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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



SAMMANFATTNING

Det finns ett syfte med all geologisk och strukturell modellering. Syftet presenteras inte
alltid, eftersom man anser att det framstår som uppenbart direkt vid första påseendet av
modellen, nämligen att presentera fördelningen av bergarter och strukturer i ett område. Vid
en närmare granskning visar det sig att modellerna ofta är begränsade till att endast
presentera vissa förhållanden i bergmassan. Valet av berggrundens särdrag som visas i
modellerna är därmed relaterade till typ och/eller storlek. Innehållet i en modell är generellt
en blandning av observationer, tolkningar, intuition och syfte.

Statens Kärnkraftinspektion (SKI) har genomfört en integrerad utredning, SKI SITE-94
projektet, där säkerheten hos ett förvar av utbränt kärnbränsle granskas. Detta projekt har
genomförts av SKI för att få vetenskaplig vägledning inför sin bedömning av Svensk
Kärnbränslehantering AB:s (SKB:s) kommande ansökan om att få bygga ett slutförvar för
utbränt kärnbränsle på ca 500 m djup i det svenska urberget. Det tänkta (hypotetiska)
förvaret som behandlas i SITE-94 projektet förlades till Äspö, SKB:s berglaboratorium.Till
grund för SITE-94 projektet ligger kunskap om Äspö berggrund insamlad genom
markbaserade undersökningar utförda av S KB under åren 1987 till 1990.

Äspö är en ca 1 km2 stor ö belägen i södra delen av Misterhults skärgård på ostkusten, drygt
20 km NNO om Oskarshamn.

SYFTE

Syftet med föreliggande undersökning är att ta fram tredimensionella modeller av
berggrunden, en som visar bergartsfördelningen och en som visar bergets system av
sprickzoner, samt att framtagna modeller används som bas i SITE-94 projektet för studier
av berggrundens hydrogeologiska, geokemiska och bergmekaniska förhållanden. Vidare
skall modellerna ligga till grund för placering och utformning av ett hypotetiskt förvar av
KBS-3 typ, dvs ett i denna studie tänkt förvar för lagring av radioaktivt avfall. Underlag till
SITE-94 modellerna, bergarts- respektive sprickzonsmodellen, är de geologiska,
strukturgeologiska och geofysiska yt- och borrhålsundersökningar som utfördes av SKB
innan bygget av berglaboratoriet påbörjades.

TILLVÄGAGÅNGSSÄTT VID MODELLERING

Vad ska bergarts- och sprickzonsmodeller avsedda för säkerhetsanalys omfatta? Detta är
en fråga som man alltid bör ställa sig och vars svar är relaterad till upplösningen i utförd
analys. Med ökad kunskap ställes nya frågor. Något enkelt och fixt svar finns därför ej.



Identifieringen av berggrundens strukturer och egenskaper är en iterativ process.
Inledningsvis måste man dock först fastlägga strukturernas förekomst vid markytan. Av
speciellt intresse är att kunna fastlägga mönstret och karaktären hos sådana strukturer som
kan nå ned till eller finnas på stora djup, varvid de kan påverka placering och utformning
av ett slutförvar för utbränt kärnbränsle (placering av deponerings- och transportorter,
ramper och schakt).

Berggrundsytan är den enda delen av berggrunden som kan karteras med stor
täckningsgrad. Detta förutsätter dock förekomst av hällar och i övrigt ringa jorddjup, vilket
är fallet för kustområdet vid Äspö. Kartläggning av bergartsfördelning är relativt
tidskrävande. I denna studie har fördelningar av bergarter i regional och lokal skala
sammanställts från befintligt material. Strukturmönster i olika skalor har struderats; från
strukturgeologisk studie av landformer inom ett regionalt område, nyttjande så kallad
fjärranalys, till kartering av sprickmönster i hällar.

Detaljrikedomen i beskrivningen av stora bergvolymer, t.ex. SKI modellerna (2x2x1 km),
och noggrannheten i lägesbestämning av modellerade särdrag beror på fördelningen av data
inom volymen samt av tillvägagångssättet vid modelleringen. Det är då nödvändigt att ha
kunskap om egenskaperna hos de särdrag som man avser att modellera, för att de skall
kunna identifieras i borrhålen.

BERGGRUNDSGEOLOGI

Äspö är belägen inom det "Transskandinaviska granit-porfyrbältet" (TIB) som består av
1.65 till 1.8 Ga gamla bergarter. Berggrunden på Äspö är en bladning av olika typer av
granitlika bergarter (granodiorit dominerar och aplitiska gångar är vanliga, Figur sid viii).
Tvärs genom Äspö centrala delar går ett ONO orienterat bälte med lågmagnetisk
bergggrund. På ömse sidor om detta bälte har berggrunden en högre magnitisering, dvs en
magnetisering i paritet med normala smålandsgraniters. Den låga magnetiseringen i
berggrunden tolkas vara resultatet av att berggrunden i detta stråk varit utsatts för
omvandling genom deformation (minskning av kornstorleken, berget har förskiffrats och
oxiderats) utmed två korsande skjuvzoner. Dessa zoner är orienterade i Ö-V respektive NO-
SV. I de magnetiska delarna av Äspö berggrund formar apliterna ortorombiska mönster,
karakteristiska för granitoider. I det lågmagnetiska segmentet är apliterna däremot
orienterade i NO-SV. Bergartskontakterna är ofta förskjutna längs mylonitiska skjuvytor
och förkastningar ser ut att ha påverkat fördelningen av bergarter i anläggningsskalan.
Förkastningsrörelser i storleksordningen hundratal meter synes ha förekommit. Det har på
grund av detta inte varit möjligt att konstruera en tredimensionell modell av
bergartsfördelningen. En tvärsektion presenteras dock i rapporten.

Berggrundskartan över Äspö anger en berggrund dominerad av granodioritiska bergartsled



Ill

samt har ett varierande inslag av aplit (ett flertal olika typer) och basiska bergarter. Äspö
har genomsatts av två korsande äldre regionala skjuvzoner och därutöver finns indikationer
på blockförkastningar (Figure sid v/7).

STRUKTURGEOLOGI

Den triangulära formen på Äspö återspeglar mönstret av deformationszoner i berggrunden.
Strukturer orienterade i Ö-V, NV-SO, NO-SV och N-S omsluter Äspö och avgränsar ett
bergsegment med låg symmetri (en asymmetrisk upp-och-nedvänd pyramid). Liknande
triangulära bergsegment förekommer också längre västerut, på fastlandet. Äspö
genomkorsas av sprickzoner. Strukturer som stryker Ö-V respektive NO-SV verkar följa
två äldre skjuvzoner (se ovan), medan strukturer som stryker NNV-SSO till NNO-SSV ser
ut att vara yngre och har banat sin väg genom helt berg. I hällar på Äspö dominerar sprickor
som stryker NV-SO till VNV-OSO.

En tredimensionell strukturmodell beskrivande bergets sprickzoner har tagits fram genom
att sammanbinda strukturer vid markytan med förekomst av strukturer på djupet. Vid detta
arbete har borrhålsradarmätningar haft en avgörande betydelse för att bestämma strukturers
orientering. Först sammanbands strukturer påträffade på ringa djup i borrhålen med de
strukturer som kartlagts på markytan. Detta gav en baskunskap om berggrundens
spricksystem. Efter detta utökades modelleringen successivt nedåt längs borrhålen varvid
modelleringen kom att omfatta data från allt djupare belägna delar av bergmassan.

SKI:s strukturella modell av Äspö innehåller endast uthålliga (längre än 500 m), plana eller
svagt undulerande strukturer. Antalet sprickzoner i SKI-modellen är 52 ( Figur sid xi). Av
dessa har 43 verifierats med borrhålsundersökningar, medan 9 zoner finns utanför det
uppborrade området. I modellen är flest strukturer belägna i centrum av modellen, dvs. där
flest borrhål finns. Om ett slumpmässigt spricksystem med samma spricktäthet som i
centrum av modellen, läggs ut på hela modellvolymen ökar det totala antalet strukturer
ungefär med en faktor 1.5.

Riktningen på sprickzoner på Äspö är densamma som hos de strukturer som uppträder i
regionen runt om Äspö och som hos de sprickor som format hällarna på Äspö. Strykningen
hos modellerade sprickzoner är Ö-V, VNV-OSO, NNV-SSO, N-S, NNO-SSV, NO-SV och
ONO-VSV. Vertikala till brant stupande zoner dominerar. Flacka zoner förekommer och
är oftast orienterade i NO-SV och Ö-V.
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BEGRÄNSNINGAR I MODELLERINGEN

För strukturmodelleringen har tillgången till orienterade yt- och borrhålsmätningar
(inmätning av sprickriktningar i häll respektive borrhålsradarmätningar) samt läget på
strukturer på ytan (detaljerad topografisk information och detaljerade geofysiska mätningar)
varit kritiskt. Vid all modellering är det viktigt att identifiera och förstå uppställda
modellers osäkerheter. Två viktiga fysiska begränsningar vid strukturmodellering är
bestämningen av de geometriska förhållandena (sprickgruppers orientering) och kontroll
på den volym som underlagsdata täcker (rumslig fördelning av modellerade särdrag).
Frågor som måste besvaras är:

Kontroll av geometrin: Identifiering av alla grupper av strukturer som
systemet av sprickzoner i bergmassan innehåller. Kan konfigurationen av
orienteringar av strukturer inom modellen korreleras med geometrin i de
regionala omgivningarna?

Kontroll av volymen: Medger den rumsliga fördelningen av tillgänglig data
en jämn beskrivning av den modellerade volymen och med vilken grad av
säkerhet kommer existerande strukturelement att detekteras med de utförda
undersökningarna?

GENERELLA ASPEKTER FÖR MODELLERING

Proceduren för iterativ modellering bör formaliseras så att konsekvenserna av att tillföra
nya data eller att applicera nya idéer eller koncept noggrant kan utredas. Detta är särskilt
viktigt när modeller konstrueras parallellt med pågående undersökningar av objektet, t.ex.
vid en undersökning av en potentiell förvarsplats.

Det är också nödvändigt med en stringent terminologi. Detta underlättar förståelsen av vad
indata representerar och ger en klarare bild av vad uppställd modell föreställer. Risken för
motsägelsefulla eller felaktiga tolkningar begränsas. Vissa termer, t.ex. sprickzon, kan
användas för att beskriva en sekvens av strukturer med varierande grad av uppspräckning.
Sådana termer bör definieras så att de används på ett konsekvent sätt.

HYPOTETISKT SLUTFÖRVAR

Ett hypotetiskt slutförvar (utformat som ett SKB-förvar, dvs ett förvar av KB S-3 typ, men
storleken är i detta fall mindre än 10% av ett fullskaligt förvar) har baserat på SKI:s
strukturella modell och placerats på ett djup av ca 500 m (Figur sid xï). Förvaret kommer
i detta fr att rymma 383 kannisterpositioner om hela deponeringsorterna utnyttjas, medan



antalet positioner minskas till 162 om kanistrarna maste placera minst 10 m fran en
krosszon, dvs. med respektavstand av 10 m.
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SUMMARY

All geological and structural modelling has a purpose. The purpose may not be explicitly
expressed, but may appear as obvious at first sight, e.g. to give a presentation of the
distribution of rock types and structures in an area. However, a more thorough examination
of presented models makes it apparent that most geological and structural models are
thematical or restrained to express certain relationships in the bedrock. The selection of
features shown in the models is thereby related to type and/or size. The content of a model
is generally a mix of observations, interpretations and intuition.

The Swedish Nuclear Inspectorate (SKI) has conducted a fully integrated performance
assessment study, the SKI SITE-94 project, in order to get scientific guidance in their
review of the forthcoming application from the Swedish Nuclear Waste and Management
CO (SKB) to build a repository for storage of nuclear waste at a depth of c. 500 m in
crystalline bedrock. Aspo, the location of the SKB Hard Rock Laboratory (HRL), was
chosen as the location of a hypothetical repository in the SITE-94 project. The site specific
data were assembled during 1987-1990 by SKB through surface-based characterization of
the Aspo bedrock conditions. Based on these data, geological and structural models of the
site are presented.

Aspo is a c. 1 km2 large island located at the southeastern coast of Sweden, c. 230 km SSW
of Stockholm.

OBJECTIVE

The objective of the present study is to construct three-dimensional geological and
structural models to be used within the SKI SITE-94 project as a base for modelling
hydrogeological, hydrochemical, and rock mechanical bedrock conditions, mass transport
and layout of a hypothetical repository. The basic input data in the SITE-94 geological and
structural models (referred to as the SKI geological model and the SKI structural model,
respectively) are restricted to geological and structural readings and geophysical
measurements made by SKB prior to building of HRL.

MODELLING APPROACH

What type of feature should be included in a bedrock model aimed to be used as part of the
basis in a performance assessment study? Identification of such features is an iterative and
scale-related process. However, the starting point in this case is to conceptualize the
appearance of features of different type and size at the surface with characteristics that,
when occurring at depth, will affect the layout of a repository (deposition drifts and
transport drifts, ramps and shafts) and for subsurface data a postulation of specific data or
combination of data that represent structures which should be avoided (critical parameters).
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The wealth of details in characterizations of large rock volumes, e.g. 2 by 2 by 1 km deep,
i.e. the size of the SKI models, as well as the accuracy in the location of modelled features
is related to the spatial distribution of data and the modelling approach.

The approach in this investigation is to study the surface expression of structures on
different scales, from landforms on a regional scale to fracture configurations on a scale of
an outcrop. The surface is the only section of the bedrock where the extent and relationship
between bedrock features can be more ore less continuously mapped without difficulty,
provided that the thickness of the soil cover is insignificant. This type of study concerns
mainly the elucidation of the structural geology, while the regional bedrock geology has
been adopted from published maps.

In the construction of a three-dimensional model of a site, correlation of surface and
subsurface data starts just below the surface, and continues gradually downwards, e.g. along
a borehole, to include deeper levels of the bedrock.

BEDROCK GEOLOGY

Aspo is located within the Transcandinavian Igneous Belt composed of 1.65 to 1.8 Ga old
rocks. The Aspo bedrock consists of a mixture of various types of granitoids (granodiorite
dominates and aplitic dykes are frequent), and is divided into a central ENE trending low
magnetic segment and two magnetic areas located in the northwestern and southwestern
part of the island, respectively. The low magnetization of the central rock segment is due
to semi-ductile deformation (grain size reduction and formation of a foliation) and
oxidation (hydrothermal alteration) along two crossing shear zones striking E-W and NE-
SW, respectively, while aplites strike uniformly NE. In the magnetic part of the Aspo
bedrock the aplites form ordinary orthorhombic patterns typical of granitoids. In outcrops,
lithological contacts are often displaced along mylonitic shears. Faulting appears to affect
the distribution of rocks on the scale of the site. Fault displacement in the order of hundreds
of metres is indicated. Construction of a three-dimensional model displaying the
distribution of rock types has not of been successful. However, a vertical section is
presented. The Aspo bedrock map is characterized by magma mixing, intrusions of several
generations of aplites, intersection of regional shears and block faulting (Figure below).

STRUCTURAL GEOLOGY

The triangular shape of the Aspo island is caused by its location at the junction of regional
deformation zones striking E-W, NW-SE, NE-SW and N-S. These structures circumscribe
a rock segment of low symmetry (like an irregular pyramid) standing on its top. Similar
triangular bedrock segments also occur further to the west on the mainland. Aspo is
transected by fracture zones. Structures striking E-W and NE-SW appear to be guided by
earlier semi-ductile shear zones, while structures striking NNW-SSE to NNE-SSW appear
to be more juvenile. In outcrops on Aspo, fractures striking NW-SE to WNW-ESE are
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dominant.

The SKI structural model of Aspo is restricted to extensive (longer than 500 m), planar
to smoothly undulating fracture zones with documented orientation. The number of fracture
zones included in the SKI model is 52 (second Figure below). 43 fracture zones are verified
by borehole investigations, while 9 zones are located outside the drilled area. In the model,
the number of structures is more concentrated at the centre of the model where most of the
boreholes are located. A random set of fracture zones for the modelled volume with the
same density of structures as within the drilled part of Aspo would increase the number of
structures by a factor of c. 1.5.

ASPO
Tentative geological map

Aplite

AspSgranitoids

Avrbgranite

Metaandesite/
metadacite

400m

Tentative map of the bedrock geology in Aspo.
Preliminar berggrundskarta over Aspo.

The orientation of fracture zones at Aspo conforms to the orientation of structures within
the region surrounding Aspo and the configuration of fractures forming the morphology
of outcrops on Aspo'. The strikes of modelled fracture zones are E-W, WNW-ESE, NNW-
SSE, N-S, NNE-SSW, NE-SW, and ENE-WSW. Vertical to steeply dipping structures
dominate. Gentle inclinations occur most frequently among structures striking NE-SW and
E-W.
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LIMITATIONS TO MODELLING

In the modelling of structures, the access to surface and subsurface orientational data
(outcrop observation and borehole radar measurements, respectively) and the location of
structures at the surface (detailed topographical information and detailed geophysical

SK1 model
F r a c t u r e zones
at Aspb

?. ...* a t s u r f a c e I w l , i t e

The SKI structural model ofAspo shown as a block diagram. The levels of the cuts are
250 and 500 m b s.l Viewed from a point southwest at an inclination of SO" above the
horizon
SKIs strukturmodell av Aspo visad som blockdiagram. Modellen har skurits isa'r pa 250

och 500 m djup Observatoren star sydvast om modellen och tittar meden vinkel av 30" ned
i densamma.

measurements) have been critical. As with all aspects of performance assessment
modelling, understanding and identifying uncertainties in the construction of the geological
and structural models is an important aspect The two main physical limitations to



structural modelling are the determination of geometrical relationships (orientations of sets
comprising the structural system) and the volume (spatial location of structures). Specific
questions to be addressed are:

Control of geometry: The identification of orientation of all sets of structures
comprising the system of fracture zones in the rock. Does the configuration
of orientation of structures within the model area mimic geometries in its
regional surroundings?

Control of volume: Does the spatial distribution of available data give a
uniform description of the volume modelled and to what degree of certainty
will existing structural elements be detected by the performed surveys?

GENERAL ASPECTS OF MODELLING

Iterative modelling should be a formalized procedure as the consequences of introducing
new data into the model or applying new ideas or concepts then could be thoroughly
considered. This is specially important when models are constructed in parallel to the
surveying of the object of interest, e.g. during site characterization.

A stringent usage of terminology is a necessity. It facilitates the understanding of input data
and the model. Inconsistencies in the model can also be restricted. Some terms, e.g. fracture
zone, may characterize some spectra of features. The usage of such terms should be
presented.

HYPOTHETICAL REPOSITORY

Based on the SKI structural model, a hypothetical repository (designed as a SKB
repository, but the size is less than 10% of a full scale KBS-3 repository) has been placed
at a depth of 500 m (Figure below). The repository will contain 383 canister positions if the
full length of deposition drifts is used, while the number of canister positions will be
reduced to 162 if the canisters have to be located more than 10 m away from fracture zones
(i.e. 10 m respect distance).
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Model of the 490 to 510 mb.s.l. segment containing the hypothetical repository without
consideration of respect distance. Only zones affecting the outlined repository are shown.
Viewed from a point southwest at an inclination of 30° above the showed section.
Modell av bergartssegmentet mellan 490 och 510 m djup som innehaller det hypotetiska

slutforvaret. Endast zoner som dire kt paverkar forvaret visas ifiguren och nagot respekt-
avstand till dessa sprickzoner beaktas ej. Observatoren star sydvdst om forvaret och tittar
med en vinkel av 30" ned i detsamma.
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1. INTRODUCTION

The Swedish Nuclear Power Inspectorate (SKI) has conducted a fully integrated
performance assessment study, the SKI SITE-94 project (SKI, 1996), using site specific
data assembled by the Swedish Nuclear Waste and Management Co. (SKB) in their
research and development for storage of nuclear waste. The selected locality for the SKI
SITE-94 hypothetical repository is Aspo, southeastern Sweden, where SKB is building an
underground research laboratory, SKB Hard Rock Laboratory (HRL), at a depth of 500 m
in crystalline Precambrian granitoids, Figure 1.1. The HRL site was chosen because the
integrated geoscientific surveys performed here are more detailed and the investigation
methods are more refined than the studies realized at other (older) SKB sites.
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Figure 1.1 Location of Aspo, southeastern Sweden. Locations of regional, semi-
regional and local areas (three-dimensional model) are outlined.

1.1 OBJECTIVES

The objectives of the present study were to:

1. Evaluate the geological setting of the Aspo area from regional to local
scale.



2. Synthesize data on the geological evolution of the Aspo site.

3. Set up a three-dimensional model for the distribution of rock types and
tectonic discontinuities (possible pathways for circulating groundwater
and locations of low rock mechanical strength).

The model presented in this report, based on SKB geological and geophysical primary
research data (see below), should not be looked up on as a fixed model. During the progress
of the SITE-94 project, the model was interactively modified and refined to fit subsequent
hydrogeological, hydrochemical and rock mechanical modelling. At the completion of
SITE-94 there is still much room for improvement and further development.

The result of this study, as well as the results of a previous model study by the National
Board for Spent Nuclear Fuel (SKN model, Sundquist and Torssander, 1996) and the SKB
conceptual tectonic model (Wikberg et al., 1991) are compared elsewhere (Tiren, 1996) to
see in what respects the interpretations in these models converge and diverge.

1.2 BASE INFORMATION

The intention of the present study was that only primary data should be used ("starting from
scratch"), but this intention has not been fully fulfilled. The reason for this is that most
geological field observations are not reported in a primary form (maps, diaries etc.) but as
processed data in the "SKB Progress and Technical Reports". The amount of data
continuously recorded and collected between 1987, when the first investigation started, and
the end of the pre-investigation phase in 1990 is enormous. Due to the time limit of this
project the base information used, had to be selected and the information used, is described
in a supplementary report (Tiren, 1997). The SKB database, GEOTAB, was available
(surface fracture mapping, core logs and geophysical borehole measurements). Three short
field trips to Aspo (nine days total) were made to get "unfiltered" general information on
the character of the bedrock as well as more detailed information on the appearance of
aplites and fractures. Apart from this, the presented model does not consider other
information than that available for SKB in their modelling.

1.3 GENERAL APPROACH

The general approach to the study was three fold:

1 The geological and structural history of the area was summarized based
on literature studies, in order to determine the spectrum of geological
features (rock types and structures) could be expected.



2. The distribution of structures was determined on a regional scale (area)
and then on a semi-regional scale (defined by hydrogeological models),
both with Aspo at their centres. Information on the regional geological
and structural setting of a local area (e.g. 2 by 2 km) is achieved before
detailed three dimensional modelling at the local scale. The working
premise is that structural patterns observed on a larger scale also exist on
the smaller scale and vice versa, i.e. regional as well as outcrop
relationships are used to establish the local model.

3. As far as possible, only primary data were used. Examples of primary
data are: Direct observations (field notes, core logs), various geophysical
measurements (ground, borehole, airborne) and different types of maps
(aerial photo interpretations, topographical and geological maps, terrain
models).

1.4 PRESENTATION OF CONTENTS

Three structural models are presented: Regional and semi-regional two-dimensional models
covering areas of 35 by 25 and 10 by 12 km, respectively, giving the structural environment
in which Aspo is located, and a local three-dimensional fracture zone model describing the
structural configuration of fracture zones within a 2 by 2 by 1 km large rock volume
including the Aspo island.

A tentative modification of the geological map of Aspo, as presented by Kornfalt and
Wikman (in Wikberg et al., 1991), and a vertical cross-section is presented. The detailed
ground magnetic measurements covering Aspo (Nisca and Triumf, 1989) are also
reinterpreted. Together, these interpretations form the basis for an interpretation of block
faulting at Aspo.

In the report the regional geological setting, including the geological evolution, is first
treated (Chapter 2), followed by a section treating the structural pattern on regional via
semi-regional to local scale (Chapter 3). The main body of the report consists of a detailed
characterization of the local bedrock and the structural history of Aspo (Chapter 4), and
then, based on this, a description of the three-dimensional structural model (Chapter 5). The
layout of a hypothetical repository is treated in a separate chapter (Chapter 6). In the second
last chapter different topics relevant to structural modelling are presented as a general
discussion (Chapter 7) and the results are summarized in the last chapter (Chapter 8).

This report is concise and only very short descriptions are given. The background data and
detailed descriptions are presented in a supplementary report (Tiren, 1997; Parts A-F),
which contains the following information:

1. Regional 2D model, characteristics (length, orientation, curvature,



relative width) of each structure, Correlations between the presented
model and earlier presented lineament maps/models (Part A).

2. Semi-regional 2D model, widths and orientation of structures (Part B).

3. Tables summarizing the geological and structural evolution of the Aspo
region (literature studies, Part C).

4. The drilling programme (aims, planning etc., Part D).

5. Surface/subsurface information used - presented as maps and tables (Part
E).

6. Characterization of fracture zones in the local structural model of Aspo,
maps and tables (Part F).



2. REGIONAL GEOLOGY

2.1 BASE INFORMATION

Base information for the summary of the regional bedrock history is a literature study.
References are given in the text and figures, though the general reference for the bedrock
history is Lundqvist (1991).

2.2 OUTLINE OF BEDROCK HISTORY

The oldest rocks (about 2 billion years, Ga, old) in the southeasternmost part of Sweden
(Figure 1.1), i.e. the county of Smaland, are Svecofennian meta-sediments, meta-volcanics,
and early granitoids, metamorphosed and deformed during the Sveokarelian orogeny, which
culminated c. 1.86 to 1.8 Ga ago. These rocks were intruded by the Smaland granites (c. 1.8
Ga old) and associated volcanic rocks (1.8 - 1.84 Ga old), which today compose the main
part of the bedrock in the region (part of the Trans-Scandinavian Igneous Belt, TIB, marked
SV on Figure 2.1). The region is an Andino-type geological terrain which is characterized
by fracture-controlled high-level emplacement of batholiths in an ensialic setting (Nystrom,
1982). Typical for such an environment is voluminous venting of ignimbrites and formation
of grabens through cauldron subsidence and prominent block faulting. The location of
cauldron structures in the region around Aspo has been documented by Nisca (1987a,b) in
his structural interpretation of airborne magnetic measurements. However, the effect of
these old structures on the present bedrock stability and groundwater circulation has not
been studied. In the Aspo region, the Smaland granite suite has a faint but penetrative E-W
striking foliation and it has been intruded at a few localities, e.g. along the coast at
Oskarshamn (Bla Jungfrun via Uthammar to Gotemar), by reddish massive and often
coarse-grained 1.35 -1.4 Ga old granites of rapakivi type, Figure 2.2. Similar granites also
occur far to the south (e.g. at Karlshamn in Blekinge) and have an anomalously high U-Th
content. Some of the cauldrons mapped by Nisca (1987a,b) could be caused by late
intrusions but presumably most of the cauldrons are related to the intrusion of the Smaland
granitoids (cf. Nystom, 1982).

The Smaland granites are intruded by several generations of dykes. NW-SE to NNW-SSE
striking Smaland porphyry dikes, 1.42 Ga old, are common and the dykes have a granitic-
granodioritic-monzonitic composition. The Smaland porphyry dykes often occur as
composite dykes, that is they have a rim of uralithic dolerite. Dolerite of this type also
occurs as single dykes striking NE-SW to ENE-WSW.

The youngest intrusive rocks are N-S striking, 0.96 - 0.98 Ga old dolerite dykes. These
dykes have a regional distribution and are mappable from Blekinge in the south to under
the Scandinavian Caledonides in the central part of Sweden.

Southwestern Sweden, less than 100 km to the west of the Simpevarp area, was at a depth



of some 10-20 km, when it was deformed during the later Sveconorwegian orogeny (cf. the
Grenvillian orogeny) c. 1.2- 0.9 Ga ago. At least in its border regions Southeastern Sweden
was affected by this tectonic episode and a c. 50 km wide deformation zone, the Protogine
zone (Gorbatschev, 1980), was formed. Rocks of the Almesakra Group (see below) were

GOTEBORG
OSKARSHAMN

MALM0

(Skfine)

Figure 2.1 Lithological and tectonic units of southern Sweden (modified from
Lundqvist, 1979). SK = Svecokarelian Orogenic Belt (c. 1.9-1.8 Ga),
SV = Trans-Scandinavian Igneous Belt (Smaland Varmland intrusions
and Smaland porphyries, c. 1.8 - 1.6 Ga), SG = SW-Swedish gneisses (c.
1.9 - 0.9 Ga), A+V= A, Almesakra group (> 1.0 Ga) and V, gneissose
granites Vetlanda-Oskarshamn (c. 1.8 Ga) and Vetlanda Supergroup (c.
2.0 Ga), BL = gneiss (1.8 Ga?) and granitoids (1.5 Ga) in Blekinge, B =
Bohus granite (c. 0.9 Ga), hatched areas are Phanerozoic sedimentary
and igneous rocks of platform cover type, L = Loftahammar shear zone,
SZ = Protogine zone (Gorbatschev, 1980: Called "the schistosity zone of
Smaland and Skane" on the map of the Pre-Quaternary Rocks of
Sweden, SGU, 1958), M = Mylonite zone (Samuelsson, 1978), G = Gota
alv shear zone (Samuelsson, 1978). To the southwest lies the
Fennoscandian Border Zone including the Tornquist zone (e.g. Husebye
etal., 1978).



thrusted eastwards. Subhorizontal fault planes have also been identified further to the east
(e.g. Bjornsson, 1937).

The Smaland suite of granitoids and volcanics were later covered, at least in the western
part, by sedimentary rocks of the Almesakra Group, a locally more than 1 200 m thick
sequence of 1.1 - 1.3 Ga old sediments dominated by felspathic sandstones (Rodhe,
1987).At about 0.7 - 0.85 Ga ago the Visingso sediments, which are partly fault-related
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Figure 2.2 Generalized geologic-tectonic map of the regional surroundings of Aspo
(modified from Kornfalt and Wikman, 1987). Geolgical map of Aspo is
inserted (Wikberg et al, 1991)



(debris flows), were deposited west of the Almesakra formation, in a graben which partly
follows the Protogine zone. Remnants of these sediments are now found in the Vattern
graben, Figure 2.3.

MESOZOIC

MORPHOTECTONICS

T Triassic sedimentation

J Jurassic sedimentation

( ) Lost through denudation

Lower Palaeozoic

Cambrian outliers

Area with remnants of
sub-Cambrian peneplain

1/ A Permian-Mesozoic denudation

["7* 1 Late Cretaceous denudation
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jy? L a t e C r e t a c e o u s e l e v a t i o n a x i s

s Selected lineaments

Figure 2.3 Pre-Cambrian peneplain, lower Paleozoic sediments and the Mesozoic
denudation (Lidman-Bergstrom, 1993). Down-faulted blocks with
remnants of sedimentary cover: F, Falbygden (lower Paleozoic), M,
Motala (lower Paleozoic), and V, Vattern Graben (Vendian).

At the end of the Precambrian, the region was denudated to an extremely flat landscape
which had a relief less than 20 m; the sub-Cambrian peneplain (Rudberg, 1954), Figure
2.3. During the Cambrian the sea transgressed and shallow water sediments were deposited.
The sedimentation continued at least into the Silurian. Minor syn-sedimentary normal



faulting (c. 10 m offset) occurred during the Cambro-Ordovician periods and continued also
presumably into the Devonian (cf. Floden, 1980). Clastic Cambro-Ordovician dykes
striking ENE-WSW (dominant), NNE-SSW and N-S (subordinate) occur within the
Precambrian basement (Nordenskjold, 1944). The total thickness of the Paleozoic
sediments is not known, but some indications (pressure solution structures at grain contacts:
Pusch and Karland, 1988; oxygen isotopes and pressure solution structures at grain
contacts: Larsson and Tullborg, 1993) suggest a thickness of some kilometres. During the
late Paleozoic the bedrock surface was repeatedly tilted gently towards the east, e.g. during
the Triassic and Cretaceous periods. The sedimentary cover remained intact until late
Tertiary (?) and was then eroded during the Pleistocene glaciations. Remnants of
sedimentary cover in the mainland are restricted to down-faulted rock blocks (cf. De Geer,
1910, Rudberg, 1954, Magnusson et al., 1963). Cambro-Ordovician sediments, e.g.
Falbygden and Motala (Figure 2.1) are related to NNE-SSW and E-W striking faults,
respectively. The indicated maximum throws along these sets of faults are of the order 50
and 150 m, respectively. The formation of the NNE trending Vattern graben, containing
only Vendian sediments (c. 0.8 Ga old) is assumed to be of Permian age (c. 0.26 Ga ago)
and the maximum vertical throw (c. 250 m) appears to be in the southeastern part of the
Vattern graben.

The dominant orientation of movement of the inland ice during the latest glaciation
(Weichsel III, 70 000 - 6 000 B.C.) was southwards in the central part of the inland, while
it was towards the southeast in the eastern coastal region. The edge of the receding latest
inland ice was located at Aspo c. 12 000 years ago. The present land surface comprises the
sub-Cambrian peneplain over large areas. The base of the Paleozoic sediments is now found
along the east coast of southern Sweden, e.g. c. 15 km east of Aspo, Figure 2.3.

2.3 GENERAL NOTE

The characteristics of an Andino-type of orogeny (block faults, fracture controlled high-
level intrusion, cauldrons, minimal shortening; Pitcher, 1982) is well expressed on a
regional compilation of airborne magnetic measurements (eg. a 100 by 100 km map). Such
a pattern is not obvious on the bedrock maps. However, a geological map presentation
consistent with the magnetic measurements would contribute to the general understanding
of the geological terrain and will facilitate predictions of the geological conditions within
local areas, e.g. a radwaste site.
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3. STRUCTURAL PATTERNS

In this chapter the structural patterns on regional via semi-regional to local scales are
discussed, that is the structural pattern obtained by remote sensing analysis. Fracture
patterns in outcrops are presented in Section 4.3. The resolution in the images used on
regional and semi-regional/local scale differs, lower on the regional sale. By this minor
structures are filtered and wider structures enhanced in the regional scale study. Structures
in the bedrock indicated by detailed magnetic measurements on Aspo are treated in Section
4.2.

3.1 DEFINITIONS, NOMENCLATURE AND METHODOLOGY

Definitions and nomenclature

The definition of lineaments defined by Hobbs (1903, 1912) is adopted: "Significant lines
of landscape which reveal the hidden architecture of the basement are described as
lineaments". If supplementary data (e.g. geophysical measurements, field observations)
indicate brittle deformation along lineaments, these lineaments are denoted fracture zones.
The basement architecture in Hobbs definition of lineaments are different types of
inhomogeneities which are represented by primary differences in a rock type (e.g. bedding
in a sediment or mineralogical gradation in a magmatic rock), lithological contacts,
foliation, ductile shear zones and brittle zones of deformation.

The surface expression mapped as lineaments are basically found due to:

1. Weathering/erosion.

2. Landform breakes, e.g. displacements of the ground surface.

Bedrock structures with increased porosity are generally structures which will be more
affected by weathering and erosion. The most outstanding example of such a structure is
brittle deformation zones (fracture zones, see description and definition in Section 7.8)

Methodology

The deduction from a lineament map to a structural or fracture zone map is in two steps:

1. On a lineament map all detectable topographical structures which
comply with the definition of a lineament are marked according to their
trace length on the image (digital terrain model, aerial photo, etc.), i.e.
structures are not connected across areas where they are not indicated
even if they line up with other structures.
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2. Lineaments which cannot fully be related to coherent bedrock structures
(e.g. intact lithological contacts, foliation, and ductile shear zones) are
interpreted as fracture zones, especially if there is a systematic offset in
the landscape across the structure. A coherent structure may be deformed
in a brittle state and thereby also be the location of a brittle structure, e.g.
a fracture or a fracture zone.

The construction of the regional structural map (Figure 3.1 ) and the semi-regional
structural map (Figure 3.4) according to the above outlined procedure.

The local structure map of Aspo (Figure 3.5) shows two different types of features:

1. Extensive discrete lines observable on aerial photos. These features are
generally not lineament syn stricto as they have very little affect on the
topography as they climb over heights and crosses valleys (Aspo is very
well exposed). Some of these lines are checked in field and found to be
discrete fractures or trains of fractures.

2. Topographical lows are also marked on Figure 3.5 since they are often
found to coincide with increased fracturing in the rock. However, on the
local scale the topographical lows do not line up to form extensive linear
structures.

The reason for the more "selective" mapping of structures on the local scale is given in
Section 3.3.

3.2 REGIONAL STRUCTURAL MAP

The regional structural pattern within a c. 35 by 25 km large area with Aspo located in the
centre, Figure 3.1, is a reinterpretation. In Figure 3.2 structures from previous
interpretations, which coincide with structures on Figure 3.1, are shown. Detailed
information on the characteristics of structures presented in Figure 3.2 is presented by Tiren
(1997; Part A).

3.2.1 Base information

Digital terrain models based on elevation data (50 by 50 m grid, National Land Survey of
Sweden) presented by Tiren et al. 1987 (see also Tiren and Beckholmen, 1992) were used
as the base for the regional structural interpretation of the land area and 1:50 000 nautical
charts and 1:20 000 fair sheets (Hydrographic Office of the Swedish Administration of
Shipping and Navigation, the fair sheets are unpublished naval information) were used for
the sea area.
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3.2.2 Structural map

The presented map covers a somewhat larger land area than that presented by Tiren et al.
(1987), cf. Figures 3.1 and 3.2. Mainly lineaments with a trace length longer than c. 1.5 km
are considered. The location of the lineaments on land has an accuracy in location of ± 100
m (the central parts of the structures) and the accuracy in length of the lineaments is ±200
m. Corresponding values for the lineaments interpreted in the sea area are ± 200 m and ±
300 m, respectively.

Dominant lineament trends are E, N W, N and NE. None of the lineaments are in their full
extent related to primary lithological contacts displayed on bedrock maps (Korfalt and
Wikman, 1987, Lundegardh et al., 1985). The tectonic lines on the bedrock map (marked
as fracture zones or faults) correspond to lineaments in Figure 3.1, except a few shorter
(less than 5 km long, striking E-W) fracture zones in the southern part of the map. A brief
correlation between topography and airborne magnetic measurements (a correlation of
primary data sets, actually not within the scope of this study) indicates that most of the
topographical lineaments coincide with traces of low magnetization, locally also some parts
of the topographical lineamants line up with borders separating areas of contrasting
magnetization and changes in magnetic patters (lithological contacts?). However, many
low-magnetic "lineaments" (Nisca 1987a,b) have no obvious topographical expression and
vice versa. Relativly few of the NE and NW trending lineaments are noted as aeromagnetic
"lineaments" (Figure 3.2), which may imply that oxidation of the bedrock along NE
trending structures is more limited than along N and E trending structures. Along
subvertical fracture zones striking striking E-W, NW-SE and N-S in the inland, "melt water
canyons" are locally formed (Olvmo, 1989) during the late ice age. The maximum measures
of the melt water canyons are: Total depth c. 50 m, height of subvertical rock walls c. 25
m, width c. 100 m, and length c. 5 km. The most prominent morphological structure of the
regional area is a c. 50 m deep NW trending submarine canyon, Strupdjupet, north of Vino
and c. 11 km NNE of Aspo (marked as a well-indicated structure in the northeastern part
of Figure 3.1). Stupdjupet is possibly also a melt water canyon.

E trending lineaments

The E trending structures may appear either on a more detailed scale as anastomosing shear
zones (presumably subvertical, right lateral movement indicated at some localities), up to
at least a hundred metres wide, or as subvertical fracture zones, about 50 m wide. However,
the general topographic expression of E tredning lineaments are open, smoothly formed
valleys. Across the E trending toppographically prominent structure in the central part of
the map there is a change in the magnetic character of the bedrock; more magnetic on the
northern side. However, the bedrock map displays no change in rock type. Notable is that
a curved E trending structure in the northern part of the map partly lines up along a
lithological contac between two TIB rocks and then crosses the contact between the TIB
rocks and the Svecokarelian rocks (cf. Lundegardh et al., 1985).
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NW trending lineaments

The NW trending lineaments are parallel to the regional foliation and to the contact
between the Smaland granite suite and the older Svecokarelian gneisses in the north. It is
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A regional structural map, a two dimensional fracture zone model. Major
structures are drawn with thicker lines. N=thrusts dipping SW
(Nordenskjold, 1944) and S=Strupdjupet (a submarine canyon).
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notable that the topographical expression of the NW trending lineaments is more
accentuated in the northern part of the map, north of the central E trending lineament
located just north of Aspo. The ground surface of the segments between the NW trending
structures, where they are represented by northeastward dipping slopes, is gently tilted
towards the southwest, i.e. offsetting the sub-Cambrian peneplain. NW trending
topographical structures overprint the E trending structures. Nordenskjold (1944) found that
many of the NW trending major lineaments in the inland region represent the surface
expressions of gently southwestwards dipping thrusts. These thrusts are reported to deform
dolerite dykes, but they do not offset the sub-Cambrian peneplain (i.e. they are formed
more than c. 600 Ma ago).

A' trending lineaments

The most prominent topographical features in the region are, however, the N trending
lineaments. Lineaments with such orientation are typical for most parts of Sweden (except
the southwest Swedish gneiss region). N trending lineaments are often extensive. The
Gotemar granite is faulted (the eastern block is down-faulted c. 500 m downward and 200
m northward relative to the western block, Kresten and Chyssler, 1976) along an N-S
striking fault, which is traceable for more than 30 km and contains dolerite dykes (c. 900
Ma old). The N trending lineaments represent subvertical fault planes.

NE trending lineaments

NE trending structures appear as two different types. In the northern part of the map the NE
trending structures are topographically more prominent and the structures are curved
westwards as they meet an E trending lineament. NE trending lineaments are relative
frequent in the southeastern part of the map. They occur as relative extensive and distinct
topographical features.

Relative age of structures

The relative age of the formation of different sets of structures is not easily analysed by
using overprinting criteria, since the structural map shows inconsistent crosscutting
relationships among different sets of structures. This structural relationship is interpreted
to be due to reactivation and partial reactivation of faults, typical of areas affected by
repeated block faulting. There is also a "background noise" of structures along which no
indications of movements are detected. A left lateral offset of a regional N-S striking fault
along the E-W striking fault located just north of Aspo is indicated. However, the surface
expression of the E-W striking fault is a very open and gently formed valley, while the N-S
striking fault has a well pronounced and irregular topographical expression. Indication of
the influence of older structures on younger structures is achieved when comparing the



16

digital elevation model showing residual elevation (the topographical map in grey-tones)
with the digital elevation model showing the second derivative of the elevation, i.e. a model
enhancing sudden breaks in topography. The N trending topographical structures are the
most well expressed, but most frequent are NW trending topographical structures. The later
are generally located in the central parts of very open valleys controlled by an intricate
configuration of NW-SE striking zones in the bedrock. These NW-SE striking zones are
most frequent west of Lake Gotemaren.

Block faulting

The intersection of the E-W, NW-SE, N-S and NE-SW striking sets of fracture zones give
rise to triangular, rectangular and polyhedral rock blocks. Rock blocks of different orders
of magnitude or geometrical form may overprint each other. An example of this is that
some triangular blocks "extend" across the block boundary of an apparently larger
rectangular block (south of Gotemaren). This is most probably the result of reactivation of
various parts of structures at different geological periods (partial reactivation) and thereby
a change in rock block configuration as a function of the stress field and available
structures which can accommodate the strain.

Block faulting post-dating the formation of the sub-Cambrian peneplain has occurred along
N-S and E-W striking faults giving rectangular N-S trending blocks, c. 100 km2 large,
bounded by faults whose throw is estimated to be in the order of some ten metres. Faults
belonging to these two sets outline together with a third set of faults, striking NW-SE,
minor triangular topographical lows, less than 3 km2 large, occurring as pairs in a hour-
glass configuration with the symmetry axis trending WNW. NE trending lineaments are
topographically not as well defined as the NW trending lineaments. The latter often
represent steps in the landscape but may locally circumscribe topographical lows, i.e.
movements along NW-SE striking faults deform the peneplain.

Aspo is a triangular island outlined in the north by an extensive E-W shear zone, in the east
by an N-S striking fracture zone and to the west by an NW-SE striking fracture zone. At
the southern tip of Aspo there is an additional NE-SW striking zone. Similar rock segments
as the Aspo rock segment are common and occur on various scales, e.g. 3.5 and 5.5 km
west of Aspo, Figure 3.1.

3.3 SEMI-REGIONAL STRUCTURAL MAP

The purposes of presenting a structural map (10 by 12 km, Figure 3.3) on a scale between
the regional scale (35 by 25 km, Figure 3.1) and the local scale (the size of the modelled
area is 2 by 2 km. Figure 5.3, the size of the triangular island Aspo and is 1.5 by 1.2 km)
are to:
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1. Show the interlink between local structures and the regional structures.

2. Describe the character of regional lineaments, as, with an increased
resolution and a smaller scale, the regional lineaments may appear as
arrangements of minor structures.

3. Illustrate that thin, but extensive, local structures may not be
distinguished on a regional scale but maybe well recognized on a semi-
regional scale.

This study was performed after the regional and local lineament studies were to some extent
completed. The character of structures shown on the semi-regional structural map is
presented in Tiren (1997; Part B).

3.3.1 Base information

A semi-regional structural map, Figure 3.3, has been produced by combining the results of
a detailed lineament interpretation based on aerial photos (black and white print, No 844
05699 6-10 84-06-03 and 844 06720 2-5 84-06-03, Land Survey of Sweden, using a WILD
Aviopret APT1) with results from previous works (interpretations of digital elevation
models - Tiren et al., 1987; LMV 1: 250 000 relief maps, Land Survey of Sweden - Tiren
et al., 1987; detailed topographical maps, contoured every 0.5-1.0 m - Tiren and
Beckholmen, 1988a; and detailed, 1:20 000, fair sheets, Hydrographic Office of the
Swedish Administration of Shipping, unpublished maps - Tiren and Beckholmen, 1988b).
Direct observations presented in previous works have been used to characterize the
structures shown on the semi-regional map, Figure 3.3. Studies performed at Krakemala
(within the Gotemar granite, just north of Aspo), Avro (Gentzschein et al., 1987. Avro is
an island just east of Aspo) and CLAB (the central interim storage facility for spent nuclear
fuel on the Simpevarp peninsula, south of Aspo) are summarized by Gentzschein and
Stejskal (1984) and geophysical profiling across some regional zones is presented by
Stenberg and Sehlstedt (1989).

3.3.2 Structural map

The semi-regional structural map. Figures 3.3, comprises an area of c. 10 by 12 km with
Aspo located at its centre. Structures with a trace length longer than c. 1 km have been
included. The estimated precision in location of the structures on land and in the sea area
is c. ±25 m and ± 200 m, respectively. The system of structures shown on the semi-regional
map is composed of features oriented in N-S, NE-SW, E-W, NW-SE to WNW-SSE, NNW-
SSE, and curved structures, cf. Figure 3.3.
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Figure 3.3 Semi-regional structural map, a two dimensional fracture zone model.
Location of Aspo is indicated by the arrows. Interpretation of 1:30 000
aerial photos and other data as stated in text.

Concentric structures

The most conspicuous feature on the semi-regional structural map is the concentrical
arrangement of curved structures in the northern part of the map at Gotemar. This pattern
is associated with the occurrence of a circular granite body (the Gotemar granite, a 1 350
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Ma old granite of rapakivi type). According to Kresten and Chyssler (1976) the fracture
pattern in Gotemar granite displays a "classical" system of intrusive and cooling strucutres
(cf. Cloos, 1925). Of these structures, the tangential joints are best explained on the aerial
photos as a ring-pattern, which comprises pegmatitic to aplitic dykes and fractures.
However, the centre of this onion-like structure is not located in the centre of the circular
granite, but in the northwestern part of the intrusion (a half radius to the northwest). Curved
structures conforming to the Gotemar structure appear to be restricted to the area located
north of a regional E-W striking deformation zone located just north of Aspo (the northern
block boundary of the Aspo block) and passing through the central parts of the mapped
area. There is also a more general change in the structural pattern across the E-W striking
structure; to the north a dominant occurrence of NNW trending structures is typical, while
to the south NE trending structures are more common. This configuration of structures
seems to control the smooth eastward bulge of the coastline north of Simpevarp.

NW-SE to WNW-ESE striking structures

NW-SE to WNW-ESE striking structures north of the map area (Figure 3.3) represent fault
lines along which the northeastern side is down-faulted and the ground-surface is very
gently inclined towards the southwest. The NW-SE striking structure crossing Aspo
belongs to a wide swarm of structures (domain of dominantly overlapping structures, each
structure shorter than the extension of the domain, cf. en echelon structures). In the
northwestern part of the map, south of Gotemaren and northwest of Aspo, a swarm of
fractures is located in a gentle NW-SE striking asymmetric depression with a width of 1 -2.5
km and extension of c. 15 km. It reaches the sea at the strait between Avro and the
Simpevarp peninsula. The northern side of the depression is a very gentle slope, while the
southern side is outlined by NW-SE striking fracture zones overstepping each other and the
main structure is located in the southwestern part of the depression.

NNW-SSE striking structures

NNW-SSE striking structures exist at outcrops on Aspo and correspond to discrete planar
fractures, minor shear zones and mylonites. The structures are extensive and some continue
northwards and transect the Gotemar granite. One of these structures was drilled into at
Krakemala (eastern part of the Gotemar granite) and was found to be a steeply eastward
dipping, c. 10 m wide fracture zone. This has also been indicated by VLF-measurements.
Outside the low-magnetic Gotemar granite, the width of oxidation, as indicated by
magnetic measurements, is c. 150 m for one of the lineaments.

N-S striking structures

N-S striking structures occur either as relatively wide structural features, 100-300 m wide.
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containing several well-defined minor structures, e.g. the N-S striking zone passing through
lake Gotemaren in the western part of the map, or as distinct and evenly spaced deformation
zones as in the eastern part of the map. The latter type of N-S striking structures often has
stepped continuations with minor overlaps. The N-S striking structures represent steeply-
dipping to vertical fracture zones. The width of the distinct fracture zones is in the order of
ten metres or more. However, the zone of alteration across N-S striking fracture zones
varies from c. 50 to 100 m. A vertical compound displacement of c. 500 m, western side
down, and a horizontal component of 200 m, left-lateral, is assumed for the fault through
Gotemar (Kresten and Chyssler, 1976).

NE-SW striking structures

The most pronounced NE-SW striking structure in this area is the Avro fault zone
(Nordenskjold, 1944) located in the sea just east of Avro and Simpevarp. Borehole
information from Avro indicates that this structure may represent a gently inclined fracture
zone dipping towards the northwest. This interpretation is in agreement with borehole
information from Aspo (in KAS02, below a depth of 800 m, a structure, more than a
hundred metres wide, is mapped). A dip of 30° towards the northwest has been listed for
zones with Avro fault zone affinity (Tiren, 1997; Part B). However, if the strongly fractured
sections mapped in boreholes KAV01 on Avro and KAS02 on Aspo represent a structure
that outcrops east of Avro, i.e. the Avro fault zone, then it must dip very gently (ca 14 °)
towards the northwest. The fracture pattern in the well-exposed bedrock along the eastern
shore of Avro confirms the existence of flat lying structures. The NE trending depression
in the sea just east of Avro may be the effect of the intersection of two types of structures,
one gently dipping and one subvertical. Steep to vertical dips for other NE-SW striking
structures in this area are confirmed by drilling. Extensive NE-SW striking structures have
a spacing of 2 to3 km. Magnetic and VLF profiling across NE-SW striking zones indicate
that the zones have a width of alteration (oxidation) of 80 to 170 m and open fractures are
often located in only one or two 10 m wide sections of the structure.

A low magnetic zone mapped as mylonite and striking NE-SW transects the central part of
Aspo (Nisca and Triumf, 1989). On Aspo a gully is formed along the track of the mylonite,
while on the inland just southwest of Aspo the trace of the mylonite is a small ridge.
Increased fracturing along the western side of the mylonite is observed on Aspo. However,
the trace of the fracture zone deflects westward on the mainland and by that leaving the
trace of the mylonite zone.

E- W striking structures

E-W striking structures are often winding and bifurcated. An example of this is an E
trending lineament which is divided into several branches north of Aspo. The bifurcations
may either be related to geometry of one deformation system or to low angle overprinting,
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Figure 3.4 Stereogram showing poles of semi-regional structures, Schmidt net,
lower hemisphere projection. Contour intervals=l,2.5,5,7.5, and 10%.
N=122. Open circles (12) gives the orientation of investigated fracture
zones located outside Aspo (Avro, Krakemala/Gotemar,
CLAB/Simpevarp and on the mainland west of Aspo). SKB data
(Wikberg et al., 1991) have been used to orient structures at Aspo (11).
The orientation of remaining structures (99) are inferred (Tiren, 1997;
Part B).

or interference, of two or more deformation systems. One branch is located along the
northern shore of Aspo, while another transects the central part of Aspo. Width of alteration
across a single E-W striking structure may vary from 45 to 230 m and clusters of open
fractures are generally located in one or two minor segments of the structure (less than 10
m wide). The dips of the E-W striking structures are vertical to gentle dipping towards the
north. Aspo is transected by one subvertical and one gently inclined E-W striking zone.

3.4 LOCAL STRUCTURAL MAP, 2D

A combined study of the detailed topographical map of Aspo (contoured every metre) and
structural interpretation of aerial photos have been performed to identify extensive discrete
fractures as well as open depressions and breaks in the topography, Figure 3.5. The reason
for adding this "new" information to the structural maps presented in the SKB Progress
Reports was that there was a relatively poor or ambiguous correlation between borehole
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information (fracture logs and borehole radar reflections, see below) and available surface
information concerning discrete fractures.

At the end of the section a summary of the filed characteristics of fracture zones on Aspo
is presented according to field studies by Talbot and Munier (1989).

3.4.1 Base information

A wild Aviopret APTl is used in the interpretation of black and white photos (No 844
06720 SV 03-04, 84-06-03, Scale c. 1:30 000). A detailed topographical map (contoured
every 1 m, cf. Tiren and Beckholmen, 1988) is used to map topographical lows.

3.4.2 Structural map

A structural outline

An intersection of a minor branch of a regional E-W striking oxidation zone and a NE-SW
striking oxidation zone is located in the central part of Aspo, Figures 3.1 and 3.3. In the
latter, aplites tend to conform to the orientation of the shear zone, Figure 4.8. A young
(about 1.4 Ga old) diapir of Gotemar granite is located about 2 km northwest of Aspo,
Figure 2.2, while another diapir is located in the sea at depth in the bedrock approximately
2 km southeast of Aspo (Nisca, 1987a,b). The diameters of both diapirs are about 5 km and
their influence on the Aspo bedrock is not clearly established.

Description

From a morphological point of view Aspo, is divided into two parts separated by an
irregular E-W trending gully. The gully connetcs the inlets on the eatern and western side
of Aspo, respectively. In the central part of the island the gully is relatively narrow and
accentuated (topographical gradient c. 2:5, difference in altitude c. 8 m). It widens both in
the eastern and western parts of the island, becoming an open topographical depression. In
the northern part of Aspo, the gullies have dominant trends in N-S, E-W and NE. Southern
Aspo is dominated by N-S trending depressions and minor NW trending gullies. Many of
the topographical features on Aspo are outlined by discrete extensive fractures (though the
fractures are more extensive), Figure 3.5, while others most presumably are the
topographical expressions of bedrock structures with a general increase in the density of
minor, less extensive, fractures. Gently northwards dipping as well as subvertical fractures
are commonly found along the E-W trending gullies (Talbot and Munier, 1989).

Aspo is transected by several sets of extensive fractures striking N-S, NNE-SSW, NE-SW,
ENE-WSW, E-W and WNW-ESE, Figure 3.5. Of these fracture sets, fractures oriented in
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Figure 3.5 Structural map of Aspo, 2D, showing extensive discrete fractures and
topographical lows (hatched).

WNW-ESE, NNW-SSE and NE-SW appear in swarm-like clusters with a separation of
individual fractures in the order of 30-40 m, 10-60 m and 40-75 m, respectively. The NNW-
SSE trending fracture swarm transect the central part of the island and cross over highs and
lows, having minor influence on the topography. At the southern tip of Aspo the NNW-SSE
striking fractures intersect WNW and NE trending fracture swarms. The WNW and the NE
trending fracture swarms roughly conform to the eastern and the western shorelines of
Aspo. The swarms most presumably constitute the outer border zones of regional NE-SW
and WNW-ESE striking fracture zones. The NE-SW striking discrete extensive fractures
have no influence on the topography in the southeastern part of Aspo, while they follow
marked topographical breaks in the central part of the Aspo. NE-SW striking fractures
(separation in the order of 75-200 m) in the upper northwestern half of Aspo appears to
distort the island in a domino-like fashion (left-handed slip). Minor steps in the topography
and very open gullies occur locally along the WNW-ESE striking fractures. The northern
shoreline of the island follows a slightly bent E-W striking regional structure, presumably
composed of the traces of several local structures striking WNW-ESE, E-W and NE. The
bent form of the composite structure conforms more or less with the concentrical
arrangements of fractures associated with the Gotemar granite (cf. Figure 3.3).
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The study of aerial photos indicates that some of the NNW-SSE striking fractures dip
gently (10° or less) towards the east. This is confirmed by field observations. Three
fractures of this type are observed in the central to western part the island and two in the
eastern part.

The fractures drawn across water-covered areas in Figure 3.5 should be looked upon as
correlation lines connecting well-expressed structures. However, for most structures the
control of their extension is lost in the water areas and, most probably, the water-covered
areas are areas with increased fracturing in the bedrock.

3.4.3 Description of fracture zones

Talbot and Munier (1989) have distinguished five groups of fracture zones on Aspo: Gently
dipping fracture zones and zones striking E-W, NW-SE, NE-SW to NNE-SSW and NNW-
SSE to N-S. The characteristics of these groups of fractures zones are summarized below.
(The SKB model of fracture zones in Aspo is presented in Wikberg et al., 1991, but not
considered here).

Gently dipping zones

The gently dipping, c. 25-50 m wide fracture zones strike ENE-WSW to E-W and have a
mean dip of 24 degrees northwards. Gneiss zones are precursors of the gently dipping
fracture zones and they are formed as thrusts having a centerline spacing of c. 110 m.

E-W striking fracture zones

Three types of zones are formed:

1. Strike-slip and oblique slip fault reactivation of mylonites through the
centre of Aspo and dipping 60 degrees northwestwards.

2. Zones less than 20 m wide, possibly related to the gently dipping zones,
containing long (>5 m) sub-vertical fractures with few overlaps.

3. C. 20 m wide vertical to steep fracture zones, with long (c. 8 m) fractures
2 to 4 m apart having a map spacing of 220 to 350 m, and interpreted as
extensional dip-slip features.
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NW-SE striking fracture zones and swarms

Significant zones occur in the western part of Aspo. The fracture zones which are steeply
dipping consist of brittle open fractures and do not reactivate older structures. There are two
types of NW-SE striking zones:

/. 40 to 50 m wide, with centre lines about 50 to 80 m apart, containing few
sets of fractures, initiated as a result of right lateral shear and locally
reactivated as dip-slip faults.

2. Immature zones, probably contemporaneous with the latest NNE-SSW
striking zones and as such, the latest fracture zones to initiate, 0.5 m wide
containing only one set of fractures with a decimetre spacing, and
formed by strike-slip.

N-S striking single fracture and NNW-SSE striking fracture zones

The N-S striking set of fractures contain the largest fracture mapped in Aspo, c. 50 m long
and spacing 50 m. Left-lateral slip along the fractures are noted. NNW-SSE striking
"zones" are composed of en echelon arranged fractures with minor overlaps. Separation of
overlapping fractures is c. 5 to 10 m.

NNE-SSW striking fracture zones

The NNE-SSW striking fracture zones are immature and have few sets of fractures and left
lateral sense of shear.

NE-SW striking fracture zones and swarms

NE-SW striking brittle structures are formed by late reactivation of older mylonites (up to
10 m wide). The fracture zones have several sets of fractures, all with a spacing of 10 cm
or less, and have regular spacings of c. 50 m and dip steeply northwestwards. The NE-SW
striking zones appear to be strike-slip faults.

3.5 SUMMARY

A distinction between lineaments and brittle structures in the basement rocks should be
made. In this study the structures inferred on maps are assumed to represent brittle
deformation in the bedrock. The main arguments are:
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1. Geometrical (extension of structures and pattern).

2. The lack of relation between lineaments and lithological contact on maps
(except where these are outlined by faults).

3. The mapped faults coincide with structures outlined on the lineament
map.

4. All electro-magnetic structures and a majority of the magnetic structures
coincide with interpreted lineaments (refer to airborne measurements).
Ground geophysical profile measurements across major lineaments show
a decrease in magnetization and indicate the existence of one or several
hydraulic conductors.

On the regional, semi-regional and local structural maps several sets of structures are
displayed with no consistent cross-cutting relations. The sets of structures shown on the
three maps have four directions in common (E-W, NW-SE, N-S and NE-SW) and on the
semi-regional and local map a set of NNW trending structures is added. Furthermore, single
structures on the regional map can on the semi-regional and local maps appear as a number
of minor structures or swarms of structures, e.g. N-S, E-W and NW-SE to WNW-ESE
striking structures. Reactivation, especially partial reactivation, of fractures appears to be
common. Exceptions are NW-SE and NNE-SSW striking fractures, which are the latest
fracture zones to be initiated and formed in unbroken bedrock. E-W and NE-SW striking
zones have been formed along longitudinal older gneiss zones. Gneiss zones are also
precursors of NW dipping brittle thrusts. N-S striking fracture zones are found to be faults
locally intruded by dolerite.

On the local scale some of the identified structures are wide (20 to 50 m) fracture zones
(e.g. NW-SE striking zones and zones gently dipping N). Some the wide zones have a
relatively spaced fracturing (eg. the third type of E-W striking zones, see above) and other
zones appear as traces of single fractures with overlapping ends (NNW-SSE striking zones).
The last two types of fracture zones can be difficult to distinguish in boreholes. Since the
number of fractures in a borehole section across a zone will be few, zone-borehole
intersections can be overlooked. Orientational fracture data are needed as well as a good
control of the surface trace of the zones (cf. Figure 3.5). A detailed characterization of
structures (field observations) will increase the possibility to correlate surface and sub-
surface data.

Fracture zones having a complex history (e.g. multiple reactivations) and an internal
fracture configuration consisting of several fracture sets (e.g. E-W and NE-SW striking
zones) are well indicated. However, when different sets of structures have similar
characteristics, orientational data are needed for separation of the different sets and
extrapolation/correlation of observations.
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4. ASPO - LOCAL BEDROCK AND STRUCTURAL GEOLOGY

4.1 BASE INFORMATION

The investigations performed between 1986 and 1990 during the pre-investigation phase
of the characterization of the bedrock condition at the planned Aspo Hard Rock Laboratory,
i.e. before tunnelling, are summarized by Stanfors et al. (1991). SKB summarized the state
of knowledge of the pre-investigation studies in a report titled "Aspo Hard Rock
Laboratory. Evaluation and conceptual modelling based on the pre-investigations, 1986-
1990" (Wikberg et al., 1991). Primary data (when available) and reports form the basis for
the present study.

4.1.1 Surface data

Only very little of all recorded geological field data has been available in primary form, e.g.
field notes and maps. The only primary data available was from fracture mappings
conducted by Ericsson (1987, 1988). The base for the geological and structural
characterization is therefore compiled from SKB reports. However, to get a direct
impression of the geological conditions at Aspo and surrounding areas three short field trips
were conducted:

1. Four days of mapping fractures (Section 4.3).

2. Three days mapping aplites (Paragraphs 4.2.3 to 4.2.6).

3. Two days for general mapping (Sections 4.2 and 4.6).

The mapping was performed along the excavated N-S trenches across Aspo and along the
shore of Aspo (Figure 4.1).

Geophysical profile measurements and detailed geophysical measurements, have been
collected from SKB reports (cf. Table 5.1 and Stanfors et al., 1991, Tiren, 1997; Part E).

4.1.2 Subsurface data

Subsurface data discussed here were obtained during the SKB borehole investigations as
is described in by Tiren (1997; Part D). The configuration of the 12 cored boreholes and
21 percussion boreholes is shown in Figure 4.2. Eleven cored boreholes are located in a
relatively narrow NNW trending corridor from the southern to the central part of the Island.
One cored borehole is located in the northern part of Aspo. The sampled rock volume is
shown in Figure 4.3. The dominant plunge directions of the cored boreholes (9 out of 12
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Figure 4.1 Island of Aspo, location of excavated trenches.

boreholes) are SSE and vertical (Figure 4.2, inset). The remaining boreholes have plunge
directions towards N, SSW, and W. The local subsurface characterization of the bedrock
in this report is mainly based on investigations performed in the cored boreholes, combined
with core logging. Recorded data from cored boreholes are stored in the SKB database
GEOTAB. Geological data and fracture logs as well as geophysical logs have been
compiled in composite geological-tectonic logs and composite geophysical borehole logs,
respectively (Tiren, 1997; Part E). Borehole radar measurements, which play an important
part in this study, are not stored in GEOTAB. These measurements were always carried out
along the entire boreholes, but in some of the SKB reports, results have only been reported
for selected sections of the boreholes. In the present study, all borehole radar measurements
have been included and some additional interpretations have been made (see Sections 4.5
and 5.2).

4.2 BEDROCK GEOLOGY

The presentation of the Aspo bedrock begins with a general description of the main rock
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Figure 4.2 Location of boreholes on Aspo, including stereogram showing
orientation of cored boreholes (Schmidt projection, lower hemisphere
projection). Orientation and length of cored boreholes are given in Table
4.3.
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Figure 4.3 Location of cored boreholes (KAS02-09,11-14) reaching various depths.
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types, followed by a brief description of the mineralogy and petrochemistry of the main
rock types. Finally, the characteristics of the aplitic dykes are presented. These descriptions
are based on SKB reports where references are given, otherwise based on field
observations.

4.2.1 Petrology

Rock types

The main rock type at Aspo (Kornfait and Wikman, 1988) is a weakly to locally well-
foliated, medium-grained granitoid containing centimetre large K-feldspar grains. The
colour of the rock varies from reddish grey to greyish red, where the greyish red variety has
a higher quartz content. Thus, the Aspo granitoids (a collective name used in this report for
granitic to dioritic plutonites on Aspo; Smaland granites in Figure 4.4) vary in composition
from granite (Avro granite) to diorite and the regular Aspo granitoid has a granodioritic
composition. There is, however, a discrepancy in the SKB classification of the Aspo
granitoids due to inconsistent usage of nomenclature and colour codes in figures. Any
general increase in the content of more basic rocks with increasing depth, as stressed by
SKB, is not apparent in the corelogs (GEOTAB). Seventy-six percent of all rock drilled on
Aspo is composed of Aspo granitoids.

The distribution of the subordinate rock types, basic igneous rock and dykes of intermediate
to granitic differentiates, is as inhomogeneous as the tectonic character of the island. In the
central part of Aspo there is an ENE trending belt of foliated low-magnetic rocks with a
more inhomogeneous bedrock composition than the northern and southern parts of the
island (Figure 4.6). A description of different types of subordinate rocks is given below and
is followed by a description of the rock distribution.

Darkish grey, fine-grained meta-andesites/dacites occurring in the central part of Aspo were
first interpreted to be the oldest rock component in the area, i.e. representing deformed
Svecokarelian supracrustal volcanic rocks (older than 1.8 Ga) incorporated in the Aspo
granitoids during their emplacement at c. 1.7-1.8 Ga ago (Kornfait and Wikman, 1990). A
reinterpretation of the genesis of these rocks (Wikstrom, 1989) stressed that they were
injected as dykes during a relatively late stage of the emplacement of the batholithic
intrusion of the Smaland granite suite, as the intrusion was cool enough to be fractured. The
magmas are related to an early stage of the geological evolution, when granitic and basaltic
melts were mixed and mingled. The meta-andesites/dacites often occur in laminated
sequences (composite dykes) where they alternate with aplite. These dykes are more easily
deformed than the granitic host rock and they are generally strongly sheared and display
intricate internal fold patterns. Combining surface observations with borehole logs indicates
that the larger meta-andesites/dacites dykes are dipping (60-80°) northwards. The laminated
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Figure 4.4 Geological map of Aspo (Kornfalt and Wikman 1990 in Wikberg et al.,
1991). TIB = Trans-Scandinavian Igneous Belt, cf. Figures 2.1 and 2.2.

rock contains a high proportion of aplite and a high number of lithological contacts, and the
two rock components have a high contrast in competence. The laminated sections are easily
fractured and thereby have an influence on the ground water transport system. All of the
laminated rocks are conformal with the foliation in the central part of Aspo. Nine percent
of the drilled bedrock is composed of meta-andesites/dacites (mapped as basic volcanites)
and section lengths of the drill core containing this type of rock range from 0.08 to 39.3 m.
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Figure 4.5 Distribution of aplites on Aspo (Kornfalt and Wikman, 1988). Large
outcrops with aplites in black. The lengths of aplites mapped along the
trenches are exaggerated in order to show their strikes.

Aplites occur frequently and they have been intruded during different geological events.
The earliest generations of aplites are related to the Aspo granitoids and the magma mixing
and mingling described above. There are slivers or schlieren-like appearances of aplite in
the foliation of the gneissic types of Aspo granodiorite, back-veined aplites in fragmented
basalt floating in the Aspo granitoids, and aplites intercalated with meta-andesite/dacite in
composite dykes, often intensely deformed. Later aplites occur as regular planar dykes or
irregular fracture fillings. The latest magmatic event that could give rise to intrusion of
aplites was the intrusion of the Gotemar and Uthammar rapakivi granites (1.35 Ga ago).
The occurrence of fluorite in the aplite has been used to correlate some aplites with the
Gotemar intrusion where fluorite fillings are typical. However, that criterion for correlation
has been questioned. The aplites have higher gamma radiation than the ordinary Aspo
granitoids. The aplites are assumed to have an influence on the transport of groundwater,
and they are described in more detail below, together with other quartzo-feldspathic dykes.
Fifteen percent of all drillcores are composed of aplite and the length of core sections with
aplite range from 0.06 to 148.06 m.

The magma mingling created the basic enclaves shown on the geological map (Figure 4.4),
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while the magma mixing resulted in local increases of the mafic mineral in the granitoids
as they locally were transformed into more basic, dioritic, rock. Examples of the latter
occur in the southern part of Aspo. The basic rocks are often metamorphosed to
greenstones. Larger bodies of basic rocks are found in the western and eastern parts of
Aspo. Basic sheets, up to 10 m thick, appear to have more gentle dips than sheets with a
thickness of a metre or less (Talbot and Munier, 1989), cf. orientation of aplites (Paragraph
4.2.4). Strained fragments/xenoliths of mafic rocks are indicators of inhomogeneous ductile
shears in the Aspo granitoids; zones dipping gently northwestward are well indicated.

Dolerite dykes are scarce and occur as relatively planar, decimetre wide intrusions with a
dominant NS/vertical orientation, but steeply dipping NE-S W striking dykes have also been
found. The age of the N-S dykes is thought to be 0.9 Ga old, whereas the NE-SW striking
dykes are probably older (1.42 Ga old?, cf. Paragraph 4.2.6).

In the central part of Aspo, the lobate appearance of subordinate rocks such as aplites,
greenstones and meta-andesites/dacites, shown on the geological map of Aspo (Figure 4.4,
cf. Figure 4.5), is not fully consistent with the sheet-like field appearance of the rocks and
the lithological borehole logs, as in many cases the layers have no apparent continuation
from one borehole to another. This could be interpreted as consistent with a primary
discontinuous form of rock distribution as outlined on Figure 4.4 or be due to block faulting
on various scales. The latter is, however, not indicated on the SKB map (cf. Figures 4.24
and 4.25). Thin layers of aplites and greenstones as well as the deformed dykes of meta-
andesites/dacites are generally steeply inclined, concordant to the foliation in the rock,
while thick bodies of aplites (up to more than 100 m thick) and greenstones are gently
inclined northwestwards. Both aplites and greenstones also occur in the northern and
southern parts of Aspo, while the meta-andesites/dacites are apparently missing.

Petrochemistry

The chemical composition of the Aspo bedrock has been determined by analyses of
surface samples (Kornfalt and Wikman, 1988) and drillcore samples (Wikman et al.,
1988). Most of the common rock types are presented, but the number of petrochemical
analyses is relatively small. The same types of rock are found at the surface and in the
drillcores, although there are some indications of selective alteration of rock types at the
surface.

The petrochemical analysis shows that the Aspo granitoids consist of two groups of rocks.
None of these are actually genuine granites. One group consists of intermediate rocks
(defined as rocks with a SiO2-content of 52-66 wt.% ) with a mean SiO2 -content of c. 61
wt.% and the other group consists of acid rocks (SiO2-contents > 66 wt.%) with a mean
SiO2-content of c. 68 wt.% (Table 4.1). The intermediate group of Aspo granitoids are
reddish grey, whilst rocks of the acid group are greyish red in colour. The intermediate
group of Aspo granitoids has a higher content of total iron oxides (FeO+Fe2O3), MgO,
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CaO, and TiO2 compared with the acid group, while the acid group has an increased
content of K2O and is slightly more oxidized (a higher Fe2O3/FeO ratio). Samples of the
intermediate

Table 4.

SiO-
TiO:

AUO,
Fe,O,
FeO
MnO
MgO
CaO
Na,0

K,6
PA
F
BaO
Total

Fe;O,/FeO
Fe:O, +FeO

1 Petrochemistry of Aspo j

Surface samples
Reddish g
n=8
Mean
value
(wt.%)

61.1
0.84
18.7
1.65
2.35
0.09
2.18
3.84
4.34
3.28
0.33
0.13
0.18
99.02

0.70
4.00

rey

Standard
deviation
(wt.%)

1.1
0.05
1.0
0.35
0.69
0.01
0.16
0.19
0.19
0.33
0.02
0.02
0.05

granitoids.

ASPO GRANITOIDS
Drillcore samples
Reddish g
n=5
Mean
value
(wt.%)

60.6
0.73
17.52
2.47
3.16
0.08
2.35
4.51
4.54
3.22
0.35
0.20

99.73

0.78
5.63

;rey

Standard
deviation
(wt.%)

1.9
0.07
0.61
0.75
0.15
0.01
0.27
0.26
0.14
0.30
0.03
0.04

Drillcore samples
Greyish red
n=3
Mean
value
(wt.%)

68.7
0.39
15.23
1.29
1.37
0.05
0.94
2.38
3.57
4.22
0.13
0.15

98.60

0.94
2.66

Standard
deviation
(wt.%)

1.4
0.05
1.10
0.35
0.21
0.01
0.22
0.26
0.90
0.40
0.03
0.02

AVRO GRANITE
Surface samples

n=I

(wt.%)

68.5
0.52
16.3
1.61
1.61
0.07
1.17
2.11
3.82
4.10
0.19
0.10
0.14
100.24

1.00
3.22

1 Avro granite defined by Kornfalt and Wikman (1988)

group of Aspo granitoids taken at the surface and taken from drillcores show a relative
uniform chemistry. The subsurface samples have an increased content of total iron oxides
and CaO, but no obvious indication of differences due to weathering is apparent. Notable
is that there are no chemical surface samples of greyish red Aspo granitoids. However, the
acid group of Aspo granitoids resembles granitoids commonly occurring just east of Aspo
(Avro granites, Table 4.1).

The petrochemistry of aplites sampled from outcrops and drillcores is relatively uniform
(Table 4.2). However, distributions of less mobile elements, such as titanium and iron,
indicate that the aplites can be separated into two groups. Aplites with low TiO2-content
(0.10-0.15 wt.% TiO2) generally have a lower content of total iron (0.83- 1.60 wt.%
FeO+Fe2O3), while aplites with higher TiO2-content (0.33-0.37 wt.% TiO2) also have an
increased content of total iron oxides (1.97-2.75 wt.% FeO+Fe2O3). The content of total
iron appears not to be related to the state of oxidation (Fe2O3/FeO-ratio) in the rock. It
should be noted that the two groups of Aspo granitoids show the same petrochemical
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pattern, with the intermediate group having the higher TiO2 and total iron contents. The
higher Fe2O3/FeO ratio and CaO content in aplites sampled at the surface indicate shallow-
alteration of the aplite.

The greenstones have a basaltic composition (defined by SiO2-content < 52 wt.%). They
form a relatively inhomogeneous group of rocks and the surface samples appear to be
slightly oxidized.

Mineralogical composition of rocks

The granitiods are mainly composed of plagioclase, quartz, K-feldspar and biotite (42, 20,
17 and 12 volume %, respectively). Granodiorites dominate, but there is a range in
composition from granite to quartz monzodiorite. Modal analyses of 29 samples show

Table 4.2 Petrochemistry of aplites and greenstones, Aspo.

SiO,
TiO,
Al,6,
Fe,O,
FeO
MnO
MgO
CaO
Na,0

K,6
PA
F
BaO
Total

Fe,O*
Fejo,

Surface samples
n=4
Mean
value
(wt.%)

74.3
0.23
13.78
088
066
0.02
0.36
0.93
2.74
5.68
0.05
0.04
0.08
99.75

/FeO 1.33
+FeO 1.54

Standard
deviation
(wt.%)

1.7
0.13
0.05
0.42
0.30
0.01
0.23
0.22
0.35
0.56
0.03
0.03
0.03

APLITES
Drillcore

n=5
Mean
value
(wt.%)

73.4
0.27
13.7
0.72
1.10
0.03
0.35
0.35
2.80
6.03
0.08
0.09

98.92

0.65
1.82

samples

Standard
deviation
(wt.%)

1.1
0.12
0.8
0.31
0.23
0.00
0.09
0.09
0.21
0.35
0.02
0.03

GREENSTONES
Surface samples
n=2
Mean
value
(wt.%)

50.8
1.60
15.7
4.11
7.51
0.22
5.88
7.44
2.08
1.57
0.33
0.09
0.06
97.44

0.54
11.61

Standard
deviation
(wt.%)

0.5
0.01
0.1
1.05
1.14
0.02
0.13
0.69
0.21
0.54
0.00
0.02
0.01

Drillcore samples
n=3
Mean
value
(wt.%)

51.87
1.22
16.50
2.27
6.50
0.16
6.18
7.58
2.83
2.24
0.38
0.15

97.88

0.35
8.77

S t a n d a r d
deviation
(wt.%)

1.86
0.39
2.82
0.41
2.56
0.04
2.44
1.66
1.11
0.93
0.13
0.10

standard deviations of 5-7 volume %. A minor mineral is epidote (4 volume %), and
minerals with an occurrence less than one volume percentage are chlorite (altered biotite),
muscovite, sphene, apatite, and opaque minerals.

The aplites with true granitic composition have a uniform mineralogical composition. The
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main minerals are K-feldspar, quartz and plagioclase, with 38, 31 and 21 volume %,
respectively. Modal analyses of 31 samples show standard deviations of 4-9 volume %.
Minor minerals are epidote (4 volume %), muscovite (3 volume %), biotite (2 volume %),
and minerals with an occurrence less than one volume percentage are chlorite, opaque
minerals, calcite and fluorite.

All compact dark-green rock types are here called greenstones. The greenstones (ranging
in composition from dacite to basalt) comprise intrusive rocks, different types of
hybridic/mixed dark rocks and altered basic rocks. The main minerals of the greenstones
are plagioclase, biotite and amphibole, with 37, 19 and 18 volume %, respectively. Modal
analyses of 26 samples show standard deviations of 14-18 volume %. Minor minerals are
pyroxene (0 or 14 volume %), epidote (11 volume %), quartz (8 volume %), K-feldspar (0
or 4 volume %), chlorite (2 volume %), and minerals with an occurrence less than one
volume percentage are opaque minerals, apatite, sphene, and calcite.

4.2.2 Structural relations

The TIB-rocks have, in relation to the older and metamorphic Svecokarelian rocks, been
described as "undeformed" (cf. Chapter 2). The detailed SKB studies on Aspo (Kornfalt
and Wikman, 1988, Talbot et al., 1988) point out the existence of a penetrative foliation,
folds and ductile shear zones in the plutonic rocks. Wikstrom (1989) assumes that the
ductile structures are formed during the emplacement of the plutonites within a major
batholith, while Talbot et al., (1988) and Talbot and Munier (1989) relate the structures to
variation in the regional stress field.

Magnetic character of the bedrock

Detailed magnetic measurements were preformed on Aspo (Nisca and Triumf, 1989).
Measurements were made every 5 m along E trending profiles with a profile separation of
10 m. Based on a grey-tone magnetic map and a colour map of the total intensity (Nisca and
Triumf, 1989, Figs. 2 and 3) a reinterpretation is presented below.

The detailed magnetic measurements show that the bedrock of Aspo is divided into areas
with magnetic and low-magnetic character. The variation in magnetic character in the
bedrock does not appear to be related to rock types but rather to deformation (cf. Henkel
and Guzman, 1977). The low magnetic rocks are located in aNE trending belt crossing the
central part of Aspo (Figure 4.6), whilst the magnetic rocks are located in the northwestern
and southeastern part of the island. The contacts between the low-magnetic rock and the
magnetic rocks are zones of increased porosity, according to core logs (see description of
fracture zones below). The relatively low magnetization in the rock in the central part of
the isla: is interpreted as a combined effect of deformation and hydrothermal alteration
(i.e. oxiudtion).
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Figure 4.6 Subdivision of the Aspo bedrock into magnetic and low-magnetic rocks.

The time-glass shape of the low-magnetic rock on Aspo is interpreted to take on the
appearance of two crossing zones striking E-W and NE-SW, respectively (cf. Figures 4.6,
3.3 and 3.5). The alteration (decrease in magnetization) of the bedrock related to the NE-
SW and E-W striking zones are in the order of 300 and 100 m, respectively.

The internal magnetic fabric in the low-magnetic and magnetic rock (Figure 4.7), can be
used as markers to unravel structural patterns (cf. Sections 4.6 and 4.7). The magnetic
measurements reveal that the low-magnetic belt of rocks has a pronounced internal NE
trending "magnetic" foliation (low-magnetic bands) which appears to bend westwards on
the northern side of an E trending low-magnetic band and eastwards on the southern side
(Figure 4.7). However, NE trending low-magnetic bands also occur in the magnetic unit.
In the northern magnetic segment of Aspo the NE low-magnetic bands are curved (S-
formed), while in the southern magnetic rock segment they appear to be straight, NW and
NNW trending low-magnetic structures. In the western part of Aspo there is a relatively
wide and distinct N-S trending low-magnetic band crossing the island.
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Figure 4.7 Shear patterns (interference between E-W and NE-SW striking shears)
and NW, NNW, N and NE trending oxidation zones (thin lines and a
grey toned N trending domain in the western part of Aspo) indicated by
detailed ground geophysical, magnetic, measurements. A wide belt of
low magnetic rocks (hatched) trending ENE transects the in the centre of
Aspo, cf. Figure 4.6.

A simple correlation between the pattern of low-magnetic structures on Figure 4.7 and
topography (cf. Figure 3.5, Figure 3.1 in Tiren and Beckholmen, 1988) indicates:

1. ENE trending low-magnetic zones are locally well expressed (escarpments
and gullies).

2. NE trending low-magnetic structures curved eastwards have no obvious
correlation with topography (located both within topographical lows and
highs).

3. Straight low-magnetic bands trending NE and NNW are both correlated to
extensive discrete fractures (Figure 3.5).
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4. NW trending low-magnetic structures are locally expressed as minor gullies
and coincide with, or are located adjacent to, discrete fractures (Figure 3.5).

A more thorough study of the relation between magnetic structures and their topographical
expression can be fruitful in the perspective of characterization of structures.

The pattern outlined by bold lines in Figure 4.7 is interpreted as an interference between
an E-W right lateral shear (E-W striking displacement shears), a deformed NE-SW striking
thrust sheet and a deformed NE-SW striking zone (c. 300 m wide, with inferred shears
deflected in a right-handed manner by a central reactivated E-W displacement shear).

An explanation of the origin of the low-magnetic bands, favoured in this study, is that they
represent structures which at least once have been open to allow an oxidation agent, ground
water, to be transported along the structure (cf. Henkel and Guzman, 1977).

Foliation

The Aspo bedrock has a main ENE-WSW striking foliation with vertical to steep dips both
to N and S. The regional foliation appears to strike c. E-W southward through the region
as far as Oskarshamn, but northwards the strike of the foliation change can be more NW
towards the contact between the TIB-rock and the Svecokarelian rocks. The Aspo bedrock
has a main ENE-WSW striking foliation with a dominant dip of 80 degrees towards NNW,
though vertical to steep dips southwards occur. Variation in dips of the NNE-SSW striking
foliation may be caused by an early phase of folding (magmatic flow) according to Talbot
et al., 1988) and Talbot and Munier (1989). The latter have also found two sets of old
gneiss zones: One parallel to the dominant orientation of the foliation, and another with the
same strike, but dipping c. 20 degrees northwards. Before 1.4 Ga ago these zones were
reactivated as mylonitic shear zones (Talbot and Munier, 1989). The E-W striking branch
of a regional E-W striking zone (Figure 3.3), which transects the centre of Aspo (cf. Figures
3.5 and 4.7), may represent such a reactivated structure.

Traces of foliation with a divergent trend in NNE to NE indicate the existence of ductile
shears oblique to regional foliation in the northern part of Aspo. A NE trending belt with
mylonitic foliation, at least 100 m wide, transects the central part of the island, cf. Figure
4.7. The deformation in this belt is inhomogeneous as it contains bands comprising
mylonites, gneissosed and altered rock but also weakly foliated rock.

The configuration of mylonitic bands in the central part of Aspo (Talbot and Munier, 1989)
resembles the configuration of low-magnetic bands displayed in Figure 4.7. The regional
relation of the mylonitic zones striking E-W and NE-SW gives that the E-W zones are
older, but local relationships on Aspo indicates that they could be contemporaneous. This
"conflict" and the distribution of mylonites outside the two mylonitic zones on Aspo should
be studied further as mylonites act as precursors of brittle deformation.
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4.2.3 Aplites - types

In the Aspo bedrock several types of quartzo-feldspathic dykes occur as aplites, pegmatites,
and quartz veins. Pegmatites and quartz veins are relatively common and they are often
related to the aplitic dykes. The aplites represent early fracture infillings and can therefore
be used as markers when unravelling the brittle deformation history of the bedrock. The
aplites are generally more fractured than the more coarse-grained granitoid host rock and
thereby may have an influence on the transport system of the groundwater and the
mechanical properties of the bedrock. The aplites and related rocks are treated in more
detail below.

The most common aplites exhibit a relatively uniform appearance regarding grain size and
texture. In general, they are even-grained, medium-grained, light red in colour, and often
homogeneous. The aplites (called fine-grained granite by SKB) have an increased content
of uranium and thorium. Several different types of aplite can be distinguished:

/. Schlieren of aplite, i.e. irregular wisps or slivers, pulled apart and/or
folded, lying enclosed in the host rock foliation.

2. Homogeneous aplites having sharp contacts with the host rock,
appearing as dykes or minor rock bodies/sheets.

3. Aplitic rocks occurring together with metabasaltic rock or intercalated
with meta-andesites/dacites. The latter are often folded and sheared. This
type of aplite may contain fragments of more basic rocks.

4. Zoned aplitic dykes, with grain size zonation.

5. Aplites which (on an outcrop scale) grade into pegmatites or quartz veins
or aplitic dykes with a core of pegmatite or quartz.

The first type of aplites, schlieren (cf. veined gneiss, Nehmert, 1968), is common in the
central part of Aspo, which is penetratively deformed (see Paragraph 4.2.2), but similar
structures occur in the less deformed bedrock in the northern and southern parts of Aspo.
The deformation of the aplites is typically accompanied with recrystallization of at least the
rim of the aplites. The pull-apart fragments have rounded ends and are connected by traces
of quartz and feldspar. These layers are locally folded asymmetrically and the axial plane
of the folds is subparallel to the foliation in the bedrock.

Homogeneous aplites are the most common type of aplite occurring at Aspo. The
geological map of Aspo, Figures 4.4. and 4.5, shows relative large bodies of aplite in the
central part of Aspo, while in the rest of Aspo the appearance of aplites is dominated by
relatively thin (up to some decimetres wide) dykes. At least some of the larger outcrops
consisting of homogeneous aplite in the southern part of Aspo, are found to be flat lying
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dykes (up to a few metres wide), e.g. at the southernmost tip of Aspo. For example,
borehole information in the northern central parts of Aspo indicates the following about
one of the largest outcropping bodies of aplite (Figure 4.4):

1. The lower boundary of the aplite is planar.

2. The aplite is gently inclined towards NW.

3. The aplite is c. 30 m thick.

4. The aplite has a limited lateral extension (e.g. it is found in cored
borehole KAS04 and several percussion boreholes, but not in cored
borehole KAS03, cf. Figures 4.24 and 4.25).

However, it is also evident from borehole logs that the vertical distribution of aplites varies
in the same manner as the horizontal distribution, i.e. there are few thick gently dipping
aplites (a c. 150 wide section of aplite is penetrated by KAS03 at a depth of c. 700 m) and
several minor aplites. Most aplites of this type appear as sheets with distinct contacts to
their surroundings and cut discordantly the fabric in the Aspo granitoides. Early aplitic
dykes belonging to this group are broken, separated and apparently floating in undeformed
Aspo granitoids.

Aplites found in association with intermediate and basic rocks often have irregular
appearance. Aplitic rocks occurring together with or intercalated with meta-andesitic/-
dacitic rocks, often display a complex fold pattern. Aplites occurring together with basaltic
rocks occur as halos outside the basite or as veins gluing together (back veining) fragments
of basite. In a deformed state, the latter type of rock is converted to a banded rock. Aplites
containing fragments of intermediate or mafic rock are assumed to be related to this group.

Zoned aplites occur as relative extensive dykes up to some metres wide. The zonation
consists of an outer rim of coarse grained K-feldspars (pegmatoid) and a core of more
ordinary aplite.

Other types of inhomogeneous dykes are aplites with a core of pegmatite or quartz and
aplites which, along their extension, merge into pegmatites and quartz veins.

4.2.4 Aplites - orientation of dykes

The orientation of aplitic dykes has been measured along the N trending excavated trenches
and along the southern shoreline of Aspo. Orientations of all types of aplites are shown in
Figures 4.5 and 4.8. Division of Aspo into three subareas is based on the results of the
detailed magnetic measurements, cf. Figure 4.6 and Section 4.2.2.
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Figure 4.8 Orientation of aplites at Aspo. Subdivision of the Aspo bedrock into
three different parts has been made according to the magnetic character
of the bedrock, Figure 4.6. Schmidt net, lower hemisphere projection.
Contour interval- 1,3,5,7.5,10 and 15% whenN>100, 2,4,8,10 and 15%
when N=48, and 4,8,12 and 16% when N=24.

A very pronounced orientation, vertical with NE-SW strikes, occurs for the aplitic dykes
in the central ENE trending low magnetic zone across Aspo" (Figure 4.6), although other
orientations NE-SW/moderately NW, N-S/vertical, E-W/steep northwards, and also flat-
lying are indicated. In the northern part of Aspo ENE-WSW/vertical aplites dominate and
N-S/vertical and NE-SW/vertical dykes are subordinate. The geometrical configuration of
aplites in the southern part of Aspo is more complex. Vertical dykes are very common with
a c. N-S strike together with other vertical dykes striking NNE-SSW, ENE-WSW and NW-
SE. Moderately northwards inclined (c. 45°) dykes are nearly as frequent as vertical NNE-
SSW and ENE-WSW striking dykes. Aplites moderately (c. 45°) dipping towards the SE
are also notable. The borehole data indicates that most of the thick aplites are gently



43

inclined and at least some of them are dipping northwestwards.

4.2.5 Aplite - spatial distributions

The core logs (in GEOTAB, file ROCK TYPES, where rock type sections smaller than 0.5
m are excluded) are detailed continuous sampling lines (Aspo boreholes are c. 250 to 1000
m long) and provide statistical information on the spatial distribution of rock types (Tables
4.3 to 4.4 and Figures 4.5, 4.8 to 5.10), as well as other data.

Aplitic dykes are most numerous in the northern part of Aspo (vertical borehole KAS03)
and also constitute a high proportion of the bedrock in the deformed low magnetic rocks
in the central part of Aspo (borehole KAS04, plunging 60° SE) and in magnetic rocks in the
southern part of the island (vertical borehole KAS11). The distribution of aplites is,
however, inhomogeneous. Over a distance of less than 75 m, e.g. between boreholes
KAS02 and KAS05, the relative occurrence of aplites may vary by a factor of four and the
number

Table 4.3 Apparent thickness and occurrence of aplites in the Aspo boreholes
measured along the drill cores. Apparent thickness is the length of a
measured interval with aplite in the direction of the borehole.

BOREHOLE

Number

KAS02
KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS14

Total:

Bore-
hole
orien-
tation

330/85
330/85
135/60
150/85
355/60
205/59
135/60
169/60
22/89
150/69
267/62
137/60

Bore-
hole
length

(m)

924.04
1002.06
480.98
549.6

602.17
603.17
601.49
450.52
248.8
380.4
406.95
211.85

6462.03

APLITE
Occurrence of aplite in boreholes

No of
aplites
inter-
sected
by bore-
holes

38
59
27
12
29
18
20
16
11
14
5
8

257

Total
length
of aplite

(m)

133.86
222.31
140.06
19.39
130.84
40.32
65.63
64.09
66.04
50.75
25.50
38.10

876.43

No of
aplites
perm
borehole

(nr1)

0.041
0.059
0.056
0.022
0.048
0.030
0.033
0.036
0.044
0.037
0.012
0.038

0.037

Relative
occurr-
ence

(length

14.49
22.19
29.12
3.53
21.73
6.68
10.91
14.23
26.54
13.34
6.27
17.98

13.56

Apparent width of aplite
Mean
apparent
width

(m)

3.52
3.77
5.19
1.62
4.51
2.24
3.28
4.01
6.00
3.63
5.10

44.76

3.66

Standard
devia-
tion

(m)

9.78
19.24
11.32
0.64
14.11
3.11
6.63
3.14
8.27
2.23
7.41
6.90

11.41

Median
apparent
width

(m)

0.62
0.59
0.83
1.46
0.86
1.34
1.50
3.41
1.38
2.91
2.26
1.80

1.16
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Table 4.4 Separation of aplites along boreholes: Spacing (distance between
adjacent aplites) and separation between the centres of adjacent aplites.

Borehole
number

KAS02
KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS14

Total:

APPARENT SPACING OF APLITES

Mean
separation

(m)

20.29
12.37
11.26
41.71
13.90
27.06
25.49
21.05
15.41
21.55
82.04
21.19

19.51

Standard
deviation

(m)

27.94
20.53
15.23
39.25
21.97
27.64
30.17
19.82
21.78
18.22
52.19
19.46

26.22

Median

(m)

8.04
6.96
3.76
38.44
5.23

21.56
18.91
11.92
9.4
15.6

76.71
14.4

9.42

SEPARATION
APLITES

Mean
separation

(m)

23.62
16.20
16.63
43.35
17.20
29.35
28.09
25.12
21.95
25.20
86.01
26.40

23.22

BETWEEN CENTRES

Standard
deviation

(m)

31.32
24.96
15.26
39.24
27.69
27.16
30.09
20.03
22.48
19.09
55.10
19.76

28.15

OF THE

Median

(m)

9.79
8.37
9.50
39.80
7.64

22.14
20.49
17.70
18.58
19.26
78.52
18.81

12.33
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Figure 4.9 Distribution of apparent thickness of aplites in the Aspo drillcores
(aplites shorter than 0.5 m are not included ).
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Figure 4.10 Distribution of apparent spacing of sections with aplites in the Aspo drill
cores (aplites shorter than 0.5 m are not included), cf. Table 4.4.

of aplites by a factor of two. Similar variations also occur in adjacent parallel inclined
boreholes in the low magnetic foliated rocks in the centre of Aspo (e.g. boreholes KAS04
and KAS12 plunging 60° SE). When comparing non-parallel boreholes the aplites have
preferred orientations and thus samples are related to the orientation of the borehole, e.g.
compare borehole KAS02, KAS06 and KAS07.

Forty-two percent of all aplites show an apparent thickness less than 1 m, Figure 4.9, and
c. 7% of the aplite sections in the drillcores are longer than 10 m. Notable is that the
variance in length of the aplite sections is increased in boreholes with a higher number of
aplites per metre drillcore, cf. Tables 4.3 and 4.4. The aplites occur as clusters.
Approximately thirty percent of the aplites have a separation distance to nearest aplite along
the drill core larger than 20 m and c. 11% of the aplites are located more than 50 m apart
along the drillcore, Figure 4.10. The largest drillcore section containing no aplite is c. 140
m.

A detailed study of the distribution of aplites considering the orientation of boreholes and
the number of sets of aplites, may give a contribution to the characterization of the aplite
intrusion pattern and thereby also knowledge about the early fracture system in the rock.
This early system may have influenced subsequent deformation on several scales.
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4.2.6 Aplite - ages

The relative ages of the different groups of aplites described above are not well established.
However, using the character of fabric relationships between the aplites and the wallrock
combined with overprinting criteria, the following succession can be deduced. There are
at least three early types of aplites: Angular fragments of aplites floating in weakly foliated
Aspo granitoids, schlieren and veins of aplite (partly recrystallized) enclosed and deformed
within the foliation in foliated Aspo granitoids, and aplites occurring with intermediate and
basaltic rock components involved in an early magma mixing and mingling process. The
latter occur both in an undeformed state and as a well-laminated rock when strongly
sheared. All the early aplites are thus interpreted to be formed while the Aspo granitoids
were emplaced c. 1.7-1.8 Ga ago. The other types may be younger and their occurrence is
related to early fracturing of the bedrock and intermittent periods of semiductile
deformation.

The uniform orientation of thin aplitic dykes (up to some metres wide) in the NE/vertical
direction in the central parts of Aspo (the belt of low magnetic rocks in Figure 4.6) reflect
the shear fabric in the rock. The lithological contacts of the aplites are locally strongly
sheared and dykes are drag folded (left lateral shear) within the NE-SW striking mylonitic
shear fabric. Thick gently inclined aplites occur in the central belt, as well in the northern
and southern parts of Aspo, and have limited lateral extension.

The geometrical configuration of aplites in the northern and especially in the southern parts
of Aspo express a fracture configuration which is not deformed or at most affected by
minor penetrative shear deformation. Aplites are offset by N-S striking schistosity zones,
locally accompanied with right lateral mylonitic shears, N-S left lateral brittle shears and
minor NW-SE and NE-SW striking shears. The origin of the late aplites is not well
understood. Arguments that they are related to the 1.35 Ga old intrusion of the Gotemar
rapakivi granite have been presented. However, a regional deformation which could have
caused a several hundred metres wide shear zone across Aspo at that time is not known in
southeastern Sweden. It could be related to mountain building processes which were acting
in western Sweden during this period (ending with the Sveconorwegian orogeny, c. 1.0 Ga
ago). However, the structural relationship and semiplastic deformation of aplitic dykes
indicate that the aplites are related to the TIB rocks. The structural relationship between the
gently inclined thick aplites and the NE-SW striking shear belt should, however, be studied
in more detail as well as the existence of N-S striking aplites in the zone. This in order to
clarify these uncertainties.

4.3 FRACTURES IN OUTCROPS

Fracture mapping on Aspo was conducted by Ericsson (1987, 1988) and was aimed at
collecting base data for hydrogeological and rock mechanical model studies. Mapping of
fractures was mainly carried out along the N-S trending excavated trenches crossing Aspo,
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Figure 4.1, but also on a few large outcrops and at some localities along the southern
shoreline of the island. A total of 52 outcrops was surveyed. Fracture data presented by
Ericsson (1987, 1988) is summarized in Figures 4.11 and 4.12.

The central N-S trench as well as the southern shoreline have been remapped using a
somewhat different sampling approach compared to that applied by Ericsson (see above).
Eriksson reports "all" fractures mappable in the rock, whilst during our remapping only
open fractures and fracture surfaces having influence on the morphology of the outcrops
were mapped. The latter are not included or are suppressed in the Ericsson fracture data set
(a sampling bias). The argument for our applied methodology of sampling fractures has
been presented by Tiren (1991) and it is based on the assumption that the morphology of
outcrops is determined by the fracture configuration in the bedrock and that those fracture
planes forming the geometrical shape (morphology) of the outcrops are those
fractures/fracture sets that have lowest tensile strength. Therefore these fractures most
probably define the geometry of the transport path of the groundwater in the bedrock and
also define the geometry of the rock blocks.

The aims of the fracture mapping performed in this project were to identify the geometry
of rock blocks and to interpret the most probable geometry of the water transport paths in
the bedrock. Fracture data recorded during the present study is presented in Figure 4.13.

The fracture configuration on Aspo island varies somewhat across the minor fracture
valleys in the central part of Aspo and indicates gently northwards dipping fracture zones
in the northernmost, central and southern part of the island. At least some of the gently
dipping fracture zones were initiated relatively early in the structural history of the area as
they are located within ductile shear zones (gneiss zones according to Talbot and Munier,
1989) with strongly elongated basic xenoliths. There are also horizontal fractures that one
may refer to as sheeting (release joints, cf. Section 4.6 and Figures 4.14 and 4.15). In the
vicinity of extensive structures there is generally an increase of fracture intensity as well
as an increase in the number of fractures subparallel to the structure, though the fractures
parallel to the structure do not have to be the dominant set. This is typical for extensive
fractures striking NNW-SSE, NE-SW, ENE-WSW, N-S and E-W, (cf. structural
interpretation of aerial photos above, Figure 3.5). There is also a consistent set of ENE-
WSW striking fractures dipping moderately southeastwards. Such fractures do not appear
to be parallel to any extensive structure. However, the fractures are parallel to aplitic dykes
and they may also be structures (Riedel shears) related to or reactivated by gently
northwards dipping thrusts (interpreted by Talbot, Riad and Munier, 1988, Talbot and
Munier, 1989). This implies that they may contribute to an ENE trending hydraulic
anisotropy. Notable is that extensive NNW-SSE striking fractures are planar structures,
duplex-like fracture configurations are common where they overlap. In general the wallrock
along NNW-SSE striking fractures is not distorted, but locally the NNW-SSE striking
"fractures" occur as dm-wide zones of ultramylonites where the wallrock is foliated
(gneissosed) parallel to the "fracture" and aplites in the wallrock are semi-plastically
sheared. Slickensides show pure strike-slip displacement along the NNW-SSE striking
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fractures coated with chlorite and iron-oxyhydroxides.

n=321 n=687

n=1296

n=599
' N

n=194

Figure 4.11 Fracture configurations on Aspo (summarized from Ericsson 1988 and
1989, data from SKB database GEOTAB), see text for further
explanation. Schmidt net, lower hemisphere projection. Contour
intervals, 3,5,7.5,10 and 15%.
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Figure 4.12 Dominant fracture orientation in mapped outcrops (based on data
GEOTAB, recorded by Ericsson, 1988), cf. Figure 4.11.

Vertical NW-SE to WNW-ESE striking fractures are dominant and they appear to be
homogeneously distributed in the northwestern, central, and southern parts of Aspo. The
NW trending fracturing is topographically expressed as minor steps along the southwestern
side of the island and it also appears to rule orientation of the shore line. Notable is that
fractures parallel to the NE-SW striking deformation zone transecting the central part of
Aspo are generally subordinate, but may be well pronounced in minor fracture valleys as
in a valley located along the northwestern border of the NE-SW striking mylonitic shear
zone in the southern and central part of Aspo.

A more thorough analysis of the fractures forming the morphology is needed and it will
most presumably contribute to the knowledge of the rock block configuration. However,
it is obvious that there is a slight difference in orientation of fractures in the northern,
central and southern part of the Aspo island. This implies that the geometries of local/minor
rock blocks are not identical in the three subareas and/or that the rocks in the three areas are
displaced relative to each other.
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n=69 n=103

N

n=187

Figure 4.13 Configuration of fractures forming the morphology of the outcrops on
Aspo, see text for further explanation. Schmidt net, lower hemisphere
projection. Contour interval=l,3,5,7.5 and 10% whenN>83, and 3,6 and
9whenN=33.
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4.4 FRACTURES IN DRILLCORES

The subsurface configuration and distribution of fractures are expressed in the fracture logs
of the cored boreholes (Tiren, 1997; Part E), cf. Figure 4.14. Fractures of a tectonic origin
parting the core are labelled natural fractures in GEOTAB (file NJOINT). Segments of the
core that could not be restored and/or in which the size of the rock fragments (pieces of the
core) is less than 10 cm are denoted crushed rock in GEOTAB (file CRUSH). Intervals
mapped as crushed rock are further on in the report denoted Crushed Rock. Composite core
logs showing rock type distribution, deformation and alteration of bedrock, location of
Crushed Rock and core loss, fracture frequencies (fracture parting the core and sealed
fractures), fracture infilling and intersection angle between structures and drillcore axis are
presented in Tiren (1997; Part E).

Natural fractures

Most of the fracture logs describe characteristics of unoriented fractures. Oriented fracture
data is available for selected sections in the first five cored boreholes (KAS02-06).
Correction for orientation bias has not been made in this study and comments made below
refer to relative variation in orientation of fractures along the boreholes. In vertical to
subvertical boreholes the angle of intersection between boreholes and fractures has been
used to understand variation in dip of fractures with increasing depth, Figure 4.14.

In the northern part of Aspo, borehole information in borehole KAS03 indicates a generally
higher degree of fracturing in the upper parts of the borehole compared with the fracturing
in the southern part of Aspo. The fracturing is still more enhanced in a c. 200 m wide
section which ends at a depth of c. 420 m in borehole KAS03. This section has an irregular
fracture distribution and general downwards increase in fracture intensity. At the depth of
420 m there is a sudden drop in the fracture intensity and it becomes similar to the general
degree of fracturing occurring in the southern part of Aspo. At levels above 420 m, the
fractures are dominated by fractures dipping 0-40° northwards (according to the TV-log
there is a maximum for fractures dipping 15° towards the NNW) and the configuration of
the fractures changes across the 420 m level which presumably represents the lower
boundary of a major, flat lying tectonic unit (a fracture zone). The number of steeply
inclined fractures does not change much across the tectonic contact. At depth greater than
420 m in borehole KAS03, minor sections (10-20 m wide) with gently inclined fractures
and minor constituents of crushed rock, occur with a separation of c. 100 m (KAS03 at
depth c. 515, 620 and 725. Borehole radar measurements indicate dips of c. 40°). In the
southern part of Aspo a structure similar to the 220-420 m zone in KAS03 exists in the
lowest parts of borehole KAS02 at depth below 800 m. Haematite, as a fracture infilling
mineral, is typical for the gently inclined zones.
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NATURAL FRACTURES
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Figure 4.14 Distribution of natural fractures intersecting the subvertical boreholes
KAS02, 03, 05 and 11. Intersection angles of 0° correspond to
subvertical fractures and 90° correspond to subhorizontal fractures.

In the drilled southern part of Aspo there is no obvious correlation between intensity of
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fracturing and depth (cf. KBS-3 sites, SKBF/KBS, 1983). However, relatively wide
sections (up to a length of some hundreds of metres along the boreholes) with markedly
increased fracturing occur at depth in several boreholes, e.g. borehole KAS02 (Figure 4.14).

The dominant fracture orientation, NW-SE/'subvertical, mapped at the surface is well
expressed along borehole KAS06, which plunges N. In the two subvertical boreholes
KAS02 and KAS05 NW-SE striking fractures occur either along the whole borehole
(KAS02) or in restricted sections (KAS05). In the basement rocks below the NW trending
embayment on the southeastern side of Aspo, the relative occurrence of NW-SE striking
fractures is increased (KAS06, borehole length 400-561 m). Steeply dipping NNW-SSE
striking fractures transect the central parts of Aspo (KAS02 at 450-500 m, KAS04 at 380-
439 m, and KAS05 at 360-500 m).

NE striking fractures transect the central parts of Aspo and these fractures are found in
restricted sections of the SE plunging borehole KAS04 (borehole length 170-229 m, 380
m to the end of the borehole at 480 m) and in the lower part of the N plunging borehole
KAS06 (400-560 m), but they are scarce in the two subvertical boreholes KAS02 and
KAS05. The upper section with NE-SW striking fractures in KAS04 and the section at the
bottom of KAS06 are located in the northwestern and the southeastern boundaries of the
NE trending domain of low magnetic and sheared rocks transecting the central parts of
Aspo (Figures 4.6 and 4.7).

A systematic change in dip of fractures in the uppermost parts of borehole KAS05 is
notable, Figure 4.14. With increasing depth the fractures gradually become less inclined,
starting from vertical at the surface to horizontal at a depth of c. 85 m. A possible
explanation of this curved pattern of fractures is that the borehole penetrates a splay of
fractures emanating from a flat lying zone (Figure 4.15). This type of structure has not been
identified in any other borehole.

Figure 4.15 Borehole KAS05 interpreted as penetrating a splay of fractures
(alternative interpretations exist, e.g. with a steeply dipping main shear).
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Wide sections characterized by an increase in the frequency of subhorizontal fractures (2
to 3 times relative to county rock) are found in the subvertical boreholes KAS02 and
KAS05 at depths of 20-120 m and 130-175 m , respectively. These sections contain only
few minor parts with crushed rock. The splay-like structure may be genetically related to
the subhorizontal fractures.

The most fractured rock in the southern part of Aspo is found in the lowest part of borehole
KAS02 (below a depth of c. 800 m to the bottom of the borehole at 924 m). The character
of the zone is similar to the wide and presumably gently inclined zone in borehole KAS03,
but the section in KAS02 is more intensely fragmented and comprises also a higher
proportion of subvertical fractures.

In the vertical borehole KAS11 at the southern tip of Aspo there is a wide section (at a
depth of 120-205 m) with an increase of fractures dipping c. 45°. In the lower part of this
section the proportion of gently inclined fractures are increased.

Crushed Rock

Drillcore sections mapped as Crushed Rock may also include sections which are intensely
fractured without any rotation/crushing of the rock fragments as in, e.g. fault breccias. Most
sections mapped as Crushed Rock are very short (c. 54% are less than 0.2 m), c. 78% are
shorter than 2 m, and one section of Crushed Rock is longer than 19 m, Figure 4.16. The
mean and median width of sections mapped (Table 4.5) as Crushed Rock are 0.69 m and
0.16 m borehole lengths, respectively. The relative occurrence of Crushed Rock (total
length of Crushed Rock divided by borehole length) varies from c. 1% to c. 28% with a
mean value of c. 4%. The bedrock in the southern part of Aspo appears to be most
fragmented (boreholes KAS09, KAS11 and KAS14).

Crushed Rock occurs in clusters, Figure 4.16 and Table 4.5. The mean and median
separation of sections (middle to middle of sections, measured along the cores) containing
Crushed Rock in the boreholes at the southern edge of Aspo varies from c. 11-14 m and c.
4-5 m, respectively. Corresponding numbers for other boreholes on Aspo are c. 15 m to 55
m and 1.9 to 37 m, respectively. Large separations of Crushed Rock, nine exceeding 100
m borehole length, occur along inclined boreholes in the central part of Aspo (Boreholes
KAS04, 06, 07, 08 and 13) and in one vertical borehole (KAS05, note that KAS05 has a
diameter of 76 mm while the others are 56 mm holes), cf. Figure 4.17. The mean and
median separation of sections with Crushed Rock along drillcores in the Aspo boreholes
are c. 14 m and 4 m, respectively.

Crushed Rock has a similar appearance in boreholes KAS03 and KAS04. KAS04 was
drilled to investigate fracture zones well indicated as topographical features while KAS03
was drilled to investigate the northern block of Aspo. Borehole KAS12 is drilled to
penetrate the same structures as KAS04. The inclined boreholes KAS06-08 and 13, forming
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Table 4.5 Distribution of Crushed Rock (C.R.) in boreholes (calculation based on
GEOTAB data Crushed Rock, zones of Crushed Rock are not mapped
in KAS02).

BOREHOLE

Num-
ber

K.AS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS14

Total:

Orien-
tation

330/85
135/60
150/85
355/60
205/59
135/60
169/60
22/89
150/69
267/62
137/60

Length

1002.06
480.98
549.6

602.17
603.17
601.49
450.52
248.8
380.4

406.95
211.85

5537.99

CRUSHED ROCK

Absolute
occurrence

Num-
ber of
zones
inter-
sected

74
38
6

22
33
23
37
27
33
24
23

340

Total
length

(m)

12.95
6.12
5.42
6.69
11.05
33.31
33.16
26.39
23.64
16.73
59.08

234.54

Relative
occurrence

Metre
propor-
tion
C.R. to
bore-
hole
length

(%)

1.29
1.27
0.99
1.11
1.83
5.54
7.36
10.61
6.21
4.11
27.89

4.24

Num-
ber of
C.R.
per
metre
bore-
hole

(m1)

0.074
0.079
0.011
0.037
0.055
0.038
0.082
0.109
0.087
0.059
0.109

0.061

Apparent width

Mean
width
bore-
hole
length

(m)

0.18
0.16
0.90
0.30
0.33
1.45
0.90
0.98
0.72
0.70
2.57

0.69

Stan-
dard
devia-
tion

(m)

0.28
0.20
0.78
0.40
0.47
1.95
1.86
2.37
0.74
1.41
4.53

1.74

ofC.R.

Median
width
bore-
hole
length

(m)

0.07
0.08
0.60
0.16
0.14
0.35
0.24
0.22
0.44
0.12
1.17

0.16

Table 4.6 Separation of Crushed Rock along boreholes: Spacing (distance between
adjacent sections of Crushed Rock) and separation (distance) between
the centre of adjacent sections of Crushed Rock.

Borehole
number

KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS14

Total:

SPACING OF CRUSHED ROCK

Mean spacing

(m)

10.73
11.46
55.73
22.94
17.92
23.84
9.94
7.86
10.62
15.64
6.41

13.58

Standard
deviation

(m)

15.10
20.55
43.37
38.03
35.14
55.68
13.69
11.13
18.85
25.32
10.85

26.25

Median

(m)

3.45
1.87

36.84
6.80
2.69
2.76
2.67
2.43
3.14
6.04
1.66

3.07

SEPARATION BETWEEN CENTRES OF
CRUSHED ROCK

Mean
separation

(m)

10.90
11.62
56.76
23.26
18.25
25.35
10.86
8.87
11.34
16.36
9.05

14.28

Standard
deviation

(m)

15.11
20.52
43.23
37.94
35.15
55.17
13.99
11.01
18.86
25.54
11.05

26.20

Median

(m)

3.52
1.94

37.36
7.00
3.45
4.40
3.69
3.78
3.80
7.73
4.83

4.10
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Figure 4.16 Distribution of lengths of sections mapped as Crushed Rock (cf. Table
5.5). The lengths are measured along the drillcore.

KAS03 - KAS14

o i n o i n o i n o i n o i n o i n o i n o m o i n o m Q i n o m o i n o i n o i n o i n o m o i n o t n

Separation of Crushed Rock (m Borehole Length)

Figure 4.17 Distribution of separation of sections mapped as Crushed Rock.
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a curved curtain of boreholes on the eastern side of KAS05, exhibit a range in spacing of
Crushed Rock from 16.8 to 26.2 m measured along the boreholes.

4.5 BOREHOLE RADAR

The borehole radar technique (Olsson et al., 1992) employs electromagnetic waves to "see"
through rock. A radar pulse generated by a transmitter antenna propagates through the rock
before it is recorded by an antenna (dipole or directional) as a function of time. The
resultant signal is reflected by rock mass inhomogeneities (contrast between the physical
properties of the inhomogeneity and the surrounding). Typical detectable features are
fracture zones and lithological boundaries. The radar measurements provide information
within a range of c. 70-80 m or c. 40-50 m from the borehole when using a dipole or a
directional antenna, respectively (Figure 4.18). However, local losses in the range of
penetration of radar pulses occur where a borehole is drilled within a rock section with a
marked increase in porosity/water content, i.e. in most cases a fracture zone. The section
with loss in penetration may or may not be bordered by a radar reflection. In the latter case,
a transition from undeformed wallrock to deformed rock within the structure exists and
only the location and width of the structure can be determined.

0m -100m 9

3 :.-
O
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-'-.--'•---"""3 ' '„-"-""-'""--'••..

y 1
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0 500 1000m -400 m -500 m
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Figure 4.18 Rock volumes in southern part of Aspo investigated with the borehole
radar. Greater circles, radius 70-80 m, are drawn around boreholes
measured with the dipole antenna and smaller circles, radius 30-40 m,
are drawn around boreholes measured with the directional antenna.
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Loss of penetration

A total of 32 borehole sections with loss of radar wave penetration in the Aspd bedrock
(Table 4.7) have been detected. Of these sections, 27 contain one or more inliners of
Crushed Rock or are located in the vicinity of sections with Crushed Rock. Four of the five
remaining sections contain coherently cataclastically deformed and/or hydrothermally
altered rocks, while the fifth has no obvious structural characteristics. Within boreholes
KAS03-09 and KAS11-14 there are five clusters of segments (15-20 m wide intervals) with
Crushed Rock in which the deformation has only a minor effect on the penetration of the
radar wave. The width of the sections with attenuated radar waves are in general greater
than 10 m, Table 4.7, and the widest section is 90 m (KAS04, borehole length 330-420 m).
In the subvertical boreholes (KAS02, 03, 05 and 11) the proportion of rock with attenuated
radar penetration varies from 5 to 17% of the measured borehole length. The two extremes
are boreholes KAS02 (lowest) and KAS05 (highest) located with a lateral separation of c.
75 m. The highest proportion of rocks damping the radar wave occur in boreholes drilled
to investigate the water-covered area southeast of Aspd (KAS09 and 14 with 19 and 24%,
respectively) and boreholes drilled to investigate structures related to the narrow gullies and
slopes in the central part of the island (KAS04 and 12 with 25 and 19%, respectively). For
the remaining boreholes, all inclined and located in the southern part of Aspd (KAS06, 07
and 13), the proportion of sections with loss of radar wave penetration range from 4%
(KAS13) to 10% (KAS06 and 07).

Table 4.7 Location of borehole sections which exhibit loss of penetration of the
radar pulse.

Borehole

KAS02
KAS03
KAS04
KAS05

KAS06
RAS07
KAS08

KAS09

KAS11
KAS12
KAS13
KAS14

Average

Borehole length (m) and number of damped sections
1

860-905
195-230
330-420
312-332

204-240
120-137
549-end
of borehole
7-110

41-42
10-40
208-223
53-54

2

280-300

355-377

264-271
411-435

124-150

130-137
70-85

83-89

3

580-635

385-401

546-562
548-560

197-205

142-162
248-270

113-134

4 5

505-end
of borehole

244-255 392-end
of borehole.

153-165

Total length of damped sections/
length of measured interval1

5.0
11.3
25.1
16.6

10.4
9.5
8.2

18.8

12.7
19.1
4.0
24.1

11.9

1 See Table 4.8.
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Accuracy of measured orientation of structures

With the dipole antenna, the angle of intersection between the borehole and the reflected
structure is measured (a relative orientation), while using the directional antenna an
absolute orientation of the reflector will be attained. The angle of intersection between a
radar reflector (e.g. a fracture zone) and a borehole can be determined within a few degrees
if the reflector is subparallel (<10°) to the borehole. If the reflector intersects the borehole
at an angle of 10-70°, the accuracy is c. 5° and in case of an almost perpendicular
intersection of a reflector (70-90°) the accuracy is then c. 10°. Using a directional antenna,
the accuracy of strike, azimuth of identified structures is c. 5-10°. Note that the potential
of the borehole radar to detect structures intersecting the borehole at a very high angle (75-
90°) is low due to the transmitter-receiver configuration in the radar instrument.

Reflectors with absolute orientation

Borehole radar measurements with a directional antenna, giving absolute orientation of
structures, have been performed on Aspo in three boreholes (KAS12, 13, and 14), while in
the earlier drilled nine boreholes, only the relative angle of intersection of radar reflections
(dipole antenna) is available, Figure 4.18. The three boreholes, KAS12, 13 and 14, are
lined up on a profile trending just east of north, and the separation between the boreholes
is c. 320 m. Boreholes KAS12 and 14 are subparallel and plunge towards S, while borehole
KAS13 plunges WNW. Orientations of radar structures are presented in Figure 4.19. The
radar surveys in the two subparallel boreholes (KAS12 and 14) show some similarities
(steep to vertical structures striking NE-SW, NNW-SSE and WNW-ESE), but also marked
differences. The latter probably reflect in borehole KAS12 the structural influence of the
NE-SW striking oxidation zone transecting central Aspo and fracturing along the NNW
trending embayment on the eastern side of Aspo. Differences in borehole KAS14 probably
reflect a gently NW dipping structure outcropping in the water just east of Aspo. Borehole
KAS13 has radar reflectors indicating subvertical NNW-SSE and NNE-SSW striking
zones.

Distribution of radar reflectors

The homogeneity of rock volumes, with regard to structures, can be expressed by the
density of radar reflectors (calculated as number of radar reflectors per metre intersecting
the measured borehole interval, Table 4.8). The total number of reflectors identified by
borehole radar measurements in all cored boreholes is 334, and the measured borehole
length is 5 765 m. However, the borehole radar detects structures located within a radius
of approximately 50 metres around the borehole. Some of these reflectors may be parallel
to the borehole and some may intersect a prolongation of the borehole, i.e. outside the
measured length. The number of reflectors intersecting the measured section of the
boreholes is 307 (c. 11% of all reflectors do not intersect the measured intervals of the
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Figure 4.19 Stereographic plots of structures (pole to planes) located with the
borehole radar using a directional antenna: a. Borehole KAS12 (25), b.
Borehole KAS13 (19), c. Borehole KAS14 (12), and d. Compiled
contoured data (56) from borehole KAS12-14, intervals 2, 3, 5, 7 and
10%. Wullf net (a-c) and Schmidt net (d), lower hemisphere projection.
Traces of pole points for planes intersecting the boreholes at 0, 30 and
60° are drawn within each stereogram a-c.

boreholes). The average density is then 0.053 reflectors per metre borehole, Table 4.8.
However, there is a discrepancy between the calculated average spacing of reflectors (18.8
per metre, Table 4.8) and the mean separations of reflectors (16.6 m, separation measured
along borehole starting from the first reflector and ending with the last reflector in the
measured intervals, Table 4.9 and Figure 4.20). Note that the mean distances along the
borehole from the starting point of the measured interval to the first reflector and
corresponding distance at the end of the measured intervals are 38.9 m (stand, deviation
26.4m) and 25.8 m (stand, deviation 39.2 m), respectively. This implies that the mean
distance from the ends of the measured intervals to the first reflector (32.4 m, standard
deviation 34.3 m) is double the separation of reflectors inside the measured interval. This
may be explained by the objective of drilling (to start and end in sound rock and to
investigate structures) or by the circumstance that structures located in the vicinity of the
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start and end of investigated borehole intervals may be difficult to identify. Furthermore,
note that at 69 positions along boreholes, pairs of crossing reflectors are detected.

Table 4.8 Number of borehole radar reflectors identified in cored boreholes at
Aspo. (Borehole length according to data in SKB data base GEOTAB.
Crossing reflectors "intersect" the borehole with a separation of less then
5 m and having a difference in orientation of 5°.)

Borehole

KAS02
KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS14

Total/average

Borehole
length

(m)

924.04
1002.06
480.98
549.60
602.17
603.75
601.49
450.52
248.80
380.40
406.95
211.85

6462.61

Measured
borehole
interval

(m)

14-909
14-989
110-469
10-534
19-588
19-580
111-588
109-401
15-235
15-365
15-391
15-181

5765

Detected
reflectors,
total
at
measured
interval

59
108
30
8
15
17
15
16
12
25
20
12

334

Detected
reflectors.
located
inside
measured
interval

53
103
25
8
14
17
13
11
11
23
19
10

307

Crossing
reflectors

12
35
5
1
1
2
1
3
2
4
2
1

69

Reflectors
per metre
within
measured
interval
(m"')

0.059
0.095
0.070
0.015
0.024
0.030
0.027
0.038
0.054
0.066
0.051
0.060

0.053

Table 4.9

BOREHOLE

KAS02
KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS14

Separations of intersections of radar reflectors (in metres).
Separation measured along borehole starting from the first reflector
and ending with the last reflector in the measured intervals.

Mean

(m)

15.94
9.26
12.96
40.00
39.62
28.69
33.08
24.60
18.80
13.59
16.22
15.22

SEPARATION
Standard deviation

(m)

13.14
8.01
11.74
32.97
34.60
25.42
17.75
23.04
15.24
7.49
10.02
10.22

Median

(m)

13.50
7.50
11.00
35.00
36.00
24.00
30.00
17.00
16.00
13.50
16.50
16.00

Total: 16.60 17.12 12.00
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The density of radar reflectors (0.095 reflectors/m) in the subvertical borehole KAS03 in
the northern part of Aspo, is higher than for any other borehole on Aspo. This together with
the high number of reflectors crossing each other close to borehole KAS03 may indicate
an increased fragmentation into smaller rock blocks, compared to the central and southern
parts of Aspo. The numbers of reflectors per metre in the subvertical boreholes (KAS02,
05 and 11) in the southern part of Aspo are 0.059, 0.015 and 0.050, respectively. The low
density in KAS05 is notable as the densities of reflectors in boreholes KAS02 and KAS13,
both located just north of KAS05, are higher and both are of the same order (0.059 and
0.053 reflectors/m). Boreholes drilled in the NE trending low magnetic zone transecting
Aspo (KAS04 and 12) have an increased density of radar reflectors (0.066-0.070
reflectors/m). Boreholes drilled within the magnetic rock in the southern wedge of Aspo
(KAS06, 07 and 08) have low densities of radar reflectors (0.025-0.31 reflectors/m).
Boreholes drilled to investigate the water-covered area southeast of Aspo (KAS09 and 14)
show both higher and slightly lower numbers of intersecting radar reflectors compared to
the average value.

KAS02 - KAS14

20

15

1 10

II II II II
o t ^ o i n o i n o m o i n o i r i o i n o w o i n o i n o w o t i i o i n o i n o

Spacing of Radar Reflectors (m Borehole Length)

Figure 4.20 Distribution of separation of radar reflectors along boreholes (cf.
Table 4.9)
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Physical character of structures and their ability to be detected by the borehole radar: A
discussion

As mentioned above, the ability of the borehole radar to detect structures is a function of
the physical character of the structure, the relative orientation of the structure to the
borehole and the width of the structure. By plotting frequency diagrams showing number
of radar structures intersecting the borehole at various angles it is obvious that the borehole
radar detects most frequently structures intersecting the boreholes at an angle of c. 30-60°
with a maximum at 30°. Low detection for structures intersecting the borehole at an angle
of 75-90° is in agreement with the theoretical instrumental capacity. A drop at 60°, as in the
Aspo data, indicates that measured radar wave velocity is too low (O. Olsson, pers. com.,
Sept. 1994). If this is the case, the interpreted intersection angles are too small.

The drop in frequency for structures intersecting the borehole at an angle less than 30°,
Figure 4.21, can be partly due to some sort of sampling bias or the relation between the
physical character of the structures and the instrumental capacity to detect such structure.

A recalculation of the distribution using a simple correction function, e.g. 1/sinV (Terzaghi,
1965) where V is the angle of intersection between the reflection and the borehole axis,
Figure 4.21, indicates a normal distribution with an intersection angle of 30° again as the
maximum. This should reflect the geometrical relationship between the spatial
arrangements of structures and boreholes. However, this relationship holds both for vertical
and inclined boreholes. Therefore, it could also represent the most sensitive relative
orientation for a structure to be detected by the borehole radar in the Aspo bedrock (optimal
angle of reflection, Lars Falk pers. com., Oct. 1994). Furthermore, the directional antenna
is most sensitive to structures intersecting the borehole at a low angle (20-30°). The dipole
antenna, on the other hand, appears to favour structures intersecting the borehole at angles
at greater than 60° and less than 80°. However, the directional antenna configuration
appears to be more sensitive to structures intersecting the borehole at a low-angle (20-30°)
and less sensitive to detect high-agle structures (40-60°), compared to the dipole antenna.

Furthermore, at Aspo, there seems to be some difficulty in detecting structures parallel to
the boreholes with the borehole radar. So far no structures parallel to the investigated
boreholes have been interpreted from radar measurements, although the structures evidently
exist and have been located from other boreholes (cf. Figures 4.2 and 4.21). There are still
relations between type of borehole radar, the intersection angle (reflection ratio?), character
of the structure (width and roughness?) and the sampled volume to be explained, as the
most detectable structure by the borehole radar should be structures lying subparallel to the
borehole.
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Figure 4.21 Distribution of structures detected by borehole radar relative to the
angle of intersection between the borehole and the structures: a.
Subvertical boreholes (KAS02, 03, 05 and 11. N=187), b. Steeply
inclined boreholes (KAS04, 06, 07, 08, 09, 12,13, and 14. N= 150),
and c. All boreholes (N=337), and d. all boreholes, Terzaghi
corrected for sampling bias.
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4.6 BLOCK FAULTING

Lithological units and tectonic structures all have restricted geometrical appearances. Their
geometrical form or extensions may be the initial ones (conserved as they were formed) or
be modified due to distortions (e.g. emplacements of younger rock and tectonic distortions).
Shear displacement along a structure may increase the length of the structures, while other
types of deformation of the rock may offset the structure (make it discontinuous).

Reactivation of a structure may engage the whole structure, or include only a part of the
structure (partial reactivation). Tectonic deformation of the bedrock in a craton will not be
taken up by a single structure, but an interaction of movements along several structures will
accommodate the strain. This implies block faulting and displacement along fractures or
zones, on several scales. The sense of relative displacement and amount of distortion of the
wallrock may vary considerably along a fault. In this study, block faulting includes
differential movements along fault-bounded blocks on all scales. The original definition of
block faulting is more restricted: "The division of the crust into blocks by normal faulting
is block faulting, with some remaining high as fault ridges and others sinking to form fault
troughs" (Hills, 1963).

The Aspo bedrock is characterized by the occurrence of several generations of aplitic dykes,
as discussed in Section 4.2.3. The aplites, as well as early tectonic structures, can be used
as markers to unravel the late tectonic history. The extensions of tectonic structures and
tabular igneous intrusions (the aplitic dykes in this case) are of general interest, as both
types of features may have an influence on the mechanical character of the rock mass and
on the transport paths of the circulating groundwater.

Different types of indications of faulting are described below. The character of fracturing,
relative displacements and overprinting relationships are, in general, readable by direct
observation of rock exposures. The description of faults begins therefore on outcrop scale,
and then follows faulting on map scale by the distribution of rock types and structures
indicated by the detailed magnetic measurements. Fracture characteristics and rock
distributions mapped on the drill cores are used to extend the interpretation to depth.

Note that the density of recorded data within the Aspo area is strongly concentrated in the
southern part of the island. As a result, a comparison between different parts of the island
can be biased due to sampling.

4.6.1 Offsets along structures, outcrop observations

As a result of the very limited amount of primary field data available, a thorough
description of offsets cannot be given. However, some notations made during the field trip
are presented and commented on.
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Displacements along fractures and mylonitic shears are common. The amount of
displacement may vary from close to zero to the displacing of the reference structure to
outside the outcrop. The reference structures used, are lithological contacts or tectonic
structures. Structures are described according to their strikes, starting with NW-SE striking
structures going clockwise to E-W striking structures.

NW-SE striking structures

NW-SE striking structures along which mylonites are formed usually have right lateral
separation of markers, Figure 4.22a. Left lateral separation is also noted for movements
along NW-SE striking fractures, Figure 4.22b.

N-S striking structures

Early N-S striking structures are shear zones with a right lateral component of movement.
The wallrock expresses a semiductile style of deformation, as a gneiss fabric is formed
along the structure and aplites are rotated (bent and fractured) into the shear zones, Figure
4.22c. Epidote occurs in the mylonites. The central part of the zones often contains flinty
mylonites with horizontal slicken-sides on fracture surfaces coated with chlorite and iron-
oxyhydroxides.

NS striking fractures with no observed distortion in the wallrock have, in general, left
lateral components of apparent displacement, Figure 4.22d. The strike of the N-S striking
structures varies: In the central part of Aspo the orientation is just west of north (NNW),
while in the eastern part of Aspo the orientation is just east of north. The NNW-SSE
striking fractures are extensive planar structures arranged en echelon with just minor
overlaps (a few decimetres long, the fracture bridges often form duplex like lenses, Figure
4.22e). The NNW-SSE striking fractures form fracture traces which cross the entire Aspo.

NE-SW striking structures

The Aspo bedrock is pervasively reworked along a several hundreds of metres wide
gneissic shear zone passing through the central part of the island. Lithological contacts in
the shear zone, in general, conform with the foliation in the rock. Early displacements have
occurred along semiductile shears containing epidote and chlorite together with mylonite
bands. Observed displacements along NE-SW striking structures have a left lateral sense
of movement.

A marked narrow gully is located along the northwestern boundary of the NE-SW striking
shear zone containing low magnetic rocks (cf. Figures 3.5 and 4.7), while the southern
boundary of the zone has no obvious surface expression. Reverse faults as well as low angle
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faults (thrusts) dipping towards NW are observed, Figure 4.22f.
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Figure 4.22 Examples of faults exposed in outcrops, a. NW-SE striking
mylonites, right lateral separation (r.l.) b. NW-SE striking fractures,
left lateral separation (1.1) c. N-S striking semi-ductile shear zone,
r.l. d. N-S striking fracture, 1.1., e. Duplex and fracture bridges
formed at the overlap of N-S striking fractures, f. NE-SW striking
thrust dipping NW, g. E-W striking mylonite zone, r.l., and h. E-W
striking fracture, 1.1. Scale bar 0.2 m
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E- W striking faults

Displacements along E-W striking structures are dominated by relative movements with
a right lateral shear component, Figure 4.22g. Displacements with left lateral sense of shear
are noted and they appear to be late, Figure 4.22h.

Displacement along shears and fractures

The amount of displacement along tectonic discontinuities in the Aspo area may vary: The
range of displacements along mylonitic shears is unknown, while the apparent displacement
along shear fractures range from zero to less than a metre in most cases. The displacements
(actually the lateral separations) along fracture zones have not been determined in the field.

4.6.2 Faulting indicated by rock distribution

Surface information

Geological field mapping performed by Kornfalt and Wikman (1988) is the base for
interpreting block faulting when using lithological units as markers. The degree of exposed
rock on Aspo is relatively high (> 15-20%, estimated value). In outcrops, subordinate rock
types occur in general as tabular sheets embedded in the Aspo granitoids. Many of these
rock sheets are not traceable from one outcrop to another. This relationship either could be
the primary, syn-intrusive distribution of the different rock types or a result of deformation
or a combination of both.

Kornfalt and Wikman (1990) show on their local bedrock map of Aspo, lobate rock
contacts and subordinate rocks enclosed by the Aspo granodiorites. This would imply that
faulting has very little effect on the rock distribution. Talbot and Munier (1989), on the
other hand, have outlined a tentative bedrock map showing a rock distribution which is
strongly affected by faulting. However, the rock distribution on the latter map, inferred
from the detailed magnetic measurements (Nisca and Triumf, 1989), is not fully consistent
with field observation made by Kornfalt and Wikman.

It is speculative, but some rough estimates concerning fault displacements can be made if
geological field data (Kornfalt and Wikman, 1988) is combined with a structural
interpretation of the detailed magnetic measurements, cf. Figure 4.7. Two major
greenstones occur within the Aspo area. One is located in the eastern part of Aspo and the
other is located in the western part of the area. The two occur on both sides of a fault
(geophysical interpretation). Mylonites are typical along the straight southern boundary of
the eastern greenstone. The western greenstone has a straight, but not exposed northern
boundary. If the separation of these greenstones has a tectonic origin, the net right lateral
separation is of the order of c. 800 m. The detailed magnetic measurements indicate that
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the relative displacement of the greenstone is composite, i.e. the displacement is a result of
movements along E-W and NE-SW striking fault planes.

In the southern part of Aspo more restricted faulting (lateral separation less than c. 100 m)
is along WNW-ESE, NW-SE, NNW-SSE, N-S, NNE-SSW, and NE-SW striking zones,
topographically indicated as gullies. Typical indications of faulting are sideways shifts in
location of tabular rocks (aplites, greenstones, and meta-andecites/metadacites) and local
changes in orientation of tabular rock sheets and foliation across the faults. Divergent
separation of tabular rocks are locally indicated along some N-S striking faults. This
indicates a vertical component of faulting and that the rock sheets are not parallel.

Combining results of remote structural analysis of the topography, field mapping and
detailed magnetic measurements indicates that the E-W striking zone transecting the central
part of Aspo has been activated after it was displaced by a NE-SW striking fault. Late
movements along displaced segments of E-W striking structures appear to have propagated
into the country rock and resulted in a swarm of E-W striking structures transecting the
central part of Aspo.

In summary: The distribution of rocks in the Aspo basement is controlled by magma
mixing and mingling processes during the emplacement of the Aspo granitoids, intrusion
of several generations of dykes (aplites and dolerites), and to a significant degree, by
faulting.

Subsurface information

The experience from surface mapping is that extrapolation of geological data over distances
of 50 m or more is difficult. The spatial separations of the boreholes in most cases exceeded
50 m and oriented geological data is missing. However, there are some boreholes which are
relatively closely spaced (boreholes KAS02, 05, and 13).

In borehole KAS02 a c. 20 m wide aplite dipping c. 20-30° occurs at a vertical depth of c.
320 m. The aplite may correspond to a c. 18.5 long section of aplite in borehole KAS13 but
in borehole KAS05 the aplite is missing. The separation of the boreholes is c. 80-110 m.
However, in both boreholes KAS02 and KAS05 sections of mylonites occur dipping 60°
according to preformed borehole radar measurements. A possible explanation for the lack
of aplites in KAS05 is that the aplite is displaced along the moderately dipping mylonite
and, that borehole KAS05 is located in the gap of the separated aplite, Figure 4.23. A
vertical separation of the aplite in the order of 35-40 m is indicated.

Surface-subsurface information

In the central part of Aspo at borehole KAS04 there are several overlapping aplitic layers,
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Figure 4.23 Displacement of an aplite as indicated in boreholes KAS02, 05 and
13.

some of them are relatively thick (c. 30 m). With the same strike as the aplites, there are
also deformation zones with ductile to brittle characteristics. For example, a c. 30 m thick
northwards dipping aplite is found in boreholes KAS04, but not in borehole KAS03, less
than 200 m further to the north. Just south of this aplite there is another thick aplite.
However, the second aplite does not occur in borehole KAS04. A fault repeat of the same
aplite is assumed (Figure 4.25). A similar type of repetition of a greenstone sheet has been
found by Talbot and Munier (1989), just north of borehole KAS02.

4.6.3 Faulting indicated by fracture distributions

Surface information

The relative distribution of fractures with different orientation varies on Aspo. The
dominance of WNW-NW striking subvertical fractures in the southern and central parts of
the island is notable (cf. Ericsson, 1988). In the central part of Aspo, the domain with
dominating WNW-NW striking fractures is limited to the north by a structurally and
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topographically distinct NE-SW striking zone, and further to the west the border is an E-W
striking zone. However, structural interpretation of aerial photos indicates that WNW-ESE
to NW-SE striking fractures are frequent in the westernmost part of the island. Information
on fracture population in the easternmost parts of Aspo is missing.

If one subtracts the dominating and pervasive set of NW-SE striking fractures from the
population of fractures in the central and southern parts of Aspo the residual fracture
population is similar to the fracture population in the northern part of the island. Two
alternative interpretations of the distribution of WNW-NW striking fractures are then
possible. The WNW-ESE striking fractures may have stopped against the NE-SW and E-W
striking fracture zones or the WNW-NW striking fractures are formed within a WNW-ESE
striking fracture domain which later has been displaced in a left lateral mode along the NE-
SW striking fracture zone. A right lateral shear component along the E-W striking zone
could also be possible (predating the NE-SW shearing).

Subsurface information

In a previous section (Section 4.4) the distributions of fractures with various dips in the four
subvertical cored boreholes (KAS02, 03, 05 and 11) are described. The variance in
distribution of subhorizontal to gently inclined fractures along the boreholes and from one
borehole to another is notable. Borehole sections with an increased density of this type of
fractures also contain sections with tectonized (including crushed rock) and oxidized rock
and fracture infillings of iron-oxyhydroxides. The fracturing indicates the existence of very
gently inclined zones up to several hundred metres wide. At least one of these zones
(located in KA03 at c. 200-420 m) could be displaced by faults located in the central part
of Aspo as it has not been traced in any other borehole.

4.6.4 Faulting indicated by detailed magnetic measurements

The detailed magnetic measurements (Nisca and Triumf, 1989) indicate that the magnetic
rocks in the northern and southern part of Aspo are separated by a several hundred-metre
wide unit of low-magnetic, oxidized rock, Figure 4.6. The internal magnetic pattern in the
low magnetic rocks indicates a NE trending fabric which has been offset along an E-W
striking shear zone. The NE trending fabric is displaced in a right lateral mode. Any
displacements of WNW trending reference structures are not apparent. Together this
implies that the magnetic northern and southern parts of Aspo have been repeatedly
displaced relative to each other. The amount of displacement is not known.

The detailed magnetic measurements indicate a systematic separation of the bedrock into
large scale lenses trending E. In the northern part of Aspo one of the mega-lenses has a
duplex-like internal shear configuration (Tiren and Beckholmen, 1987).
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4.6.5 A reinterpretation of the geological map of Aspo

The existence of semiductile and brittle distortions of the rock distribution on outcrop scale
to local site scales, should be visualized on the geological map of the area (cf. Talbot and
Munier, 1989). A tentative reinterpretation of the distribution of rock types at Aspo, based
on the field map compiled by Kornfalt and Wikman (1988), the detailed magnetic
measurements (Nisca and Triumf, 1989), and topographic information is presented in
Figure 4.24. Faults are interpreted where tectonization of the bedrock is observed (noted
on the field map and indicated as oxidation zones by the magnetic measurements) and along
gullies where the lithologies or foliations on each side of the gully do not match.

ASPO
Tentative geological map

Aspdgranitoids

A vrOgran ite

4 0 0 m

^

Figure 4.24 Reinterpreted geological map of Aspo based on Kornfalt and Wikman
(1989), but taking into account the fault and fracture analyses carried
out in the present project.

The general geological character of the Aspo area is the regular appearance of subordinate
rock types conforming with the foliation in the low magnetic Aspo granitoids (deformed
and oxidized), while the spatial configuration of aplites in the magnetic Aspo granitoids is
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pseudo-orthogonal. The central part of Aspo is a junction of E-W and NE-SW striking
shear zones.

The petrographical character of the low-magnetic rocks in the northeastern part of the island
is not well documented. The degree of exposed rock in this area is less than in other parts
of Aspo. The main argument to correlate the mylonitic and sheared low magnetic rocks in
the central western part of the island with these rocks appears to be their low magnetic
signature (cf. Nisca and Triumf, 1989). However, an alternative interpretation, inferred
from the detailed magnetic measurements, is that the NE-SW striking mylonite zone in the
central western part of Aspo ends against an ENE-WSW striking shear zone (a part of the
regional E-W striking zone passing across Aspo), which in its turn has splays emanating
northeastwards. This implies that the magnetic bedrock of the northern and southern Aspo
are juxtaposed as result of deformation. By combining surface and subsurface data a
tentative NNW trending cross section has been constructed, Figure 4.25. The section is
located in the "corridor" of boreholes, and passes the boreholes KAS03, 04, 12, 08, 07, 06,
and 14. In the profile, only rocks which appear as more or less regular sheets (aplites and
greenstones) are shown. The orientations of the rocks shown in Figure 4.25 are
interpretations based on field data, the angle of intersections between lithological contacts
and the drillcore (core logs, SKB GEOTAB data).

TENTATIVE GEOLOGICAL PROFILE
A

-1000 •

ASPO

Vertical profile A-B-C

Aplite

• XspOand XvrO
granitoids
Greenstone
(metaandesite
to metaba*alt)

Borehole included
in the profile
Borehole not included

200 m

40Om
profile

Figure 4.25 Tentative vertical N trending profile across Aspo. Note that only the
distribution of aplites and meta-greenstones are shown.
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4.7 TECTONIC HISTORY

The tectonic history of Aspo and its surroundings is described as a part of the understanding
of the site.

4.7.1 Methodology

Critical for understanding the geological evolution of an area is a good knowledge of the
field relationships of rocks and structures, particulary the relative ages of rocks and
structures as can be judged from overprinting criteria and the character of the structure.
However, this is not always a straightforward method. As is the case on Aspo, multiple
reactivation and partial reactivation of fractures may locally obscure the impression of the
overprinting relationships. The result will be inconsistent crosscutting relationships among
different sets of fractures. For Aspo, the characters of different types of structures are
summarized in Figure 4.26.

From a study of relative dating of fractures by the mineralogy of the fracture infillings and
shear direction (Talbot and Munier, 1989), it is evident that only some E-W striking
fracture zones on Aspo have non-mixed assemblages of fracture infillings (formed during
one event) composed of "chlorite+iron-oxyhydroxides" or "no chlorite" (post-chlorite).
However, some of the post-chlorite zones may have been initiated early (immature
structures), and have been broken up late.

For dating faults by offsets in the terrain (fault scarps) a datum surface is needed. The
regional ground surface corresponds roughly to the sub-Cambrian peneplain, but whether
it can be extrapolated to be applicable for single outcrop surfaces is questionable (cf.
Morner, 1989, Talbot and Munier, 1989). When using topographical offsets to indicate
faulting, one should have good knowledge of the effect of erosion on the landforms, e.g.
during the late glaciations. However, seismic measurements performed in the Baltic Sea
indicate offsets of the basement surface during the Cambrian to Ordovician times. The
maximum amplitude of those offsets are in the order of several tens of metres (Kornfalt and
Larsson, 1987, Grigels et al., 1990).

The geological evolution outlined below does consider a combination of fracture
characteristics, described above, together with a characterization of the deformation of the
wall rock along the structures, Figure 4.27, and character of the actual zone, Figure 4.28.



75

N

R

I

G

H

T

L
A
T
E
R
A
L

L

E
F
T

L

A
T
E
R
A
L

Ductile

c. 1.6- 1.6
Ga

LEGEND

Transitional Transitional Ductile Type of
deformation

y
- • Present -<-

t

aplite

shear foliation

mylonite
O

thrust, sence of
shear indicated

striation

open

G greenstone

qz quartz

0 present time

c. 1.6 - 1.8 Relative
Ga time scale

f.C. fracture

f.cl, fracture cleavage

S fdiaton

Figure 4.26 Summary of characteristics of structures mapped on outcrops, the
sizes of the structures are c. 0.5 by 0.5 to 1 by 2 m. Locations of
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a.Brittle b.Brittle-ductile c.Brittle-ductile d.Ductile

Figure 4.27 Deformation of wallrock (Ramsay, 1980).

4.7.2 An outline of the tectonic history of the Aspo area

Introductory summary of the structural history

The bedrock at Aspo is composed only of magmatic rocks (plutonic and hypabyssal). The
tectonic history of the Aspo area comprises a succession of deformation events, which
started with the imprint of a regional E-W striking foliation, continued with ductile
shearing, and via ductile-brittle transitional deformation, ended with brittle deformation,
or fracturing, now visible in the outcrops. Aspo itself is a triangular rock segment outlined
by E-W, NW-SE and N-S striking fracture zones. Local rock blocks on Aspo are outlined
by fracture zones which in most cases are faults, and the faults have precursors consisting
of ductile shear zones or extension structures. The direction of displacement along the faults
has often changed with time. The accumulated distortion of the bedrock indicates that major
displacements have occurred along certain faults (faults striking E-W and NE-SW
transecting the central part of Aspo), while restricted rotations and translations along other
minor local faults give Aspo a mosaic-like appearance, where the internal fabric in the local
rock blocks is not continuous nor does it conform from one block to another.

The structural history of Aspo is not easy to unravel. This is not due to the regional
structural history being especially complicated, but mainly to the fact that Aspo is located
at the junction of several regional deformation zones, which have been intermittently active,
with movements along the structures having shifted with time. The regional structures do
not just cut Aspo out as a triangular block. Instead, some zones or branches of the regional
zones have also penetrated Aspo (E-W and NE-SW striking zones). Aspo is an example
where late fracturing has penetrated the rock blocks (WNW and NNW-SSE striking
fractures) and still later distortion has opened up structures and reactivated faults in
Cambrium and later times.
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Figure 4.28 Characteristics of fault zones in continental crust (Sibson, 1983).

Emplacement of the Aspo granitoids

The Svekokarelian orogeny (c. 2.0-1.77 Ga ago) was on its decline when huge masses of
igneous rocks of Andino-type (Nystrom, 1982) were emplaced (c. 1.84-1.65 Ga ago) in a
belt, up to hundreds of kilometres wide, which now transects Scandinavia (the
Transscandinavian Igneous Belt, TIB). A characteristic feature in the TIB is the occurrence
of several generations of cauldrons (collapsed magma chambers) with associated faults
located in an environment of large scale fault blocks or rafts bounded by wide oxidation
zones (well expressed in the regional airborne magnetical map).

At Aspo, located c. 35 km south of the nearest contact zone with the Svekokarelian rocks,
the bedrock is composed of weakly foliated granitoids, containing enclaves of basic and
fine-grained intermediate rocks. These rocks were incorporated in the granitoids during
their ascension as diapirs in a batholithic environment. Back-veining of aplite in the
intermediate and basic rocks occurred and in a deformed state the rock is well laminated
and intensely folded. At least four additional generations of aplites are found at Aspo. Of
these, only aplites striking N-S in the central part of Aspo could postdate, from a structural
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point of view, the ductile and brittle-ductile transitional deformation phases. In other words,
most, if not all, generations of aplites at Aspo are older than 1.6 Ga.

A young, c. 1.4 Ga old, diapir of Rapakivi type of granite (cf. Kresten and Chyssler, 1976)
is located c. 2 km northwest of Aspo (Figure 2.2), while another diapir/caldron (age
unknown) is located at depth in the bedrock c. 2 km southeast of Aspo. The diameters of
both diapirs are c. 5 km and their influence on the Aspo bedrock is not established.

Regional foliation

Older TIB rocks found at the northern part of Vattern (c. 200 km NW of Aspo) are involved
in the Svecokarelian folding (A. Wikstrom pers. com., 1995) and have a regional foliation.
Two phases of folding have been recognized in the Aspo rocks by Talbot et al. (1988) and
the axial plane of the second phase of folding (fold axis plunging gently westwards) strikes
ENE-WSW and is steeply dipping. At least the first generation of folds and related gneissic
axial plane foliation is assumed to be caused by late Svecokarelian deformation, but also
the second phase of folding is of approximately the same age, since its axial plane is
parallel to the orientation of the regional foliation in the TIB rocks (cf. Wikstrom, 1989,
Talbot and Munier, 1989).

Ductile shears

Early deformation zones are developed as distinct right lateral ENE-WSW striking shears
and minor S-shaped NNE-SSW striking shears. The NNE-SSW striking shears are located
between the ENE-WSW striking zones and shear lenses are thereby outlined. The two sets
are geophysically well indicated by the decrease in the magnetic properties compared to the
country rock. Structurally these zones have a pronounced gneissosity with intercalated
mylonitic bands, often containing epidote. A branch of such a regional ENE-WSW striking
shear zones is located just north of Aspo, whilst another branch crosses the centre of the
island, and shear lenses are located between the zones. The shear configuration has,
however, been overprinted by a somewhat later developed NE-SW striking and several
hundred metres wide shear zone, which is also low magnetic and, besides mylonites,
contains aplites with a strong preferred orientation, NE-SW/sub vertical (conforming with
the foliation in the rock), and shear folds. The folding and deformation of aplites indicate
apparent left lateral displacement along the NE-SW striking structure. The ENE-WSW and
NE-SW striking shears formed a conjugate-like shear set on a local scale during semi-
ductile conditions. However, on a regional scale, the NE-SW striking shear appears to be
a part of a 2-4 km wide NE trending structural domain following the coast from
Oskarshamn to north of Avro. It has an internal anastomosing network of structures
outlining strongly elongated NE trending shear lenses (Nisca, 1987b, cf. Tiren and
Beckholmen, 1988b). However, the apparent sense of shear within the NE-SW striking
zone at a locality some kilometres southwest of Aspo is in contradiction to what is observed
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in the NE-S W striking zone on Aspo, i.e. right lateral (Nisca, 1987b, Kornfalt and Wikman,
1987). It is not clear, whether the shear zone observed on Aspo and the regional shear zone
are the same structure, or if the Aspo zone is a structure which has been incorporated
(reactivated) in a later structure (the amount of structural data on the regional zone is too
sparse for any statement).

The NE-SW striking zone on Aspo was later distorted as right lateral displacement along
the central ENE-WSW striking shear and the NE-SW striking shears become deflected and
presumably also displaced. NE-SW striking splays associated with the ENE shearing were
formed and possibly the greenstone in the northeastern part of Aspo was separated from the
greenstones in the western part of Aspo. Before this happened, NE-SW striking and gently
NW dipping ductile shears (thrusts) were formed. The parallelism between some sets of
aplites (some up to several hundred metres thick) and the thrust planes is notable. Talbot
and Munier (1989) have also pointed out the existence of greenstones with the same
orientation.

The central part of Aspo shows, as pointed out above, a nearly uniform NE-SW/vertical
orientation of aplites lying within the foliation in the rock, although thicker aplites appear
to dip gently towards NW. There is also a minor population of aplites oriented N-S/vertical.
This indicates that the prominent NE-SW orientation of the aplites is overprinted by either
N-S striking aplites or that there are some remnants of older aplite that have not been
rotated into the foliation. The latter seem less likely when considering the penetrative
deformation in the rock, but this should be checked in the field. An overprinting
relationship between the two sets of aplites would imply that the central NE trending fabric
in the low magnetic rock is at least of the same age or older than the intrusion of the
Gotemar granite (1.4 Ga old).

The amount of relative displacement of the northern and southern segments with magnetic
rocks (cf. Figures 4.6 and 5.24) is not known, but it could be greater than the size of Aspo.
The ductile deformation of the Aspo bedrock comprises mainly intermittent and alternating
displacements along the ENE-WSW and NE-SW striking central zones and NW dipping
thrusts.

Brittle deformation

The distance from Aspo and westwards to an adjacent younger geological terrain, the SW-
Scandinavian Province (1.8 to 0.9 Ga old, Lundquist, 1991) with a Grenvillian
metamorphic age (c. 1.0 Ga ago), is of the order of 150 km. At the border zone, gently
inclined shears zones were formed (e.g. east of Vattern) in the TIB rock, but the effect of
this orogeny on the Aspo bedrock is not established. However, a vertical displacement
(eastern side down) of the order of 500 m along a N-S striking fault crossing the Gotemar
granite, has been recognized and the accumulated vertical uplift since the intrusion of the
1.4 Ga old Gotemar granite to the formation of the sub-Cambrian peneplain c. 0.8 Ga later
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was c. 7-8 km (Kresten and Chyssler, 1976).

Early features such as ductile to semi-ductile shear zones or extensive tabular rocks (dykes)
have been precursors to fracture zones. This is, for instance, the case for NW dipping low
angle fracture zones and thrusts. The most impressive aplite (c. 140 m wide, at a depth of
c. 625 in borehole KAS03) and a major shear zone (more than 100 m wide, at c. 800 m
depth in borehole KAS02) are examples of such features.

The temperature in the rock successively decreased and the character of the deformation
of the rock became more brittle in character. Furthermore, the wallrock became less and
less affected by the displacements along the shear planes, at the same time as the character
of the surface, along which the displacements took place, changed from a zone of ductile
fabric via mylonite bands and phyllonites to fracture planes and fracture zones. Phyllonitic
shear surfaces are observed along NE-SW and WNW-ESE striking thrusts dipping
northwards (sigmoidal schistosity patterns and strained basic xenoliths, cf Talbot and
Munier, 1989) and along subvertical NW-SE striking shears offsetting aplites. The NW
dipping thrusts may have been reactivated, started as ductile shears, and the NW-SE
striking phyllonitic shears were formed during reactivation.

The detailed magnetic measurements show a relatively evenly spaced grain of NW trending
low-magnetic zones on Aspo. Some of the zones indicated in the magnetic rocks in the
northern part of Aspo are traceable southeastward across the central low-magnetic zone into
the magnetic rock in the southern part of the island. However, WNW-ESE to NW-SE
striking fractures are either displaced along an NNE trending zone in the western part of the
low magnetic central belt on Aspo or are arrested against the central part of the NNE
trending zone. The WNW-ESE to NW-SE striking fractures also show a marked decrease
in intensity across the central E-W striking zone. The reddened wallrock of the WNW-ESE
to NW-SE striking fractures indicates that these fractures were open and connected during
oxidating, hydrothermal conditions (T>105°C). The low-magnetic NW-SE striking
structures are relatively evenly distributed (c. 75-175 m spacing). Any lateral offset in the
same order (or multiple) as the spacing of the structures along the NNE-SSW striking zone
would give the impression of an undisturbed pattern of low-magnetic structures. The
WNW-ESE to NW-SE striking fractures could represent R shears formed in the rock mass
between regional E-W striking shears. This could explain their role in the central southern
part of Aspo, but the WNW-ESE to NW-SE striking fractures also follow the western shore
of Aspo and line up with a regional structure traceable from south of Gotemar to the sea
east of Avro. This regional zone is subparallel to the border of the Svecofennian Shield
further to the south (c. 250 km) of Aspo and it is parallel to the border between the TIB
rocks and the Svecokarelian rocks c. 35 km north of Aspo (cf. Stromberg, 1976). On the
mainland, WNW-ESE striking faults locally have a strong influence on the present
topography (due to reactivation?) and outline elongated fault segments with the ground
surface dipping very gently to the southwest. The generator to circulate the oxidizing water
could be either the TIB rocks themselves, the Gotemar and Uthammar granites (c. 1.4 Ga
old), intrusion of N-S striking dolerites (c. 900 Ma ago) or a topographical gradient
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predating the sub-Cambrian peneplain.

The relation between the regional N-S striking zones and traces or swarms of NNW-SSE
to NNE-SSW striking fractures which occur on Aspo is not clear. Some of the fractures
appear to emanate from the N-S striking regional structures as splays, while others appear
to cross and locally also be displaced by the regional N-S striking deformation zones. The
latter holds especially for the NNW-SSE striking fractures. The NNW-SSE striking
fractures are coated by chlorite and iron-oxyhydroxides. It is obvious from the field
observations and structural analysis of topographical information, that the latest distortion
of any significance took place along a NE-SW striking structure in the central parts of Aspo
(Figure 4.24). Late Proterozoic faulting, reflected by downfaulted sediments (Vendian and
older) in the Baltic Sea (e.g. Landsortsdjupet, c. 130 km northeast of Aspo) occurred
preferentially along approximately N and NW trending fault lines.

Deformation postdating the sub-Cambrian peneplane

As the sub-Cambrian peneplain was formed, more than 600 Ma ago, the circulation of the
groundwater decreased due to low relief and the temperature conditions in the rock was
presumably the same as in other continental areas. Extensional tectonics (subsidence)
occurred in the early Palaeozoic time in connection with a transgression of the Cambrian
sea and deposition of shallow water sediments. Orientations of Cambro-Ordovician clastic
dykes in the basement rocks indicate an E-W extension. Separation took especially place
along ENE-WSW and NNE-SSW striking fractures (Nordenskjold, 1944, cf. Figure 4.26).
The later fracture orientation is parallel to the coast line north of Oskarshamn and the
former is parallel to extensive straight topographical escarpments in the inland. ENE-WSW
striking fractures are also common in the regional E-W striking deformation zones. Only
a very subordinate number of clastic dykes oriented in N-S and WNW-ESE are found in
the region, with none on Aspo. The early Palaeozoic reactivations of NE-SW striking
fractures were transextensional with a component of left lateral shear. Any reactivation of
WNW-ESE to NW-SE striking fractures would be left lateral transpressional. N-S faults
in the Baltic Sea (cf. Floden, 1980) have displaced Cambrian to at least Silurian age strata
(older than 400 Ma). In the Ordovician limestone of northern Oland (the large island
southeast of Aspo; Figure 1.1) early fractures are formed as extensional joints (Milnes and
Gee, 1992). A NW-SE striking set of fractures (parallel to fractures in the Cambrian clastic
dykes on the adjacent mainland, see above) was first formed and followed by a NE-SW
striking set of fractures. During a contraction phase of deformation (contraction axis in
NNW-SSE) some of the fractures were reactivated by shear movements: 9% of all fractures
in the limestone show lateral displacement (max. 5 cm, fossils used as markers) and 3% of
all fractures have a vertical displacement of bedding (max. 8 cm). This is synchronous with
the Scandian phase of the Caledonian orogeny in the west, c. 430 to 380 Ma ago, a
continent-continent collision, and the formation of a Caledonian marginal thrust belt along
the southern border of the continental platform in, e.g. Poland. The eastern border of Aspo
is an N-S striking zone.
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Oxidation of the basement rock along activated fractures during the deposition of the c. 2-
2.5 km thick pile of Cambrian to Devonian (?) sediments (Larsson and Tullborg, 1993),
seems unlikely. The area was then a shelf area with extremely low relief (a few tens of
metres, Rudberg, 1954), which implies a low rate of ground water circulation in the
bedrock. The bituminous Cambrian Alum shales were deposited in a stagnant milieu in
shallow water. The increase in the thickness of the sedimentary cover increased the
temperature in the basement rock (50-140°C is proposed, cf. Larsson and Tullborg, 1993).
When the temperature maximum was reached, the surface of the Precambrian basement
rock was still located below sea level and the thickness of the sedimentary overburden was
of the order of kilometres. The rate of groundwater transport in the basement rock was then
very slow. The sedimentary pile also contained fine grained (clayey sediments) strata,
which hindered vertical transport of water through the sediments. The existence of infillings
of sulfides, as pyrite and galena, in fractures in the basal Cambrian sandstones (Sundblad
pers.com., 1995) indicates that the groundwater must have had a low redox-potential.

The pile of sediments loaded the continental platform for at least 100 Ma (Larsson and
Tullborg, 1993) and the denudation of the sedimentary cover must have take place
gradually as the present flat landform coincides with the sub-Cambrian peneplain. Whether
the minor offsets of the ground surface took place in connection with the sedimentation of
the Cambro-Devonian (?) sediments, the erosion of the sediments or later, is not known.
Distortion of the basement surface during sedimentation is well established by seismic
studies of the sediments in the Baltic. Remnants of Vendian and Cambro-Silurian
sediments, located c. 150 km northwest of Aspo, are restricted to post-Silurian block-
faulting. The Vendian sediments occur in the Vattern graben, while Cambro-Silurian
sediments occur east and west of the Vattern graben. Vertical displacements of the bedrock
surface of the order of several hundred metres are found along NNE-SSW and E-W striking
faults.The former are related to the Vattern graben (c. 2 km wide and more than 100 km
long, Figure 2.1), whilst the latter are related to a more than 100 km wide E trending horst
("Sormlands horsten", located in the norther part of Figure 2.1). These large scale
structures are related to regional deformation. The erosion of the platform sediments (uplift)
started in the Permian-Mesozoic period (c. 280 Ma ago) due to deformation along the
southern border of the Fennoscandian Shield, located c. 250 km southwest of Aspo. A
regional denudation surface, discordant with the sub-Cambrian peneplain and cutting down
into the Precambrian bedrock, was formed (Lidmar-Bergstrom, 1991,1993). Notable is the
existence of a major unconformity in the sedimentary sequence in the Baltic Sea, cutting
Carboniferous to Silurian strata (Floden, 1980). This indicates that sub-Cambrian peneplain
was distorted. In Cretaceous time (c. 80 Ma ago) the basement rocks in southern Sweden
were exposed and weathered (kaolinitization of granites) c. 100 km southwest of Aspo.
During the subsequent late Cretaceous transgression (subsidence?) most parts of the
exposed Precambrian basements became covered by sediments. However, the present
ground surface in the main part of southeastern Sweden coincides with the sub-Cambrian
peneplain. During Tertiary the basement was uplifted again and the tilting of the sub-
Cambrian peneplain eastwards was accentuated. The last remnants of sediment were most
presumably eroded during the Quaternary or possibly late Tertiary time. At c. 18 000 to
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20 000 years ago, during the Weichselian glaciation (the last of at least three glaciations),
the region was covered by a c. 2-2.5 km thick ice cover. This ice cap melted c. 12 000 years
ago. The inclination of the sub-Cambrian peneplain following post glacial uplift is c. 0.2°
towards the ESE. The rate of uplift in the Aspo region is 0.001 m/year. It is aseismic and
affected by a regional compressive stress oriented NW-SE. On Aspo island, a few open
NNW-SSE and E-W striking fractures, possibly indicating very late dilatation, are found
(cf. Morner, 1989). Neotectonic deformation is indicated by displaced beds in sea floor
sediments, but it seems to be restricted to reactivated old structures (Floden, 1984).

The above presentation indicates that the formation and structural history of the Aspo
bedrock segment, expressed at the surface as a triangular island, is complex. It is also clear
that the Aspo bedrock segment overprints or circumscribes an intersection of two early
regional oxidized shear zones. However, these zones, striking ENE-WSW and NE-SW,
have been reactivated during the formation of the Aspo rock segment. Furthermore, the
Aspo bedrock is penetrated by extensive planar NNW-SSE and NNE-SSW fractures. This
implies that Aspo island does not represent a rock block (plinth), the boundaries of which
were predestined by early structures. The structures outlining the Aspo rock segment have
not shielded the bedrock from deformation. The reason for this may be the shape of the
Aspo bedrock segment (a shape of low symmetry) and the fact that it is located at the
junction of four regional structures striking E-W, WNW-ESE, N-S and NE.

Future deformation of the bedrock at Aspo, based on its structural history and offsets in the
topography (cf. Tiren and Beckholmen, 1989), will most presumably be accommodated by
N-S and NE-SW to NNE-SSW striking fracture zones. In the region, NW-SE to WNW-
ESE striking structures may also be reactivated, but the Aspo bedrock will most probably
be shielded by the Gotemar granite. Deformation along E-W to ENE-WSW striking
structures appears less probable. The geological record indicates that the block faulting
have occurred associated with changes in the tilt of the sub-Cambrian peneplain.
Differential movements have occurred along faults of different orders and faulting have
most presumably taken place both during periods of uplift and subsidence. In the
surrounding of Aspo (within a radius of more than 25 km) the maximum accumulated
vertical displacement along any regional fault during the last 600 Ma is less than some tens
of metres.

4.7.3 Restoration of late faulting

In the two-dimensional restoration displayed along the late NE-SW striking fault
transecting the central part of Aspo, Figure 4.29, ENE-WSW striking structures as well as
two N-S structures are lined up in the central part of Aspo. By a left lateral displacement
along the N-S structure, aplites and meta-andecite/dacites on both sides of the structure as
well as the northern shoreline of Aspo will become contiguous, but the ENE-WSW striking
central shear zone is distorted. Left lateral restoration along ENE-WSW striking structures
should be applied according to the ground magnetic measurements (indicated by bent low-
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magnetic markers). This implies that a large greenstone, bound to the south by mylonites
and located in the northeastern part of Aspo (Figures 4.4, 4.24 and 4.29), will be near

eniative geological map

Aplite

Figure 4.29 Restoration of faulting along a NE-SW striking fracture zone, Aspo
Island. The lateral left lateral displacement along the fault is c. 250 m (cf.
Figure 4.24).

a similar greenstone in the western part of Aspo. It is found that the two greenstones can
be juxtaposed by a sequence of reconstructions. However, such sequential restoration may
simplify the geological relationships in one part of the area, while in other parts, the picture
becomes more obscured. Of course, true restorations must be done in three dimensions, not
two, and not only that, fault kinematics have to be known. On the other hand, it is apparent
that block faulting has occurred and that segments of various structures were collinear and
contiguous at one time. Also, a structure which today appears to be a single continuous
feature could actually be composed of several segments formed apart from each other. The
character of the compound structure may therefore change along its extent.



85

5. FRACTURE ZONE MODEL OF ASPO, 3D

5.1 BASE INFORMATION

Data recorded during the pre-investigation phase (1986-1990) for locating a hard rock
laboratory at Aspo form the base for structural modelling of the Aspo area. The availability
of primary surface and subsurface data differs strongly.

Surface data

Geoscientific surface data, observations and measurements, are generally available as
processed data (interpreted and/or filtered) in reports. Primary field data
(observations/mapping) have only been available for statistical fracture findings (Ericsson,
1988, and SKB database GEOTAB). A summary of the geological field data is presented
by Kornfalt and Wikman (1988) and it contains an outcrop map (scale c. 1:5 400) and maps
of excavated trenches (scale c. 1:2 500). Structural field data are only available in reports
as interpreted data and are often presented in thematic maps (e.g. Talbot and Munier, 1988).
The availability of base information used in remote sensing studies and acquired by
geophysical surveys is given in Table 5.1. Field studies performed during this study
comprise field reconnaissance of fracture and aplite distribution (see Paragraphs 4.2.3 to
4.2.5 and Section 4.3).

Subsurface data

Subsurface data in the pre-investigation phase consists of different types of borehole logs.
Most of the borehole logs are stored in the SKB database GEOTAB (cf. Eriksson et al.,
1992). An exception is the borehole radar measurements.

For structural modelling, the following data in GEOTAB are of general interest: Borehole
data (location, orientation/deviation, length), geological logs (rock type, alteration,
structure), fracture logs (crushed rock, fracture frequency of natural and sealed fractures,
fracture characteristics, infillings), and geophysical logs (e.g. natural gamma, sonic,
resistivity, salinity, temperature). Hydrological logs (e.g. spinner, hydraulic conductivity)
are not used to construct the structural model and have only been used when the presented
model was evaluated. The borehole radar measurements were available as primary data
files.

Most of the subsurface borehole data (lithological, fracture and borehole geophysical logs)
recorded by SKB (stored in SKB database GEOTAB) are one dimensional (cf. profile
measurements). An important exception is the borehole radar measurements. When a
directional antenna is used as in boreholes KAS12-14, it gives three-dimensional
information on the reflectors (strike and dip of structures), and when a dipole antenna is
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Table 5.1 Remote sensing studies and geophysical surface investigations, available
base data and presentation of base data. New interpretations and
reinterpretations performed during present study are shown in the right
column.

Type of base data/
interpretations

Local area
Detailed topographical
map (1:4 000)

Structural interpretation

Aerial photos, black-
white prints (1:30 000)

Structural interpretation

Available
as

original
data

X

X

reported
data'

X

X

Interpretations
performed during
the present study

X

X

Geophysical profile measurements'
(VLF1, magnetic1 , seismic, radar) x

Interpretation x

Detailed magnetic measurements'
(scale c. 1:15 000) x

Structural interpretation x

Detailed geoelectric measurements',
(scale c. 1:5 000) x

Structural interpretation x

Semi-regional and regional scale
Aerial photos, black and
white prints (1:30 000) x

Structural interpretation

Topographical maps
(1:50 000) x

Structural interpretation

Digital elevation models

(1:50 000) x x
Structural interpretation x

Detailed nautical charts
(1:20 000) x

Structural interpretation x

Geophysical profile measurements
(VLF1, magnetometre') x

Interpretation x

Airborne magnetic meas.
(1:50 000) x x

Structural interpretation x

Airborne electro-magn. meas. x
Structural interpretation x

Satellite, Landsa tTM x2

Structural interpretation x :

' Geophysical data stored in GEOTAB.
1 Only selected pant .. f the Landsat scene are shown in reported figures (Witschard and Larsson, 1987).
' Reported in SKB HIiL or SKB TR reports (1987-1991), cf. Stanfors et al. (1991).
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used during borehole radar measurements, as in the majority of the boreholes at Aspo
(boreholes KAS02-19 and 11), the relative orientation of the radar reflections (angle of
intersections) to the borehole are determined. Oriented fracture data is only available for
selected sections in boreholes KAS02-06. Borehole radar measurements are treated in more
detail in Section 4.5 (cf. Figures 5.1 and 5.2).

5.2 STRUCTURAL MODELLING

5.2.1 Procedure

The interpretation of the framework of brittle tectonical discontinuities, i.e. fracture zones,
at Aspo has been carried out in the following order:

1. An interpretation and summary of the structural history of the Aspo area,
based on a literature review and field observations, were made (Section
4.7 and Tiren, 1997; Part C).

2. Short field trips were made to study the field appearance of rock types and
fracture configurations. Fracture mapping was conducted along the excavated
central trenches and along the southern shore of Aspo (Section 4.3).

3. The drilling programme for Aspo was reviewed (Tiren 1997; Part D).

4. Compilation of structural information: Maps and geologic-structural data
stored by SKB in the database GEOTAB (surface fracture mapping along
excavated trenches, corelogs and borehole geophysics in boreholes KAS2-9,
11-14, see Tiren 1997; Part E).

5. The borehole radar investigations were reexamined and "all" radar reflections
were characterized and summarized in tables (see Tiren, 1997; Part E) and
Section 4.5 (some measured borehole sections had not been analysed before).

6. Regional, semi-regional and local structural maps (Chapter 3) were
produced and the detailed magnetic measurements (ground geophysics) were
reinterpreted (Paragraph 4.2.2).

7. The surface fracture data (see item 2 above) was plotted in stereograms and
compared with the SKB fracture mapping (Section 4.3). This provides
information on the general variation of fracturing in the area and on
fracturing associated with fracture zones.

8. Three-dimensional modelling was carried out of fractures and fracture
zones, based on correlations between orientation of borehole radar reflections
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zones, based on correlations between orientation of borehole radar reflections
(oriented data), fractured sections in drillcores and surface structures
(Section 5.2). Parallel processing of the three-dimensional fracture zone
model has been carried out by using a CAD-programme, INTERGRAPH
MicroStation PC (version 5.0), on a PC 486 and an image processing
programme, EarthVision (Dynamic Graphics Inc.), on a Silicon Graphics
workstation.

9. Fracture zones are grouped according to their orientation. For each structure
the observed and measured properties (e.g. remote studies, field observations,
responses to ground geophysical measurements, borehole observation and
borehole measurements) are compiled in a data base (52 structures and 39
properties where some parameters include more than one character, e.g.
fracture minerals, orientation of fractures in a zone). The data base includes
a total of 52 by 63 parameters (Tiren, 1997; Part F). The description of the
general character of each group of fracture zones is based on this compilation
of data.

5.2.2 Critical input data

Of all data recorded to characterize a site, some sets of data are crucial in structural 3D
modelling of fracture zones, while others are complementary data (definition in Chapter 7).

The base data used for the construction of a three dimensional fracture zone model of Aspo
are: Surface maps expressing the outcropping of structures (topographical and magnetic
lineament maps), observations of the character of the structures, and the result of borehole
investigations.

In a well-exposed area such as Asp6 (degree of exposure > 15-20%, the thickness of the soil
cover is generally less than a metre), structures can be traced along their "full length" on
aerial photos and topographical maps/models and can be checked in the field (mapping,
geophysical measurements, etc.). Field descriptions of structures are used when available.
Fracture orientations measured on outcrops along the surface trace of fracture zones are
used to infer the orientation of the structure at an initial stage of the modelling (Section 4.3
Fractures in outcrops).

In the Aspo area, the description of the general fracturing of the bedrock at the surface is
quantitative and characterizations of fracture zones in qualitative terms are missing. The
borehole fracture logs represent nearly continuous "scan-lines" located in the bedrock.
Fracture zones are defined here as planar domains of closely spaced fractures in which the
fracturing is enhanced one, two or more times compared with the country rock. Sections
mapped as Crushed Rock (file CRUSH in the SKB database GEOTAB:
GEOTAB/GEOLOGY/PCFRACT/CRUSH) in the fracture logs represent structures with
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of the rock fragments/pieces of the core are shorter than 10 cm. Usually pieces are shorter
than 5 cm and sizes of 0-3 cm dominate. The Aspo fracture logs also contain sections with
a pronounced increase in fracturing, 10-25 fractures per metre, and these sections are often
found in connection with zones of Crushed Rock. The mean and median separation of the
centres of sections containing Crushed Rock at Aspo is c. 14 m and 4 m, respectively
(boreholes KAS03-09, 11-14, Table 4.6).

To infer the existence of a structure by correlating an observation of increased fracturing
in one borehole with structures in other boreholes and/or to surface structures may be
uncertain if the orientation of the structure is not indicated and the structure has no distinct
character compared with other structures, and if the population of structures is large. In the
Aspo bedrock, the number of borehole sections with increased fracturing is large (340
sections with Crushed Rock) and the characters of the fractured sections are only unique
in a few cases. The modelling is therefore initially based on directional data from borehole
radar measurements in three boreholes (KAS12, 13 and 14, Figure 4.18 and text below).

The critical input parameters used in the structural modelling of Aspo are:

Surface data - structural map showing extensive discrete fracture zones and
topographical lows (Figure 3.5) and orientation of fractures in outcrops.

Lithological units and lithological contacts are not used as markers:
Extrapolation of lithological units from one outcrop to another is not
simple in the Aspo area. The spatial separation of boreholes is far greater
than the separation of outcrops. A tentative vertical profile across Aspo
is presented in Figure 4.25, but construction of a three-dimensional
model of the rock distribution has not been successful. The main reason
for this is the lack of data describing orientation and character of
lithological contacts and the occurrence of faulting postdating the
emplacement of the late aplites.

Subsurface data - location of crushed rock in boreholes and borehole radar
measurements.

Rock mechanical influence on selected input data: Features along which
a decreased rock mechanical strength of the bedrock could be expected
are especially sections with Crushed Rock. Sections in the fracture log
(NJOINT in GEOTAB) with increased fracturing are, for the most part,
not considered (due to lack of time).

Influence of crushed Rock on the layout: In the layout of a repository, the
locations containing Crushed Rock should be avoided. In a repository,
as outlined in the "SKB 91" project (SKB Technical Report 92-20), the
vertical extension of the rock excavation at a canister position is c. 13.5
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m (depositional drift with a diameter of 4.5 m and deposition holes with
a depth of c. 9 m), and if the stress influenced zone around the drift and
the deposition hole are added the vertical and lateral extension of the
stress influenced zone around the construction will be c. 20 m and 13.5
m, respectively. The separation of canister positions is 6 m. The location
of zones containing Crushed Rock (mean separation c. 14 m along the
Aspo boreholes, and occur as clusters) is thus critical to the repository
layout.

Hydrogeologic influence on the selection of structural input data: In
boreholes KAS02-09 and 11-14, 113 locations of possible groundwater
flow paths have been indicated by spinner measurements and by
combining temperature and salinity logs (Voss et al., 1996). Of all 113
indicated locations of groundwater flow paths in the Aspo boreholes 72
are correlated with sections denoted Crushed Rock, i.e. 64% (Table
5.15).

Structures indicated by borehole radar measurements: The number of
features (reflectors) identified by borehole radar measurements in
boreholes KAS02-9 and 11-14 are 332, and of these, 161 reflectors
coincide with sections of increased fracturing of the core, i.e. 48%. Of
263 reflectors identified in boreholes KAS03-09, 11-14, 108 reflectors
coincide with sections mapped as Crushed Rock (Crushed Rock not
recorded in KAS02), i.e. 41%.

The sections with Crushed Rock or increased fracturing not indicated by borehole radar
measurements may have limited extension or may intersect the borehole at an angle greater
than c. 70° (Section 4.5). The populations of radar reflectors and sections of Crushed Rock
do not fully coincide but the data sets contain supplementary data. The borehole radar
measurement provides the model with information on extensive fractured sections which
are not mapped as Crushed Rock.

5.2.3 Criteria and restrictions

The construction of a three dimensional fracture zone model was based on following
criteria:

1. Planar or near-planar geometries of the structures are considered.
Relative large deviation of intersections with boreholes compared to
calculated intersection points could be accepted as the intersection is
strongly dependent on the angular relationship between the borehole and
the structure.
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2. Maximum 15 degree deviation of relative orientation (i.e. borehole radar
measurements) at intersected boreholes.

3. Maximum 25 m deviation between predicted surface outcrop and
observed lineament (depending on depth of data points and angle of
intersection. Structures outlined on Figures 3.5 and 4.7, cf. Figures 4.11
to 4.13).

4. Similar fracture characteristics from borehole to borehole (may change
due to partial reactivation and late propagation of the structure).

5. Assuming that the length of the trace of a structure at the ground surface
is related to down dip extension of the structure.

Two restrictions are regarding structures included in the model. In general terms the
restrictions are as follows:

1. Structures indicated only in a single borehole that are not correctable
with any surface structure are not included.

2. Extensive structures having distinct surface expressions, but are not
penetrated by any borehole, are included only if the orientation of the
structures could be inferred from field data.

The restrictions will affect the model in that sense that the number of structures in subareas
with a relative high density of drillholes (central and southern part of Aspo) will be
enhanced, as the probability of detecting structures is greater than in subareas with few
boreholes (northern part of Aspo). The model will be constrained by the fact that Aspo is
an island and the control of the regional structures outlining Aspo is relatively poor.

5.2.4 Model restrictions

The hydrogeological, hydrochemical and rock mechanical conditions in the bedrock at
repository depth are related to the local and the regional physical and chemical conditions
in the bedrock. The transport of groundwater is related to local and regional topographical
gradients. The separation of regional structures is on the order of 2 to 4 km (cf. areas
previously investigated by SKB). The size of a typical model to describe the structural and
geological condition at a site for disposal of radioactive waste thus should be at least on the
order 2 km by 2 km by 1 km deep. The top of the model will in most cases be documented
by surface investigations, while less than 25% of the modelled volume will be covered by
borehole investigations. In the Aspo case, most boreholes are located in the southern part
of Aspo and surface investigations are more or less restricted to Aspo. As a result, far less
than 10% of the 2 by 2 by 1 km modelled volume is covered by borehole information. The
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accuracy of the model outside the volume with boreholes is low, especially in water-
covered areas where the model lacks detailed input data. The reason for the large size of the
SKI structural model of Aspo and the location of its boundaries, compared with the volume
investigated by boreholes, is to meet the demands from hydrogeological and rock
mechanical modellers.

The criteria presented in the previous paragraph for including structures in the model
discriminate structures that do not outcrop on Aspo, e.g. gently inclined zones at depth and
structures not intersected by any borehole and outcropping in the water around Aspo. The
regional structures outlining the Aspo island are examples of the latter type. The extension
of structures outside Aspo and across regional structures is uncertain in many cases. The
reason for extending most of the structures to the border of the model is to get a better
visualization of orientation of structures and the geometry of rock blocks.

5.2.5 Modelling of structures

The three-dimensional modelling of fractures and fracture zones is based on the correlation
of borehole radar reflections (oriented data, cf. Figure 5.1), and fractured sections (Crushed
Rock) in drillcores and surface structures (Figure 5.2). A systematic correlation of
subsurface and structural surface information was carried out for each borehole by starting
at the surface and going downwards along the borehole. The modelling of the 3D structural
framework was performed in several steps. Below the different steps in the methodology
used are described.

Directional attributes

Calculation of possible intersections of an oriented structure in a borehole with,
e.g. structures identified on the ground surface and/or in other boreholes, using the
computer programme CROSHOLE (Olsson and Sandberg, 1991).

Working in a three-dimensional space (CAD, INTERGRAPH, and Earth Vision,
Dynamic Graphics Inc.) to locate the intersection of a structure identified in a
borehole at the ground surface and in other boreholes by looking along the
structure. Location of identified intersects are given by the computer programme.

Non-directional attributes

Distributions of single attributes or combinations of attributes (e.g. fracture
frequency, crushed rock, fracture infilling, geophysical measurements) are
visualized in a three-dimensional space. In many cases only showing the extreme
values of a group of attributes is applicable.

By viewing the model from different directions (rotating the model) the attributes
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may locally form clusters suggesting a planar structure (cf. discriminant analysis).

The structural implication of identified surfaces is examined, e.g. does the
structure have the same orientation as any identified set of structures.

Directional data
Borehole radar

Relative orientation

Dipole antenna

Absolute orientation
Directional antenna
r =• penetration radius (m)

Borehole Borehole

Figure 5.1 Extrapolation of radar reflectors: a. A dipole antenna, the orientation of
the reflector is given by the angle of intersection with the borehole, and
b. A directional antenna, absolute orientation of reflector.

Adjustments of shape of identified structures

Interpreted structures are initially drawn as planes. Structural features are,
however, not exactly planar. The EarthVision programme comprises software for
fitting observation points to nonplanar surfaces using least square fitting optionally
combined with tensional gridding. Deviations of some 5 m over a distance of
several hundreds of metres are accepted.
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25m

Ref/iector

Borehole\radar reflector projected to the surface
Reflector found in borehola KAS14. 190 m along the boreho|e

Hh orientation 202/81 Islrike/dipl

25m

500

Surface structure
Borehole

Figure 5.2 Modelling of structures, an example (zone 16 in Figure 5.3 and Table
5.4). The structural pattern at the surface is based on interpretation of
aerial photos, Figure 3.5.
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In Figures 5.2 an example of extrapolation and correlation of structural information is
given. When using a dipole antenna in a borehole radar survey the angle of intersection
(alpha) between the reflector and the borehole is achieved. The structure causing the radar
reflections is to be looked for as a tangent to a cone (Figure 5.1a), while when a directional
radar antenna is used the reflector will be correlated with a plane (Figures 5.1 b and 5.2).

5.3 DESCRIPTION OF MODEL

The SKI structural model of Aspo comprises 52 fracture zones, Figures 5.3 to 5.5. Of these,
43 zones are indicated in one or more boreholes and 9 zones are indicated only by surface
information. The zones are grouped according to their strikes in seven groups: WNW-ESE,
NNW-SSE, N-S, NNE-SSW, NE-SW, ENE-WSW and E-W striking zones (Table 5.4). The
variation in strikes of structures belonging to each group is, in general, small. However,
some spreads in orientations occur for structures belonging to the NE-SW and ENE-WSW
striking groups, Figure 5.5. The characters of the fracture zones are given in Tables 6.4 to
6.8.

g
o

B500 4

SKI model
Fracture zones
at Aspb surface

Aspb contour
at surface

40 Zone id-code

0 500m

Figure 5.3 The SKI structural model of Aspo including 52 fracture zones (horizontal
section at sea level).
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The range in inclination of the 52 zones varies from vertical to gently inclined (10°).
Vertical to subvertical structures (inclination 80-90°) are dominant (44% of all zones) and
highly inclined structures (60-80°) are common (33%). Moderately inclined (30-60°) and
gently inclined (10-30°) zone are subordinate (both with a relative occurrence of 12%), cf.
Table 5.5. Most of the identified gently dipping fracture zones outcrop on Aspo and in the
water-covered areas just southeast of Aspo. The latter holds especially for structures that
dip c. 20° towards the north and identified in boreholes at depths of 200 m or more. The
distribution of subhorizontal fractures in boreholes, Figure 4.14, indicates that gently
inclined fracture zones are common in the Aspo' basement rock. These zones are often
characterized by a general increase of rock fracturing in the rock by a factor of two or more.
The spacing of gently inclined fractures is then in the order of decimeters. One extremely
deformed section at the lowest part of the vertical borehole KAS02 is interpreted to be part
of a gently dipping regional zone, identified by drilling on Avro east of Aspo (borehole
KAV01); it outcrops in the sea east of Avro. Another wide, gently inclined zone is
indicated in borehole KAS03 at a depth of c. 200 to 420 m. This zone has not been
traceable to the southern part of Aspo as it is most presumably displaced by E-W striking
faults in the central part of Aspo. The zone is not included in the model.

SKI model
Fracture zones 1-52

Fracture zones viewed from south-west, 30° above the horizon
(3000. S6OC. 3!

11000,8500.01

(icoo.8500.-;ooo:

13000. 6500.0!

13O0C. 6500. -1030)

(1000. 650C. -10001

Figure 5.4 The SKI structural model, viewed from a point southwest at an
inclination of 30° above the horizon.
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All zones are labelled in a systematic manner according to their strike and dip, and a
number is added to separate structures with similar dips, e.g. NNW-1H, according to
following rules:

Strike: A 360° compass is divided into 16 equal sectors. The first sector is
symmetrically located across the north direction. When grouping the structures
according to their strikes, only names of sectors in the northern part of the compass
rose are used, i.e. EW, ENE, NE, NNE, NS,

Dip (right-hand rule): Horizontal corresponds to a dip of 0° and vertical to 90°.

Abbreviations for different classes of inclination are given in Table 5.5.

Number: The quantity of structures in each strike group is given by the highest
numbers. The numbers are systematically arranged to the structures by starting
with vertical structures (v) of a group going southwards (or westwards when
considering N-S striking structures), then subvertical (s), highly inclined (h),
moderately inclined (m) and gently inclined (g) fractures of the same group.

The width of structures is best determined when the relation between the internal pattern

N

Figure 5.5 Orientations of the 52 fracture zones (as poles) in the SKI structural
model of Aspo: Zones verified in boreholes (white dots, 43), zones with
inferred dip (grey dots, 9) and a contour diagram (52 zones, contour
intervals 1, 3, 5 and 7.5%). Schmidt net, lower hemisphere projection.
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in the structure and the external structure in the host rock are known (see Section 7.8). This
type of information can be obtained by detailed mapping. However, in this study such
information has not been available. Widths of fracture zones (Table 5.4) are therefore
exclusively determined by borehole information: Fracture logs and geophysical logs
(gamma, sonic, single point resistance logs). Widths of zones are determined where zone-
borehole intersections are not disturbed by other zones.

Table 5.4 Fracture zones in the SKI model. Mean width and standard deviation
(sd.) are given for each strike group (dip, "right-hand rule". In Appendix
1, the work codes used by Voss et al. (1996) and Geier (1996a-c) are
presented).

ID-
code

7
1
5
4
3
2
6
8

14
47
13
9
12
10
11
52
50

48
49
46
51

17
23
15
16
18
26

Name

WNW-1V
WNW-2H
WNW-3H
WNW-4H
WNW-5H
WNW-6H
WNW-7H
WNW-8M

NNW-1V
NNW-2V
NNW-3S
NNW-4S
NNW-5S
NNW-6S
NNW-7H
NNW-8H
NNW-9H

NS-1V
NS-2V
NS-3S
NS-4G

NNE-1V
NNE-2H
NNE-3H
NNE^H
NNE-5M
NNE-6M

Strike

307
304
302
294
298
301
308
288

338
346
164
161
338
340
156
162
341

350
358
182
351

26
24
205
203
194
204

Dip

88
76
70
70
67
71
68
38

89
89
84
81
87
87
78
62
65

89
89
86
11

89
78
78
77
56
51

Width
(m)

<10
<5
<10
<10
1-5
1-5
>10
>10

calO?
>5
1-2
1-2
1-2
1-2
>IO?
1-2
1-2

5-10
5-10
5-10
<5

5-10
1-2?
1-5
1-5
1-2
1-2

Note

no borehole intersection

no borehole intersection
old, sealed (?) zone
MEAN WIDTH WNW ZONES 8 m
sd. 3 m

no borehole intersection
no borehole intersection

MEAN WIDTH NNW ZONES 4 m
sd. 4 m

no borehole intersection
no borehole intersection

MEAN WIDTH NS ZONES 9 m
sd. 3 m

MEAN WIDTH NNE ZONES 4 m
sd. 3 m

To be continued
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Table 5.4, continued. Fracture zones in the SKI model, continued. Mean width and
standard deviation are given for each strike group are given (Appendix
1: Work codes used by Voss et al., 1996, and Geier, 1996a-c).

ID-
code

22
24
20
41
44
45

28
37
21
36
39
25
19
43

40
42

31
27
29
30
32
38
33
34
35

Name

NE-1V
NE-2S
NE-3S
NE-4M
NE-5G
NE-6G

ENE-1V
ENE-2V
ENE-3S
ENE-4S
ENE-5S
ENE-6S
ENE-7H
ENE-8H

ENE-9M
ENE-10G

EW-1V
EW-2S
EW-3S
EW-4H
EW-5H
EW-6H
EW-7M
EW-8G
EW-9G

Strike

220
228
223
220
227
222

68
247
59
249
243
238
235
242

233
243

259
268
253
265
257
255
268
255
256

Dip
(

88
80

Width
m)

-5
5-10?

85 calO
32
28
14

89
89
83
87
82
80 ;
67 :
61

57
10

90 :
82

-2
0-15

50-75?

-2
-5
-5
-2
-2

5-10

0-20
-2

>25
-5

84 <1
79
75
77 '.
33
26
25

-2
-5

-5?
-5?
-5

Note

no borehole intersection

Avero Fault Zone? Either steeply or
gently inclined to the NW
MEAN WIDTH NE ZONES 20 m
sd. 28 m

contact between two fracture
domains, increased fract. to the
south.
alteration zone

MEAN WIDTH ENE ZONES 6 m
sd.6 m

no borehole intersection

no borehole intersection

MEAN WIDTH EW ZONES 6 m
sd. 7 m

sd. = standard deviation

Table 5.5 Names of zones in the structural model according to their dips and
distribution of zones according to their dips.

Dips
(degrees)

0-9
10-29
30-60
61-80
81-87
88-90

Inclination
class

Flat laying
Gently inclined
Moderately inclined
Highly inclined
Subvertical
Vertical

Abbrevia-
tion

F
G
M
H
S
V

Total

Number

.

6
6
15
13
10

52

Relative
occurence

11.5
11.5
32.7
25.0
19.2

Relative occurrence
dip intervals

+

11.5% dipping 0-29"
11.5 % dipping 30-60"
+
+
76.9% dipping 60-90"
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Table 5.6 Number of subsurface samples of fracture zones included in the three-
dimensional structural model of Aspo. A stereo net (Wullf net) has been
used to calculate the angles between zones and boreholes. The borehole
radar is less sensitive to detect zones intersecting boreholes at high
angles (appears to hold also for subparallel zones at Aspo, cf. Section 4.5
and Figure 5.17) and calculation of zone-borehole intersections is
uncertain when the intersection angle is small (cf. Figure 5.16).

Group of
fracture zones
according to
strike

WNW
NNW
NS
NNE
NE
ENE
EW

Number of
zones in
each strike
group

8
9
4
6
6
10
9

Number of
zones inter-
sected by
boreholes
in each
strike group

6
7
2
6
5
10
7

Angular relation-
ships between zones
and boreholes in
each strike group.
Number of zones
>60" subparallel
to borehole

2 7
1 3
1 4
7 2
9 1
10 0
10 1

Number of borehole-
zone intersections

Per strike
group

34
32
16
31
22
37
18

Per
zone
in each
strike group

3-10
4-11
5-11
3-9
1-10
1-9
2-3

Table 5.7 Structural character of fracture zones in the 3D structural model of Aspo.
Number of zones verified by borehole radar, fracture contrast (wallrock-
zone), occurrence of Crushed Rock (C.R.) and width of steeply dipping
zones (gently dipping zones are treated in the text).

Group of
fracture zone
according to
strike

WNW
NNW
NS
NNE
NE
ENE
EW

Number of
zones
verified' by
borehole radar

3
6
1
3
2
4
4

Contrast in
fracturing
wall rock -
zone:

(fr/m)

1-6
1-6
2-16
1-8
3-8
2-8
2-7

Number of
intervals
with C.R.
in each
strike group

14
16
11
16
8

25
12

Width
of steeply
dipping
zones
(m)

<1
« 1
<l-5
<l-5
1-5

<l-5
<l-5

1 Directional antenna.
2 Mean fractures per metre in the wallrock and in the zones.
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Table 5.8 Character of fracture zones in the three-dimensional structural model of
Aspo. Relationship to wallrock, structure, alteration and fracture minerals
(based on SKB borehole logs, GEOTAB) in intersecting boreholes.

Fracture zone
group
according to
strike
(Number of
zones/number of
borehole
observations)

WNW
(8/44)

NNW
(9/33)

NS
(4/16)

NNE
(6/30)

NE
(6/22)

ENE
(10/38)

EW
(9/18)

Types of
wallrock:
Same or

Structure

Various (number of
transected aplites,
observed at
rock contacts)

Various
(11 aplites.
10 at contacts).

Various
(9 aplites,
14 at contacts).

Various
(7 aplites.
7 at contacts).

Various
(11 aplites.
12 at contacts).

Various
(7 aplites.
8 at contacts).

Same (3 zones in
aplite).
Others Various
(12 aplites,
17 at contacts).

Same (1 zone in
aplite, 1 zone in
AspO granitoids).
Others Various
(5 aplites,
7 at contacts).

Abbreviations (GEOTAB terminology

Slick.,
Horn., Tect,
(Myl., Brec, Fol.)

Slick., Tect., Horn..
(Fol.)

Horn.,
Tect., Slick..
(Fol., Myl.)

Slick.,
Tect., Horn.,
(Fol., Myl.)

Slick.,
Horn.. Tect.,
(Fol., Bre.)

Horn., Tect., Slick.,
Bre., Myl., Fol.

Tect.,
Myl., Slick.,
(Horn.. Fol., Bre.)

Alteration

Oxi..
Tect.,
(Weath, Epi.)

Tect., Oxi..
(Weath., Epi.)

Oxi., Tect..
(Weath.)

Oxi., Ted.,
(Weath., Epi.)

Oxi., Ted.,
(Weath., Epi.)

Tect.,
Epi., Oxi.,
(Weath.)

Tect.,
Oxi.,
(Epi., Weath.)

, explainations of terms given by Allan Strahle,

Fracture
minerals

Chi.. Cal..
Epi,
(Hem., Iro.)

Cal., Chi..
Epi, Hem,
(Lau, Pyr.)

Chi., Cal.,
Epi, Hem,
(Iro, Preh, Pyr.)

Cal., Chi,
Epi, Hem,
(Pyr, Iro, Flu, Lau.)

Cal., Chi,
Epi, Hem, Pyr,
(Iro.)

Chi, Cal., Epi.,
Hem,
(Iron, Pyr, Cla.)

Cai, Chi,
Hem, Epi,
(Iro, Pyr, Lau.)

pers. com, Uppsala 1994.)
Structure (related to a tectonic structure, e.g. fracture zone): Fol.=foliated (tectonic foliation: schistosity, gneissosity/coherent) ,
Tect.=tectonized (penetrative semi-ductile to brittle deformation, cataclasite, sealed fine-grained fault-rock, coherent).
Myl =mylonitized (ductile to semiductile deformation, grain-size reduction, coherent), Brec.=breccia (fault-rock, fragments
observable, sealed/coherent, incoherent fault-breccias are mapped as Crushed Rock). Slick =slickenside/tectonic striation, and
Hom.=homogeneous (no change).
Alteration (change in mineralogy, wallrock and structure): Epi.=epidotized, Tect.=tectonized (alteration in cataclastic rocks,
interpreted to be related to deformation, coherent), Oxi.=oxidized (red coloured, coherent), and Weath =weathered (coherent).
Fracture minerals: Epi.=epidote, Chl.=chlorite, Lau.=laumontite, Flu-flourite, Cal.=calcite, Hem.=hematite, Iro.= iron-
oxyhydroxides, Pyr =pyrite. Pre.=prehnite, and Cla.=clay.
The relative occurence (dominating, common, (scarce)) of characteristics: e.g. Tect., Myl, Slick, (Horn, Fol, Bre.) and Chi, Cai,
Hem, (Iro.)
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From a structural geological point of view the 52 fracture zones in the SKI structural model
of Aspo can be described as four sets (defined by orientation, Figures 5.5 and 5.6):

1. Zones striking NNE-SSW to NE-SW and with moderate to vertical dips
northwestward (24).

2. Vertical to steeply westwards dipping zones striking NNW-SSE (12).

3. Steeply northeastward dipping zones striking WNW-ESE (7).

4. Zones dipping gently northwards (9).

Of these four sets only the second and third sets contain structures with a relative uniform
orientation. The spread of orientation of the fracture zones in the first set in fact is too great
to define a set (the spread of strikes and dips are c. 60° and 30°, respectively), but a
subdivision of the set into three subsets has to be based on few data points. The spread of

WNW set

NNE-NE-ENE set Gently inclined set

Figure 5.6 Four sets of fracture zones (cf. Figure 5.5 and Table 5.4), viewed from a
point southwest at an inclination of 30° above the horizon.
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strikes in the fourth set is of the order of 130°, although the absolute spread in orientation
is less compared to the first set. Notable is that the second set of structures contains
structures which on a regional scale form two groups: N-S striking extensive regional
structures and less extensive and thin NNW-SSE striking structures. The main objective of
this study is to present a structural model which should form the basis for rock mechanical
evaluations of the stability of the bedrock, and modelling of groundwater transport,
chemistry of groundwaters, and mass transport. A presentation of the 52 fracture zones in
the SKI structural model according to their strikes (7 strike groups, Table 5.4) is in accord
with labelling of structures mapped by remote sensing techniques and mapped on outcrops.
It gives also a presentation which is easy to understand. Three of the four structural sets
are then parted into two or more groups (except the third, WNW-ESE/steep NE set), in
agreement with subsets, and showed together with other subsets with the same strike but
with a different inclination.

WNW-ESE striking structures

The WNW-ESE striking structures occur most frequently in the southwestern part of Aspo
and they parallel to the western coast of Aspo, Figure 5.7 The structures are expressed as
linear topographical features (lineaments), e.g. open gullies and small steps, or expressed
as linear structures climbing across the topography without having any influence on it. The
dominant orientation of fractures in the southern, western and central part of Aspo is
WNW-ESE. Vertical dips of the fractures are recorded, and the inclinations of zones are
steep to gentle towards the northeast. Some moderately to steeply dipping fractures occur
in en echelon fracture configurations forming half a metre wide WNW-ESE striking
fracture zones (Talbot and Munier, 1989); these zones are relatively frequent. Most WNW-
ESE striking zones are identified by refraction seismic measurements. The zone located in
the water area west of Aspo is seismically documented.

The WNW-ESE striking structures are not easily detectable by ground magnetic
measurements if they are surveyed by single profile measurements, but are well indicated
by the detailed geophysical surveys. The traces of magnetic indications of WNW-ESE
striking structures are not generally as straight and continuous as the topographical
indications. An exception is the WNW-ESE striking zone in the northeastern part of Aspo.
Mylonites are found along some of the structures (formed by reactivation). Fractures may
occur without infillings or be coated with chlorite and iron-oxyhydroxides. Together this
indicates that WNW-ESE striking fractures consist of thin, reactivated structures and late
prolongation of earlier existing structures may also occur. The WNW-ESE striking
structures are shear structures and early displacement (semiductile) along the fractures
appears to have a right lateral component, while late brittle reactivations (Talbot and
Munier, 1989) have a left lateral component of movements.
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SKI model
Fracture zones WNW 1-8

Fracture zones viewed from south-west, 30° above the horizon(3000. 8500. 0)

(looo. 8600. -looo] <G;-'.'J

(3000. 8600.0)

(3000. 6600. -1000)

(1000.6600. -10001

Figure 5.7 WNW-ESE striking fracture zones, viewed from a point southwest at an
inclination of 30° above the horizon.

NNW-SSE striking structures

NNW-SSE striking structures, Figure 5.8, appear most frequently in the central part of
Aspo as discrete, vertical to moderately eastwards dipping structures. The steeply dipping
structures are traceable across the central drilled part of Aspo as linear features, often as
single fractures or minor fracture zones with a width of a few decimetres, transecting
outcrop areas without affecting the topography. In the eastern part of Aspo, the island is
transected by open and distinct NNW trending topographical features, 20-30 m wide,
indicating the existence of wider NNW-SSE striking fracture zones. The dip of NNW-SSE
striking zones is dominantly vertical, but highly inclined zones dipping towards both E and
W occur. Structures of this group are locally detected by refraction seismics and are
difficult to detect by magnetic measurements. The occurrence of NNW-SSE striking
fractures along old structures is typical. The fracture configuration along NNW-SSE
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SKI model
Fracture zones NNW1-9

Fracture zones viewed from south-west, 30° above the horizon(3000. 8100. 0)

(1000. S600. -10001

(3000. S600, 01

(3000.6600. -10001

(1000. 8600. -10001

Figure 5.8 NNW-SSE striking fracture zones, viewed from a point southwest at an
inclination of 30° above the horizon.

striking structures in the central parts of Asp6 consists of en 6chelon traces of extensive
fractures (trace length of a single structure is in many cases some tens of metres). The
fractures are connected at their terminations, having minor overlaps, by a duplex
configuration of minor fractures. Typical fracture infillings are chlorite, calcite, epidote and
iron-oxyhydroxide, while pyrite and laumontite are subordinate. Mylonite occurs along
some of the NNW-SSE striking structures, and the late movements, indicated by fault
striations on the fracture surfaces, are horizontal.

N-S striking structures

Identified N-S striking structures, Figure 5.9, are relatively few and they occur either as
subvertical fracture zones or as gently inclined zones. The vertical N-S striking structures
are topographically expressed as distinct features and often indicated by refraction seismic
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SKI model
Fracture zones NS l̂-4

Fracture zones viewed from south-west, 30° above the horizon(3000. S5O0. 01

U0OO.B6O0.0I

(1000.8600. -1000)

(3000. 8S00, 0)

13000. OSOO. -1000)

(1000, 6600, -1000}

Figure 5.9 N-S striking fracture zones, viewed from a point southwest at an
inclination of 30° above the horizon.

and detailed magnetic measurements. Fractures subparallel to the zones occur in outcrops
along the identified structures and especially where the structures are mapped as fracture
zones. Locally, N-S striking fractures are located along narrow ductile right lateral shears
with gneissic fabric and a central decimetre wide mylonite. Aplites are dragfolded within
these zones. Brittle N-S striking shears have dominant left-handed horizontal
displacements. The fracture planes are coated with chlorite, calcite, epidote and iron-
oxyhydroxides. Dendritic growths of iron-oxyhydroxides occur on the scale of some
metres on N-S striking fractures in the Gotemar granite.

One very gently eastwards-dipping N-S striking zone (10°) transecting the central parts of
Aspo has been identified, and the existence of additional structures are indicated by large
outcrop surfaces gently (fractures) dipping to the east. Fracture coatings of chlorite, calcite,
epidote and iron-oxyhydroxides have been noted.
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NNE-SSW striking structures

NNE-SSW striking structures, Figure 5.10, are found exclusively in the in the central and
the eastern parts of Aspo and in the water-covered area east of Aspo. These structures dip
either steeply or moderately to the northwest. The structures do not have any influence on
the topography, but are indicated on aerial photos as narrow traces. Fractures subparallel
to the zones are common in the bedrock along the structures. The degree of fracturing along
the structures appears to vary according to the seismic refraction profile measurements. The
magnetic signature of the zones, as revealed by the detailed magnetic measurements, varies
also from none to very strong and the structures are not detected by single magnetic profile
measurements. Mylonite occurs frequently along the structures. Fracture infilling minerals
are chlorite, calcite, epidote, iron-oxyhydroxides, pyrite and, at few localities, fluorite and
laumontite. Left lateral shear dominates and the structures are reactivated.

SKI model
Fracture zones NNE 1-6

Fracture zones viewed from south-west, 30° above the horizon(3000. MOO. 01

(1000.8600. -1000)

(3000.4600. 01

(3000. 6600. -10001

(1000.6600. -1000)

Figure 5.10 NNE-SSW striking fracture zones, viewed from a point southwest at an
inclination of 30° above the horizon.
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NE-SW striking structures

NE-SW striking structures, Figure 5.11, occur transecting the central part of Aspo, and
outcrop in the water-covered area southeast of Aspo. A structure has also been identified
in the deepest parts of borehole KAS02 (at a depth below 800 m). The central structures
are subvertical and the easterly located structures are dipping gently to the northwest. The

SKI model
Fracture zones NE l̂-6

Fracture zones viewed from south-west, 30° above the horizon
(3000. S500. 0)

(1000. 6600. -1000)

(3000. 9600. 0)

(3000. M O O . -loooi

(1000. 0600. -10001

Figure 5.11 NE-SW striking fracture zones, viewed from a point southwest at an
inclination of 30° above the horizon.

gently inclined structure inferred at depth in KAS02 is based on fracture configurations,
borehole information from a hole on Avro (an island located east of Aspo, borehole
KAVOl), fracturing along the east coast of Avro and a lineament on the sea bottom east of
Avro. All information favours the existence of a regional low angle fault zone (50 to 100
m wide) outcropping in the sea at a distance of 3 km southeast of Aspo. Of the three NE-
SW striking structures in the central part of the island, the southernmost one outcrops along
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a straight and c. 10 m wide gully in its southern parts, while its continuation to the north
forms an edge as a break in the topography. The two more westerly located structures also
have edges in the north. For the forme edge constitutes a step up when going
northwestwards, while for the other two it is a step down.

The occurrence of the central NE-SW striking structures seems to be related to the NE-SW
striking belt of low magnetic rocks transecting Aspo. One of the structures transects the belt
and it lines up to the north with the border of the belt. The deformation along this zone is
characterized by mylonites and cataclasites and a strongly increased fracturing parallel to
the zone. The detailed magnetic measurement indicates that this structure is located in a
braided network of NE-SW striking low magnetic structures.

ENE-WSWstriking structures

ENE-WSW striking zones, Figure 5.12, are found to occur in three well-separated clusters:
A wide zone transecting the central part of the island, one transecting the southern wedge

SKI model
Fracture zones ENE l̂-10

Fracture zones viewed from south-west, 30* above the horizon
<3O00.8500. 0)

(1000. 0600.-1000) >C

(3000.8600, 0)

UOOO. 8600,-1000)

Figure 5.12 ENE-WSW striking fracture zones, viewed from a point southwest at an
inclination of 30° above the horizon.
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of Aspo, and a cluster of structures located at the southernmost tip of the island. All ENE-
WSW striking structures dip towards the north; the central zones are vertical to steeply
dipping, while the southern zones are less inclined (67-57°). A gently dipping zone transects
the southern wedge of Aspo and outcrops where it intersects a vertical zone. The
topographical signature of the ENE-WSW striking structures is variable, from a marked
step in the landform (the northernmost structures) to open structures (structures in the
central and southern parts of Aspo). The structures are mapped as fracture zones and
fractures parallel to the zones occur both in the zones and in the wallrock. The zones have
a low magnetic signature. However, only the northernmost zones and those located in the
water-covered area just south of Aspo are indicated by seismic refraction measurements.
The constituents of the fracture infilling minerals vary. Local occurrence of mylonite and
fracture coatings of chlorite and iron-oxyhydrixides are recorded for some of the zones,
while for others, a lack of infillings is noted.

E-Wstriking structures

E-W striking structures, Figure 5.13, are found to transect Aspo in its central and northern
parts. According to the dip of the E-W striking zones, they can be divided into two
subgroups: Steeply dipping to vertical and gently dipping. The zones are topographically
expressed as marked steps in the terrain, minor slopes and minor gullies. The structures are
generally revealed by the ground geophysical measurements. Only E-W striking zones in
the northern part of Aspo are weakly indicated by seismic profile measurements. The
structures are characterized in the field as fracture zones. An increased density of fractures
parallel to the NE-SW striking structures is observed. Fracture infillings of chlorite, iron-
oxyhydroxides are common in the steeply inclined zones. The gently inclined zones have
a complex history and locally contain mylonite and infilling minerals as chlorite, iron-
oxyhydroxides, but some of the structures have no fracture infillings.

5.4 VERIFICATION

During the structural modelling of an ordinary potential site for spent nuclear waste, all
available geological and geophysical data recorded are used in the production of the model.
Verification of the model may then be done by adding new data, e.g. drilling a new
borehole. The SKI structural model of the Aspo area considers most of the pre-investigation
studies, i.e. investigations performed before location and layout of the Aspo Hard Rock
Laboratory were decided and established. As the SKI project SITE-94 should consider data
recorded during the pre-investigation phase of the characterizing of a site for nuclear waste,
data gathered during the planning of the layout and construction of the Hard Rock
Laboratory should therefore be regarded as nonexistent information. However, verification
of the SKI structural model by using all Aspo data (additional cored boreholes drilled from
the surface and data gathered during the excavations) may be done when the SITE-94
project is concluded.
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SKI model
Fracture zones EW1-9

Fracture zones viewed from south-west. 30* above the horizon13000. 8600. 01

(lOOO.MOO.O)

11000. 8600. -1000) 13000.6500, -10001

(IOOO. aeoo. -JOOOI

Figure 5.13 E-W striking fracture zones, viewed from a point southwest at an
inclination of 30° above the horizon.

Two of the available geophysical data sets have not been used during the construction of
the SKI structural model of the Aspo area: Vertical seismic profiling (VSP) and ground
penetrating radar (GPR) measurements. The latter were a test of a modified borehole radar
system (Sandberg et al., 1989). The penetration of the GPR was 5-20 m into the rock and
the test verified the existence of gently inclined structures. However, the measurements
were not carried out in the most critical part of Aspo to verify the existence of extensive
gently dipping zones and the method is very selective in detecting zones (depending on the
orientation of the zone relative to the measured profile). The results of the GPR
measurements are therefore not used to verify the SKI structural model. The VSP
investigation (Cosma et al., 1990) has been used to construct a three-dimensional structural
model of the southern wedge of Aspo. This model is compared below with the SKI
structural model of Aspo.
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5.4.1 VSP measurements

Vertical seismic profiling (VSP) has been performed in drillhole KAS07 in the southern
wedge of Aspo (Cosma et al., 1990), Figure 5.14. Five different shot points at the surface

Aspo
78

65°*

Figure 5.14 Location of VSP reflectors No 1-13 (cf. Table 5.9) and borehole KAS07
(Cosma et al., 1990). The orientation of the VSP structures (17, Table
5.9) is shown in the inserted stereogram (Schmidt net, lower hemisphere
projection).

were used. By several steps of data processing, a three-dimensional model of the southern
wedge of Aspo was achieved. The accuracy in the location and orientation of the interpreted
structures is not presented in the report by Cosma et al. (1990), thus, the VSP information
was not used when developing the SKI structural model of the Aspo area. However, the
results of the VSP survey can be used to test the SKI structural model in the sense that
seismic reflectors, indicated by VSP, may correspond to tectonic discontinuities such as
fracture zones, and consequently, will mimic the actual structural pattern in the bedrock.
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Notes on the results of the VSP survey

Structures detected by the VSP survey are mainly oriented NE-SW/vertical, ENE-
WSW/moderately northwestward to steeply southeastward, and NS/steeply westwards or
steeply eastwards (Table 5.9). Many (38%) of the VSP indicated structures coincide with
low magnetic structures indicated by the detailed magnetic measurements (cf. Figure 4.7).

Table 5.9 Correlation between VSP indicated structures (Cosma et al., 1990) and
structures included in the SKI model. "Good" correlations are written
with bold fonts.

VSP
No.

1
2
3
4
5
6
7
8
9
10

11
12
13
KAS7/450'
KAS7/5801

KAS7/680-7001

KAS7/1050-
11001

Orient.

243/87
80/65
73/85
270/63
48/77

0/70
353/71
69/80

211/89
214/89

242/64
246/60
180/65
230/35-40
240/35-45
230/20-40

240/40-45

CORRELATABLE
ID-code

21,28,36
30,32,38
32,38
25,30,39
-
46
10
37
17
16,26

43
19,40,43
49
-

-

45

SKI STRUCTURES
Orient

59/83,68/89,249/87
265/79,257/75,255/77
257/75,255/77
238/80,265/79,243/82

182/86
340/87
247/89
26/89

203/77,204/51

242/61
235/67,233/57,242/61
358/89

222/14

Remarks

low magn. ,±50m
low magn.. ±0m
± 50m
±70m

low magn., ±0m
±0m
±0
low magn., ±0m
low magn.. <20m

<50m
<10m,<40m, <50m
<30m
fit struct, data
tit struct, data
fit struct, data

Avro fault zone

1 Less inclined zones, not outcropping in the Aspo area. VSP No. represent in this case the intersection between the borehole and the
zone expressed as borehole length in metres.

Cosma et al. (1990) do not comment on the absence of reflectors striking NNW-SSE,
WNW-ESE and NNE-SSW. Is this a systematic error related to the orientation of borehole
KAS07 (dipping 59° SSW) or the characters of the structures oriented in these directions?
As mentioned above, the resolution of the VSP measurement is not presented.

VSP reflectors - structures of the SKI structural model

A correlation of two different sets of data, consisting of surfaces distributed in space, is
complicated as the spatial location of a surface is given by the orientation of the surface
plus a constant. There are uncertainties in both the orientation of the structure and the
constant. The correlation of structures presented in Table 5.9 is made by laying the map of
VSP structures (Figure 5.14) on top of the map of structures of the SKI structural model
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(Figure 5.3). Divergences in strike and dip less than c. 10° and divergences in location of
the structure at the surface less than 25 m are accepted as a "good" correlation.

The orientations of the VSP structures correlate well with the orientations of structures of
the SKI structural model and also with the orientations of the aplites (Figure 4.8) and the
fractures (Figures 4.11 to 4.13) in the southern part of Aspo. Among VSP structures No.
1-13 only one structure (No. 5) is not correlatable with any structure in the SKI structural
model. Seven of the 13 VSP indicated structures have a "good" correlation with structures
in the SKI model. Less certain are the correlations of the remaining five VSP structures in
terms of location (1 VSP structure), orientation (1 VSP structure), or a combination of
divergencies in orientation and location (4 VSP structures). Of the four structures indicated
by the VSP survey outcropping outside Aspo, three are indicated in other deep boreholes,
but are not included as structures in the SKI model, and one VSP structure is correlated
with a regional gently dipping fracture zone (the Avro fault zone).

5.5 UNCERTAINTIES

5.5.1 Introduction and definitions

Description of uncertainties in structural modelling is an important task for making a model
understandable, explicit and useable in subsequent modelling of, e.g. groundwater flow,
groundwater chemistry, solute transport, and bedrock stability. Descriptions of structural
models generally concern characterizations of separate structures or sets of structures and
how the different structures interact or affect each other. On the other hand, uncertainties
regarding input data, general considerations and restrictions in the modelling procedure,
accuracy and precision in locations of structural elements and existence of "black holes"
(no information areas) in the models are generally not discussed. Since about 1989, a
guideline has been used in the SKB modelling of discrete fracture zones to classify the
probability of the existence of a structure (Backblom, 1989), but the validity of the
interpretation in relation to the general structural pattern in the rock is not considered in the
SKB guide lines.

A thorough treatment of all sorts of uncertainties in structural modelling is beyond the
scope of this study. However, a few general subjects need to be illuminated when
describing a model. The result of the modelling is restricted to physical limitations (input
data), personal judgements, technique of processing data, and restrictions in the modelling
procedure. The two main items concerning physical limitations in structural modelling
could be expressed as the control of the geometrical relationships (orientations of sets of
structures comprising the structural system) and the volume (spatial location of structures):

Control of geometry: Identification of orientations of all sets of structures
comprising the system of fracture zones in the rock. Does the configuration of
orientations of structures within the modelled volume mimic geometries in



115

neighbouring areas (independent investigations performed)?

Control of volume: Does the spatial distribution of recorded base data give uniform
control of the modelled volume? To what degree of certainty will existing
structural elements be detected by the survey performed?

A third physical item is the uncertainty in the descriptions of separate structures
(width/thickness, internal structural character, alterations, infillings, etc.) and structural
patterns. The character of a fracture or fracture zone may change along the structure. The
personal experience of an area is generally one of the more important aspects for
understanding the structural relationships. The influence of the geologist's experience and
skill on the quality of the model is hard to quantify. However, direct observation and
characterization of structures are important for recognition and correlation of structures in
boreholes. This sort of information is very limited in this study as it is mainly based on data
recorded by others and primary field notes were not available. The uncertainties related to
the third item are pointed out but not treated further in this report.

Presentation of a structural 3D model of an area allows visualization of the structural
framework of the area, although such a model could not explain all observations, made in
the area. Restrictions and approximations made in developing a model often comprise a
balance between a weighing of the importance of different types of structures and the
achieved complexity of the model, because structures of all sizes and widths cannot be
included. Such restrictions should not change the primary impression of the overall
character of the area, as reproduced by the model.

The restrictions in the modelling procedure are generally well defined (cf. Paragraph 5.2.3).
However, the consequences of restrictions may not be well understood. Consequently,
restrictions may, if not fully checked, introduce "systematic errors" in the model.
Furthermore, in spite of the fact that the restrictions are apparently well defined, the
decisions made in accordance with the restrictions may introduce subtle uncertainties, e.g.
why is a certain structure included while other similar structures are excluded. To illustrate
the effect of some of the restrictions made (cf. Paragraphs 5.2.1 to 5.2.3) two tests are
presented in the text below:

1. What percentage of the mapped section of Crushed Rock can be
explained by the SKI structural model of Aspo?

2. What is the relationship between the chosen input parameters and
indications of groundwater flow in the bedrock (flow in boreholes
indicated by spinner measurements)?

Before proceeding to the text below, where uncertainties in the structural model caused by
the character of the input data and the effects of restrictions are demonstrated, some basic
definitions are presented:
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Uncertainty: Comprises probability theory, mathematical expectation and the
decision maker's intuition and knowledge.

Accuracy: The degree of conformity with a standard, or degree of perfection
attained in a measurement. Accuracy relates to the quality of a result (Bates and
Jackson, 1980).

Precision: Relates to the quality of the operation by which the result, measure, is
obtained (Bates and Jackson, 1980).

Existent population: Concerns in this case the body of rock about which one wants
to draw conclusions, including all characteristics of the rock (cf. Whitten, 1966).

Target population: The populations of objects within the body of rock upon which
one wants to describe or draw conclusions about (Whitten, 1966).

Sampled population: Represents all data gathered within the body of rock which
one wants to describe or draw conclusions about (Whitten, 1966).

5.5.2 Control of geometry

The modelled area comprises a 2 by 2 by 1 km3 rock volume which is not randomly
sampled as the main part of the boreholes are located in the southern and central parts of
Aspo, an area which represented less than 10% of the top surface of the model. The
structural field mapping was also concentrated in these parts. The bedrock map, the
structural interpretation of the topographical relief, and the detailed magnetic measurements
cover the entire Aspo island, but for the water-covered areas, the information is sparse. In
this paragraph, the possibility to identify all potential structures of all possible orientations
in the modelled rock volume, is considered.

Borehole configuration and detection of structures

The pre-investigations phase drilling programme at Aspo comprises 12 cored boreholes.
Four of the boreholes are subvertical, five boreholes are inclined 60-70° southeastward
(SSE-SE), one is inclined 60° SSW, one is inclined 60° westwards and one is inclined 60°
northwards (Figures 4.2 and 5.15). The objective of the vertical boreholes is to investigate
the distribution of rock types, while the inclined boreholes were preferentially aimed to
characterize structures striking NE-SW to ENE-WSW. This implies that the drilling
programme was mainly ruled by structures parallel to the structural grain in the low
magnetic rocks in the central part of Aspo (cf. Figure 4.7). However, there are additional
sets of structures deformed by or overprinted by the NE-SW to ENE-WSW striking
structur The question then arises as to whether or not the present configuration of
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boreholes at Aspo is able to detect and characterize other sets of structures.

From the point of view of structure indication and characterization by core logging, the
most favourable conditions are generally achieved if the borehole intersects the structure
at a high angle. Thus, the Aspo borehole configuration could be suitable for detection of
moderately inclined (30-60°) structures dipping northwards and good for the detection of
gently dipping (20-30°) structures. However, the location of boreholes within a relative
narrow NNW trending corridor (subparallel to the dip direction of gently inclined
structures, dipping NW to N, cf. Figure 4.3) and the relatively high frequencies of intensely
fractured sections in the rock give an uncertainty in the strike of the structures. For
example, in some cases, NE-SW to WNW-ESE strikes appear to be equally possible for
some of the structures, if only the borehole information is regarded. (Results of field
mapping support NE-SW strikes for gently inclined shears).

A statistical approach can be applied to test whether the configuration of cored boreholes
on Aspo is able to reveal any arbitrary orientation of fracture zones. For example, as a
simple test only the angular relationships between orientations of boreholes and
orientations of different sets of structures are considered. The question is then two fold:

1. Does the system of boreholes allow any structure to pass through the
investigated space without being intersected by any of the boreholes?

2. Does the borehole system preferentially detect structures of certain
orientations?

In this investigation the issue is reduced further to test the geometrical relationship between
the orientation of boreholes and the identified systems of fracture zones at Aspo (Figure
5.15). The angle of intersections between boreholes and fracture zones have been measured
by use of a stereo net (Wulff net). In this case four classes of angles of intersections
between the boreholes and a group of fracture zones (cf. Table 5.4) are used: 0-10°, 11-30°,
31-65°, and 66-90°. The number of intersections for each class and group of fracture zones
are listed in Table 5.7.

Class 0-10° represents zones, which are close to parallel or subparallel to boreholes. The
samples of these structures are strongly biased (cf. Terzaghi, 1965). At least some of the
Class 0-10° zones are, due to their internal structure and physical character (e.g. width and
dielectric property), not as readily detected by the borehole radar (cf. Figure 4.2). The
structures are also easily overlooked when interpreting the core log, if the zones comprise
just a few planar fractures.

Class 11-30° includes many of the vertical structures. For technical reasons, boreholes are
generally not inclined less than 60°, which implies that the intersection angles between
vertical to subvertical zones and boreholes are in the order of 30° or less.
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Class 31-65" represents Aspo structures intersecting boreholes in the most favourable
angles of intersection to be detected by the borehole radar (cf. Figure 4.21). At an
intersection angle of c. 30° the borehole radar has its maximum sensitivity for detection of
Aspo zones. The sensitivity of the borehole radar deteriorates as the intersection angle
exceeds 65° (most presumably affects the determination of reflector orientation, a
systematic error, cf. Section 4.5). Characterization of the structures by core mapping
generally gives a good result. However, having a high number of intersections of fracture
zones in the boreholes without having any information on the orientation of the zones make
the extrapolation of the zones uncertain.

Class 66-90" most often represents gently inclined structures and only few structures are
detected by the borehole radar. Characterization of structures by core logging is generally
good.

The result summarized in Table 5.10 indicates that the borehole configuration at Aspo is
unsuitable for detection of vertical to subvertical structures (dip 81-90°) striking N-S,
NNW-SSE and WNW-ESE. For subvertical structures striking NE-SW, ENE-WSW and
E-W the dominant angle of intersection is 11-30°, which is close to the most favourable
relative orientation of a structure to be detected by borehole radar. The objective of the
Aspo borehole programme to detect steeply dipping structures striking NE-SW to E-W is

N

Figure 5.15 Orientation of cored boreholes (12, circles) and structures (52, contoured)
included in the SKI structural model of Aspo (Schmidt net, lower
hemisphere projection). Contour intervals = 1, 3, 5, 7.5 and 10%.
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obviously fulfilled. However, if the dip of the subvertical ENE-WSW striking zones is
southwards then the zones are not so easily detected. Structures dipping less than 80° are
well-examined by the borehole configuration at Aspo.

This implies that the representation of structures oriented in WNW-ESE/vertical, NNW-
SSE/steep to vertical, and NS/steep to vertical may be suppressed in the structural model
of Aspo compared to steep to vertical fracture zones striking NE-SW, ENE-WSW and E-W.
This should be investigated further. It should be noted that moderately to gently inclined
zones outcropping outside Aspo most presumably also could be suppressed in the SKI
structural model because the borehole radar has a low ability to detect them (a high

Table 5.10 Angles of intersection between boreholes and different groups of fracture
zones mapped in the Aspo area. The angle between a borehole and any
zone of the fracture system of an area affects the probability of detecting
a borehole-zone intersection, by borehole radar, and identification and
characterization by core logging. Grouping of fracture zones according
to Tables 5.4 and 5.5 (Abbreviations of dips: V=98-90° (vertical), S=81-
87°, H=61-80°, M=30-60 ° and G=10-29 )? S1/S2, M1/M2 shows
existence of two subgroups with different dip directions.

Zones Angle of intersection between zones and boreholes/
Number of boreholes

Relative Subparallel to
orientation to borehole
borehole 0-10°/No

Low to moderate inter- High intersection
section angle angle to borehole

11 -30°/No. 31 -65°/No. 66-90°/No.

Detectable by
borehole radar

Detectable in
core logs

Strike Dip2

Low

Insecure

Maximum High
at 30° at 30-65°

Low

Secure

WNW

NNW

V
H
M

V
SI
S2
H
Ml
M2

8
1

7
7
10
2
2
3

4
9
1

5
5
2
10
1
7

To be continued
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Table 5.10, continued.

Zones Angle of intersection between zones and boreholes/
Number of boreholes

Relative Subparallel to
orientation to borehole
borehole 0-10°/No

Low to moderate inter- High intersection
section angle angle to borehole

11 -30°/No. 31 -65°/No. 66-90°/No.

Detectable by
borehole radar

Low Maximum High
at 30° at 30-65°

Low

Detectable in
core logs

Strike Dip2

Uncertain Secure

NS

NNE

NE

ENE

EW

V
s
G

V
H
G

V
S
M
G

V
SI
S2
H
M
G

V

s
H
M
G

7
6

5
2

5
4

5
4
3
1
1

5
2
3

7
5
3

7
4
5

7
3
8
5
2

5
9

4
2
2

5
1
6
9
5

1
4
6
5
5

5
10

1 cf. Figure 4.21 Distribution of structures detected by borehole radar relative to the angle of intersection
between the borehole and structures.
2 Abbreviations according to Table 5.5.



121

intersection angle), the number of fractured sections in the boreholes is relatively high and
they are not easily correlated to any surface structure (cf. restrictions in structural modelling
below).

The above used test, or some more refined version, can be applied to check whether a
borehole configuration at a site is able to detect all possible orientations of structures. This
approach should also be used in the planning of borehole investigations in forthcoming site
investigations.

Extrapolation of geological data

Extrapolation of structures between boreholes and between boreholes and surface
observations can often be done by correlating observations of structures with similar
characteristics. In areas where no significant character is related to the specific sets of
fracture zones such correlation is uncertain. The precision in measuring orientation of
moderately dipping to vertical fractures is in the order of 10° for strike and 5° for dip
(Cruden and Charleswoorth, 1976; Ewans et al., 1983). The precision in measuring greatly
dipping to subhorizontal fractures may range up to 30° to 50° (Cruden and Charleswoorth,
1976). However, when a sufficient number of fractures are measured to determine the mean
orientation of fracture sets there is, in general, no inter-observer reproducibility problem
(Ewans et al., 1983). The strike of a structure is generally well defined by the surface
investigations, but the dip of the interpreted structure, based on surface data, is at best
determined with an accuracy of ±10°. For correlations of structures, made over distances
of several hundred of metres, oriented structural data in the boreholes are essential. The
uncertainty in the existence of inferred structures is a matter of complex comparison of
arguments. The existence of structures can be confirmed or strengthened by, e.g. adding
new data (cf. Section 5.4).

Many fracture zones mapped on Aspo are vertical to steeply dipping. The boreholes are
inclined c. 60-90° to the horizontal. The angles of intersection between boreholes and the
steeply dipping fracture zones are less than 60° and often the boreholes are subparallel to
the fracture zones. The number of fractured sections in the boreholes is high. The mean
separations of borehole radar reflections and sections mapped as Crushed Rock are c. 17
and 14 m, respectively. The effects of these relations on the interpretations of orientations
of structures are shown by some examples below.

The first example is the simple case where a structure is identified at the surface and many
observations of increased fracturing are made in boreholes. The uncertainty in extrapolating
observations made on a surface with structures observed (where just location, not character
of the zones is considered) in an average Aspo borehole is shown in Figure 5.16. Assume
that the interpreted dip of a fracture zone (based on field observations or geophysical
measurements) is 60°±10° westwards and the mean spacing of fractured sections is c. 14 m
(see above), where for simplification, the separation of structures is constant in Figure 5.16.
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intersects the borehole
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4 0 0 -
300 -
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at surface <m>

90°
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Figure 5.16 Intersections of a fracture zone, identified at surface and having an
interpreted dip with an accuracy of ±10°, with boreholes having various
orientations (cf. Table 6.6).
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The number of all equally possible interpretations is, as shown in Figure 5.16 a function of
the orientation the borehole penetrating the structure and the distance from the borehole to
the structure at the surface. In the most favourable case, there are two possible solutions
when the borehole is drilled 50 m away from the structure and dipping 60° towards the
structure (borehole-zone-ground surface form an equilateral triangle, each side 517 m). In
this example the borehole will penetrate the zone at a shallow depth (c. 40 m). If the zone
is interpreted to be drilled to a vertical depth of 500 m, there are 19 equally-possible
solutions within a borehole length interval from 470 to 708 m (corresponding to vertical
depths of 410 to 615 m). Although the sections of Crushed Rock are not evenly distributed
in the rock and do not have a uniform character, several equally-possible interpretations of
the location of the structure exist.

Relative or absolute orientations of fracture zones achieved by borehole radar
measurements may suggest the most probable interpretation of the location of the structure.
A good control of the extension and displacements of structures is also important in
assessing an uncertainty of a structural interpretation. Another aspect that influences the
correlation is that structures occur as clusters, and the spacing distribution is analogous to
fracture spacing recorded during field surveys showing that log-normal and negative
exponential distributions are most suitable (cf. He, 1992). The influence of the spacing
distribution of fracture zones on the uncertainty in the interpretation of the location of the
zones needs to be investigated in more detail.

The second example concerns a structure extrapolated between boreholes. If the structure
is oriented (e.g. by borehole TV or borehole radar measurements) this case is analogous to
the case treated above. If the orientation of the structure is not known, the correlation of
fractured sections between boreholes must be based on general information on the fracture
system in the area and comparisons of fracture characteristics. Extrapolation of a structure
over distances of more than c. 50 m is uncertain in densely fractured rock if the various sets
of fracture zones have no unique characteristics.

The third example considers an oriented structure in a borehole correlated with a mapped
structure or a lineament. Here, the structure is extended to the surface. The lineament found
closest (±25 m) to the surface intersection of the extended structure could be assumed to
represent the surface expression of the structure. The orientation of the structure may then
be adjusted. The accuracy in the orientation of inferred structures in the SKI structural
model of Aspo is ±5° for strike (cf. Figures 3.5 and 4.7) and 1-2° for dip, depending mainly
on the geometrical shape of the zone, the distance between the identification point in the
borehole and the outcropping of the structure, and the accuracy in the location of points of
observation (adjustments of plane to fit observations). Then the intersection of the structure
in other boreholes is looked for (e.g. visualized by CAD or image processing techniques,
or calculated) and this again becomes the first case. The orientation and the geometrical
shape of the structure are refined according to added borehole information. At this stage the
uncertainties concerning the fracture zone will primarily regard the extension or existence
(true or false interpretation) of the structure than the accuracy in orientation of the structure.
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Borehole radar and orientation of structures

Borehole radar measurements done in the Aspo geological environment suggest that the
borehole radar should be most sensitive to structures intersecting the borehole at an angular
interval of c. 30-60° (the reason for this is not fully understood, see Section 4.5). So, the
borehole radar is less sensitive for structures intersecting the borehole at angles less than
30° and greater than 60°. This implies that borehole radar measurements in a single borehole
may fail to detect the complete system of fracture zones in the bedrock. However, if
boreholes are drilled in several directions (as they are at all SKB sites) the possibility of
detecting the complete system of fracture zones increases.

The analyses were performed by using transparent overlays (stereograms, one for each
borehole) on which the orientation of the borehole and the sectors of high and low radar
detections of structures were plotted (cf. Figures 4.19, 4.21 and 5.1). By putting the
overlays on top of each other finding it out is possible if the sampling is biased, i.e. if it
favours some orientations of structures or can detect all possible orientations, Figure 5.17.
Figure 5.17 suggests that the borehole configuration at Aspo favours structures striking c.
NNE-SSW/30NW, E-W/50-60N, and NW-SE/45NE, from the point of view of the borehole
radar investigations. Flat lying to gently inclined structures are detected by borehole
measurements in several boreholes (KAS04, 06, 07, 08, 09, 12, 13, and 14). Vertical
structures striking NE-SW to E-W are detected by measurements in boreholes KAS04, 08,
09, and 14. Vertical structures striking WNW-ESE are best investigated in borehole
KAS07, while subvertical structures dipping eastwards and striking N-S and NNW-SSE are
detected in borehole KAS13. The sampling is poor for vertical to subvertical structures
striking NNW-SSE to NW-SE and dipping south westwards.

Structures within the SKI structural model of Aspo with orientations similar to the most
favourable orientations are structures oriented NE-SW/30NW and WNW-ESE/70NE. The
SKI structural model of Aspo includes a set of subvertical NNW-SSE striking and
eastwards dipping structures although this orientation is poorly sampled by the borehole
radar survey.

Orientation of structures of different scales

The probability of sampling of structures having various orientations is treated in the
previous paragraphs. The boreholes on Aspo are preferentially drilled to detect NE-SW to
E-W striking structures, representing the target population for the SKB subsurface survey.
However, the borehole investigations also give structures other than those about which
information is wanted. All inferred structures represent a part of the sampled population of
objects. The question is then whether or not the inferred population of structures
corresponds to the existent population.

A method of finding if the structural system identified within an area corresponds to the
actual population is to check and compare the geometry of these structures with the
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The shading gives the number of boreholes in which a structure
of a certain orientation is detected by the borehole radar

N

0 borehole

1 borehole

2 boreho les

3 boreholes

4 boreho les

5 boreholes

6 boreholes

7 boreholes

8 boreholes

9 boreho les

10 boreho les

11 boreho les

12 boreholes

Figure 5.17 Compilation of the borehole radar surveys showing orientations of
structures which could be enhanced (identifiable in several boreholes) or
poorly sampled (orientation not favoured by any borehole). For further
explanations see text.

structural framework in other areas of same tectonic region. Independent surveys giving the
orientation of structures on different scales were performed in the Simpevarp region (Figure
5.18), particularly, compilation of structural information from the semi-regional area
surrounding Aspo (Chapter 4), and mapping of fractures forming the morphology of
outcrops on Aspo (Section 5.5). The resemblance of orientations of structures identified on
the three different scales is convincing if minor variations of ± 10° are accepted. However,
the SKI structural model has no structure dipping gently to moderately southwestwards (cf.
the Nordenskjold thrusts, Figure 3.1).
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Figure 5.18 Comparison of orientations of structures: a. Aplites in the low magnetic
southern part of Aspo (119, Figure 4.8), b. Orientation of fracture
surfaces outlining the morphology of outcrops on the southern part of
Aspo (303, compiled from Figure 4.13), c. Radar reflectors in boreholes
KAS12 to 14 (56, Figure 4.19), d. VSP reflectors (17, Figure 5.14), e.
Structures identified in the semi-regional Simpevarp area (122, Figure
3.4), and f. Fracture zones included in the SKI structural model of Aspo
(52, Figure 5.5).

5.5.3 Control of volume

The representation of spatial distribution of structures in a model of any rock volume
depends generally on a combination of:

1. The sampling of structural information (homogeneous or heterogeneous
sampling).

2. The restrictions in the structural modelling of the rock volume
(systematic errors).
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Uncertainties related to sampling are treated first, followed by some notes on biases
introduced in the model as results of restrictions in the modelling procedure.

Identified structures and "black holes"

Structures do not form random configurations (unsystematic arrangements) in the rock as
the fracturing of the rock is dependent on applied stress fields, the pre-existing framework
of structures in the rock (inhomogeneities), and the rheological properties of the rock. As
the orientation of the structures constituting the fracture system is established (see previous
section) and the traces of structures at the surface are mapped (interpretation of aerial
photos and detailed geophysical measurements and field mapping) the degree of freedom
for interpretation of the structural framework in the rock is limited but is dependent on the
location of boreholes. The uncertainties in the structural model increase with increasing
depth as structures at depth may not be correctable with any observed surface structure.
The structures have finite extensions and very gently inclined structures may outcrop far
outside the site and may be displaced. In a structural model of a rock volume, the
confidence in the existence and location of structures is generally not equal in all parts
of the model due to sampling density variations. Furthermore, the ability to detect
structures in different parts of the rock volume also depends on the orientation of the
structures. Uncertainties regarding location of structures and especially existence of
volumes of low degree of confidence for detection of structures ("black holes") should
therefore be presented separately for each group/set of fracture zones (cf. Figures 5.19 to
5.21). This type of control could be done by graphic visualisation and used as an aid in the
design of the drilling programme and interpretations of, e.g. hydraulic measurements.

For example, for vertical steeply dipping fracture zones striking ENE-WSW and E-W the
configuration of borehole masks off slightly more than 50% of the model volume.
Corresponding percentages for WNW-ESE, NNE-SSW and NE-SW striking fracture zones
range from 43 to 48% of the rock model volume. The coverage of NNW-SSE and N-S
striking structures are 34 and 24%, respectively. The test should also be performed for less
inclined structures. For subhorizontal structures the test is uncertain as information about
the extension of such structures is usually restricted.

Large separation of boreholes and uniform orientation of boreholes give corridor-like laps
in the coverage, e.g. the solitary borehole KAS03 in the northern part of Aspo (with laps
of 100-200 m). Similar minor laps (1-6 m wide) also occur in the southern part of Asp6 for
vertical to steeply dipping fracture zones striking NE-SW and ENE-WSW.

The volume within which all vertical to steeply dipping structures will be penetrated by one
or several boreholes can also be determined. In the Aspo case such a volume is found in the
central part of Aspo and encloses 6% of the model volume (2.3* 108 m3, cf. Figures 5.19 to
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Figure 5.19 Location of volumes within which structures of different sets of fracture
zones (striking WNW-ESE, NNW-SSE, N-S and NNE-SSE; vertical to
steeply dipping) are detected by borehole investigations. For explanations
see text in Figure 5.20.
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EW

Figure 5.20 Location of volumes within which structures of different sets of fracture
zones (NE-SW, ENE-WSW and E-W; vertical to steeply dipping) are
detected by borehole investigations: dark areas (hatched), shown as
segments, conform to the structural system identified on Aspo, Figures
5.4 to 5.13 and cf. Table 5.4. A cylinder with a radius of c. 70-80 m
around the boreholes, corresponding to the penetration depth of the
borehole radar, represents an area of good control regarding the existence
of structures. The models are viewed from SE and 30° above the horizon.
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Figure 5.21 Location of areas within which structures of different sets of fracture
zones are detected in a horizontal section through the modelled rock
volume at a depth of 500 m. A compilation of data from Figures 5.19 and
5.20.

5.21). This type of exercise can also be repeated for less inclined structures to get full
coverage of the modelled volume. However, the volume with full coverage will be smaller.

Precision in location of structures

In structural modelling, a very important input parameter is the location of data points. The
modelled volume comprising the SKI structural model is 4 km3. The top surface of the
model, representing a horizontal cut, is a planar surface located at sea level (z = 0 m). The
accuracy in location of structures interpreted on aerial photos and reproduced on maps are
in the order of ±10-20 m. The relative low relief of the island (highest point located c. 14
m above the sea level) does have a minor affect on low angle fracture zones when they are
projected onto the top surface of the model (Z = 0 m). The projection of a structure dipping



131

30° on to the top surface of the model gives a maximum sideways displacement of c. 17 m.
Due to technical processing during modelling, the average accuracy in location the fracture
zones at on the top surface is estimated to be ±10-25 m or less in the central part of the
model.

The precision of the location of structures in the boreholes is of the same order as the
location of the mapped structures at the surface. The accuracy of the absolute location of
an observation made in a borehole depends on the following:

1. Location of the borehole at the surface (±0.1 m).

2. The accuracy of the borehole deviation measurements (0.5-1 m per 100
m borehole).

3. The measured location of an observation point along the borehole (less
than a few percent of the measured location in the borehole).

The accuracy of the absolute location of data recorded in the borehole needs to be
investigated. This knowledge is essential when extrapolating structures over large distances,
especially if, e.g. the angle of intersection between borehole and zone is small.

Extension of structures

A general aspect of structural modelling is identification of the extension of the structural
element included in the model. The question can be divided into two parts according to the
ability to trace the structure:

1. Surface extension.

2. Subsurface extension.

The minimum surface extension of a structure in this study corresponds to the length of the
interpreted lineament representing the structure. This implies that extension of structures
to the boundary of the structure model in areas covered by water is done only to get a better
visualization of the structural system of the area (location and orientation of structures).
Structures outside the Aspo island, located in water-covered areas, are occasionally only
suggested by geophysical profile measurements, existence of topographical depressions and
in a few cases also verified by borehole information. The trace lengths of these structures
are not well established.

The subsurface extension of structures is generally assumed to be of the same order as the
trace length of the surface expression of the zone.
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General uncertainties

General uncertainties in structural modelling are the identification of structures, definition
of fracture zones and how to apply the definition. To identify what is anomalous regarding
fracturing in an area, the normal conditions should be documented. These matters are
treated in Chapter 8, below.

6.5.4 Restrictions in structural modelling

The resulting model is a reflection of the input parameters. Here, most surface information
has been used and, of all available subsurface information, sections with Crushed Rock and
the interpretations of borehole radar measurements using a directional antenna have been
considered as most important. The question is then to what degree has the resulting SKI
structural model succeeded in explaining the existence of all mapped sections of, e.g.
Crushed Rock and oriented radar reflections? A second question is whether the restrictions
made will affect the understanding of the transport of water in the bedrock. The two matters
are treated below.

How much of all available input data have been adopted in the model

A simple method for general description of the uncertainties (distribution and orientation
of structures) of a structural model is a demonstration of the degree to which the model
explains the base data. Extensive fractures are not distinguishable from single fractures in
the core logs and are therefore not modelled. Fracture zones are, in general, planar domains
of increased fracturing and often contain sections of Crushed Rock. The latter are recorded
separately in the core logs (Crushed Rock is the borehole section listed in the core log file
as Crush in the SKB database GEOTAB). Crushed Rock forms one of the two critical
subsurface input parameters in the SKI modelling of Aspo. The other is the orientation of
structures determined by the borehole radar measurements when a directional antenna was
used. Additional critical surface input parameters in the structural modelling are the surface
structural map and the information concerning orientation of fractures gained by field
studies.

The spatial distribution of fracture zones in the SKI structural model is reflected by the 201
intersections of the 43 structures (9 zones of the 52 modelled zones are not located in any
borehole) with the 12 cored boreholes (Tables 5.11 to 5.13 and Figure 5.22). The average
separation of modelled structures measured along the boreholes is c. 30 m (all boreholes
included, Tables 5.11 and 5.12). For cored boreholes in the central and southern part of
Aspo (borehole KAS03 excluded, Table 5.11), the corresponding number is 29 m and the
range of the average separation in the boreholes is 13-55 m. The number of crossing zones
(two or more intersections at one point) in the boreholes is 47. Note that Table 5.12
presents the separations of zones measured from the centre of a zone to the centre of
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adjacent zone starting at the first zone in the borehole and ending at the last zone, i.e. a
presentation analogous to separations of Crushed Rock and radar reflectors (Tables 4.6 and
4.9, cf. Tables 4.4 and 5.13).

The average spacing of Crushed Rock is approximately half the spacing of zone
intersections in the cored boreholes, i.e. 16 m borehole length, Table 5.13. The distribution
of spacing of Crushed Rock and zones in the SKI structural model are presented in the
Figures 4.17 and 5.22, respectively. Crushed Rock constitutes 4.2% of the total length of
all cored boreholes (borehole KAS02 excluded, no data on Crushed Rock), i.e. 235 m, and
55% of all mapped sections of Crushed Rock are shorter than 0.1 m borehole length, cf.
Figure 4.17. The total length of Crushed Rock included in the SKI model is 177 m of
borehole length (178 sections), i.e. 75% of the total length of mapped Crushed Rock in the
cores. For the separate boreholes the corresponding number ranges from 20 to 95%. The
average length of Crushed Rock included in the SKI structural model is 1.0 m of borehole
length and the average borehole length of the 162 sections with Crushed Rock not included
in the SKI model is 0.4 m. Crushed Rock, with borehole lengths longer than 1 m and not
included in the SKI structural model, comprises 12 sections with a total borehole length of
47 m borehole length. The longer of these sections are located in the lower part of boreholes
KAS08 (6.2 m at c. 580 m borehole length, 6.77 m at c. 590 m borehole length), KAS09
(8.77 m at c. 55 m borehole length) and KAS13 (6.43 m at c. 210 m borehole length, and
2.68 m at 257 m borehole length). The orientation of the latter structures (in KAS13) are
known (c. NE-ENE/steep NW, cf. below), but they have no apparent corresponding
structure at the surface. Note that fracture zones in the SKI structural model appear with
Crushed Rock in 56% of all of the zone intersections with cored boreholes (98 out of 176
zone intersections, borehole KAS02 excluded, cf. Table 5.11), while Crushed Rock occur
in 71% at the locations of crossing zones in the boreholes (12 out of 17 locations and the
crossings comprise 28 zones with Crushed Rock and 10 zones without Crushed Rock,
borehole KAS02 excluded). This implies that Crushed Rock occurs in 51% of all locations
where the boreholes are intersected by a single zone.

Information on orientation of structures indicated in the boreholes was obtained by borehole
radar measurements. 26% of all borehole radar reflections have been related to structures
within the SKI structural model of Aspo. The corresponding number when borehole KAS03
is excluded, is 34%. If only borehole radar measurements performed with a directional
antenna (fully oriented data) are considered, the number is 41%. The average arithmetic
separation of structures indicated as radar reflections is 17.3 m borehole length, which is
nearly half the separation of structures in the SKI structural model and equal to the
separation of Crushed Rock. The distribution of separation of radar reflections along the
boreholes is shown in Figures 4.20 and 5.22. Among the oriented radar reflections not
included in the SKI structural model, the most frequent are structures oriented in c. E-
W/90-60N and NNW-SSE/90-60 SW, while there are also some structures oriented in c.
E-W/70-13S, NS/subvert., NE/80-30NW and NE/subvert. S. Note that E-W striking
structures dipping gently southwards are not represented in the SKI structural model.
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The SKI structural model outlines a structural framework of fracture zones which appears
to consider a relative high fraction of the more extensive zones in the area. The local zones
(larger than 50 m length) may be one to two times more frequent than the extensive zones
included in the SKI structural model.

Table 5.11 Intersections of zones with cored boreholes in the SKI structural model
of Aspo. Zone intersection means a continuous section along the
borehole where one or more zones are identified.

Boreholes,
KASXX

/Objects in
boreholes
GUI

02 03 04 05 06 07 08 09 11 12 13 14
Total/
average

No. of zones intersecting a borehole'
25 11 24 13 11 22 25 14 8 18 14 16 201

No. of borehole intervals containing one or several intersecting zones2

194 11 21 11 10 20 23

No. of borehole interval containing crossing zones
3 0 2 2 1 2 2

No. of crossing zones
10 0 5 3 3 4 4

13 8 16 12 11 175

22

10 47

Borehole length
(m) 924 1002 481 550 602 603 601 451 249 380 407 212 6462

No. of zones/
m borehole length

.027 .011 .050 .024 .018 .037 .042 .031 .032 .047 .034 .076 .031

Spacing of zones
(m) 37 91 20 42 55 27 24 32 31 21 29 13 32

No. of borehole intervals containing one or several intersecting zones /
m borehole length

.021 .011 .044 .020 .015 .033 .038 .029 .032 .042 .032 .051 .027

Spacing of of borehole intervals containing one or several intersecting zones
(m) 48 91 23 50 67 30 26 35 31 24 31 19 37

' Zones (fracture zones) have various widths and orientations (Table 5.4), which implies that some of the zones will cross each other,
cf. crossing radar reflectors Table 4.8.
2 Zone crossings will appear as a section of increased deformation in the drillcore (zone intersection; overlap or interference or two
or more zones) and the number of mapped sections with increased deformation do not have to correspond to the number of zones in
the vicinity of the borehole. The latter is given by the number of zones in the borehole (') and is a matter of interpretation.
4 2 junctions with 4 crossing zones.
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Table 5.12 Separation of modelled zones intersecting the cored boreholes. The
separation is measured centre to centre of each adjacent zone (c-c>0 m),
starting at the first zone in each borehole. Case A: All zone intersections
are considered, c-c>0 m; Case B: Separation of zones crossing each other
in the borehole are excluded, c-c>0 m.

Borehole
number

KAS02
KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS14

Total:

Mean
separation

(m)

36
90
20
37
49
28
22
19
28
20
28
13

30

Separation of zones intersecting

Case A

Standard
deviation

(m)

48
111
22
47
53
30
24
15
26
17
29
11

42

Median

(m)

24
45
9
18
26
18
10
16
17
12
22
14

18

1 with cored boreholes

Mean separation

(m)

42
90
21
45
49
29
22
21
28
21
31
16

32

CaseB

Standard
deviation

(m)

49
111
22
49
53
30
24
15
26
17
29
9

43

Median

(m)

27
45
10
21
26
20
10
17
17
14
24
16

19

In the SKI structural model of Aspo the subsurface information about the structures drops
markedly (both in absolute and relative terms) below a depth of c. 400 m, i.e. there are in
absolute terms few intersections between boreholes and inferred structures at a greater
depth than 400 m (Figure 5.23). This may be considered as obvious as there are relatively
few boreholes extending below 400 m. The depth interval zero to 400 m contains c. 75%
of the total borehole length. In this segment of the bedrock c. 85% of all intersections
between boreholes and fracture zones included in the SKI model occur. This implies that
the number of identified structures and by that also the characterization of structures in
relation to the sample (the borehole length) is a factor of two higher in the upper 400 m
compared to that below that depth. The reason for this ought be discussed as it has bearings
on the quality of the characterization of bedrock conditions at great depth, but it is not
within the scope of this report. However, note that most of the structures in the SKI
structural model of Aspo which are interpreted to intersect boreholes at great depth are also
recognized at shallower levels in other boreholes. In other words, the structures are initially
identified at shallower levels in some boreholes and then found to intersect other
boreholes. The single Aspo structure within the SKI model assumed to be intersected by
only one borehole and at a great depth conforms to an adjacent fracture zone which is
identified in two boreholes. It could be concluded that scarce data (e.g. a few disperse
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boreholes) restrain the possibility of extrapolating information over large distance, cf.
Figure 5.16).

Table 5.13 Crushed Rock and fracture zones in the SKI structural model. Upper part
of the table describes primary data (see Table 4.5) and lower part
describes the SKI structural model. Crushed Rock was not mapped in
KAS02.

Boreholes,
KASXX 03 04 05 06 07 08 09 11 12 13 14

Total/
Average

/Objects in
boreholes

No. of sect, of mapped
Crushed Rock (C. R.) in boreholes

74 38 6 22 33 23 37 27 33 24 23 340

Length of sect, of C. R.
(m) 13.0 6.1 5.4 6.7 11.1 33.3 33.2 26.4 23.6 16.7 59.5 235

Borehole length
(m) 1002 481 550 602 603 601 451 249 380 407 212 5538

Total C. R. length relative to borehole length
(%) 1.3 1.3 1.0 1.1 1.8 5.5 7.4 10.6 6.2 4.1 28.1 4.2

Avarage spacing of C. R. along boreholes
(m) 13.6 12.7 91.7 27.4 18.3 26.2 12.2 9.2 11.5 16.8 9.2 16.3

Number of zone intersections in
a borehole without any C.R.

6 8 7 6 13 12 6 2 6 8 4 78

No. of sections of C.R. included in the SKI model
16 27 3 13 22 20 15 12 19 12 19 178

Length of C.R. included in the SKI model
(m) 6.4 5.0 4.1 5.0 8.8 32.4 16.9 22.4 16.3 3.4 56.4 177.1

No. of C.R. in the SK] model relative to
all No. of C.R. in a borehole
(%) 21.6 71.1 50.0 63.6 66.7 87.0 40.5 44.4 57.6 50.0 82.6 52.4

Length of C.R. in the SKI model
relative to total length of all mapped C.R. in a borehole
(%) 49.2 82.0 75.9 74.6 79.3 79.3 50.9 84.5 69.1 20.36 94.8 75.4
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Figure 5.22 Separation of structural features along boreholes KAS02-14: a. Aplites
(part of Figure 4.10), b. Crushed Rock (KAS02 not included, part of
Figure 4.17), c. Radar reflectors (part of Figure 4.20), d. Indicated
groundwater flow (Figure 5.25), and e. Fracture zones in the SKI
structural model of Aspo (counted from the middle point of each zone).
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Table 5.14 Number of borehole radar reflectors in cored boreholes and number of
borehole radar reflectors coinciding with fracture zones in the SKI
structural model of Aspo.

Dipole
antenna (KAS02-11)

Directional
antenna (KAS12-14)

Boreholes,
KASXX

Objects in
borehole

02 03 04 05 06 07 08 09 11 12 13 14
Total/
Average

Number of
borehole radar reflectors
(1) 59 108 30
Number of
borehole radar reflectors in
the SKI model
(2) 12 9 10

15 17 15 15 11 25 19 12 334

86

1:2
20.3 8.3 33.3 62.5 26.7 29.4 53.3 40.0 36.4 36.0 25.0 75.0 25.5

Mean separation of radar reflectors
in boreholes
(m) 15.2 9.0 11.9 65.5 38.5 33.3 32.3 19.5 20.0 14.8 19.8 13.9 17.2
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Structures not included in the model

In areas with good exposures a detailed surface map provides the best continuous coverage
possible and allows well-controlled extrapolation to depth. Aspo and the adjacent parts of
the mainland and the near by islands are all well exposed. However, 50% of the modelled
area is covered by water. The water-covered lows around Aspo are in most parts located
along regional structures. As a result, little information is available about these structures.
On a regional scale, these structures are distinctive, but on a more local scale they may
appear as clusters of fractures or shears and the boundaries could be transitional. The
regional structures which circumscribe the Aspo island are neither well localized nor
investigated by boreholes. According to the modelling restrictions, such structures should
be omitted in the model. The fact that these structures are not included in the SKI structural
model of Aspo must be considered thoroughly when the model is used in hydrogeological
and rock mechanical modelling studies. However, a structural model containing both the
regional structures (assuming that they conform the structures in Aspo and the surroundings
of the island, cf. Figures 3.2 and 5.5, and that their widths are of the same orders as the
minimum width of the topographical expressions of these zones on the mainland) and the
local Aspo structures (extension of structures according to interpretation of aerial photos,
cf. Figure 3.5) would have a structural arrangement similar to that shown in Figure 5.24.
The modelling has also been restricted to model planar to slightly curved or buckled
/undulating structural elements. Indications of curved structures have been found, e.g.
Figures 4.7 and 4.15, although these structures have been difficult to extrapolate. The
reason could be block faulting, cf. Figures 4.23,4.24 and 4.29, but primarily the modelling
of such structures is obscured by the low degree of spatial control of structures of this type
and the high density of sections with increased deformation mapped on drill cores.

The number of gently inclined planar structures is suppressed in the lower parts of the
model. The reasons for this are, that the structures do outcrop outside the modelled area and
the surface traces of the structures are not identified. The structures do not necessarily
outcrop and the structures are presumably discontinuous due to block faulting (cf. Section
4.6 and Figure 4.23).

Finally, the minimum size of structures (trace length, cf. Figure 3.5) considered during the
modelling was 500 m. The reason for this is three fold:

1. The size of the modelled volume.

2. The concentration of subsurface information in southern and central
Aspo.

3. The assumption that the length of the trace of a structure at the ground
surface is related to down-dip extension of the structure.
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Figure 5.24 A tentative structural model of Aspo comprising regional structures
outlining the Aspo island and local structures on Aspo. Structures
extended to the border of the model are verified by remote sensing.

Input parameters and the ability to identify groundwater flow paths

In Table 5.15 the locations of groundwater flows (indicated by spinner log and/or by
temperature plus salinity logs) are listed according to rock type and occurrence of zones
containing Crushed Rock. Table 5.15 also presents a correlation of groundwater flow paths
and structures indicated by borehole radar measurements (KAS12-14). The number of
groundwater flows in the cored boreholes is 119. In correlations between indicated
groundwater flow and the existence of sections of Crushed Rock and rock type, the flow
indications in the cored borehole KAS02 (6 flow indications) are omitted as information
of Crushed Rock is not available for KAS02.
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The mean and median spacing of the flow indications along the boreholes, Table 5.15 and
Figure 5.25, are 38 and 24 m, respectively. A comparison of the relative distribution of rock
types and groundwater flow indications shows that the aplite has c. 35% more flow
indications per metre borehole length than the granitoid. Greenstone/basite, on the other
hand, has slightly less flow indications per metre compared with the granitoid. Out of 113
indications of groundwater flows, 65 coincide with sections mapped as Crushed Rock, that
is 58%. As Crushed Rock constitutes c. 4% of the drill core, the number of flow indications
per metre borehole length is c. 30 times higher than in other parts of the bedrock.

Of the 113 flow indications, in boreholes KAS03-09 and KAS11-14, 61 flow indications
are located in borehole intervals which contain a single rock type (the flow indications are
located 3 m or more away from any lithological contact, measured along the drill core and
these intervals constitute 51% of the total borehole length). This implies that the relative
occurrence of indicated flows in intervals containing a single rock type and intervals
containing lithological contacts are nearly the same, slightly higher (c. 10%) in the former.
However, wide sections of Crushed Rocks are more common in intervals containing
lithological contacts (Table 5.15, note 2 and 3). Of all groundwater flows in intervals
containing only Aspo granitoids, 48% are associated with Crushed Rock, while for intervals
containing only aplite the corresponding number is 78%.

KAS02-KAS14

xx
Separation between indicated groundwater flows (m Borehole Length)

Figure 5.25 Distribution of separation of indicated groundwater flow in boreholes
KAS02-09 and KAS11-14.
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Table 5.15 Groundwater flow (indicated by spinner and temperature plus salinity
logs, Voss et al., 1996) correlated to rock type and occurrence of crushed
rock. Eight sections with indicated flow contain two or three rock types.
Correlation between indicated groundwater flow and structures indicated
by borehole radar measurements holds for boreholes KAS12-14.

Number of flows indicated in different types of rock
Granitoids Aplite Basite Mylonite Total

Number of flows indicated (113')
Total

Number of flows indicated 3 m away
from lithological contacts (612)
Number of flow indications
Associated with Crushed Rock
No indication of Crushed Rock

Number of flows indications at
lithological contacts (52')
Number of flow indications
Associated with Crushed Rock
No indication of Crushed Rock

86 23 123

48
23
25

38
23
15

9
7
2

14
10
3

4
2
2

5
2
3

0
0
0

5
5
0

61
32
29

62
40
21

Number of flows (254) in boreholes (KAS12-14) where the borehole radar
has been used to achieve absolute orientation of structures (18s)
Number of flow indications/Number of
oriented flowing structures (NOFS) 22/15 2/2

Number of flows indicated 3 m awav

1/1

from lithological contacts (16)
Number of indicated flows/NOFS
Associated with Crushed Rock/NOFS
No indication of Crushed Rock/NOFS

Number of flows indicated at
litholoaical contacts (101
Number of indicated flows/NOFS
Associated with Crushed Rock/NOFS
No indication of Crushed Rock/NOFS

14/10
9/7
5/3

8/5
5/3
3/2

I/I
I/I
0/0

1/1
I/I
0/0

1/1
1/1
0/0

0/0
0/0
0/0

0/0 25/18

16/12
11/9
5/3

9/6
6/4
3/2

'113 flow indications - 20 wider than 2 m, the wider sections may contain two or more rock types which are noted to be flowing.
2 61 flow indications - 6 wider than 2 m, the wider sections contain one rock type which is noted to be flowing.
' 52 flow indications - 14 wider than 2 m, the wider sections may contain two or more rock types which are noted to be flowing.
4 25 flow indications - 2 wider than 2 m, the wider sections contain one rock type which is noted to be flowing.
s 19 oriented reflectors are detected. Two crossing reflectors at one depth make 18 intersections.

Of all indicated groundwater flows in the boreholes, 46% are located close to lithological
contacts. The occurrence of groundwater flow in Crushed Rock in relation to flow along
discrete fractures is higher at lithological contacts (40:21 or 1.9:1) compared to flow
indicated away from contacts in intervals containing a single rock type (32:29 or 1.1:1),
Table 5.1. Mylonite is a fine grained rock and mylonitic layers appear to be potential
pathways of groundwater flow as the mylonitic layers generally are fractured.
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Correlation between spinner measurements and borehole radar measurements (oriented
data) in boreholes KAS12-14 shows that c. 72% of all indications of groundwater flow
paths are detected by the borehole radar measurement (Table 5.15). The dominant strike of
flowing structures is NE-SW, Figure 5.26. Flow along steep to vertical structures striking
E-W, NNW-SSE and NW-SE are also suggested. The pole point of flowing structures
located at lithological contacts are found in the lower right part of the stereogram (Figure
5.26), i.e. they dip towards W, NW or N.

The SKI structural model of Aspo has sections of Crushed Rock as one of the main input
data. This implies that a model, based only on such structures would include, at most, 58%
of all groundwater flow indications showed by spinner measurements and temperature/-
salinity logs. In fact, the SKI structural model explains 46% of all flow indications, while
54% are unexplained (Voss et al., 1996).

Table 5.16 Separation of indicated groundwater flow locations in boreholes KAS02-
09 and KAS11-14. Separation measured along borehole starting from the
first flow indication and ending with the last flow indication in the
measured intervals: Spacing (distance between adjacent flows; points or
intervals) and separation between the centre of flow points/intervals.

Borehole

KAS02

KAS03

KAS04

KAS05

KAS06

KAS07

KAS08

KAS09

KAS11

KAS12

KAS13

KAS14

Total:

Mean
(m)

108.80

46.00

23.33

28.79

42.00

50.20

41.30

32.50

9.33

36.33

35.20

26.00

38.16

SPACING

Standard deviation
(m)

200.88

22.41

12.21

22.48

43.12

58.23

39.13

26.64

6.65

31.61

27.58

26.88

51.56

Median
(m)

23

42

20

21

27

22

25

25

9

28

33

11

24.00

SEPARATION BETWEEN CENTRES

Mean 1
(m)

111.40

48.67

24.33

28.64

43.96

52.70

42.45

34.00

13.92

36.33

35.60

26.00

39.57

Standard deviation
(m)

199.55

24.45

11.59

22.61

44.58

63.50

39.46

27.29

16.14

31.61

27.75

26.88

52.11

Median
(m)

30
42

21

21

27

22

25

25

9.75

28

33

11

27
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Figure 5.26 Orientation of structures along which groundwater flow is indicated (cf.
Table 5.14). Open triangles=no Crushed Rock and away from
lithological contacts (3), filled triangles=no Crushed Rock and at
lithological contacts (2), open circle=Crushed Rock away from
lithological contacts (10), and filled circle=Crushed Rock at lithological
contacts (4), (Schmidt net, lower hemisphere projection).
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6. LAYOUT OF A HYPOTHETICAL REPOSITORY

6.1 INTRODUCTION

The aim of this chapter is to present a layout of a hypothetical repository containing c. 400
canisters (c. 1/13 of a full scale SKB-3 repository) and located in the Aspo bedrock at a
depth of c. 500 m. In the following section (Section 6.2), some definitions and basic
concepts concerning an SKB-3 repository are given. In the third section (Section 6.3) the
different steps in the layout of a hypothetical repository are presented.

6.2 DEFINITIONS AND REPOSITORY DATA

6.2.1 Definitions

In this report the term design denotes the arrangement of the components and details of a
repository, e.g. size of drifts and shafts, spatial separation of deposition drifts, spacing and
size of deposition holes, etc. A suggestion for the design of an SKB repository is given in
Figure 6.1. The layout is the actual result achieved when adopting the repository design to
the environmental conditions where it should be located (in nature or in any model), i.e.
how the repository will be conditioned according to design criteria and the character of the
rock mass planned to host the repository (Figure 6.2).

The outer barrier of a repository for spent nuclear fuel is the bedrock. A conservative
assumption in the safety analyses is to assume that when escaping radionuclides from a
repository reach a regional or semi-regional fracture zone, i.e. structures outlining the site
block, the nuclides will, without delay, reach the biosphere. The delay of the travel time of
the nuclides is a function of the rates of displacement of the nuclides along their pathways
(cf. the transport of groundwater) to a major structure and the distance the nuclides have
to travel (the volume of rock the nuclides have to pass; sound rock and local fracture zones
of different orders) before reaching a major structure. The distance, measured away from
the side of a fracture zone to a point where an acceptable delay is achieved before being
reached by travelling nuclides, is denoted as the respect distance. The magnitude of the
respect distance is related to the dimensions of the fracture zones (Figure 6.2) according to
SKB's concept KBS-3.

6.2.2 Repository data

The "SKB 91" project (SKB, 1992) applied the KBS-3 concept of final disposal of spent
nuclear fuel (SKBF/KBS, 1983) for the design and layout of a generic repository. The
tectonic base information for this exercise was the result achieved by the SKB "Fracture
Zone Project" (Ahlbom and Tiren, 1991, Ahlbom et al., 1992) preformed at Finnsjon in



146

Top view

Repository design

200

6 m
u M

canisters
169.6m

1 ^canister position

[iv.
do : :

deposition drift'

25m

400 canisters
235.6m

154.5m

Transport Repository for
drift 200 canisters

26203m2 • 12.5m
327 538 m3

6m
u— Ji_\ canister position

deposition drifv

25m

Transport Repository for
drift 400 canisters

54 070 m2 • 12.5 m -
675B75m3

229.5m

Figure 6.1 Suggested design of a repository (based on SKB, 1992).

northeastern Uppland, central Sweden. The design principle of a KBS-3 repository is
outlined in Figure 6.1 (the transport drifts and shafts connecting the repository and the
surface are not included). The impact of different orders of fracture zones (cf. SKB, 1992)
on the layout of deposition drifts and canisters, i.e. the principles for a layout, is shown in
Figure 6.2.

The underground construction of a repository for spent fuel consists of several parts: Shafts
and different types of drifts. In the area where the fuel will be deposited, the actual
repository, there will be an arrangement of parallel deposition drifts with a separation of
25 m (centre to centre). Canisters are deposited one by one in vertical canister holes bored
in the floor of the deposition drifts and the separation of canister positions, centre to centre,
is 6 m. The deposition drifts are to be parallel/subparallel to the maximum horizontal stress
direction. In this study, the communication down to repository depth, takes place in two
vertical shafts at a distance greater than 100 m away from the repository and with a
separation of at least 300 m. The deposition drifts and the vertical shafts are connected by
horizontal transport drifts. The effects of the transport drifts and the vertical shafts on the
host rock are to be "minimized". The vertical shafts have a diameter of 5 m. The width and
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Top view 1 st order zone, regional structure

3:rd order zone,
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Transport drift

Figure 6.2 Principles for the layout of a repository (based on Almen et al., in prep.).
Note that respect distances are only considered in Figure 6.9.

height of the transport and deposition drifts are the same, 4.5 by 5.2 m. In the presented
layout of a hypothetical repository in the Aspo bedrock the centre position of a canister hole
in a deposition drift is at least some half metres away from any transport drift and/or
fracture zone. If adopted, the canister hole must be at least the respect distance to a
structure. The diameter of the canister holes is 1.6 m.

6.3 A HYPOTHETICAL REPOSITORY AT ASPO

The location and layout of a hypothetical repository in bedrock below Aspo are governed
by the SKI structural model of Aspo (Figures 5.4, 5.7 to 5.14 and Tables 5.4 to 5.8)
according to the following steps:

/. Place a single plane repository. Is there a rock volume large enough to
host the repository, containing c. 400 canisters, located at a vertical depth
of c. 500 m? This initial phase includes studies of the three-dimensional
structural model (SKI model), using three-dimensional CAD and vertical
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and horizontal sections (cf. Figure 5.3 and 6.3).

2. Outline the location of the repository on a horizontal cross-section of the
model at a depth of c. 500 m (cf. Figure 6.4). The repository should be
in the area, or close to the area, where direct subsurface observations or
measurements (borehole investigations) are made (cf. Figures 4.3, 5.1
and 5.21).

3. Lay out the actual repository:

A. Without respect distances to zones (Figures 6.5 to 6.7).
B. With a respect distance of 10 m to local zones (Figure 6.9).

Orientation of deposition drifts should be parallel to the principal
maximal horizontal stress (here it will also be subparallel to the direction
of the regional groundwater flow (Voss et al., 1996)). Optimize total
length of the deposition drifts and the number of canister positions.

4. Outline the transport system, the connection between the repository and
the surface consisting of two vertical shafts and transport drifts (cf.
Figures 6.7 and 6.8). The vertical shaft should be at least 100 m away
from the actual repository and should not be intersected by steeply
dipping fracture zones (angle of intersections should be greater than 30°).
The intersections between transport drifts and fracture zones should, if
possible, be greater than 30°.

A check on the structural homogeneity of the Aspo bedrock is also done, cf. item one
above. The reason for this is to see whether a better alternative for the location of the
repository (larger areas, lower density of zones) exists, at any other level. Depths greater
than 550 m should not be considered, in the present case, due to lack of data. For Aspo a
shallower location of a repository will not increase the available rock volume to be the host
to the repository, cf. Figures 5.5 and 6.3.

The chosen location of the hypothetical repository (Figure 6.4) is bordered to the north by
a swarm of approximately E-W striking and steeply dipping fracture zones (dips towards
the north dominate). The western border of the repository is composed of a swarm of
NNW-SSE striking and steeply dipping zones. NNE-SSW striking zones nearly intersect
the crossing point of the NNW-SSE and E-W striking zones in the centre of Aspo and
another NNE-SSW striking zone is the southeastern boundary of the repository. Zones
striking N-S and ENE-WSW have minor influence on the chosen location of the repository.
It should be noted that the repository is located northeast of the area with highest density
of boreholes. The geometry of existing structures makes it impossible to place a full scale
repository at Aspo. Consequently, the size of the hypothetical repository is c. 10% of the
size needed in a real case.
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at -500 m

Aspo contour

40 Zone id-code

500m

Figure 6.3 Horizontal section through the SKI structural model of Aspo at a vertical
depth of 500 m. ID codes of fracture zones according to Table 5.4 and
Figure 5.3. The distribution of fracture zones at the surface is given in
Figure 5.3.

The repository area is transected by 10 fracture zones striking WNW-ESE, NNE-SSW,
ENE-WSW, and E-W, Figures 6.5 and 6.6. There are 6 WNW-SSE striking zones, one of
them being relatively wide (>10 m). It is, however, presumably a sealed structure. The
WNW-ESE striking zones are subparallel to the direction of the maximal horizontal stress,
i.e. the zones will be subparallel to the orientation of the deposition drifts. A NNE-SSW
striking zone transects the repository area in its northwestern corner. Two ENE-WSW
striking zones cut across the southern part of the repository. The more northerly zone is
moderately dipping and c. 10-20 m wide, while the other one is a tectonic surface
separating less fractured rock to the north from more fractured rocks to the south. An E-W
striking steeply dipping zone (1-2 m wide) transects the northern part of the repository.

The communication system from the ground surface to the repository, can have different
layouts and consist of ramps (straight, curved, or helix) or vertical shafts. The vertical
shafts could be located on the eastern side of the repository and connected with the
repository in different ways. In the first investigated case, the size of the access system (the
number of transport drifts and the total length of the transport system) was excessive as all
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deposition drifts were extended southeastwards to be connected with an NNE-SSW striking
transport drift connecting two vertical shafts placed east of Aspo. The interference with
several transport drifts by WNW-ESE and NNE-SSW striking zones is not allowable. To
avoid this, the layout of the transport system was changed, but still all transport drifts
connected to the deposition drifts have to pass through the fracture zone constituting the
southeastern border of the repository to connect to a transport drift located just east of the
repository. Two of the deposition drifts are extended to connect the repository and the
vertical transport shafts located east of Aspo. A third alternative layout avoiding the
perforation of the border zone of the repository is to place a NNE oriented transport drift
through the repository. However, this layout will reduce the available number of canister
positions within the repository and access tunnels will still have to pass through NNE-SSW
striking fracture zones outlining the southeastern border of the repository. In a fourth
alternative (Figure 6.7 and 6.8), the layout of the access system includes prolongations of
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Figure 6.7 Layout of a repository with a transport drift placed inside the repository
and vertical shafts located to the north and southwest of the repository
(alternative 4, see text), depth 500 m. The repository contains 383
canisters. Zones drawn in a grey tone have no width indicated.
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Figure 6.8 Perspective view from southwest of the layout of the complete repository
outlined in Figure 6.7. Map of fracture zones at a depth of 500 m is
shown (Figure 6.3). Viewed from a point southwest at an inclination of
45° above the horizon.

the NNE trending transport drift through the repository northwards and southwards to
vertical shafts located north and southwest of the repository. Because the angle of
intersection between a transport drift and a fracture zone should be greater than 30° the
location of the vertical shaft becomes restricted to limited areas. However, the areas become
even more restricted as the vertical shafts, in their turn, should be at a distance of at least
100 m away from the repository and not be intersected by any fracture zone at a lower angle
than 30° (if possible). Together, this situation requires successive testing to find an
acceptable layout. Along its northern and western sides the repository is bordered by c. 100-
150 m wide clusters of vertical to steeply dipping fracture zones (cf. Figure 6.4). The fourth
and the most favourable layout is displayed in Figure 6.8. Fracture zones intersecting the
repository, transport drifts outside the repository and the vertical shafts are given in Table
6.1. This repository layout contain 383 canister positions. If a respect distance of 10 m to
all zones is considered in the layout for alternative four, the number of canisters is reduced
to 162 (Figure 6.9).
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Table 6.] Fracture zones intersecting the repository, transport drifts (outside the
repository), and vertical shafts in the layout shown in Figures 6.7 and 6.8.

Object intersected Fracture zones intersecting the object
by fracture zones (ID-numbers refer to Table 3.1)

Repository 1.2.3.4. 5. 8. 15.30. 40. and 43.

Northern transport drift 7. 14, 15.21.25.27.28.29.32.36,
38. 39. 41, and 48.

Northern vertical shaft 18. 23. 33.35. 42. 44, and 51.

Southern transport drift 9. 10. 11. 12, 13, 37. 46. 50, and 52.

Southern vertical shaft 8, 18. 26,40, 41. 43, and 44.
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Figure 6.9 Repository layout, 10 m respect distance to fracture zones. The
repository contains 162 canisters, depth 500 m.
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7. METHODOLOGY OF SITE CHARACTERIZATION FOR
STRUCTURAL MODELLING - GENERAL DISCUSSION

In this chapter, general matters concerning modelling are discussed. The local relationships
at Aspo are of minor interest from this point of view and what is important is the real
character of base data, the handling of data, access to base data, the modelling procedure
and the representativeness of the characterization of a structure intersected by only a few
boreholes. Experience gained and recommendations for forthcoming characterizations of
the geological environment in which a repository for nuclear waste is to be proposed, are
summarized in the end of the chapter.

7.1 SCALE AND RESOLUTION

In this section, some fundamental ideas are treated concerning the information density of
base data, the size or volume of the studied object (e.g. the actual site or its surroundings)
and the location of the studied area/volume (depicted area/volume). Defining some terms
is necessary before the site characterization can be discussed, as some divergences in the
terminology used by different types of geoscientists may exist.

7.1.1 Information density and resolution

Information density does not depend on the scale of observation nor on the scale of
representation of the observed object. It is an absolute measure (cf. pixel), e.g. data in an
elevation data base with a grid of 50 by 50 m. Resolution is "a measure of the finest detail
distinguishable in an object or phenomenon. In particular and commonly, a measure of the
finest detail distinguishable in an image" (Glossary of the Mapping Sciences, 1994). The
resolution should not be confused with the resolving power, which gives "a measure of the
ability of an optical instrument to distinguish fine details...." or "a measure of the ability of
an optical device to produce perceptibly-separate images of objects close together" or in
photography, the closest distinguishable separation of lines (for more precise definitions
see Glossary of the Mapping Sciences, 1994). However, some relations between
information density and resolution/resolving power should be stressed. If the information
density of the base data used to produce an image is far greater than the resolution in the
produced image, then the data on the image is filtered. The result of this is that detailed
information could be lost in the image, whatever the resolving power of the system used
to analyse the image is. (The wavelength of the detectable features will be affected and
larger structures will be enhanced. This can, however, also be achieved in image processing
by a smoothing filter when resolving larger structures, cf. text below.) The optimum
information will be obtained when the information density is equal to the resolution of the
image. If the information density is less, then the image will be indistinct (Figure 7.1).
However, in analyses of patterns of lineaments one should consider not only what
resolution is needed to detect different types and orders of objects/features, but also the size
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of the observation window in relation to the scale of studied object/feature. For example,
this implies that all large scale structures will not be detected even if the observation
window is large enough to cover the whole structures. The reason for this may be that the
resolution in the image is not good enough to indicate a discrete structure or that structures
of larger wave length are concealed by the interference of a high density of minor
structures. On the other hand, if the regional structural setting of an area is not known or
well established, then segments of regional structures could be well expressed within the
observation window but not recognized because they are not searched for (Figure 7.2). In
summary, what is of primary importance to the interpretation of pattern structures is the
size of the observation window and the density of information.

The amount of detail in or the information density of field notes (observations) taken down
to describe a certain object, mainly depends on the purpose of the description of the object.
It does, usually, not give the full resolution of the observed object. The field observations
are aimed to enhance and describe the essential features, without forgetting the general
character of the rock. However, field notes are always more or less subjective and thus
should be accompanied by a photo and be formalized (see below).

Figure 7.1 Resolution of a fixed image. Assume that the original (the negative of the
photo) has a resolution which is four times higher than the printed picture
(pixel size defined by the resolution of the printer). If the printed picture
is enlarged and the resolution is maintained the picture becomes
indistinct (lower right), as the pixels become enlarged and
distinguishable. If instead the original is magnified the same amount, the
picture may remain distinct (pixel size still defined by the resolution of
the printer, upper right). For discussions see the text.
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Figure 7.2 The appearance of a regional structure within a local site. On Avro, an
island just southeast of Aspo (Figure 1.1) lineaments (shown by arrows)
are identified as domains of decreased block sizes (Tiren and
Beckholmen, 1990).

7.1.2 Size and scale

Geology

In structural modelling, the geologist often considers objects of different sizes; from ocular
inspections of objects distinguishable in outcrops or even structures studied in the
microscope to the description of mountain ranges. In these cases, the objects determine the
size of the area or described volume. The geologist therefore uses specific size
terminologies or scales of investigations (cf. Whitten, 1966, Dennis 1967, and Hobbs et al.,
1976), e.g. microscopic scale, mesoscopic scale and macroscopic scale. The latter two are
of special interest in this study and are defined by Hobbs et al. (1976) as:

Mesoscopic scale "pertains to any sample that is continuous and can be observed
without the aid of the microscope. Thus, it is concerned with a hand specimen or
a single outcrop regardless of the size of the latter" (cf. "outcrop-scale" used in this
report).

Macroscopic scale "pertains to bodies of rock that are not completely exposed and
reference to the morphology of macroscopic fold, therefore, implies the interpretive
step of reconstructing the structure from data collection at a number of outcrops".

The macroscopic scale considers what in this report is called "local scale", is the actual site,
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"semi-regional scale", is the site and its closest surroundings, and "regional scale", is the
region in which the site is located. Note that these three scales are not related to the
appearance of any type of structure or distribution of outcrops but are more of the
"administrative" geoscientific character; e.g. what size of an area, or sample, is needed for
a hydrological model describing the regional groundwater flow or the mechanical stability
of the site.

In summary, this implies that size and scale in geology and especially in structural geology
are nearly synonyms; the term scale denotes "absolute" size ranges (Dennis, 1967). The
scale in structural geological terminology refers to the natural size of the described object,
i.e. small scale structures are small and large scale structures are large.

Cartography - technical work

In different types of "ordinary" land surveys and technical works scale is defined as:

Scale, "the ratio of two numbers, one of which is the length of a characteristic
dimension of some object, and the other is the length of corresponding dimension
in a representation (map or model) of the object. A scale is referred to as the scale
of representation, not of the object " (Glossary of the Mapping Sciences, 1994),
e.g. 1/1 - 1/50 000 are large scale maps, 1/50 000 - 1/100 000 are medium-scale
maps, and 1/100 000 and smaller are small scale maps.

Again, note that scale refers to the size of the object in structural geology, but to the
representation of the object in mapping sciences - Large scale structures are represented on
small scale maps and vice versa.

7.1.3 Area and scale

A pair of confining terms that should not be confused are the size of an area (given in nr
or km2) and the scale (working scale or representation), e.g. references to SKB investigated
areas are often given as regional scale 1: 50 000 - 100 000, and local scale 1: 2 000. The
SKB potential sites, local areas, all have a uniform size, c. 4-6 km2, while the sizes of the
regional areas hosting the site are often not stressed. The cartographical scale is in general
of little interest. What should be emphasized is the size of the studied area, the location of
the studied area and especially the information density of base data used and the
interpretation produced. Image processing techniques, in general, offer possibilities of
enhancing different types of structures. The resolution of separate images may vary, but
should be given. The size of the local area, the actual site, is limited by the size of the rock
block that will host the repository. The size and location of the regional area should be
considered in the context of the structural pattern in the region.
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Site characterization

On a small scale map, the regional and local areas represent two depicted areas, the larger
representing the regional area and the smaller the local area - the site, the intimate
surroundings of a potential repository. The amounts of overall information gathered in the
two areas differ considerably, as the smaller area is surveyed in more detail, while in the
larger areas only some selected objects are studied. However, from a remote sensing point
of view, the density of information is the same when the same set of aerial photos are used
in the local and regional studies. The information density in both cases is identical to the
resolution of the photos. In this case, the ability to detect structures of a certain magnitude
or scale is the same in the two areas, if the width of the structures is not greater than or
equal to the size of the local area. The implication of this is that the regional control is
important as it may not only reveal the relation between the block boundaries of the site
block and the regional structural pattern, but also the genetics of the general fracturing in
the site block. In the Aspo case, where the structural interpretation of the semi-regional area
(Figure 4.1) is based on the same set of aerial photos as the local area (Figure 3.5), the
regional interpretation becomes an extension of the interpretation of local structures within
the local area and the resolution in the two interpretations is the same. This implies that is
possible to trace local structures across the boundaries of the site block, and to determine
if fracture patterns in the adjacent rock blocks are similar to the local block (indication of
block faulting). However, the regional map should emphasize larger scale structures such
as the block boundaries outlining the local block, and this is achieved by simplifying a
detailed interpretation of the larger area and/or by direct mapping by using images of
smaller scales or images enhancing wide regional structures (image processed base data).
An advantage of using generalization of a detailed study to produce a map of regional
structures is also the possibility of classifying at least some regional structures according
to their internal fracture pattern (geometry and relative fracture density). On the other hand,
too much detail may shadow the existence of a regional structure, a structure of great width.
The two methods of producing a regional structural map complement each other and the
interpretations should therefore be combined.

In engineering geology, the task is opposite to that of pure structural geology, as in the
former, the object of the investigation is an area or volume and not a structural feature. This
implies often that the engineering geologist does not have control of the genetics of the
observed features and their relations to the overall structural pattern of the region. The
observations are summarized in drawings and tables designed to simplify the planning and
performance of the underground construction, but the interaction between different
structures may be overlooked.

7.2 SIZE DETERMINED BY MEASURING

Geological objects of different scales are often measured to quantify the dimension of the
object. Many geological and structural objects are, however, not completely exposed. What
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is exposed is often an arbitrary section through the object, e.g. the bedrock surface.
Furthermore, the section could be covered and hidden below sediments. What is exposed
may therefore only be some restrained parts of the object and the relation between the
object and the exposed section may be a matter of interpretation. Therefore it is not always
obvious what entities are significant to measure. This implies that the geological and
structural context of a measured parameter should be presented. Otherwise, the benefit of
the presented data may be limited. Some examples of the relation between target parameters
and measured entities in a study of fracture zones by remote analysis are given in Table 7.1

Table 7.1 Examples of target parameters and measured entities in remote structural
analyses of fracture zones (F.Z.)

Target parameter Measured entity Note

Length (max. dimension of F.Z)

Thickness (the dimension
through F.Z., as opposed to
length and width)

Wavelength (perpendicular
distance between adjacent
structures of the same set)

Trace length (length of mappable
trace of F.Z.)

Apparent thickness (width of the
intersection between F.Z. and the
ground surface)

Apparent wavelength (separation
of adjacent structures of the same
set measured along the ground
surface)

The trace length is related to the
shape of the F.Z., spatial
relationship between F.Z. and
ground surface, sedimentary
cover.

Apparent thickness is related to
spatial relationship between F.Z.
and ground surface, F.Z.
topographical signature

Apparent wavelength is related to
the wavelength and the
inclination of the structures.

7.3 RECORDING OF DATA

The approach to data collection during a geological survey and geophysical survey is
fundamental. The geologist gathers at least some of the primary data and makes conclusions
at the same time as he or she reads nature. The content of field notes and general
documentation of objects (samples, drawings, photos) are to a certain degree dependent on
individual geologists. The geophysicist, on the other hand, is most concerned with
obtaining a distinct recording, which should be reproducible and able to separate different
objects, if their physical characters can be distinguished from each other by the instrument.
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An appropriate way to diminish the degree of subjectivity in the geological mapping is
systematic mapping and usage of a standardized form for field notes. Structural
relationships should be documented by drawing and photos. Representative samples of
rock types should be collected. Here, systematic mapping implies that all outcrops in the
area will be mapped, e.g. by mapping a succession of stripes placed side by side and
covering the whole area and by mapping of trenches along which the soil has been
removed. The locations of the trenches are related to the structural pattern in the bedrock
and the location of boreholes, cf. Figure 7.3. When detailed fracture mapping is done, as
within the trenches, detailed fracture maps and characterization of separate fractures and
fracture zones will be the result. This information is then used to correlate the surface
information with subsurface, borehole information. In all types of geoscientifical surveys
the location of the recorded data must be well established. This is achieved, for example,
by having a detailed stake system (reference grid for the ground geophysical measurements
and the planning of the drilling program).

Figure 7.3 Systematic mapping along trenches and borehole to obtain detailed
information about structural relationship in the bedrock and the
characteristics of the target, basic data for 3D modelling.
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The reasons for using forms to take down field observations on are two fold:

1. The geological readings will include the general appearance of the
rock (e.g. character of the rock, foliation) and the more abnormal
features (e.g. fault and fracture zone characteristics).

2. It simplifies the storage of the field notes in a data base.

The quality of observations is to a certain degree related to the observer. Consistent
geological field data can be achieved if the observer/geologist is well informed concerning
the geological conditions in the area before starting the actual mapping. This is achieved
by starting the mapping surveys with a reconnaissance study to attain a general insight in
the variation in the character of different rock types, their age relationships, and the set up
of structural features and their relative age relationships. The description of geological and
structural history of the area will be refined during the mapping survey, but this approach
gives a platform from which to start. Uniformity in data sampling can be attained if a fixed
staff of geoscientists are employed in the characterization of a site. This knowledge is then
used to design the form used in the following systematic mapping of the area. Tests of
reproducibility of data recordings should, however, be done regularly.

The characterization of a site for radioactive waste is a multidisciplinary study and all
recorded data should be available for all scientists participating in the work. A convenient
way of arranging this is to store the data in a database.

7.4 HANDLING OF DATA

Fundamental in all data handling is to make the information understandable and distinctive.
This is achieved by presenting the terminology, definitions and the sampling methods.
Sometimes one term might imply different concepts for geologists and other scientists or
be labelled by another name in another discipline. A fracture in structural geology is a
neutral term denoting "a surface along which loss of cohesion has taken place" (Dennis
1967), while the same sort of feature is denoted joint in rock mechanics. On the other hand,
in geological terminology, joint represents a special type of fracture along which no
displacement has taken place; if displacement has taken place, it is a fault. Many terms are
well established but may, for one reason or the other, be used in specific ways.

Another reason for having well-established manuals for different sorts of data collection
and nomenclature is to prevent gradual shifts in the mapping proceedings and usage of
nomenclature. Also, it increases the reproducibility of the investigations performed.

Storage of observations (e.g. geological) in a database entails other problems than storage
of automatically recorded data (e.g. ground geophysical measurements). The geological
field data is a mix of identifications (e.g. rock type, minerals), measurements (e.g. absolute
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- orientation of foliation and fractures, relative - grain size), notations (e.g. coordinates of
the observation, colour) and interpretations (e.g. relations between structures).

What happens with observations when they are stored in a database and by that transformed
into a data base format? It depends on the database. Assume that a standard form is used
for notation of geological features at each outcrop. Then the form could be stored as a
separate record in the database and the described features and their characteristics could be
stored as fields. Some fields consist of qualitative data (e.g. rock type, type of foliation,
alteration, etc.), some will have measurements (e.g. orientations, numbers) and others will
have text and figures (descriptions and drawings/photos). In such a database the
observations will be kept intact. What happens if the observations are converted to a
database format such as SKB's GEOTAB? The observations will be split into separate files,
each listing a separate character or object. A reconstruction of the original observation will
be obscured if there are no files for text and figures or there are files containing mixed data
which are arranged in a hierarchical way according to the objective of the survey, or a full
description of an object could be missed when the same types of data occur listed in
separate files. An example of the former is files in the SKB database GEOTAB containing
information concerning alteration and character of deformation mapped on drillcores (core
log data), where older phases in a multiple reactivated section of the rock will be shadowed
(hidden by/taken away) by phases of distortions which are considered more important (e.g.
mylonite takes away gneissosity and breccia takes away mylonite). In this case, the tectonic
evolution described in GEOTAB is obscured. An example of the latter is that sections
longer than 0.5 m drill core length and consisting of a single rock type are stored in one file
(filename ROCKTYPE in GEOTAB), while shorter rock sections are stored in another file
(filename VEIN in GEOTAB). The reason for this has to do only with the SKB routine for
plotting lithological logs.

Storage of recorded data (e.g. geophysical borehole logs) generally includes a
transformation of data files. Some recorded data (e.g. borehole geophysical logs) are
adjusted in length to fit the geological borehole logs. For the geophysical recordings,
references to method used to determine the locations of the measurements, date, measuring
procedure, type of instrument and calibration of the instrument should be given.

7.5 BASE DATA - ACCESSIBILITY

Base data is here used to denote all sorts of data which form the basis for any interpretation
or deduction. This implies that base data does not have to be primary data, and may be, for
example, borehole radar plots (recorded primary data), absolute or semi-oriented radar
structures (interpretations), or aerial photos (primary information) and lineament maps
(interpretation). Both interpretations and primary data may be used as base data in a
construction of a structural model of a rock volume.

All sorts of geological and structural geological descriptions are based on observations and
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reasoning from premises and general principles. The latter two comprise both the skill of
the investigator ("natural" and acquired facility) and references to other works, which
should be cited.

As mentioned earlier, geological observations consist of a mix of measured data and
interpretations, for example, the foliation is related to a certain phase of deformation
(interpretation), while the orientation of the structure is measured (primary data).
Geological field observations can be written down as more or less well organized notes or
be outlined by a form (data record).

In the SKB site characterization work, general overviews of investigations carried out at
different sites has been done (e.g. Ahlbom et al., 1991). For the Aspo area, all pre-
investigation activities for the Aspo Hard Rock Laboratory performed during 1986 to 1990
have been compiled (comprising the following items: Objective of the investigation,
method, and location) by Stanfors et al. (1991). Results are not included.

If all collected data (primary data, observations and interpreted data) were stored in a
database in a readable format, then all data would be accessible. However, this is not so in
the Aspo example. Of all geological mapping surveys aimed to study bedrock distributions
and structures at the surface, only fracture findings (sampling for statistical treatment of the
fracture population, Ericsson, 1988) are stored in the SKB database GEOTAB. The
remaining geological surface information (description and distribution of rock types,
structural interpretation of fracture configurations ) is only available as compiled data
presented in reports. Thus, the presented data is more or less filtered and processed. All
gathered subsurface data (borehole investigations), except the borehole radar measurements
and the seismic surveys are stored in the SKB data base (data records too large).

7.6 MODELLING PROCEDURE

A geological and/or structural model of an area presents the spatial distribution of rock
types and structures. The model can be two-dimensional (e.g. maps and profiles) or three-
dimensional (e.g. block diagrams). A fourth dimension, time, can be expressed by
presenting a sequence of models showing sussessive steps of the geological and structural
evolution of the area. Such a temporal model could be illustrative, but is generally more
uncertain than a model presenting the present condition in the rock. However, knowledge
about the geological and structural evolution is essential to depict the internal relationship
between inferred elements in the model and confine their extension, especially when
observations are sparsely distributed. The denser and more homogeneous distributed the
observations are, the more detailed a model could be constructed. On the other hand,
increasing the number of details in a model does not automatically imply that the accuracy
of the model increases, but readers' perception of the model may markedly increase (often
a graphical problem though). In most geological and structural models, the input data are
sparsely and not uniformly distributed within the modelled volume. To present a general
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accuracy of the model may not be appropriate as the inferred elements in the model may
range in size and be indicated/verified by a varying number of observations. The
observations in their turn may be confined to restricted parts of the modelled element. The
accuracy of a model, if presented, is more conveniently presented as the accuracies for
each element or group of elements than as an accuracy for the entire model.

The construction of geological and structural models is an iterative process. Data are
subsequently engaged to infer new elements/objects or to confirm or modify elements
already included. The modelling procedure and the traceableness of data used to infer the
objects in the model are of vital importance for the general understanding of the model.
The first step in modelling is to formulate the intention of the model. The modelling
process itself comprises the following steps:

1. Data compilation (which also may include data recording, if appropriate
data are unavailable).

2. Identification of critical data.

3. Defining restrictions of the modelling (settle the model boundaries and
determine what type of element/object, general characteristics including
size, should be included in the model).

4. Lining up the modelling procedure.

5. Realizing the construction of the model.

6. Presentation of the model (cf. Section 7.9 and Figure 7.10).

7.6.1 Objectivity of the model

In nuclear waste isolation performance assessment, geological and structural models are
used as base data in different types of models, e.g. groundwater flow models, mass
transport models, hydrochemical models and rock mechanical models. The location of the
boundaries and the size of the modelled rock volume may therefore be based on other
grounds than only the distribution of rock types and tectonic structures. One should try,
if possible, to have the same data set and density of data in the whole modelled volume.
An advantage of this is that comparison of different parts of the model can be made on the
same basis. However, models comprising rock volumes far greater than the actual
investigated part of the bedrock may be needed, e.g. in hydrological and rock mechanical
studies. The extrapolation of the geological and structural patterns to encounter such
volumes has to be described since the process requires the interpretation of
objects/elements that are not fully documented by the available data and as such, may be
in conflict with the restrictions of the modelling procedure.
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7.6.2 Input data

The compilation of data includes gathering of both published and unpublished data as well
as recording of new data. A review of the regional geological and structural setting of the
area that is to be modelled, gives a general understanding of the relation between different
types of rocks and information about the system of structures. Together this reduces the
degrees of freedom of the system and forms a base for systematic modelling. On the scale
of the area, compilation is in general closely connected to the recording of new data as the
resolution in the general description of the bedrock does not have to be good enough
(based on to sparse data). The compiled data sets are sorted and compared and eventually
classified.

7.6.3 Critical parameters

Critical parameters (the critical properties explicitly expressed by the parameter as a
threshold value or other type of relationship, e.g. geometry) may be identified. Critical
parameters show the limitations of the suitable rock volumes for the location of nuclear
waste storages. Examples of such parameters are groundwater flow and fracture patterns
indicating porous structures of low mechanical strength and extensive structures. Typically
the threshold value of a critical parameter is based on general judgements and not on direct
measurements. However, it may be identified by experience gained in the investigated
area or its surroundings. The critical parameters will occasionally overlap (mutually
respond to at least some anomalies in the bedrock), but are not interchangeable. In fact,
the identification of critical fracture patterns is based on several characteristics (e.g.
alteration, fracture fillings, fracture patterns), cf. rock mechanical classification systems.
This does not affect the modelling procedure. However, future research may suggest that
a threshold value of some critical parameters should be adjusted and by that the model has
to be reprocessed. A documentation of the selection of critical parameters should be
presented as it will simplify adjustments of the model.

7.6.4 Modelling restrictions

The formulation of the restriction of the modelling should agree with the purpose of the
work and the character of the input data. The accuracy of the inferred elements in the
model is mainly related to the established restriction and assumptions made. By presenting
the assumptions made and data used to conclude the existence for each modelled
elements/object the traceability of data in the model performance is secured. However, the
model may have to be modified (e.g. some data or combinations of data are critical during
the progress of the modelling or the model restrictions are adjusted). This should be
followed up by a reexamination of performed work. If the input data consist of more than
one critical parameter (e.g. crushed rock and groundwater flow) giving arguments for a
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particular interpretation is important since the presence of an inferred element may not be
suggested by all of the critical parameters. Base data are evidently not consistent.
However, this is more a matter of defining the critical parameters and determining whether
they depend on each other, i.e. do they have to coincide.

7.6.5 Data and investigation

The distribution of data could be sparse or dense and at the same time it could be
heterogeneous or homogeneous. The distribution of data affects the criteria applied when
constructing the model. When studying a potential site for nuclear waste disposal at a
depth of c. 500 m in the bedrock, the initial surface-based survey will unavoidably provide
heterogeneous information about the bedrock.

The size of such an investigated area/site, within the Swedish programme for storage of
radioactive waste, should be at least 4 km2. The reason for this is that at least two out of
a set of regional fracture zones delimiting the available space for the layout of the
repository should be included in the model. The separations of such zones in the studied
Swedish gneiss terrains are in the order of 2-4 km.

The information gained from the upper part of the bedrock depends on the thickness of
the sedimentary cover. As the thickness of the cover varies no more than some metres, the
information about this part of the rock, on the scale of the site, is relatively homogeneous.
The planning of the subsurface investigations, the borehole programme, is based on the
results of the geological and structural field studies and detailed geophysical
measurements combined with the compiled information gained from studies of the
regional geological and tectonic setting of the area. The boreholes may be located as
clusters or be more evenly distributed to investigate the most obvious structures delineated
on the surface maps and/or to characterize a selected volume. Common for all surface-
based subsurface investigations is that samples become more sparse with increasing depth.

7.6.6 Modelling procedure

The construction of models in two to four dimensions is a substantial part in the evaluation
of geological and structural mapping surveys. Models developed to serve as the basis for
underground construction must have a good control of the locations and characteristics
of inhomogeneities influencing the stability and mass transport in the bedrock. Crucial is
that locations of observation points (data) are well established and, also, to have access to
oriented data.

Starting the extrapolation of data between the surface and the boreholes close to the
surface is advantageous. The geometry of inferred elements is established by correlating
structures revealed by detailed surface mapping close to the borehole (Section 7.3 and
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Figure 7.3) with borehole data. Then the interpretation successively continues downwards
along the borehole. This can be done although the target of the borehole investigation is
a structure assumed to be intersected by the borehole at a depth of some hundred metres.
A benefit of such an approach is that a check of distributions and orientations of bedrock
elements on a minor scale is achieved. These relations may mimic the relation of larger
scale bedrock elements and provide information that should be used when correlating such
structures over larger distances. Knowledge about the geological and structural history
should also be used to limit the number of "possible" interpretations regarding the
geometry of modelled rock types and structures. It is strongly argued that sampling
systematics and systematic interpretation of data may severely influence the result.
Modelling is not only performed to verify ideas, but also to obtain new information about
the modelled object.

7.6.7 Description

The description of the model presents the different steps made during the construction of
the model. Objectivity, input data, restrictions, and modelling procedure form the basis.
Besides the visualization of the established model, characterizations of each element in
the model and a description of how the elements interact are essential.

7.6.8 Generalization

It would be appropriate if the modelling was performed with a high resolution. Often it is
not clear from the start what resolution is demanded. Because of this significant
characteristics, may not be identified. Generalization made during the modelling may
conceal characteristics of the system. Consequently, generalization should be made late
during the evaluation of the obtained result.

7.7 CHARACTERIZATION OF STRUCTURAL ELEMENTS

A detailed characterization of a fracture is not simple and characterization of a fracture
zone or shear zone is far more complicated. The reason for this is that most of the
structures studied in nature have limited exposure. The general reason for this is that only
minor parts of the structure are observable. What appears to be a single fracture at first
sight may be composed of several minor structures or be a minor part of a large structure.
To find this out is a matter of resolving power, degree of exposed rock and ambition of the
observer.
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7.7.1 Joint

Bahat (1991) shows the complex nature of the morphology and propagation of joints.
What appears to be a simple joint (fracture along which no displacement has taken place)
consists of a systematic arrangement of fractures of different sizes, morphologies and
geometrical arrangements (Figure 7.4, cf. Bankwitz (1965), Kulander and Dean (1985),
Pollard and Aydin (1988), and Bahat (1991)).

Increased fracturing of the rock may occur along more or less extensive domains or
fracture zones. The internal distribution and geometry of fractures within such zones are
dependent on the formation of the zone and its structural history. Two main types occur,
zones "only" consisting of joints, and zones dominated by shear fractures (see below).
Segall and Pollard (1983) and Segall (1984) described distribution of a single steeply
dipping joint set in a granodioritic rock and discussed the formation and growth of a
population of parallel joints having a relative wide range in length (1 cm to 100 m) and an
uneven spatial distribution (Figure 7.5). Joint zones or "crackle zones" have been
described by Isachsen et al.(1981a,b), and Wiener and Isachsen (1987), Figure 7.5. Pollard
and Aydin (1988) and later Martell (1990) described a transformation of joints to shear

1. Main joint face
2.a. abrupt twist-hackle fringe
2. b. gradual twist-hackle fringe
3. origin
4. hackle plume
5. inclusion hackle
6. plume axis
7. twist-hackle face
8. twist hackle step
9. arrest lines
10. constructed fracture front

lines

Joint faces: a. Morphology of a joint formed in slate (Bankwitz, 1965),
and b. Joint surface morphology (Kulander and Dean, 1985).
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Figure 7.5 Joint patterns: a. Single set of joints in granodioritic rock, Sierra Nevada
(Segall and Pollard, 1983), and b. A NE-SW striking crackle zone,
Adirondack Mountains Dome (Wiener and Isachsen, 1987).

zones by connecting the joint by formation of fracture bridges where joints had overlaps
(cf. Figure 7.6a)

7.7.2 Fault

The morphology of faults, fractures along which displacement has taken place, is more
complicated than for joints. Note that faults include both "single" fractures and
arrangements of fractures. The latter may range from a few fractures forming a brittle shear
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zone to complex arrangements of shear zones forming regional fault zones. The
understanding of the geometries of brittle shear zones is achieved by experiments (e.g.
Riedel, 1929) and studies of natural fracture zones formed by seismic activity (Tchalenko,
1970, and Tshalenko and Ambraseys, 1970). The descriptive study of brittle shear zones
has been divided into several sub-disciplines such as morphology of shear surfaces,
including secondary fractures and fault striae/grooves (cf. Tjia 1968, Petit 1987, Hancock
and Barka 1987, Hobbs 1987), configuration of shear fractures (cf. Riedel 1929, Moody
and Hill, 1956, Hancock, 1972 and 1985, Bles and Feuga, 1986, Gamond, 1987, Swanson,
1988, Martell, 1990, Arboleya and Engelder 1995, McGrath and Davison, 1995), and
regional appearance of brittle shear zones (Boyer and Elliot, 1982, Gibbs 1984, Sylvester
1984, Sylvester 1988). Figure 7.6 shows some examples.

Characteristics of a fracture and fracture zone include not only the morphological and
geometrical descriptions, but also description of fracture infillings and the relation of the
formation of the fracture had on the wallrock (distortion and alteration). If the fracture is
formed by a single event then the distortion of the wallrock is related to the formation of
the fracture and the alteration of the wallrock and the fracture infillings are formed at the
same time as the fracture or later. As fractures, in general, do not have the same aperture
along the whole fracture surface (the transport of elements may be controlled by different
mechanisms, as flowing water transport or diffusion), the precipitations of fracture
minerals and the alteration along the fracture may be variable. However, reactivation and
partial reactivation of fractures are common. This implies that at least some fractures
belonging to a certain set of fractures or fracture zones will have their fracture
characteristics partly or extensively affected.

7.7.3 Characterization of fractures

To base a characterization of a structure on information gathered in one or a few boreholes
is not adequate, according to what is presented above and especially not in areas with a
dense spatial distribution of structures. This is due to scarce data in the first case and
uncertain correlations in the later case. On Aspo the bedrock is very well exposed, which
gives the opportunity for detailed mapping of different sorts of structures. Some additional
stripping of the soil cover could be useful. This is especially true as the fracture
distribution appears not to be significantly increased at shallow levels of the bedrock in the
central and southern part of Aspo. The latter show that extrapolation of a fracture
configuration mapped at the surface to greater depths may be valid. By detailed mapping
(Figure 7.6) the forms of the structures drilled into, at least to some extent, would be
known and this simplifies the interpretation of data achieved by the borehole survey. The
character of the studied fracture or fracture zone will be described as a summary of all
available data (exposed parts at the surface and observations in boreholes, information
stored in a data base) and it should emphasize the most distinguished characteristics of the
structure compared to other structures, as well as the general characteristics of the structure
(common features and varieties).
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Figure 7.6 Fracture patterns achieved by a. Shear box modelling (Riedel
experiment preformed by Tchalenko, 1970), b. Possible fracture set up
in an idealized brittle fault structure (Swanson, 1988), c. Field studies
(Tchalenko and Ambraseys, 1970), and d. Synthesis of local and
regional observation (Boyer and Elloit, 1982)
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The advantage of a good knowledge of the fracture configuration in the rock on several
scales is that it is possible to do better predictions of the local scale fracture configuration,
as what one can see on one scale is often reproducible on other scales.

7.8 FRACTURE ZONE

7.8.1 Definition

The term fracture zone is nongenetic and denotes a domain of significantly increased
density of fractures relative to the surrounding rock mass. The geometric appearance of a
fracture zone is generally confined by two, not necessarily planar, subparallel to parallel
surfaces. The confining planes can vary from planar to curved or may even have a more
irregular form.

The given definition of a fracture zone pronounces that it is a relative term as it is related
to the appearance of the structure (genetics/structural history and intensity) in relation to
the general structural appearance of the bedrock (rock mass) within which it is located.
This implies that the identification of a fracture zone can be based on its structural
appearance (internal fracture pattern) together with its increased (to anomalous) fracturing.
A fracture zone is confined by two surfaces and its width is the separation of these surfaces
(Figure 7.7). The location of the two surfaces has to be determined before the width of the
zone can be measured or before the zone is presented in a model (unless the zone is
represented by a surface located in the centre of the zone, and has "no width"). The
transition from the country rock to the fracture zone, the zone margin, can be distinct,
continuous or gradational (Figure 7.7). In the first case, the locations of the zone margins
coincide with the location of the confining surfaces. In the second and third cases, the
location of the zone margins and by that also the location of the confining surfaces will be
a matter of decision. This decision should be based upon both the fracture density and the
fracture pattern. However, the location of the confining plane can, when the margin of the
fracture zone is defined, be defined at a certain fracture density (a cutoff) and/or be based
on the fracture pattern. With gradational transitions from country rock to zone, the
resolution in the investigation has to be considered. This is for example apparent when
considering regional structures. Is it possible to distinguish between a regional zone
observed by mapping and a succession of discrete zones only observed in a borehole?
Actually, the problem occurs on all scales. Location of the margins and confining surfaces
of fracture zones are, consequently, a matter of scale and resolution and the objective of
the investigation.

The character of a fracture zone reflects the geologic-tectonic environment within which
the zone was formed, likely reactivation and possibly also displacement. The character of
the zone may change along the extent of the zone (Figures 7.6, 7.8 and 7.9). Control of the
variation in the character of a fracture zone could, however, be predicted if the genetics of
the structure were understood.
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Figure 7.7 Basic concepts in defining the width of fracture zone (fault pattern from
Tchalenko and Ambraseys, 1970). Zc = zone centre (main displacement
surface, ± fault rocks), ZW = zone width, ZMu and ZML = zone margins
(e.g. upper and lower side, northern and southern side).

7.8.2 Observation

On a regional scale, lineaments may represent fractures zones, although all lineaments are
not necessarily fracture zones. Occurrences of outcrops with deformed rock along a
lineament suggest that the lineament represent a deformation zone. The structural pattern
in the outcrop can be mapped and characterized. However, only in extreme cases is a
continuous section across a zone exposed. In ordinary cases, only a restricted part of the
deformation zone is observed in the outcrop. Furthermore, the orientation of a zone can be
obtained by analysing the structural pattern and the character of the structures.

In subsurface rock constructions, e.g. mines, fracture zones can be mapped in detail in
drifts and shafts. For example in the Stripa Project (OECD, 1992) a c. 3.5 m wide fracture
zone was identified by geophysical borehole investigations in the Stripa mine. The
existence of the zone was confirmed at five levels of the mine and mapped in detail in
seven drifts placed c. 5 to 50 m apart and in several cored boreholes. The recorded data
cover more than a hundred metres of the extent of the fracture zone (Bursey et al., 1991,
Gale et al., 1991,1992). The increase in fracture density in the zone relative to the fracture
density in the country rock is c. 1.25 to 4.5 times. Notable is that the fracture density in the
country rock on the same side of the fracture zone (mapped on opposite drift walls,
separation c. 3 m) as well as on opposite sides of the zone (mapped on the same drift wall)
may vary 2 to 3 times. However, a detection of such an extensive structure with a relatively
modest increase in fracture density would presumably not be successful without
knowledge about the orientation of the structure, achieved by geophysical measurements.

The pattern of fractures forming the zone also guided the location of the zone at greater
distance. Mapping of a subsurface construction, e.g. a tunnel, gives a very detailed local
knowledge about the bedrock condition. The general view of the surroundings is restricted.
When the subsurface data are extrapolated and correlated with information recorded in
adjacent rock excavations, in boreholes and/or with information recorded on the surface,
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a three-dimensional model can be well established.

Horsetail
fractures

Figure 7.8 An example of a three-dimensional geometry of a shear zone (McGrath
andDavison, 1995)

Calcite mineiallsation.

Mode 1 fractures.

Shear cracks.

100mm

Figure 7.9 Horsetail fracture pattern at the termination of a shear fracture (McGrath
andDavison, 1995).
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Borehole investigations provide, on a smaller scale than rock excavations, continuous
ocular inspection of the bedrock, e.g. the fracture log and TV-log give descriptions of the
distribution and character of fractures, while the borehole radar measurements give
information about the orientation of extensive structures found within a radius of several
tens of metres. Looking at one log at the time, e.g. the fracture log (TV documentation of
the borehole or core mapping), attributes that could be associated with fracture zones can
be identified. The fracture log gives location of clusters of fractures, possible fracture
zones, but fracturing related to a structure resembling the Stripa fracture zone may be
overlooked. On the other hand, increased fracturing of the rock does not necessarily
indicate a fracture zone (could also be related to rock type distribution, broken corners of
rock blocks, etc.). The borehole radar gives the orientation of reflectors, but complimentary
information is needed to distinguish the character of the reflector. A single borehole log
can find borehole intervals with increased fracture density, but combined with other logs
or correlated with information recorded in other boreholes, rock excavations and at the
surface, the existence of a fracture zone can be inferred. In the analysis of borehole
information, as in analysis of any other scanline sample, the bias imposed by a linear
survey should be considered.

Rock exposures, outcrops and rocks walls in underground constructions, offer the best
localities for studying the character of the bedrock structures. Detailed descriptions of
different sets of fracture zones (character of fractures, internal fracture pattern and its
relation to the external fracture pattern in the hostrock, and, if possible, the variation of
these parameters along the extension of the structure) simplifies identification of zones in
boreholes and by that also extrapolation of the zones. Detailed characterization of
structures also gives a better understanding of the responses achieved by geophysical
measurements.

7.8.3 Identification

Identified fracture zones are structures demonstrated to have an extension as a sheet-like
domain. This implies that they can be outlined as traces on a map or be visualized in a
three-dimensional model as they are identified in several boreholes or found to intersect
at least one borehole and also identified at the surface or in an underground rock
excavation.

The observed characteristics of fracture zones can be used as references when the zones
are identified, but in practice fracture zones having a low fracture density contrast,
compared to the country rock, may not be easily distinguishable in, e.g. a borehole, if
orientational data on the structure are not available. In this case, orientational data give a
hint where to look for a corresponding structure. The structural characteristics are then
used to more precisely locate the structure and also to decide the width of the structure.

The location and extension of fracture zones at the surface can be mapped by remote
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sensing techniques (aerial photos, detailed topographical maps/models), detailed
geophysical measurement, and field mapping. The base for determining the width of a
structure has to be defined, especially if the bedrock is poorly exposed. Borehole fracture
logs generally express at least some more or less fractured intervals. All of these intervals
do not exclusively have to represent intersections of single fracture zones (other
possibilities are: Two or more zones crossing each other at the borehole, fracturing related
to rock type, local stress releases, deformed edges of rock blocks, etc.). In the fracture log,
these sections should therefore be labelled, e.g. "increased fracturing" and "crushed rock".
The latter should be used when the core could not be restored due to grinding.

Structural modelling of fracture zones in a rock volume may start with the most intensely
deformed parts and then second most intense parts and then , a successive working
order. However, in strongly fractured bedrock, correlation of fractured sections from one
borehole to another or between a borehole and the surface can be arbitrary as there may
occur many possible combinations if orientational data on the structures are missing. The
number of possible combinations may be reduced if the different sets of fracture zones
have crucial or significant characteristics.

In the present study we did not succeed in unravelling the structural pattern in the Aspo
bedrock by using the successive working order. Instead structures, primarily structures
comprising sections mapped as Crushed Rock, which could be extrapolated (having
orientational information) were studied. No detailed descriptions of fracture zones (stylized
internal fracture zone patterns, cf. Talbot and Munier, 1989) on Aspo are available, thus,
the assigned width of each fracture zone is based on the fracture and geophysical logs. The
average cut-off ratio of fracture frequencies (sealed fractures + fractures parting the core)
at the margin of fracture zones in the SKI structural model of Aspo is 3.5:1. This implies
that the ratio between the average fracture frequencies in the fracture zones and the country
rock is higher. Of all intersections between boreholes and modelled fracture zones 51%
include sections of Crushed Rock. The presented characteristics of fracture zones included
in the SKI structural model of Aspo describes the result, but not, as it should be, the criteria
for identifying fracture zones.

Identification and extrapolation of fracture zones are eased if a general knowledge about
the characteristics of different sets of fracture zones is known, e.g. variation in orientation,
internal fracture pattern, fracture characteristics (infillings, striation, alteration, etc.) and
width.

7.9 CHARACTERIZING THE BEDROCK - REGIONAL TO LOCAL
SCALE

This section primarily deals with general experiences and statements concerning the
process of characterization and visualization of the distribution of rock types and the
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structural framework within a volume (e.g. 2 by 2 by 1 km deep) of magmatic bedrock.
Starts with an overview of the geological terrain, regional setting (mainly maps, vertical
cross-sections, fracture system etc.), Figure 7.10.

With the reference to the flow chart (Figure 7.10) the characterization of a site can be
described as a large cell of information flow (regional model to local three-dimensional
model) which consists of three minor analogue components (modelling of the regional
area, local map and local three-dimensional model, respectively) and flow-lines
connecting the three minor components, sub-cells, to form the larger cell. Lines of
information flow in Figure 7.10 are drawn from the bottom of a "box" (output data) to
the top of another box (input data). Correlations of data or results are shown with lines
entering the side of a "box". Flow-lines of input data are drawn in the centre of the
diagram or on its left side. Note that primary data are used as reference data in all stages
of evaluation and in the modelling. Flow-lines for updating and complimentary
investigations are drawn on the right side of the figure and entre the planning
stages/boxes. Main flows of information are shown with bold lines.

Five distinct levels can be distinguished in modelling geoscientific objects and
processes (cf. the sub-cells in Figure 7.10):

1. Compilation of existing information - a base for the planning of
investigations.

2. Planning of investigations - to impart a structure to the investigation
and the recording of data.

j . Performance of investigations - recording/gathering of data.

4. Evaluation of performed investigations - compilation, interpretation
and correlation of data.

5. Modelling - construction of a new or refined model, visualization and
description.

7.9.1 Objective and prevailing conditions

Geological and structural models may at a first glance seem similar in character as they
try to depict the conditions in the rock. The objective of an investigation, where a
geological and structural model is a basic part, may emphasize certain qualities of the
rock mass, e.g. a performance assessment for a nuclear waste storage at depth in
crystalline basement rocks, generally demands scale related resolutions in the input data
sets (what shall be included and what could be excluded) and accuracies in the location
of modelled elements. The resolution can be described in terms of required safety
standards.
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Figure 7.10 Flow chart describing investigation and three-dimensional
characterization of a rock volume.
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The accuracy in location of modelled elements is also related to the design of the
repository. These requirements are subsequently related to the general experiences of
underground constructions and the capacity of the model system to consider the data
(e.g. structures with a limit extension). Many requirements can be formulated as fixed
standards (simply based on conservative statements) at least to start with, and then they
can be modified during the process of characterizing the site when an increased
knowledge about the studied object is obtained.

The resolution and accuracy in the model also depend on the prevailing conditions in
the investigated area. Examples of such conditions are topographical relief, degree of
exposed rock and existence of structural markers (reference structures or rock units to
unveil displacements along tectonic discontinuities and location of lithological
contacts). The ground surface (which in most parts of Sweden conforms the surface of
the crystalline bedrock) is the only section where homogeneous information of the
bedrock can be obtained. The thinner the sedimentary cover is the denser the data about
the basement rocks that can be obtained. Low resolution in the description of the
regional surroundings of an area (e.g. if airborne geophysical measurements are
missing) influences the characterization of the geological terrain. Consequently it also
hampers the possibility to predict features which could appear in the local area is
hampered. However, complementary investigations can often be made, but if the area
has a thick overburden of sediments, e.g. especially if it contains layers of saltwater
clays, it will restrict the possibilities to achieve knowledge about the distribution of
rock types and structures. The predictability of the occurrence and distribution of rock
types and structures in an area varies with the general knowledge about the regional
settings of the area and the possibility to map these entities. When the geological and
structural evolution of the area is understood it helps the unravelling of the distribution
of rock types and structures in the bedrock.

7.9.2 Planning

The base for planning any activity within a study of a geoscientific object is that the
contribution of the activity may provide information about different sets of properties
of the object. Owing to this, all investigations should be considered as integrated parts
of the study. Identifications of the obstacles, which have to be tackled, and formulations
of the approach and methodology to obtain appropriate information about the studied
object and determination of the succession of investigations to be performed are
essential parts of planning an activity. Special attention should be made to get an
appropriate spatial distribution of data. The accuracy of an interpretation is related to
the type of modelled element, the distance between data points and the data used. In
modelling distribution of rock types and structures, location of data and oriented data
are very important. The planning should also consider timing of different investigations
and handling, storage (data bases) and distribution of data and results. Planning is an
iterative process as results obtained during the evaluation of achieved data or
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correlation of data may lead to new questions and insights. Complimentary
investigations may be required. The consequences of the complementary investigations
should be fully considered in the modelling procedure, i.e. the planning of activities has
to be modified. A documentation of the planning increases the traceability of data, i.e.
clarifies the origin of data and how data are engaged in the modelling process.

7.9.3 Recording of data

All information about an object acquired through experience or study represents data,
which in its turn could be used as input in a model of the object. Data of different
character exist, e.g. data recorded by a geologist consist of a mix of descriptions,
measurements and interpretations, while geophysical data consist of
measurements/readings. The methods of collecting these two types of data sets
generally differ. Recording of geological and structural data are restricted to location of
exposed rock (field and borehole studies), rock samples (field studies and laboratory
work) and terrain forms (field studies and remote sensing). Geophysical data are
generally automatically measured along profiles as a succession of point measurements
reading one or several physical bedrock parameters at a time. By experience and
laboratory tests of rock samples (petrophysics) the variation in the measured
geophysical parameters can be linked to rock types and/or structures. The location of
the profiles is related to the object of interest and normally not related to the existence
of exposed rock. This is in contrast to data noted by a geologist. Such data are related to
the distribution of exposed rock and the data gathered is related to his or her experience
and ambition.

A systematic recording of geological and structural field data by using forms and
illustration of structural and bedrock relationships by drawings and photos facilitates
the storage of data and make the field notes more accessible. All base data should be
available and a documentation of the sampling of the data (method, instrument,
accuracy, calibration, extent, time, personnel, etc.) should be attached when data are
delivered and stored in a data base.

7.9.4 Evaluation of data

In a multidisciplinary investigation of an object all investigations are not realized
synchronously and generally they describe different aspects of the object. To evaluate
the contribution of each investigation every investigation is first evaluated separately
and then related to other investigations. By this the plan for subsequent investigations
can be modified to obtain a better completion of the investigation. An example is that a
remote sensing study based on an elevation model will provide information about the
structural pattern in the bedrock (lineament map) and possibly also the distribution of
rock types. This information is then subsequently used in the planning of detailed
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ground-geophysical measurements and mapping. The lineament map is in the
modelling stage combined with the results of the latter investigations to construct
structural and bedrock maps (two-dimensional models).

Each investigation is presented separately. The evaluation of data consists of
presentation of data, classification of data and a description of the object based on the
presented data. However, a pure correlation of different types of data can be presented.

7.9.5 Modelling

The modelling stage differs from the previous stage of evaluation of data in that respect
that it is a synthesis of all available data. Modelling consists of several stages such as
handling of data, formulation of approach, construction of the model and description
and visualization of the model. Handling of data consists in its turn of compilation of
data, correlation of data and recognition of critical parameters. The modelling approach
involves definition of modelling restrictions, methodology and systematics. The
construction of the model is then governed by the approach and handling of data. The
description of the model presents the approach, the handling of data and the constructed
model. The visualizations of a three-dimensional object should be presented as a
succession of images viewed from different directions and possibly also be
accompanied with block diagrams and thematical images.

Modelling of the distribution of rock types and the structural framework within an area
is a continuous process which is initiated with the review of the regional geological and
structural setting of the area. The models are then generally restricted to maps and
vertical cross-sections. Uncertainties in the model should be expressed.

It should be emphasized that geological and structural modelling is a continuous
process which often starts at the same time as observations are made. Modelling could
start either on a minor scale, outcrop scale, and be performed during mapping, or on a
regional scale by compilation of reported data and remote sensing studies. This implies
that geological and structural modelling is an iterative process and as such the flow of
information forward and backwards (updating: New data, new ideas, modification of
nomenclature etc.) should be considered in the modelling procedure (cf. flow-lines on
the right side in Figure 7.10).

7.9.6 Model used as base data in subsequent modelling

A geological and structural model has to meet the demands from other geoscientists
who use he model as basic input data in their surveys. All inferred elements in the
model d< not have to have the same validity when the model is used in different types
of geoscjentific exercises. Structures of low mechanical strength do not necessarily
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coincide with hydraulic conductive structures. Furthermore, the primary model can
contain more elements than subsequent modelling can consider, e.g. rock mechanical
models for calculation of the stability of the bedrock, or contain elements of less
importance for the subsequent modelling, e.g. structures with low hydraulic
conductivity in simulation of groundwater transport. Different geoscientific users of the
model will have different arguments for discriminating elements in the model and
parameters may be critical when the model is considered from one point of view but not
from another. To be able to discriminate among the elements in the geological and
structural model, e.g. sorting out redundant elements or reduce the number of elements
to be able to execute a modelling programme, the characteristics of each inferred
element in the geological and structural model have to be presented. The identification
of critical parameters has to consider this.
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8. CONCLUSION

The results described in this report may be considered as two separate models, a
geological model and a structural model, although the initial idea was to develop a
single combined model to describe the area. The models show two characters of the
same object. The first model to be described is the geological model as it gives the
setting for the structural model.

8.1 GEOLOGICAL MODEL

The Aspo bedrock was emplaced in an Andino-type orogenic environment, the Trans-
Scandinavian Igneous Belt (1.65-1.81 Ga). The dominant rock type has a granodioritic
composition, with transitions to dioritic and granitic varieties; basic rocks occur in
enclaves. Hypabyssal rocks are dominated by aplites (about 15% of the total volume),
but some occasional dolerites also occur. The widths of aplites vary from decimetres up
to 150 m. In sheared rock, the thinner aplitic dykes lie within the foliation. However,
thicker aplites and basic sheets are oriented oblique to the regional ENE/subvertical
foliation and remain (?) gently inclined northwards. At least 5 different types of aplites
have been distinguished, each type being associated with the batholitic emplacement of
the granodioritic rocks.

Aspo is transected by two semi-ductile shear zones, oriented E-W and NE-SW, some
hundred metres wide. The junction of the zones is found in the central parts of Aspo.
Along these zones the bedrock is well foliated while outside the zones the rock has
weak foliation (ENE/steep). A few kilometres northwest and southeast of Aspo two
granitic intrusions (5 km in diameter) occur. Their influence on the Aspo bedrock is not
determined. The accumulated uplift of the bedrock from the emplacement of the
granites (the northwestern one, the Gotemar granite, is dated to c. 1.4 Ga old) until the
formation of the sub-Cambrian peneplain, is 7 to 8 km. The uplift was associated with
block movements along faults. 500 m of vertical and 200 m of left-lateral displacement,
has been suggested along a N-S/vertical fault in the Gotemar granite (Kresten and
Chyssler, 1976). Along faults on Aspo displacement on the order of several hundred
metres is indicated.

The distribution of rocks in Aspo is controlled by magma-emplacement, ductile shear
deformation and block faulting. The construction of a three-dimensional geological
model failed due to restricted or discontinuous extension of rock units, absence of
markers and inhomogeneous and disperse data. However, the geological character of
the Aspo area is presented herein as a reinterpreted geological map and cross-section.

8.2 STRUCTURAL MODEL
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The regional pattern of fracture zones outlines triangular, rectangular and polygonal
rock blocks of varying orders. The dominant orientations of the block boundaries are E-
W, NW-SE, N-S and NE-SW. Regional rock blocks, outlined by N-S and E-W striking
faults, are rectangular with a surface area of up to c. 100 km2. The throw of the block-
bounding faults, in general, since the formation of the sub-Cambrian peneplain is about
10 m. Larger rock blocks contain lower order blocks with shapes similar to the regional
pattern. The relative variation in surface elevation of these smaller blocks may exceed
10 m. Late distorsion along boundaries of lower order blocks and partial reactivation of
faults are suggested by the block pattern.

NNW-SSE and NNE-SSW striking structures are subdominant in digital elevation
models (LMV elevation database, 50 m grid), but in more detailed studies (higher
resolution) based on aerial photos, these lineaments are more frequent and are traceable
up to 6 km.

Bittle shear zones, striking E-W, NW-SE and N-S, outline the triangular island of
Aspo, c. lkm2. The southern tip of Aspo is affected by a NE-SW striking fracture zone.
On Aspo two semi-ductile shear zones (striking E-W and NE-SW) intersect and have
been mutually reactivated during brittle conditions. Furthermore, Aspo has been
transected by extensive fractures striking NNW-SSE and NNE.

A three-dimensional structural model (2 by 2 by 1 km) with Aspo in its centre, has been
constructed. The basic input data in the SITE-94 structural model were structural
readings and geophysical measurements made before the building of the SKB Hard
Rock Laboratory. The model consists of 52 structures: 43 identified in boreholes and
the remaining 9 found outside areas investigated by drilling. The modelling approach is
to select zones with characteristics that fulfill certain predefined requirements,
including well-defined orientations, length exceeding 500 m, planar geometry, etc.
Critical input data are the surface structural patterns (from regional to outcrop scale),
subsurface indications of zones (e.g. occurrence of crushed rock in boreholes) and
orientations of extensive fractures detected by borehole radar.

Sampling is inhomogeneous within the model volume. However, models often include
rock volumes where subsurface information is deficient. For example in the SKI
structural model, field data cover less than 25% of the modelled area and less than 10%
of the modelled volume is covered by surface-based subsurface investigations. Slightly
more than 80% of all inferred structures are identified by the borehole investigations,
which comprise c. 10% of the modelled volume and were mainly conducted in the
central to southern part of Aspo. However, inferred structures in the SKI structural
model have been extended to the boundary of the structural model unless they are
shown to be arrested against other structures. This is done to get a better visualization
of the structural system in the area and meet the requirements for the structural model
to form the basis for hydrogeological and rock mechanical modelling. (The size of the
modelled volume is based on hydrogeological and rock mechanical considerations).
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Often the extensions of the structures are assumed (c. 80%) as the surface traces of the
structures are lost in areas covered by water (c. 50% of the surface of the model is
covered by water). Thus, most of the modelled structures transect the centre of the
model. An appropriate way of expanding the model from its more central parts to its
outer parts is to consider the geometry of the framework of structures in Aspo and
relate it to mapped zones surrounding Aspo. It should then be emphasized which zone
is verified and which is assumed. This type of model would be more realistic than a
model in which only zones verified by subsurface investigations are presented. In the
Aspo case, the number of zones would increase by a factor of 1.5 (Voss et al., 1996) if
the density of structures found in the centre of the model existed throughout the model
volume. This would imply that approximately 55% of all structures would be verified
by boreholes in such a model.

Dominating strikes within the SKI structural model are roughly E-W (sector WNW-
ESE via E-W to ENE-WSW) and NNW-SSE. Other strike directions are NNE-SSW to
NE-SW and N-S. Many structures (44%) are steeply dipping to vertical (80-90°) while
17% are gently inclined structures (10-40°). Gently inclined structures are difficult to
discern from available data, and their number is probably underestimated. Most of the
zones (approximately 65%) are less than 5 m wide. The database GEOTAB contains
information on fracture characteristics, however, it is very difficult to differentiate
between different fractures based on the available information. This may either be due
to the nature of the structures or a flaw in the sampling process. Therefore, directional
data (control of the fracture systems and radar data) are necessary.

The orientation of structures found by drilling depends on the configuration of
boreholes. The borehole programme used at Aspo favours, structures oriented
approximately E-W, while structures oriented N-S to NNW-SSE are suppressed.

Of all 201 borehole observations, only four zones might be in a single rock type: One in
granodiorite and three in aplitic rock. The remaining zones are not related to particular
rock types, but join lithological contacts occasionally along their traces. This requires
further studies.

Data used to identify structures in the model can be compared with all available main
input data. Intervals mapped as crushed rock constitute 4.2% (235 m, excluding
borehole KAS02) of the drillcores. The model considers 52% of the number of sections
with crushed rock and 75% of the total length of crushed rock. The number of
identified radar reflectors in the boreholes is 334; 25% of these are included in the
model. Vertical seismic profiling (VSP) was performed in one hole (KAS07), but the
data were not used in the model. Thirteen structures were detected by VSP, out of
which 12 outcrop close to Aspo. Out of four gently to moderately inclined structures
indicated at depth, one coincides with a structure in the model. Thus, the rock mass
apparently should contain more zones than those included in the SKI structural model.
However, the orientation of the fracture system on Aspo appears to be well established
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as structures on regional to outcrop scales have similar geometry.

Some structures have not been included in the model due to difficulties in extrapolating
data between boreholes. Among them are curved structures and gently inclined
structures not outcropping on Aspo. The latter could correspond to significantly higher
fracture frequency and fracture infillings of epidote, in boreholes. However, finding
corresponding locations in adjacent holes has not been possible. A probable explanation
is block faulting, which has not been accounted for in the model. Furthermore, the
regional structures outlining the triangular rock segment Aspo are not investigated by
any boreholes and are therefore not included in the model. In an ordinary site
investigation for a possible repository of nuclear waste, these zones would naturally be
investigated by boreholes and included in the model.

This report presents the results of a test using only geological and geophysical data
from pre-investigations to produce a geological and a structural model of a potential
repository. Further to refine the present models, hydraulic data, normally used in site
investigations, could be included. The present models will be checked and refined by
including information from the underground construction phase of the SKB Hard Rock
Laboratory.
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Fracture zones in the SKI model - the work codes used by Voss et al.
(1996) and Geier (1996a-c) are presented).

ID-
code

7
1
5
4
3
2
6
8

14
47
13
9
12
10
11
52
50

48
49
46
51

17
23
15
16
18
26

22
24
20
41
44
45

28
37
21
36
39
25
19
43
40
42

31
27
29
30
32
38
33
34
35

Name

WNW-1V
WNW-2H
WNW-3H
WNW-4H
WNW-5H
WNW-6H
WNW-7H
WNW-8M

NNW-1V
NNW-2V
NNW-3S
NNW-4S
NNW-5S
NNW-6S
NNW-7H
NNW-8H
NNW-9H

NS-IV
NS-2V
NS-3S
NS-4G

NNE-1V
NNE-2H
NNE-3H
NNE-4H
NNE-5M
NNE-6M

NE-IV
NE-2S
NE-3S
NE-4M
NE-5G
NE-6G

ENE-1V
ENE-2V
ENE-3S
ENE-4S
ENE-5S
ENE-6S
ENE-7H
ENE-8H
ENE-9M
ENE-10G

EW-1V
EW-2S
EW-3S
EW-4H
EW-5H
EW-6H
EW-7M
EW-8G
EW-9G

Strike

307
304
302
294
298
301
308
288

338
346
164
161
338
340
156
162
341

350
358
182
351

26
24
205
203
194
204

220
228
223
220
227
222

68
247
59
249
243
238
235
242
233
243

259
268
253
265
257
255
268
255
256

Dip
(

88
76
70
70
67
71
68
38

89
89 :
84
81
87
87
78 :
62
65

89
89
86
11

89
78
78
77
56
51

88
80
85 <
32
28
14

89
89
83
87
82
80
67
61
57
10

90
82
84
79
75
77
33
26
25

Width
tn)

«10
=5
<\0
HO
1-5
-5

>10
>10

:a 10?
>5
-2
-2
-2
-2

>10?
-2
-2

5-10
5-10
5-10
=5

5-10
-2?
-5
-5
-2
-2

-5
5-10?
;al0
-2
0-15

50-75?

-2
-5
-5
-2

1-2

5-10

10-20
-2

>25
1-5
el
1-2
1-5
5
1-5?
1-5?
1-5

Codes used by Voss et al.. 1996
and Geier 1996

NW-7
NW-1
NW-5
NW-4
NW-3
NW-2
NW-6
NW-8

NNW-6
N-H12
NNW-5
NNW-1
NNW-4
NNW-2
NNW-3
N-LO2
N-HI5

N-HI3
N-HI4
N-Hll
N-LO1

NNE-E3
NNE-W5
NNE-E1
NNE-E2
NNE-E4
NNE-LO1

NNE-W4
NNE-W6
NNE-W2
ENE-6
ENE-9
ENE-10

E-H12
ENE-2
NNE-W3
ENE-1
ENE-4
NNE-W7
NNE-W1
ENE-8
ENE-5
ENE-7

E-HI5
E-HI1
E-HI3
E-HI4
E-HI6
ENE-3
E-LO1
E-LO2
E-LO3

sd. = standard deviation
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