is approximately 6 cm
above the zero level of RH 70. This information is not available from GEOTAB, but was
documented in the form of a a letter from Vattenfall to SKB (Vattenfall Ref No. BEG4EW/GNg, 1990-10-03).

5.2.2 Directional measurements
Directions measured in the local system have been related to magnetic north or perhaps
geographic north (the declination is about 0.3° E). In this particular case, correction for
declination is generally superfluous, as the error in measuring directional data in field
studies tends to be greater in magnitude (up to 5°). The use of a local coordinate system
that is skewed relative to due North and other, more prevalent systems, is less than
desirable, since it is easy for misunderstandings and mistakes to arise.

5.2.3 Location of boreholes
The position of two of the boreholes on Aspo were switched in GEOTAB. In a field
check (Sven Tiren, Dec. 20, 1993) it was confirmed that borehole KAS 10 lies about 7 m
northeast of KAS 14. According to information in GEOTAB, KAS 14 lies northeast of
KAS 10. For three other boreholes there are discrepancies between the coordinates given
in GEOTAB, and those given by Stanfors et al. (1991):
Borehole
KAS 02
KAS 04

Coord.
X
X

Stanfors et al. (1991)

GEOTAB
7261.986 m

7250.110 m

7636.826 m

7263.826 m (in figures)
7636.826 m (in some tables)

KBH02

Z

5.50 m

4.75 m

Given the errors concerning KAS 10 and KAS 14, it is difficult to be sure which of the
given coordinates are correct in such cases.
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5.2.4 Reference points for measurements in boreholes
Borehole data were provided in terms of distance along the borehole and with respect to
a datum, e.g. "sea level," "top of casing," "ground surface" [markytari], or "rock
surface" [bergytari]. The geophysical and hydrogeological measurements are given with
respect to a datum at the top of the casing. For the geologic logging it is clear that the
ground surface was used as the point of reference for drilling of the 76 mm hole down to
100-150 m (i.e. the part of the borehole that afterwards was widened to 200 mm and
used to ensure a net inflow to the borehole for continued drilling). Next a casing was set
in the hole, and for the subsequent drilling (in most cases) the top of this casing was used
as the reference point. This gives rise to a "backlash" in the positional data at the
transition to the smaller borehole diameter (i.e. somewhere beyond 100 m depth).
Unfortunately, a correction for this backlash was not carried out.
How to maintain accurate notes, as to what was used as a reference point (datum) for
different investigations, is a longstanding problem in site investigations. The reason is
that the height of the ground surface is altered during levelling of the drilling site and
construction of roadways to the site, together with the fact that the length of casing may
be cut, lengthened, or shifted for various reasons. Fixed survey monuments, sitting in a
firm foundation and situated at such that they would not be disturbed by the activity
around the borehole, would have obviated much of the difficulty in reconstructing what
level was used as the datum for each borehole, at any particular point in time.

5.2.5 Location within boreholes
The exact position of observations/measurement points within a given borehole can be
difficult to establish, since the cables or pipe strings used with different equipment have
different elasticity. For long boreholes, the discrepancy in positional data can be several
meters; this needs to be noted for statistical analysis of borehole data. Unfortunately, it is
not consistently made clear whether and how corrections for cable stretch have been
made to the borehole logging data stored in GEOTAB.
The borehole geophysical logs that were produced for the Aspo HRL Task Force have
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been manually adjusted with respect to the core logging, by correlating with geological
features that are known to produce identifiable signals in the geophysical logs. Typical of
such structures are aplites (for the gamma logs) and well-defined fracture structures (for
the other geophysical logs). The positions of measured data between pairs of identifiable
points in the logs are calculated by interpolation. The borehole geophysical data that
were stored in GEOTAB had not been adjusted for position in this manner (Stefan
Sehlstedt, personal communication to Sven Tiren, Dec. 1993).
From examination of geophysical logs it is clear that the effective zero level varied
among the different logging tools, resulting in relative offsets in the measurements of up
to one meter. Presumably this resulted from the variable length of the logging tools,
which would have required that some of the tools be partially lowered into the borehole
during assembly.

5.2.6 Geometrical configuration of measurements
Most geoscientific measurements are not point measurements, but rather are made over
some particular interval or area. When this is the case, it is essential that the database
contain information sufficient to establish the position and geometric configuration of
each measurement. In the HRL pre-investigations, the positional information as recorded
was adequate in many cases, but in few cases it was not.
For the geochemical sampling in core-drilled holes on Avro, the borehole sections from
which samples were drawn were specified only in terms of the borehole distance to the
top of the sampling interval. Neither the section lengths nor the distances to the bottom
of the sampling interval were specified, although a section length of 5 m seems likely. It
must be noted that the geochemical sampling on Avro was performed early in the HRL
pre-investigations, and that this problem was not encountered with data from later
stages.
For the fracture mapping on Aspo (Ericsson, 1988), information was available
concerning the location and approximate area of the mapped exposures. However, in
order to perform any meaningful evaluation of directional sampling bias, it is necessary
to have additional information concerning the geometry of the exposures, including, as a
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minimum, the nominal strike and dip of the outcrop surface (if it is not horizontal), the
nominal length and width of the mapped area, and the azimuth corresponding to the
nominal length. Such information were unfortunately not available from the Aspo
mapping.
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5.3 Data accessibility
A third basic requirement for performance assessment is that the data from site
characterization need to be accessible. For the bulk of the data from the HRL preinvestigations, this requirement was adequately met by storing the data in SKB's
GEOTAB database. However, some types of site data were not systematically archived,
and hence were difficult or impossible to obtain for the SITE-94 performance
assessment. Other types of data were accessible only in a transformed form, which did
not fully represent the information obtained from the primary observations. In a few
instances, particular site data could be obtained only after substantial delays, due to
misunderstandings or incompatibilities between the practical needs of a performance
assessment and the access procedures that were provided by GEOTAB.
Data from most of the measurements made in boreholes, and observations made on core,
have been systematically stored in the database (although background information is
sometimes lacking, as noted previously). Archiving of data from surface measurements
and observations has been somewhat less systematic. For some of the above-ground
geophysical surveys only processed maps are available. Data from geophysical profiles
and detailed surveys have been stored in GEOTAB, excepting the seismic and ground
radar measurements.
Other surface observations that do not purely consist of measured (quantitative) data
have not usually been stored in GEOTAB. For example, geometric descriptions of
structural patterns and lithologic distribution, from the geological field studies, have not
been systematically archived. These data are of great utility for evaluation and
comprehension of structural and bedrock models. Primary data from the field studies
have, in most cases, remained in the custody of the individual geologists (except for a
few field sketches and excerpts from field notebooks, which have been presented as
illustrative examples in reports). An exception was the fracture mapping along the
excavated trenches across Aspo (Ericsson, 1988), for which the field notebooks have
been stored in SKB's archives. There is a critical need to implement methods for storage
of all primary geologic data — from surface mapping as well as core logging — so that
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subsequent, full retrieval and reinterpretation are possible.
Certain geological data from core were accessible only in a transformed form, which did
not fully represent the information obtained from the primary observations. An example
of this is the preferential recording of certain characteristics when multiple characteristics
(e.g. mylonite, red staining, and brecciation) are observed together in a given length of
core. The reason for this preferential recording was apparently a restricted data storage
capacity for the core-logging system, so that separate entry fields were not available for
every commonly observed characteristic. The problems that this presents for
performance assessment are discussed in Section 5.8.3.
In several instances, particular site data that were requested for SITE-94 could be
obtained only after substantial delays. Possibly this was due to differences between the
types and formats of data that were requested for SITE-94, and the procedures for
database access that had been provided for within GEOTAB. The delays might also be
partly attributed to a general lack of knowledge regarding GEOTAB's construction, on
the part of those who requested data, and occasional misunderstandings as to which data
were being requested, on the part of those who extracted the data from GEOTAB. A
more comprehensive description of the data that were actually available for Aspo from
GEOTAB, as discussed in Section 5.1, might have helped the process. Direct access to
the database, by those performing the site evaluation, could have been most helpful.
In some cases the structure of the data within GEOTAB resulted in the data being
delivered in a format that was not conducive to particular analyses. For example, the way
in which various fracture types and characteristics have been subdivided into separate
tables (see Section 5.8) is an impediment to analyses involving combinations of
characteristics. The data-querying capabilities of GEOTAB could perhaps have been
used to better advantage, given more direct communication between those who
requested data and those who extracted data from GEOTAB.
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5.4 Quality control
A fourth basic requirement for performance assessment is that site characterization data
need to be checked thoroughly, upon entering them into the site database. Data that are
erroneous or doubtful (due to instrument errors, procedural errors, or transcription
errors) need to be identified in the original data, and corrected or annotated in that
portion of the database from which data are drawn for analysis. The following is a
summary of the more significant errors that were encountered in the data for SITE-94.
It must be recognized that the process of eliminating errors from a database is always
ongoing, and in practice 100% error-free data can never be ensured. Despite all
precautions, it is always possible that certain types of errors will not be noticed until an
attempt is made to use the data in an intensive analysis, such as SITE-94. Therefore the
comments that follow should be viewed as constructive suggestions as to which aspects
of data handling need to be improved.
A few problems that were encountered with particular types of data are noted in the
sections that follow. These included: instrument errors for the flowmeter measurements
(Section 5.7.2), inconsistent nomenclature which led to missing lithologic data (Section
5.8.1), inconsistent core logging practices and simple clerical errors in the core logs
(Section 5.8.2), and inconsistent calibration of geophysical logs (Section 5.9). Several of
these problems, including some of those concerning lithologic data, have been corrected
in the GEOTAB database.
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5.5 Sampling strategy
The strategy for geoscientific sampling and measurements, at a given site, will in general
affect the spatial distribution of residual uncertainty in the site characterization. At Aspo,
the layout of boreholes and subsurface measurements appears to have been motivated
largely by an interest in particular fracture zones, which were identified early in the preinvestigations (Stanfors etal, 1991; Wikberg etal., 1991). Most subsurface
measurements are clustered under the southern peninsula of Aspo, and all of the
measurements in deep and cored boreholes on Aspo lie within 180 m of a single vertical
plane.
This sampling pattern leads to a restricted understanding of the site-scale structural
geology, hydrogeology, and geochemistry, for the purposes of a site evaluation such as
SITE-94. A relatively high density of structural features (fracture zones and extensive
single fractures) is inferred for southern Aspo, but it is not clear to what extent this is a
consequence of the much higher sampling density in that area (Tiren et al, 1996). For
the calibration of a site-scale hydrologic model, the effect of this clustered sampling is
high uncertainty in the estimated hydrologic properties over much of the site-scale
model, and poor characterization of the effective boundary conditions (Geier, 1996a).
For the SITE-94 stochastic-continuum model of Aspo (Tsang, 1996) it was
demonstrated that, for the given sampling configuration, the possibility of large-scale
correlation of high-conductivity rock could neither be confirmed nor disproved. One of
the most interesting findings of the geochemical investigations is an indication of glacial
meltwater in the northern block of Aspo (Glynn and Voss, 1996), but unfortunately there
are data from only one hole, KAS 03.
Furthermore, the emphasis on characterizing specific fracture zones leads to a biased
sample, in which the rock within or adjacent to fracture zones is disproportionately
sampled. Thus anomalies are overrepresented relative to the general properties of the
site, which increases the uncertainty in a geostatistical analysis (Le Loc'h and Osland,
1996).
It should be emphasized that these comments arise within the specific context of a site
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evaluation such as SITE-94, where the aim is to predict relatively large-scale and longduration phenomena (e.g. the long-term hydrogeochemical evolution of the site, and
radionuclide transport under the influence of ambient, regional hydraulic gradients). For
the smaller geometrical scales, shorter temporal scales (years or tens of years), and
typically stronger hydraulic gradients in the HRL experiments, a more restricted and
focused site investigation may be of greater value. In the specific context of the HRL,
one may perhaps regard southern Aspo itself as constituting the "site scale." From such a
viewpoint, the data might not be viewed as especially clustered.
In any site investigation there is likely to be a conflict among the needs of different
analysis methods. For geostatistical analysis, an unbiased sample based on regular
sampling is preferred. For a structural geologic investigation, boreholes may be designed
to intercept specific features indicated by previous boreholes and/or above-ground
geophysics, or configured so as to optimize sampling for the inferred, site-specific
distribution of structure orientations. For a hydrogeologic investigation, the optimal
sampling scheme may differ greatly from that normally preferred by geostatisticians, due
to the strong dependence of the volume of rock characterized on local values of
hydraulic conductivity.
Since the high costs of drilling (and, for an actual repository, sealing requirements)
preclude satisfying all competing objectives, these conflicts are not easily resolved.
However, for the purposes of geostatistical analysis, it would be useful to distinguish
between boreholes that were drilled as part of a structured sampling program, and
boreholes that were drilled specifically to investigate particular geologic features.
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5.6 Geochemical sampling
5.6.1 Geochemical sampling program
The characterization of the undisturbed groundwater chemistry at Aspo is in some ways
limited by the sequence in which the borehole investigations were performed. The most
complete chemical analyses were performed on groundwater samples (CCC and SPT
samples) that were drawn after drilling, sustained pumping, and in some cases hydrologic
testing.
Although the CCC and SPT samples were drawn only after a certain stability in basic
chemical parameters and drilling-water content (DWC) had been achieved, these samples
cannot be considered truly representative of the undisturbed groundwater chemistry at a
given depth. The sampling during drilling (SDD) samples, despite being heavily
contaminated by drilling water, are in many ways better indicators of the undisturbed
ground waters at Aspo. Glynn and Voss (1996) found that, after correcting for DWC,
the SDD samples reveal a salinity gradient twice as steep as that indicated by the later
sampling. This suggests that substantial dilution of the original ground waters, by fresher,
shallower waters, must have resulted from the pumping and hydrologic testing activities.
The usefulness of the SDD samples, however, was limited by uncertainty regarding
DWC. A drilling-water taggant, Uranine, which was used during the HRL investigations,
provides the basis for estimating DWC (for CCC and SPT samples as well as SDD
samples). However, use of a second taggant would have been desirable as a check on the
accuracy of these estimates. The DWC estimates depend upon the accuracy of (1) the
chemical analyses for taggant in water samples, and (2) information concerning the
original concentrations of taggant in the drilling water. According to A-C. Nilsson
(1989) the concentration of Uranine in drilling water was 0.5 mg/1, but according to
Almen and Zellman (1991) this was 1 mg/1. If this concentration did vary within and/or
between boreholes, a description of this variation is essential. In geochemical analysis for
SITE-94, only the SKB-provided estimates of DWC were used.
Questions concerning accuracy of the DWC estimates are significant, due to the
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sensitivity of the hydrogeochemical data analysis A more severe problem is that, for
several of the boreholes on Avro and Aspo, the source of drilling water was not
reported. In other cases the source of drilling water is ambiguous. For example, KAS 03
is cited as a source for KAS 05, but it is not specified whether the water was drawn from
the entire hole, or just one section. Moreover, during drilling of the deeper core-drilled
holes, the original drilling water was apparently mixed with water drawn from the
shallow depths of the hole being drilled, but it is not clear that this water has been
accounted for by the tagging methods that were used. Since water type clearly changes
with depth in several of the deeper, sampled holes (see Glynn and Voss, 1996),
contamination of deep waters by shallow waters from the same hole may have affected
attempts at groundwater characterization.
Hydrogeochemical evaluation is also limited by the restricted number and types of
samples for which "complete" chemical analyses are available. CCC and SPT analyses
were performed only for a few boreholes, namely KAS 02, KAS 03, KAS 04, KAS 06,
KLX 01, KAV 01 and HAS 13. SDD samples were unfortunately not analyzed for Br,
2

H or 18O, constituents that are generally unaffected by low-temperature geochemical

reactions, and hence provide relatively clear information concerning groundwater origins.

5.6.2 Geochemical sampling practices
Several practical problems may be noted regarding geochemical sampling procedures.
These problems concern procedures for filtration, measurement of ambient downhole
temperatures, and the timing of pH measurements. Measures such as downhole filtering,
consistent recording of downhole temperature measurements, and consistent downhole
(or at least in-line) measurement of pH, could reduce the uncertainty due to these effects.
Although temperature and pH were measured downhole for all CCC samples, at least, in
several cases (one sample in KAS 02, two in KAS 03, and one in KAS 04) the
temperature measurements were not reported with the data delivered to SITE-94.
Because of the great depths of the Aspo boreholes, pressure and temperature changes
during the sampling process must be considered a problem, as well as ingassing and
degassing of gases such as CO2. Minerals (and gases) may dissolve or precipitate because
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of changes in total ambient pressure, ambient temperature or in the ambient partial
pressure of specific gases. Because samples were not filtered at depth, and often not at
all, there is a concern that some colloidal and particulate materials may have been
entrained and redissolved as the samples were brought to the surface. Also, mineral
precipitation could have occurred on the way to the surface, at which point the sample
was filtered, thereby removing mass initially dissolved in the original ground water.
Although these particular issues might not be highly significant, it is not clear that they
were adequately assessed by the site investigators.
The questions concerning filtering procedures are perhaps of greatest concern.
Apparently in at least some cases (SDD and possibly some SPT samples) samples were
not filtered In several analyses, iron concentrations are greater than expected, possibly
because of the lack of appropriate filtering. The analyses given by SKB do not mention
whether or not samples have been filtered or what size filter was used, although from the
description given by Almen and Zellman (1991) it can be assumed that a 0.45 micron, inline filter was used at the surface for samples taken with the SKB mobile field laboratory.
Similarly, the ambient downhole temperatures were rarely recorded with individual
samples. Although these temperatures can be estimated from the general geothermal
gradient at the site, temperatures are easily collected information, highly pertinent to the
interpretation of groundwater chemistry. Therefore these data should have been
consistently collected, and kept in the GEOTAB database, for each individual sample.
Lastly, pH was often not measured downhole. Judging from cases in which pH was
measured both downhole and later in the laboratory, for the deeper samples there tends
to be a decrease in pH en route to the laboratory. This shows the importance of
consistently measuring pH in the field rather than in the laboratory. Presumably this is
due to CO2 ingassing to the samples (due to their lower-than-atmospheric equilibrium
partial pressures of CO2). Similarly, alkalinities and all redox-couple and redox-sensitive
determinations should be performed in the field and as quickly after sampling as possible.
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5.7 Borehole hydraulic measurements
5.7.1 Packer test data
A complete reevaluation of the transient, constant-pressure, packer-test data from
GEOTAB was conducted for SITE-94 (Geier et al, 1996). Several problems were noted
regarding the hydraulic conductivity data in GEOTAB. Firstly, the comparability of data
from different boreholes is substantially affected by improvements made to the testing
equipment and procedures, during the pre-investigations; therefore the apparent,
reported contrasts among boreholes are in some cases misleading. Secondly, the flow
geometry assumed by the original interpretation methods is contraindicated by the
transient data in a substantial number of cases (although in most cases the interpretations
are satisfactory). Thirdly, various practical problems were apparent from the transient
data, such as severe injection pressure oscillations, insufficient test duration (for the
specified resolution), and equipment compliance effects.
The ready availability of the primary data, in GEOTAB, was instrumental to the
reevaluation of these tests, and greatly facilitated the identification of these problems.
However a more thorough description of the equipment and procedures, for each testing
sequence, ought to be included in the site database. Preferably this would include
calibration data for the test equipment (especially compliance measurements), to
facilitate subsequent corrections if necessary.

5.7.2 Flowmeter measurements
Practical problems were also encountered in working with spinner (flowmeter) profiles
of the boreholes at Aspo. The most significant problem was that the data in GEOTAB
contain false anomalies that were apparently caused by an equipment malfunction. Other
problems of a less severe nature concerned local fluctuations in the spinner data.
The problems with false anomalies were encountered with the spinner measurements in
the upper portions of KAS 02 and KAS 03. The problem was that one of four electrical
contacts, which signal revolutions of the flowmeter impeller, stopped functioning during
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the measurements (Goran Nyberg, personal communication to Sven Tiren, October 6,
1993). Hence the recorded number of contacts per second (cps), and the interpreted
flowrate, dropped abruptly by a factor of 3/4. This happened at around 125 m depth in
KAS 02, and between 110 m and 140 m in KAS 03. Since decreases in flowrate with
depth are normally interpreted as inflowing features, it was possible for these instrument
failures to be misinterpreted as major conductors. Apparently this problem was
investigated at the time, and the need for correction was noted. Unfortunately, this
correction was not applied to the data as stored, nor was the need for the correction
noted in the database.
Unexplained fluctuations in the spinner measurements give apparent, local increases in
the measured flows with depth (Le Loc'h and Osland, 1996). In principle such increases
should not occur, since they imply local outflows from the borehole into the rock,
whereas the borehole is being pumped at a high rate. One possible explanation is that
these fluctuations depend upon variations in borehole diameter (O. Olsson, review
comments, February 1996). These local increases can be corrected by comparison of
adjacent measurements. However, slightly different results are obtained depending on the
sequence in which corrections are applied (bottom-to-top, or top-to-bottom). Since the
primary use of these data involves the analysis of the derivative of flow with depth,
corrections of some sort are necessary. Preferably such corrections should be performed
by analysts with the appropriate expertise, and the corrected data should be included in
the site database.
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5.8 Geologic data
The useability of geologic data from Aspo is diminished, to some extent, by
inconsistencies in nomenclature and logging conventions. Firstly, the rock-type
classification scheme was revised during the borehole investigations, but this revision
was not carried over to the previously logged boreholes, nor to the surface mapping,
during the pre-investigations (The surface mapping has recently been updated to reflect
the current nomenclature, according to R. Stanfors, review comments, February 1996).
Secondly, the procedures for logging of rock fabric (structural style), fracture minerals,
veins, joints, crush zones, and core losses appear to have varied considerably from point
to point. Thirdly, the procedures by which geologic data are transformed for entry into
the logging software and GEOTAB have led, in some cases, to a loss of information.
Problems were also noted regarding the availability of primary field data. Besides these
practical issues, there is a general need to assess whether the geologic logging and datastorage procedures preserve the information that is essential for performance assessment.
These issues are discussed in the following sections.

5.8.1 Lithologic nomenclature
Inconsistencies in the nomenclature that was used for geologic data, in the HRL preinvestigations, have led to several cases of confusion, as described below. Consistency of
nomenclature is essential, to avoid spurious statistical differences among the different
stages of a site investigation. If changes in nomenclature become necessary, preferably
the older data should be updated. Otherwise, as was the case in SITE-94, some data may
need to be analyzed separately, or simply discarded.
Granite and granodiorite
During the mapping of core from Aspo, a change occurred in the classification scheme
for rock types. In the first three core-drilled holes, KAS 02-04, all granitoids were called
granite, but in later holes a distinction was made between granite and granodiorite. The
first three holes were not remapped to produce a uniform database, which was
unfortunate, as two of these holes are the deepest on Aspo. As a result of this
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inconsistency, the notion that the bedrock becomes more basic with depth has been
stated in several HRL reports {e.g. Wikberg etai, 1991, pp. 182-184).
A side effect of the inconsistency regarding granite and granodiorite was the exclusion of
a large quantity of lithologic data from the GEOTAB database. In setting up data-entry
procedures, only certain rock types were provided for. When the logs from KAS 05 - 08
were added, all granodiorite entries were discarded automatically, because this was not
one of the recognized rock types. As granodiorite is the predominant rock type at Aspo,
this initially led to a lack of rock-type data for large sections of core. This error has since
been corrected.
The distinction between granite and granodiorite, that was eventually made in core, was
not carried over to the surface mapping during the pre-investigations, but this has since
been corrected as noted above. Along with the fact that (despite their petrologic
similarity) contrasting color codes were used for these two rock types in the core logs,
this leads to an artificial and potentially confusing contrast between surface maps and
core logs.
In the SKB interpretation (e.g. Wikberg et al, 1991) the more acidic granitoids are
referred to as Avro granite while the more intermediate types are referred to as Aspo
diorite. On the surface geological maps, a distinction is made between Avro granite
(medium-grained, gray-red) and other plutonites including granite, granodiorite, quartz
monzonite, quartz monzodiorite (all of which are included in the concept of Aspo diorite,
in the SKB interpretation).
The inconsistencies in nomenclature are partly the result of changes in the system for
rock type classification, over the several stages of the HRL pre-investigations. According
to R. Stanfors (review comments, February 1996), in the preliminary stages of the
investigations, the classification was based mainly upon field observations. At this stage,
"Smaland granite" comprised several variants within the granite-granodiorite series;
"Avro granite" was distinguished as a more acidic variant. In later stages (after the start
of core drilling), more basic variants of the Smaland granite were encountered, and a
distinction was made between "Smaland granite" (granite-granodiorite) and so-called

74

"Aspo diorite" (granodiorite - quartz monzodiorite - monzodiorite), based upon silicate
density as estimated from borehole geophysical logging.
Fine-grained granite or aplite
The fine-grained, red-to-pink granitoid found on Aspo was called "fine-grained granite,"
in reports, despite that this appears to be an obsolete classification. This is a hypabyssal
rock appearing in veins and dikes, i.e. a typical aplite.
In the core logging, the code HSC, for aplite, has been used, and this rock accounts for
about 18% of the total core length. However, the term "fine-grained granite" has been
used in the surface mapping, and in descriptions of SKB's lithologic model. What is
particularly confusing is that "aplites" are also mentioned in the reports, although rather
infrequently. It is difficult to understand what is the distinction between the "aplite" and
the "fine-grained granite" referred to in the reports, and how these relate to what is
called "aplite" in the core logs.
According to R. Stanfors (review comments, February 1996), hypabyssal fine-grained
granites, including both true aplites and other types that could not be considered aplites,
were lumped together and referred to as 'fine-grained granite,' for practical purposes, due
to an observation that a high fracture frequency is characteristic of this group of rock
types.
Within the GEOTAB table VEIN, there are also thin aplite dikes/veins noted within the
thicker aplite dikes that are listed in the table ROCKTYPE. It is not clear whether these
represent instances of dike-in-dike intrusion, or just the normal character of the rock.
Soil
The term "soil" is used to describe the rock in one borehole, KAS 02, at around 860 m
depth. Whether this refers to actual soil, or to weathered rock, is not clear.
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"Mafic volcanite" and "greenstone"
The rock type "mafic volcanite" is mentioned on the geologic maps (metavolcanite,
meta-andesite, metadacite) and in SKB's interpretation. This term, with its genetic
implications, seems to be an unfortunate choice of nomenclature. The origin of this finegrained, basic rock is disputed; in certain interpretations it is considered to have been
emplaced during the intrusion of the Aspo granitoids, having been mingled and mixed
with the granitoids (see Wikstrom, 1989). In all probability, it is not an extrusive rock.
Greenstone (metabasalt) is found in large bodies on the geological map (Kornfalt and
Wikman, 1988). This is described as fine-grained, but locally it can be medium- to
coarse-grained. What corresponds to this greenstone in the core is not entirely clear.
According to A. Strahle (personal communication to S. Tiren, 1994) greenstone has
been included under the rock type designation "mafic volcanite" in the core logging.
According to R. Stanfors (review comments, February 1996), the name "greenstone"
was used as a practical term for all fine-grained, metamorphosed basic rock types
(including both those assumed to be of volcanic origin and those for which the origin
could not be ascertained in the field or during core logging).

5.8.2 Core logging conventions
The procedures for logging of rock fabric (structural style), fracture minerals, veins,
joints, crush zones, and core losses appear to have varied considerably from point to
point, and an exact definition of what goes into GEOTAB is generally lacking. A more
thorough standardization of logging procedures and nomenclature, together with clear
documentation of these, would be desirable.
Rock type vs. vein
In the lithologic logging, core sections of a given rock type are noted in either of two
tables, ROCKTYPE and VEIN. Both of these tables include the same rock types,
although properly one would expect "veins" to consist only of epigenetic rock types.
Apparently, the distinction between these tables is that, in general, sections shorter than
50 cm are found in VEIN, while the longer sections are found in ROCKTYPE.
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However, this length convention has not been followed consistently, and some sections
of shorter length appear in the ROCKTYPE table (e.g. at 67.85 - 68.15 m in KAS 05,
134.77- 135.20 m in KAS 09, and 1.28- 1.52 and 155.46-155.88 m in KAS 11). A
better description of the rationale for such subdivisions of the data would be desirable.
Rock character
The table ROCKTYPE includes descriptions of the rock's character (e.g. massive,
foliated, etc.). The usage of the terms "homogeneous" and "foliated" appears to have
varied between rock types; homogeneously foliated Aspo (grano)diorite is typically
described as "homogeneous," whereas homogeneously foliated aplite is noted as foliated
(e.g., a 150 m long section of KAS 03). Along with the descriptions of rock character,
the intensity of the characteristic is sometimes noted. Sometimes the description of rock
character is rather odd, e.g. weakly homogeneous [svagt homogeri] or moderately
homogeneous [medelhomogen]. When nonstandard terminology is employed, definitions
need to be included with the data tables.
Core losses
The term "core losses" generally describes core-drilled sections for which the core was
not recovered. This may occur either because the rock in the cored section was in such
poor condition that it didn't hold together, or because a rock fragment wedged itself into
the core-recovery sleeve and acted as a drill (The presence of large cavities in the rock
may be regarded as quite rare). Core losses are noted for very large sections of KAS 14.
For some of the "lost" sections there are data concerning rock type and fracturing, which
seems to be a contradiction. Apparently there is a need for a more consistent definition
of "core losses."
Crushed zones
Sections for which the core logger was not able to reassemble the recovered core
fragments are indicated as "crushed rock," in the GEOTAB table CRUSH ROCK. The
frequency of fractures in these "crushed" sections is not necessarily higher than the
frequency of fractures in ordinary, fractured rock. It is evident that in some cases a
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second definition of "crushed rock" has been employed, as sections having RQD = 0 (i.e.
sections having a relative distance between fractures of less than 10 cm, over three
successive fractures).
In the later holes, a decision was apparently made to lump together multiple, short
crushed sections. The average width of crushed zones increases from 16 cm in KAS 03,
to 30 to 266 cm in later holes. This change may affect statistical comparisons among
boreholes.
Information concerning the degree of fracturing for short sections in the table CRUSH
ROCK can be misleading. In certain cases the fracture spacing (piece length) is larger
than half the core section length, while the section contains just 3 fractures or has a
width of just a few centimeters (e.g., sections 330.17-330.20, 333.38-333.45, and
345.48-345.53 in KAS 03). Such cases make it difficult to utilize the crushed-zone
observations in estimating, e.g., total fracture frequency.
Types of fractures
GEOTAB contains two main tables of fracture data, NJOINT and S JOINT. NJOINT
lists so-called "natural" fractures, by which is meant fractures that divide the core into
pieces. New fractures in fresh rock, produced by the drilling, are excluded. Table
SJOINT gives, among other things, the locations of "sealed" fractures.
Whether a given fracture appears in NJOINT or in SJOINT may depend upon how the
core was handled during drilling, i.e. how much damage is done to the core, in the
process of taking it out of the recovery sleeve and transferring it to the core box.
Although presumably some of the NJOINT records represent open fractures, possibly
the majority are sealed fractures or planes of weakness in the rock that were broken up
during core recovery. The division of these joints into two separate tables is largely
artificial, and possibly misleading.
The idea that both the occurrence of crushed zones and the distinction between "natural"
and sealed" fractures are functions of core handling is borne out by examining how these
vary between boreholes of different diameter. KAS 02-04, 06-09, and 11-14 are 56 mm
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diameter holes (core diameter 42 mm) while KAS 05 is a 76 mm hole. Besides affecting
calculation of flows from spinner logs and signal strengths for geophysical logs, this
difference in diameter apparently has a strong effect on the fracture mapping. KAS 05
has very few crushed zones in comparison with the other boreholes (0.011 per m as
compared with 0.153 per m in KAS 02 and 0.074 per m in KAS 03). Although the total
fracture frequency in KAS 05 is similar to KAS 02, the ratio of "sealed" to "natural"
fractures is much higher in KAS 05 (9.11) than in KAS 02 (1.25). It appears that the
larger-diameter core-drilling in KAS 05 led to better preservation of the core, while more
breakage occurred in the smaller-diameter boreholes.

5.8.3 Structure of the geologic database
With the exception of detailed fracture mapping data, information from the geologic
mapping was available for SITE-94 only as interpreted, rather than as primary field data
(Tiren et al, 1996). A similar situation existed for some of the above-ground geophysical
surveys, for which only processed maps are available. There is a critical need to
implement methods for storage of all primary geologic data ~ from surface mapping as
well as core logging — so that subsequent, full retrieval and reinterpretation are possible.
When fracture data were stored in GEOTAB, they were split up into multiple tables
(SJOINT, NJOINT, and CRUSH ROCK). In order to fully comprehend these data, one
must have access to the sorting routines in GEOTAB. Otherwise statistical analysis of
fracture characteristics can be laborious. Moreover, in certain cases the possibilities for
analysis are restricted due to the hierarchical recording of fracture characteristics, as
discussed in Section 5.8.4.
A similar problem is encountered with "vein" data, where data on "vein" widths can be
found in the table S JOINT, but not in the table VEIN. Only the midpoints of the "vein"
entries are given in the table VEIN. It would be preferable to give the position of both
upper and lower contacts in a single table, so that both the position and width
corresponding to each entry could be readily determined.
Like the fracture data, the lithologic data were divided between two GEOTAB tables,
ROCKTYPE and VEIN. As discussed above, both tables contain the same types of
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rocks. In the table SJOINT, on the other hand, hypabyssal rocks are only indicated as
dike/vein, i.e. the particular type of rock that occurs is not indicated. A few sections are
indicated as veins in the table SJOINT, but are not found within the file VEIN (e.g. at
51.26 m and 333.5 m in KAS 03). The division of lithologic logs into different files, in
this fashion, can easily lead to mistakes in analysis.
Transformations of geologic data
The procedures by which geologic data are transformed for entry into the logging
software and GEOTAB may result in a loss of information. A particular problem is the
hierarchical preservation of information, i.e. preferential recording of certain
characteristics when multiple characteristics {e.g. mylonite, red staining, and brecciation)
are observed together in a given length of core. The hierarchical discarding of data in
such cases can render later statistical analyses practically meaningless.
The geological data in GEOTAB were originally recorded with the core-logging system
PetroCore. This system has a restricted file capacity, and separate entry fields may not be
available for every observed characteristic. This has resulted in certain fields having a
hierarchical nature such that different, observed characteristics crowd each other out.
This concerns structural descriptions and alterations in particular. The characteristics that
are considered to be most meaningful for present-day water transmission in the rock tend
to obscure observations on (generally) older characteristics. For example, mylonite was
overridden in the database by red-staining, which in turn was overridden by shear
deformation, which was in turn overridden by brecciation. This displacement of
information makes it difficult to fully understand the tectonic development of a given
structure, and thus to assess the structure's potential to conduct water at some future
time. The hierarchical treatment of these data was apparently strengthened with time,
over the course of the pre-investigations.
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5.8.4 Fracture mapping
A major objective of the geological mapping was to document the character and
presence of different sorts of structures in the bedrock, foremost fractures. The following
comments relate to the logging of fractures in core-drilled holes and at exposures on the
surface.
Fracture mineralogy
In the mapping of fracture minerals (i.e. fracture coatings and fillings), there are certain
unavoidable problems. To map and identify all fracture minerals is extremely timeconsuming and usually impractical. Instead, the mapper notes the most ordinary minerals
(e.g. calcite and chlorite) and also the minerals that are easy to identify (e.g. pyrite,
hematite, rust). Minerals that occur as very small grains (e.g. sheet silicates, of which the
clay minerals are one group) or are very subordinate, or are difficult to identify when
they occur as small crystals, are often passed over. These overlooked minerals can in
certain cases be those that fully account for a fracture surface's sorption potential.
Loose fracture fillings may be underrepresented in the core, as these are easily flushed
away by the drilling water. It can also be difficult to see which are primary, loose,
fracture fillings (e.g. weathering products) and which are "drilling flour" (fine-grained
drilling powder).
In the process of classifying the fracture minerals in core from Aspo it seems that certain
minerals (e.g. epidote, prehnite, laumontite and clay minerals) have a variability that is
dependent upon the watchfulness of the core logger. Aside from this, the distinction
among designations such as hematite and iron oxide is difficult to understand, as
hematite is an iron oxide.
The procedures for recording fracture minerals do not provide for the preservation of
evidence that would indicate the relative ages of the minerals. For example, there is no
provision for recording observations of zonation in a fracture, or cyclically repetitive
deposition, which would be indicative of reactivation. In order to obtain this type of
information, special studies of the relative ages of fracture minerals have to be done
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directly on the core. However, the fracture-mineral tables are helpful for the selection of
particular core sections, for such purposes.
Fracture minerals in the "crushed" sections have been noted irrespective of relative
frequency. For example, if one fracture with epidote has been identified in a 2 m crushed
section, this is recorded as if there were epidote throughout the entire section. This is an
obstacle to a statistical analysis of fracture mineral frequency.
Fracture widths
In the GEOTAB table SURFACE there are only two fractures with distinct "secup" and
"seclow" values (at 112.68-112.81 and 333.38-333.45, in KAS 03). It is not clear
whether these fractures represent open structures with a separation of the fracture walls,
or whether these are errors in the database. The rest of the fractures in this database have
secup and seclow values that are identical to each other (e.g., 100.00-100.00).
Oriented fracture data
Absolute fracture orientations have, after inquiries, been added to GEOTAB in the table
RORIANG. These data cover only a few sections in boreholes KAS 02-06 and have been
obtained by measuring the fracture orientations in the borehole wall (using a borehole
TV or an acoustic televiewer, depending on the borehole) and then matching these to
structures in the core. When a match is obtained for relatively distinctive fractures in a
section of core, the absolute orientations of all fractures in the section can be calculated
based on the interpreted orientation of the core within the hole.
The effectiveness of the technique for re-orienting core, using the borehole televiewer
logs, needs to be verified. The distribution of fracture strike directions from the reoriented core is remarkably uniform in comparison with fracture strikes measured on
outcrops (see Geier and Thomas, 1996). Although other explanations could conceivably
be offered, an obvious way in that this discrepancy could arise would be mismatches in
correlating core sections to the televiewer logs. From the descriptions of the methods as
given by Fridh and Strahle (1989) and Strahle (1989), it is not clear that obtaining a
unique match is straightforward.
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A few unreasonable values of the alpha angle (the intersection angle between a structure
and the core axis) are encountered in these data (e.g. angles of 2.02E+02, 8.00E+03, and
7.00E+04 in KAS 05). Alpha angles are missing for rock-type contacts in certain
borehole sections (e.g. for 46.82 - 83.19 m and 137.87 - 145.65 m in KAS 03). In
general, these data could benefit from more thorough checking.
Fracture mapping at the surface
Fracture data for statistical description of the fracture population on Aspo are stored in
GEOTAB. These data give fracture orientation, trace length, aperture, alterations, and
fracture fillings, but the geometric representations of fracture patterns are lacking.
For statistical analysis of these data, a more complete description of the sampling
methodology would be helpful. For instance, for analyzing fracture tracelength data it
would be useful to know that a consistent censoring threshold for small fractures has
been applied on all outcrops. If the effective censoring threshold varied for practical
reasons, it would be useful for this to be documented.
Fracture frequency statistics
In calculating the total fracture frequency in core, certain questions arise. Should all
types of fractures be included in the calculation, to give a frequency statistic that
resembles what one obtains with outcrop mapping? To do so, one must calculate the
approximate number of fractures for each crushed zone, and add this to the individually
logged fractures, including both "open" and "sealed" fractures. On the other hand, if one
desires the frequency of open fractures in core, more comprehensive analysis is needed
than was generally performed at Aspo (Analyses relevant to such a determination were,
however, carried out for selected core sections, in order to study the ages of the fracture
minerals).
Within the Aspo pre-investigations, statistics on the "total natural fracture frequency"
were apparently calculated by combining data from the GEOTAB tables NJOINT and
CRUSH ROCK, in so doing, converting crushed zones to estimated fracture counts. The
calculation apparently excludes data from the table SJOINT, concerning "sealed
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fractures" that held together during drilling. Hence this "total natural fracture frequency"
is not analogous to the total fracture frequency that would ordinarily be measured on an
outcrop.
Moreover, the PetroCore software has been applied incorrectly, in calculating the
fracture frequency for "crushed" sections. For each instance, the entire, meter-long
interval containing a given crushed section was taken to have the fracture frequency of
the crushed section. For example, a 12 cm section with a fragment size of 1 cm consists
of 13 fractures. Properly this gives a fracture frequency, per meter, of 13 plus the count
of individual fractures in this meter-long section. However, in GEOTAB the total
fracture frequency per meter would be calculated as 101 fractures (crushed rock over the
entire meter) plus the individual fractures.
As a precaution against mistakes of this sort, and in order to make the calculated
statistics more generally useful for subsequent analysis, the method of calculation should
be more clearly specified.
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5.9 Geophysical measurements
Geophysical logging data from Aspo were used within SITE-94 in the geostatistical
analysis (Le Lo(ch and Osland, 1995), in the construction of the structural geological
model (Tiren et al., 1995), and in the hydrological evaluation of the structural model
(Voss et al., 1995). A few problems were noted with specific types of geophysical data,
as discussed below. Problems relating to the positional data for the geophysical logging
in boreholes are discussed above, in Section 5.2.5.

Salinity logs
The salinity logs from Aspo show a noticeable variation between boreholes. Certain logs
are extremely spiky, e.g. KAS 02, while others are very smooth, e.g. KAS 11.
Apparently this variation is at least partly due to different instruments having been used
in different boreholes. The logs for KAS 02 contain some very unusual measurements at
depth, which seem to be instrument errors. "Pools" of very fresh water were encountered
at the bottom of KAS 03. Possibly this could be due to drilling water that did not get
pumped out.

Temperature
As with the salinity logs, several temperature logs show very rapid temperature changes
while others show a much more smooth variation. Temperature logs that were taken on
different occasions in a given borehole show distinct differences. Presumably these
differences are due to a decay of the effects of drilling with time. However, it would be
desirable in such cases to have a clear indication as to why the measurements were
repeated.

Gamma logs
Several of the gamma logs (e.g. KAS04 and the percussion-drilled holes) are distinctive,
in that markedly lower gamma readings were obtained for measurements in aplite. It is
not clear whether all gamma measurements were calibrated in the same fashion.
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Conclusions and recommendations
The HRL site pre-investigations produced a large quantity of data, mostly of the type
and quality that are essential for a performance assessment. SKB's GEOTAB database
provides a system for the orderly archiving and retrieval of site data, which has proven to
be effective, in many respects, in support of SITE-94. The SITE-94 project benefited
from SKB's usually expedient delivery of the data that were requested by SKI.
In working with the HRL data, some problems were encountered regarding quality
control, procedural consistency, positional accuracy, and documentation for the
measurements. The consequences of these problems included: (1) redundant effort in
tracking down information and sources of inconsistencies, (2) difficulty in making a
conclusive multivariate geostatistical analysis, (3) unnecessary residual uncertainty in the
structural geologic and hydrological models, and (4) underutilization of the data acquired
at Aspo.
Although not specifically an objective of SITE-94, it is evident that the SITE-94 exercise
provides several lessons that are applicable to the gathering and handling of data from
future site investigations. The following recommendations are therefore offered:

Documentation
Thorough documentation of observations and measurements is essential. This should
include a comprehensive listing (index) of all data available for the site, a clearly defined,
standardized nomenclature, and, for each instance of primary site data, background
information on sampling/measurement procedures, sources of error, and corrections.
Data accessibility
To support independent evaluations, the primary site data and background information
must be preserved in an accessible form, distinct from interpretations and synthesis.
More effective archiving methods are needed for geological and surface observations, in
particular.
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For future performance assessments it would be highly desirable to make the database
system directly accessible to the site analysts. This would of course require that issues of
data security and quality assurance be addressed, e.g. how to document and ensure the
quality not just of the basic data that are extracted, but also the database methods by
which data are extracted.
Positional information
Positional data based on a consistent coordinate system needs to be available for all
observations. A single coordinate system should be established and applied to all
measurements upon entry of data into the site database. Maps produced during regional
studies should include indications of longitude, latitude, and the type of cartographic
projection.
The geometric configuration of measurements needs to be described in all cases. For
example, the lengths of the logging or sampling intervals in boreholes, and the geometry
of outcrops mapped for fracture statistics need to be documented so that the basis for
these data can be evaluated.
Improved techniques/procedures are desirable for determining the position of
measurements within boreholes. Consistent reference points should be established, e.g.,
by installing fixed survey monuments prior to the start of drilling activities.
Quality control
Quality control should be improved, particularly in the transferring of data from the
original sources to GEOTAB. The authors recognize that this issue is presently being
addressed by SKB. It is suggested that an important, and highly useful check on data
quality would be to utilize, insofar as possible, the archived form of the data, in ongoing
analyses of a site under investigation. This would provide a chance to identify lacunae
and errors in the archived data, at an early stage.
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Geochemical data
The sequence of borehole investigations should emphasize geochemical characterization
of groundwaters prior to disturbance by other testing, and very low pumping rates
should be used insofar as possible.
The value of the samples that are taken during drilling should be enhanced by improved
procedures for characterization and tagging of drilling waters. It is extremely important
that the amount of drilling-water present in a given sample be measured accurately, and
that the source of drilling water be unambiguously identified. Use of more than one
tracer in the drilling-water would be helpful as a check on the accuracy of drilling-water
content estimates.
Identification of ground-water types and origins and identification of solute origins
requires adequate knowledge of the more conservative solutes and isotopes, particularly
3

H, 2H and 18O as indicators of the water itself, and Cl, Br, Li and Na as indicators of the

solute source. More consistent measurements of these indicators (in groundwater
samples as well as other relevant waters, such as the Baltic around Aspo) would be very
useful. Additional trace-element, isotope and dissolved gas analyses would also be
useful, as discussed by Glynn and Voss (1996).
Hydrologic data
Documentation of practical problems with hydrologic testing equipment, and of the
calibration of this equipment, needs to be more thorough and more accessible. The
resolution of the equipment and procedures for single-hole packer testing may need to be
improved, in order to address conceptual uncertainty regarding the results.
There is a generally recognized need to develop methods for the evaluation of sitespecific transport properties, particularly flow porosity, flow wetted surface, matrix
diffusion coefficients, and possibly effective sorption coefficients (which are dependent
upon site-specific conditions including pH, redox conditions, fracture mineral
assemblages, and other geochemical conditions governing sorption).
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Geologic data
A consistent nomenclature should be established and documented for geologic data,
including descriptions of lithology, rock fabric, veining, fracturing. Consistent methods
need to be established for logging of crushed zones and core losses. If it is necessary to
revise the nomenclature during the course of a site investigation, this should be clearly
documented and, if possible, previous observations should be updated for consistency.
The structure of the database for geological data should be improved so that similar or
interrelated types of data (e.g. different types of fractures or lithological units of different
thicknesses) are not split up among multiple tables. Geological logging software and
database procedures should be upgraded so that information of value for performance
assessment is not discarded due to software limitations. There is a critical need to
implement procedures for the preservation of primary, non-quantitative geological data
such as field notes and sketches.
Relevance of data for a performance assessment
Besides the practical issues discussed above, there is a general need to assess whether the
site investigation methods produce and preserve that information which is essential for
performance assessment. In general, the Aspo pre-investigations produced a large
quantity of data that were directly relevant to the SITE-94 performance assessment.
However, the following observations may be offered in view of the SITE-94 experience.
The emphasis at Aspo appears to have been on recording data that relate to the presentday hydrology of the site, as opposed to data that indicate the tectonic/geochemical
history of the site (e.g. mineral zonation in fractures). An understanding of the site
history is essential for predictions of long-term site evolution, as are required for a
performance assessment.
The geochemical sampling program, due to the fact that the most complete analyses
were made on samples drawn from extensively pumped sections, gives comparatively
little information on the relatively stagnant groundwater in low-conductivity rock, which
is likely to be more representative of the repository near-field environment. More
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thorough characterization of "first-strike" groundwaters, with attention to indicators of
groundwater and solute origins, as mentioned above, would be a desirable objective.
Transport properties such as flow porosity and wetted surface (and more specifically, the
manner of their variation within a site), are of concern for the prediction of radionuclide
transport. More comprehensive suites of tracer tests would be desirable to provide
constraints for transport models. Furthermore, it should be assessed whether an
adequate survey is being made of the fracture minerals that are likely to control sorption.
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