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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 analysing scenarios, the development of
approaches for treatment of uncertainties and evaluation of canister integrity. Further,
crucial components of an Quality Assurance program for Performance Assessments
were developed and applied, including a technique for clear documentation of the
Process System, the data and the models employed in the analyses, and of the flow of
information between different analyses and models.

Bjorn Dverstorp
Project Manager



ABSTRACT

Geoscientific models are in most cases descriptions of objects about which information is
restricted. Therefore comparisons of models are in most cases comparisons of interpreta-
tions. Interpretation, in its turn, is a function of how data are ranked and sorted, which
approach or technique is applied, what working scale and resolution are specified, and how
definitions are interpreted and applied.

Here three sets of geological and structural models produced by three different groups are
compared. The same set of basic data has been available to each of the three groups. For
two of the groups, the data have been obtained successively as the investigation proceeded,
while the third group had all data available when they started to model the area. The models,
all of which are 2 km by 2 km by 1 km deep or smaller, are based entirely on surface-based
investigations. The modelled area is centred on the approximately 0.9 km2 large island of
Aspo, which lies along the southeastern coast of Sweden. The Swedish Nuclear Fuel and
Wastel Management Co. (SKB) has built the Hard Rock Laboratory (HRL) in plutonic Aspo
bedrock at a depth of about 500 m.

The SKB group has planned the investigations and recorded the basic data during the period
1986 to 1991. In 1991, SKB presented final versions of the SKB geological and structural
models of Aspo, before the start of work underground. One of the main tasks in the SKB
characterization of the HRL rock mass was to predict which of the geological structures will
have the greatest rock-mechanical and hydraulic significance.

The National Board for Spent Nuclear Fuel (SKN) constructed alternative models in 1992
to verify the SKB model. However, the SKN models were subsequently (1992-1994)
modified and converted into a hydrogeological model. SKN did not present any geological
model.

The Swedish Nuclear Inspectorate (SKI) chose Aspo as a hypothetical site for storage of
nuclear waste in their SITE-94 project. The objective of the project is to assist SKI in their
future review of SKB's application for a licence to deposit spent nuclear fuel underground.
In 1992, as they started to construct geological and structural models of Aspo and its
surroundings, the SKI group had access to all of the geoscientific information that had been
acquired by SKB. However, it was decided that the SKI models were to be based
exclusively on geological and geophysical data. The SKI models were finalized in 1994.

The agreement of the three models (SKB, SKN and SKI) is found to be best where the
density of information is greatest. In this case the highest density of information is at the
ground surface, as Aspo is well exposed. The main difference between the two geological
models (SKB and SKI) is related to the inferred effects of block faulting on the rock type
distribution. In the structural models, the number of zones as well as the width of zones can
be correlated with the degree of resolution in the analyses that were performed. Further-
more, the number of zones is also related to the modelling approach. In the SKI and SKN
models (with 52 and 19 zones, respectively) the mean width of the modelled structures is
about 5 m, while in the SKB structural model (with 13 zones) the mean width is five times



greater. Clusters of thin zones in the first two models can in general be correlated with wide
zones in the SKB model. Single zones, on the other hand, generally have no corresponding
structure in the SKB model.

The correlation of moderately to gently inclined zones between the different models is
relatively poor at depth. A good estimate of the dip of structures is most important for
moderately to gently inclined structures, and could be achieved if the drilling programme
were designed to investigate the targeted structures at depths of about 200 to 400 m. In the
Aspo investigations, most zones identified at the surface were planned to be characterized
by borehole investigations at vertical depths of less than 200 m.

Generalizations and choice of resolution in the analyses of structural frameworks are
important. It would be preferable to make the analysis with a high resolution and then
generalize the result. In the SKB case, the structural model that was presented has the same
resolution as the analysis, which is why some structures may be overlooked. In the SKI
case, the analysis has a high resolution, but a generalization of results is lacking.
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UTVIDGAD SAMMANFATTNING

En modell är enligt Bates och Jackson (1980) en arbetshypotes eller exakt avbildning, såsom
en beskrivning, statistiska data eller en analogi, återspeglande ett fenomen eller en process
som inte kan direkt observeras eller är svår att direkt observera. Modeller kan härledas på
olika sätt, tex. med dator, från stereografiska projektioner eller skalenliga experiment. En
beskrivning av ett specifikt objekt, t.ex. ett geologiskt eller strukturellt nätverk över ett
område kallas för en geologisk modell respektive en strukturmodell av området. En modell
av ett område som avser två eller fler geotekniska egenskaper, t.ex. strukturer och hydrologi,
kallas här struktur/-hydrogeologisk modell.

Olika geologer väljer olika tillvägagångssätt för att behandla och tolka sina data. Påverkan
på modellerna på grund av detta kan illustreras genom att jämföra flera olika modeller över
samma område. Vanligtvis kan skillnader i tolkningar hänföras till olikheter i mängd och
kvalitet hos den information som använts. För att belysa skillnader orsakade av metoder
(t.ex. databehandling, algoritmer för extrapolation och korrelation av data), snarare än
skillnader orsakade av kvalitet på data, och hur bra modellerna avbildar objektetrkligheten,
kan syntetiska modelleringsobjekt nyttjats. Likheter mellan modeller kan indikera att
tolkningarna är förhållandevis riktiga, vilket dock om möjligt måste kontrolleras. Olikheter
mellan modellerna kan bero på val av metod, tolkning av data, hur olika typer av data
kombinerats och, slutligen, valet av indata. Skillnader kan dock även bero på fel i
modelleringen. Om mätningarna utförts på ett naturligt objekt som en bergvolym, t.ex. 2 x
2 x 1 km, kan resultaten inte i alla skalor verifieras mot verkligheten. Beakta dock att
underlagsdata till vissa delar vanligen består av direkta observationer av berget. Det finns
endast ett fåtal bergvolymer som har modellerats av olika grupper vilka haft tillgång till
samma data. Ett sådant område är Äspö, en skärgårdsö belägen strax norr om Oskarshamn.
Under Äspö har Svensk Kärnbränslehantering AB (SKB) byggt ett berglaboratorium,
Äspölaboratoriet, på ett djup av ca 500 m (SKB, 1992). Geovetenskapliga data som samlats
in av SKB till och med 1991 (Stanfors m.fl., 1991) ligger till grund för de tre uppsättningar
av modeller som jämförs i denna rapport.

Modellering av Äspöområdets berggrund med avseende på bergartsfördelning och
strukturmönster utfördes av SKB (Wikberg m.fl., 1991) före det att Äspölaboratoriet
byggdes. En av avsikterna med modelleringen var att se hur denna skulle stämma med
observationer i berglaboratoriet, dvs en test av förutsägelser. Dessa modeller kallas för
SKB's geologiska modell och strukturmodell. En arbetsgrupp tillsatt av Statens Kärnbränsle
Nämnd (SKN) framställde under samma tidsperiod en fristående modell av Äspö (Palmqvist
m.fl., 1992). Denna modell omarbetades senare (Sundqvist och Torssander, 1996) och kallas
SKN's struktur/hydrogeologiska modell. I samband med Statens Kärnkraftsinspektion's
(SKI's) projekt SITE-94 togs ytterligare två modeller fram av Tirén m.fl. (1996) och dessa
modeller benämnes SKI's geologiska modell respektive strukturmodell.

Som tidigare nämnts så beror kvaliteten på modeller av indata och tolkningsprocessen. Den
faktiska kvalitén på de olika modellerna kommer dock inte att bedömas i denna rapport, utan
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bara likheter och skillnader mellan de olika modellerna. I den inledande text som följer
presenteras först de olika modellerna och därefter följer jämförelser, först mellan de
geologiska modellerna och sedan mellan strukturmodellerna.

GEOLOGISKA MODELLER

Två geologiska modeller producerades: SKB's geologiska modell och SKI's preliminära
geologiska modell. SKI-modellen kallas för preliminär eftersom den baseras på fjärranalys
och andras fältstudier, dvs. data som samlats in av andra än SKI. SKN har valt att använda
SKB's geologiska modell. De båda geologiska modellerna av Äspö presenteras enbart i form
av en kartor och profiler. En anledning till detta är att korrelationer mellan bergarter och
bergartskontakter är svåra att utföra om avståndet mellan data överstiger 50 m. Notera att
avståndet mellan borrhål är vanligtvis större än 50 m.

Bergmassan i Äspö består i huvudsak av granodioritiska djupbergarter med inneslutningar
av basiskt berg. Dessutom förekommer flera generationer av intrusiva granitiska gångar
(apliter). Bergarterna har en regional Ö-V-lig brantstående förskiffring. I de centrala delarna
av Äspö korsas två tydliga skjuvzoner orienterade i Ö-V respektive NO. I häll kan man
iaktta ett flertal mindre förskjutningar av bergartskontakter. De yngsta bergarterna, ca 1,0
Ga gamla, är sparsamt förekommande brantstående N-S-strykande diabasgångar.

SKI

SKI's preliminära geologiska modell visar på en tolkning som betonar förekomsten av
blockförkastningar i olika skalor och att berggrunden består av djupbergarter och
gångbergarter, se figuren på sid ix. Apliter är, enligt tolkning av deras strukturella relation
till granodioriterna, ca 1,8 Ga gamla. Variationer i kornstorlekar hos olika bergarter antas
i första hand vara resultat av deformation och rekristallisering.

SKB

SKB's geologiska modell av Äspö beskriver en bergmassa som huvudsakligen påverkats av
plastisk till halv-plastisk deformation. Bergartsgränserna är mjukt utformade och
sammanhållande utan förskjutning. Detta antyder att förskjutningar av bergartskontakterna
som kan iakttas i häll ej har någon motsvarighet i kartskalan, se figuren på sid x. Några av
apliterna har tolkats vara relaterade till intrusionen av yngre rapakivigraniter (Götemar och
Uthammar graniterna, ca 1,35 Ga gamla) som förekommer norr och söder om Äspö.
Finkorniga intermediära bergarter tolkas som vulkaniska bergarter (ålder okänd), dvs. att
bergarterna en gång avsatts på ytan eller som ytliga intrusioner.
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STRUKTURMODELLER

SKI

I figuren på sid xi visas SKI's strukturmodell som består av 52 sprickzoner. Läget på
strukturerna på ytan har bestämts genom detaljerad fjärranalys (av flygfoto och detaljerad
topografisk karta, med höjdkonturer utritade för varje meter) medan läget på strukturer i
berget bestämts med hjälp av borrkärnor, konventionell borrhålsgeofysik och borrhålsradar.
Orienteringen av strukturerna har erhållits från sprickkartering på ytan och mätningar med
borrhålsradar. Ingen hänsyn togs till hydrogeologiska data när den strukturella modellen
konstruerades.

SKI's strukturmodellering utfördes i tre dimensioner (3D) med två olika system parallellt,
nämligen ett CAD-program (Microstation version 5.0, INTEGRAPH) och ett
bildbehandlingsprogram (EarthVision, Dynamic Graphics Inc.).

SKB

SKB's strukturmodell, figuren på sid xii, består av 13 strukturer och utfördes genom att
interpolera strukturer indentifierade på ytan med sektioner med förhöjd sprickfrekvens i
borrhål. De viktigaste ytdata som använts för analysen var geologiska observationer och
strukturobservationer, detaljerade geofysiska mätningar (elektriska, refraktionsseismiska
och magnetiska). Den viktigaste informationen från borrhålen var borrkärnekartering
(sprickor och bergarter), borrhålsradarmätningar och en "vertikal seismisk profilmätning"
(VSP).

SKB's strukturmodell togs fram med hjälp av en serie vertikalsnitt uppritade med ett
CAD-program (Microstation 3.0, INTEGRAPH). Hydrogelogiska data ingick som en del
i modellen. SKB har dock dessutom utfört en hydrogeologisk modellering av Äspö
(Wikberg m.fl., 1991). Det förekommer en viss diskrepans mellan SKB's strukturmodell och
hydrogeologiska modell och denna diskrepans består främst i skillnad i tolkad stupning hos
några av de strukturerna.

SKN

SKN's motsvarande strukturmodell av Äspö, figuren på sid xiv, är baserad på strukturell och
hydrogeologisk information, och bör därför kallas för en struktur/hydrogeologisk modell.
Majoriteten av strukturelementen som ingår i SKN's modell är baserade enbart på
hydrogeologiska data. Nyttjad ytdata vid modellering har i huvudsak varit information som
samlats in av SKN samt de refraktionsseismiska mätningar som utförts av SKB. Undermark-
sinformationen består i första hand av egen kartering av alla SKB's borrkärnor samt
radarmätningar utförda av SKB. Hydrogeologiska data insamlade genom pumptester,
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spinnermätningar, utspädningstester, spårämnestester and hydro-kemiska analyser är alla
viktiga delar i SKN's modell.

Tolkningen av geologiska och strukturella huvuddrag utfördes genom att interpolera data
från ytan till borrhål, medan vid tolkningen av hydrogeologiska data utgick man från
borrhålen. Ett CAD-program (Microstation 4.0, INTEGRAPH) användes för 3D kontroll
av modellen.

JÄMFÖRELSER MELLAN MODELLERNA

Geologiska modeller

Likheter

Samma geologiska hällkarta användes.

Olikheter

Benämning av bergarterna varierar mellan SKI och SKB modellerna. SKI benämner den
vanligaste bergarten granodiorit medan SKB kallar den för diorit. SKI betecknar den relativt
frekvent förekommande granitoida gångbergarten aplit medan SKB anger den som
finkornig granit. Kornstorlekar hos de mer finkorniga, mörka och basiska bergarterna beror,
enligt SKI på deformation, medan SKB tolkar dessa bergarter som vulkaniter.

Förkastningar som förskjuter bergartskontakter framträder tydligt på SKI's geologiska karta
över Äspö, vilket inte är fallet på SKB's geologiska karta. För ett slutförvar av radioaktivt
avfall är det endast den sista skillnaden som kan vara av avgörande betydelse.

Strukturmodeller

Likheter

I de tre modellerna kan man vanligen korrelera strukturernas lägen vid markytan, dvs. de
flesta strukturerna i SKB's och SKN's modeller, båda med färre strukturer än SKI modellen,
överensstämmer med strukturer i SKI's modell (se figurer på sid xi och xvi). En NO-lig SKB
struktur som korsar den södra delen av Äspö saknas emellertid i både SKI- och SKN-
modellerna.

En bred NO till ONO-orienterad SKB-struktur som korsar centrala Äspö, se figuren på sid
x/7, presenteras som en grupp av strukturer i SKI's strukturmodell. Notervärt är att det finns
en svärm av SKI strukturer på sydvästra sidan av Äspö som sammanfaller med SKB's NO-
orienterade struktur. Strukturerna i SKI's modell är dock orienterade mer NNO, varför de



ej är medtagna i figuren på sid xvi (för mer fullständig jämförelse se även figuren som visar
SKI's strukturmodell på sid xi).

Olikheter

Olikheterna mellan SKI's, SKB's och SKN's strukturella modeller består i huvudsak av:
antalet strukturer, förekommande riktningar och stupningar hos strukturer, längd på
strukturer och bredd på strukturer.

SKI's modell innehåller flest strukturer (52 st). Detta beror inte bara på nyttjat datorstyrd
visualisering vid 3D modellering, men sannolikt även på angreppssättet. SKI-modellen
utarbetades i 3D med både CAD-teknik och bildbehandlingsteknik vilket möjliggjort arbete
med hög upplösning. Antalet strukturer i de andra modellerna är 13 (SKB) respektive 18
(SKN).

SKI's modell innehåller en serie VNV-orienterade strukturer i västra delen av Äspö och
dessa är parallella med Äspö's västra strandlinje. Strukturer med denna riktning saknas i
SKN's modell, medan SKB-modellen innehåller en mindre struktur på nordvästra kanten
av Äspö. Notervärt är att målen för SKB's borrprogram i Äspö var i huvudsak strukturer
orienterade NO till ONO, se figuren på sid xii, eftersom strukturer med denna orientering
är tydliga topografiskt och/eller framträder som geofysiska anomalier. Följaktligen, är
strukturer med dessa orienteringar dominerande i SKB's strukturmodell såväl som i SKN's
strukturmodell. SKI's strukturmodell innehåller ett större antal strukturer orienterade ONO
till VNV, medan i hällar dominerar sprickor orienterade VNV till NV, dvs. parallella med
Äspö's västra kustlinje.

Stupningen på zonerna i både SKI's och SKB's strukturmodeller varierar. Dominerade
stupningar finns inom intervallet 61 ° till 90° (gäller för 40 av SKI's 52 strukturer och 9 av
13 av SKB's strukturer). SKN's dominerande stupning, däremot, är vertikal (stupning >87°
har 11 av 18 strukturer). Flackt stupande strukturer (stupning <30°) förekommer mer
sporadiskt i de olika modellerna (SKI: 6 av 52, SKB: 1 av 13 och SKI: 1 av 18 strukturer).
Med andra ord så finns det få strukturer med måttlig till subvertikal stupning (30° till och
med 87°-stupning) i SKN's modell (6 av 18) jämfört med andelen sådana strukturer i SKI's
och SKB's strukturmodeller (36 av 52 respektive 9 av 13).

De flesta av SKI's strukturer sträcker tvärs över modellen. I SKB's modell har breda
strukturer störst utsträckning, medan tunna strukturer har begränsad utsträckning. I SKN's
modell är de flesta strukturerna relativt korta.

SKB's strukturer är, jämfört med SKI's och SKN's strukturer, mycket bredare. Strukturer
med en bredd av 5 - 20 m dominerar, men det finns tre strukturer med bredder i
storleksordningen 50 till 100 m. I SKI's modell är de flesta strukturerna tunna (1 - 5 m),
men det finns en flack struktur på stort djup med en bredd av 50 till 70 m. I SKN's modell
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så är de flesta zonerna tunna (0.2 -10 m; 9 strukturer är 0.2 till 0.5 m breda) medan endast
4 zoner är bredare (10 - 20 m). Medelbredden hos strukturer, undersökta med borrhål, i
SKI's, SKB's och SKN's modeller är 6, 30 respektive 5 m.

I SKN's strukturmodell, som i första hand baseras på hydrologiska data, så är 17 av 18
strukturer indikerade av spinnermätningar i kombination med geofysiska borrhålsmätningar
och SKN modellen tar hänsyn till 15 % av alla flödesindikationer i borrhålen. Motsvarande
siffra för SKI's och SKB's modeller är 45 respektive 22 %. Förhållandet mellan zoners
bredd och antalet flödesindikationer i zonerna är 0,21, 0,07 och 0,22 indikationer per meter
borrhål för SKI, SKB respektive SKN modellerna.

GENERELLT ANGREPPSSÄTT

Skillnaden i antalet strukturer, längd och bredd på strukturer är relaterad till den nomenkla-
tur och de definitioner som nyttjas (t.ex. vad är en sprickzon?). Dessutom är metoden
(direkta observationer, fjärranalys, statistisk analys, etc.) som används för att identifiera
strukturen eller anomalin på ytan eller i borrhålet/borrhålen och verktygen som används för
att visualisera data och modellen (tex. en fysisk modell, CAD ritningar i 2D eller 3D, eller
3D bildanalys) av stor betydelse. En annan viktig komponent är relaterad till grunden för
extrapolation av data (ID eller 2D objekt som extrapoleras till 3D strukturer), dvs. de
argument och tekniker som används för att kombinera ytstrukturer med t.ex. sektioner med
förhöjd sprickfrekvens i borrhål eller motsvarande extrapolation mellan borrhål.

Sammanfattningsvis så är extrapolation av strukturella data inte en enkel geometrisk uppgift,
utan det bör betonas att visualisering av en modell i "äkta" 3D är ett stort steg framåt för
modellbyggandet. Det är också viktigt att ha en bra kontroll av basdata och hitta en metod
för att sortera ut den viktiga informationen från bakgrundsbruset, dvs. användandet av
osorterad information kan i många fall dölja information som kan finnas gömd i insamlade
datamängder.



Vll

EXTENDED SUMMARY

A model (Bates and Jackson, 1980) is "a working hypothesis or precise simulation, by
means of description, statistical data, or analogy, of a phenomenon or process that cannot
be observed directly or that is difficult to observe directly. Models may be derived by
various methods, e.g. by computer, from stereoscopic photographs, or by scaled experi-
ments." A specific description of, e.g. the geological or structural framework of an area is
referred to as a geological model or a structural model of the area, respectively. A model
representing an integration of two or several different sets of geoscientific properties of the
bedrock, e.g. structural framework and hydraulic conditions, is here denoted a struc-
tural/hydrological model.

Different geologists may take different approaches to the analysis and interpretation of data.
The effect of this on geological and structural modelling could be illustrated by comparing
different models describing the same area. In ordinary cases, differences in interpretations
of, e.g. spatial distribution of certain types of geological features could be claimed to be
related to differences in the amount and type of sampled information about the object. To
avoid this problem in a comparison performed to illuminate differences caused by
differences in methodology (e.g. the treatment of data, algorithms used to extrapolate and
correlate data, etc.) and to find out how well the models agree with objective reality, the
modelling approach can be applied to a synthetic rock volume.

Similarities in the models produced by different groups could indicate that the interpreta-
tions have a relatively high degree of correctness, which also could be checked. Differences
in models could be attributed to choice of methodology, interpretation of data, how different
data are combined, and finally choice of input data. However, it also could indicate errors
in the modelling procedure. If measurements are done on a natural object such as a rock
mass, e.g. a 2 by 2 km by 1 km volume, then the results cannot be verified against reality
on all scales. However, the supporting data for certain parts consist of direct observations
of the rock.

There are only a few rock volumes modelled by separate groups having the same set of base
data available. Aspo, an island located along the southeastern coast of Sweden, just north
of Oskarshamn, is one of these places. At Aspo the Swedish Hard Rock Laboratory (HRL)
is located (SKB, 1992). The geoscientific data recorded by SKB until 1991, and presented
in Stanfors et al. (1991), forms the basis for all models treated in this report.

In the case of Aspo, the Swedish Nuclear Fuel and Waste Management Co. (SKB) made
models of the rock mass (Wikberg et al., 1991) before starting the construction of the Hard
Rock Laboratory. These models are referred to as the SKB geological and structural models.
A working group engaged by the National Board for Spent Nuclear Fuel (SKN)
simultaneously produced an independent model of Aspo (Palmqvist et al., 1992). The model
was revised by Sundquist and Torssander (1996), and is referred to as the SKN struc-
tural/hydrogeological model. During the SKI SITE-94 project (SKI 1996), a third set of
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models were produced by Tiren et al. (1996). These are consequently labelled the SKI
geological and structural models.

As stated above, the comparison of the quality of a produced model depends on the data and
the interpretation process. The relative quality of the different models will not, however, be
judged in the present comparison, but emphasis is placed on the similarities and differences
of the three structural models. In this introductory text, short presentations of different
models are given, followed by comparisons, of first the geological models and then the
structural models.

GEOLOGICAL MODELS

Two geological models were presented: the SKB geological model and the SKI tentative
geological model. The SKI model is noted as tentative, as the model is based on remote
studies and on observations made by others. SKN has adopted the SKB geological model.
Both of the presented geological models of Aspo consist of a map and a vertical cross
section. One reason for this is that correlation of lithologies and lithological contacts over
greater distances than 50 m is usually difficult, and the separation between boreholes at
Aspo is generally more than 50 m.

The composition of the bedrock at Aspo is dominated by c. 1.8 Ga old granodioritic plutonic
rocks with enclaves of basic rocks. The area also contains several generations of hypabyssal
granitic dykes (aplites). A regional foliation oriented NNE/steep is expressed, and in the
central part of Aspo two major shear zones, trending E-W and NE, intersect each other. On
the outcrop scale, minor displacements of lithological contacts are common. Youngest rock
(c. 1.0 Ga old) occurs sparsely as subvertical, N-S trending dolerite dykes.

SKI

The SKI tentative geological model emphasizes the occurrence of block faulting on different
scales (figure on page ix). All rock types have plutonic or hypabyssal affinity. The aplites
are interpreted to be related to the emplacement of the granodiorites, i.e. they are c. 1.8 Ga
old. Variation in grain sizes of rocks is mainly due to deformation and recrystallization.

SKB

The SKB geological model of Aspo describes a bedrock that mainly bears the sign of ductile
to semiductile emplacement and deformation. The rock boundaries are smoothly curved,
lobate, and continuous without any breaks. This implies that brittle deformation offsetting
lithological contacts, as is visible on the scale of the bedrock map, is interpreted not to affect
the distribution of rock types on the scale of the geological map (figure on page x). Some
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aplites are interpreted to be related to the intrusion of late, Rapakivi-type granites (Gotemar
and Uthammar granites, ca. 1.35 Ga old) north and south of AspO. Fine-grained,
intermediate to basic rocks are interpreted to represent volcanic rocks (age not determined),
i.e. the rocks represent effusives or near-surface/high-level intrusions.

Tentative geological map

AplUe

XspSgranitoids

The SKI tentative geological model o/Aspo, top (geological map) view. A vertical cross
section is presented in Figure 4.2.

SKI's preliminara geologiska modell av Aspo, geologisk karta. Ett vertikalsnitt visas i
Figur 4.2.

STRUCTURAL MODELS

SKI

The SKI structural model is presented in the figure on page xi and comprises 52 fracture
zones. Location of structures on the ground surface has been made by detailed remote
sensing studies (aerial photos and a detailed topographical map, contoured every 1 m) while
subsurface locations of zones were based on core logs, borehole geophysical measurements
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The SKB geological model of Aspd, top (geological map) view. A vertical cross section is
presented in Figure 4.4.

SKB's geologiska modell av Aspd, geologisk karta. Ett vertikalsnitt visas i Figur 4.4.

and borehole radar measurements. Orientation of structures has been obtained by fracture
mapping at the surface and by borehole-radar measurements. Hydrogeological data were not
considered in the construction of the SKI structural model.

In the SKI study, modelling of the fracture zones in a full, 3-dimensional space was done



SKI model

XI

Fracture zones ,50ot
at Asp8 surface

Fracture zones viewed from south-west,
30* above the horizon IMOO.SSOO.OI

11000, OftOO. -10001

13000. asoo. o>

(3000. 8500. -1000)

SKI structural model of Aspo, 2x2x1 km, viewed from the southwest at an inclination of
30" above the horizon.
SKI's strukturmodell av Aspo med dimensionerna 2x2x1 km, seddfran sydvdst i enpunkt

beldgen 30 grader ovanfor horisonten..

simultaneously using a CAD programme (INTERGRAPH, MicroStation 5.0 PC) and an
image processing programme (Dynamic Graphics Inc., Earth Vision package on a high-end,
Silicon Graphics workstation).
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SKB

The SKB structural model (figure below), comprising 13 structures, was processed by
interpolating between structures identified at the ground surface to sections of increased
fracturing in boreholes. The main surface data used in the analysis were geological and
structural observations, detailed geophysical measurements (resistivity and magnetic) and
seismic-refraction profiles. The corresponding, main subsurface (borehole) data were

SKB model
Fracture zones 8boo"
at Xsptt surface

Fracture zones viewed from south-west.
30* above the horizon

(1000.8500.01

11000. 8500 -1000)

MOO

(3000. 6500. 0)

I. 6900. -10001

(1000. 8500. -1000)

The SKB structural model ofAspo, 2x2x1 km, viewed from the southwest at an
inclination of 30" above the horizon.

SKB's strukturmodell av Aspo med dimensionerna 2 x 2 x 1 km, seddfran sydvdst i en
punkt beldgen 30 grader ovanfor horisonten.
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mainly core logs (lithological and fracture mapping), borehole-radar measurements, and
vertical seismic profiling (VSP).

The SKB structural model was processed as a series of vertical sections, working in two-
dimensional sections using a CAD system (INTERGRAPH, MicroStation 3.0 PC).
SKB has also constructed a hydrogeological model of Aspo (cf. Wikberg et al., 1991). There
is some divergence between the SKB structural and hydrogeological model, which mainly
concerns variations in the dips of some of the zones.

SKN

The SKN model of Aspo (figure on page xiv) is based on structural and hydrogeological data
and is therefor denoted the SKN structural/hydrogeological model.
However, a notation of the model as a hydrogeological model would be more accurate as
the majority of the "structural elements" included in the SKN structural model are based
purely on hydrogeological data. The main surface data used as input in the SKN model are
geological and structural data gathered by SKN and SKB seismic-refraction profile
measurements. Subsurface geological and structural data of importance in the modelling
were SKN's remapping of drill cores (lithology and structures) and SKB's borehole radar
measurements. Additional hydrological data gained from pumping tests, spinner
measurements, dilution tests, tracer tests and hydrochemical data form an important
constituent of the total input data in the SKN model.

Interpretations of geological and structural data were performed by correlating data
between surface and boreholes, while the hydrogeological interpretation was performed by
correlating data between boreholes. A CAD program (INTERGRAPH, MicroStation 4.0
PC) was used to control the model in a full, 3-dimensional space.

COMPARISON OF MODELS

Geological models

Similarities

The field map of the rock-type distribution is the same.

Differences

The names given to Aspo rocks differ in the SKI and SKB descriptions. The main rock type
is denoted granodiorite by SKI, while SKB names the rock type diorite. The hypabyssal
granitoid is called aplite by SKI and fine-grained granite by SKB. The grain sizes of the
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more fine-grained, intermediate rocks are interpreted by SKI to be caused by deformation,
while SKB interprets the rocks to be volcanites.

Lithological contacts offset by block faulting are well illustrated on the scale of the Aspo
map, according to SKI, while this is not the case in the SKB presentation of the geological
map. For the purpose of storage of nuclear waste, only the latter difference may have any
significant effect on the character of the different bedrock models.

SKNmodel
Fracture zones 65oo'
at Aspo Eurfoce

Fracture zones viewed from south-west,

30* above the horizon (3ooo.«5oo.a)

(1000.4500.0)

11000. 8500. -10001

esoo

(3000. «500. 0!

(3000. 6500. 1000)

(1000.6500. -10O0)

SKN structural/hydrogeological model of Aspo, 2x2x1 km. Viewed from the southwest at
an inclination of 3(f above the horizon.
SKN's struktur/hydrogeologiska modell av Aspo med dimensionerna 2x2x1 km, seddfran

sydvdst ienpunkt beldgen 30 grader ovanfor horisonten.
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Structural models

Similarities

The surface traces of structures included in the SKI, SKB and SKN models are nearly
uniform, i.e. most of the structures in the SKB and SKN models, both having a lesser
number of structures than the SKI model, could be correlated with structures in the SKI
model (cf. figures on pages xi and xvi). However, a NE-trending structure traversing the
southern and central parts of Aspo in the SKB model is missing in both the SKI and SKN
models.

The wide SKB structure trending NE-ENE and crossing the central part of Aspo (figure on
page xii) is expressed as a sequence of structures in the SKI structural model. Notable is that
there is actually a swarm of SKI structures corresponding to the wide, NE-trending SKB
zone located along the southeastern edge of Aspo. However, in the SKI structural model the
traces of these structures have a NNE trend, which is why they are not expressed in the
figure on page xvi (cf. the figure on page xi, the SKI structural model).

Differences

The differences between the SKI, SKB and SKN structural models are mainly as follow:
the number of structures, sets of trends of structures, dips of structures, extension of
structures and width of structures.

The SKI structural model includes the largest number of structures (52). This is not only due
to the technique used to process data, but most presumably it is also due to the approach to
the analysis. The SKI model is processed in a 3-dimensional space using both a PC-based
CAD program and a workstation-based program combining image processing techniques
and structural analysis, which made it possible to work with a high resolution. The number
of structures described in the SKB and SKN structural models are 13 and 18, respectively.

The SKI structural model has a series of WNW structures, preferentially located in the
western part of Aspo and conformal with the western shoreline of Aspo. Structures of this
trend are missing in the SKN model, while in the SKB model there is a minor structure
located at the northwestern edge of Asp6. Notable is that the target structures for the SKB
drilling programme on Aspo were NE- to ENE-trending structures (the figure on page xii),
as these structures are topographically and/or geophysically pronounced. Consequently, NE
to ENE structures are dominant in the SKB structural model as well as in the SKN model.
The SKI structural model has an increased number of structures trending ENE to WNW.
WNW- to NW-trending fractures, parallel to the western shore of Aspo, are dominant in
outcrops.
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Comparison of s t ruc tura l models of Aspo

SKI SKB

NE trending fracture zones

SKN

ENE trending fracture zones

NNW trending fracture zones
rsr

^-;:::x:x:x:x:::x:x:x:::x:::?

1fit
9 1IIisiii

Comparison of structures trending NE, ENE and NNW. In the SKI, SKB and SKN
structural models the relative occurrences of structures with these trends are 48%, 77% and
94%, respectively.
Jamforelse av strukturer orienterade i NO, ONO och NNV. ISKI's, SKB's och SKN's

strukturgeologiska modeller utgor dessa strukturer 48%, 77% respective 94% av
modellernas samtliga strukturer.
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Both the SKI and SKB structural models have a spread in the distribution of inclinations of
fracture zones. Dominant dips are 61° to 90° (for SKI 40 of 52 structures, and for SKB, 9 of
13 structures). In the SKN model the dominant dip of structures is vertical (>87°, 11 of 18
fracture zones). The relative occurrence of gently inclined structures (dip <30°) in the SKI,
SKB and SKN models is nearly the same and subdominant (6 of 52, 1 of 13 and 1 of 18
structures, respectively). In other words, the relative occurrence of moderately dipping to
subvertical (30-87°) structures in the SKN model is low (6 of 18 structures) compared to the
relative occurrence of such structures in the SKI and SKB structural models (36 of 52 and
9 of 13 structures, respectively). Most SKI structures cross the model. In the SKB model the
wider structures are more extensive, while the thinner structures are more restricted. In the
SKN model most structures are relative short.

The SKB structures as compared to SKI and SKN structures are considerably wider. 5 to 20
m wide structures dominate, but there are three structures with a width in the order of 50 to
100 m. In the SKI model most structures are thin (1-5 m wide), but there is a gently inclined
structure suggested at great depth and having a width of 50-75 m. In the SKN model most
zones are thin (0.2-10 m; 9 structures are 0.2 to 0.5 m wide) and four zones are wider (10-20
m). The mean width of structures investigated with boreholes and included in the SKI, SKB
and SKN models are 6 m, 30 m, and 5 m, respectively.

In the SKN structural model, which especially considers hydrogeological data, 17 out of 18
structures are hydrogeologically indicated by spinner measurements or combined
geophysical logs. This implies that the SKN model considers 15 % of all flow indications
in boreholes. The corresponding number for the SKI and SKB structural models are 45 and
22 %, respectively. The number of flow indications in the drilled zones in the SKI, SKB and
SKN models are 0.21, 0.07 and 0.22 flow indications per metre borehole length,
respectively.

GENERAL APPROACH

One component, which is related to the difference in number of structures, extension and
widths of structures, is fundamentally related to the applied nomenclature and definitions
(e.g. what is a fracture zone?). In addition, the methodology (direct observation, remote
studies, statistical analysis, etc.) used to identify structures (at the surface) or anomalous
deformation (in boreholes), and the tools used to visualize the data and the model (e.g. a
physical model, CAD drawings in 2 or 3 dimensions, or 3-dimensional image processing)
are important. The other important component is related to the basis for extrapolation of data
(1- or 2-dimensional data giving 3-dimensional structures), i.e. the arguments and
techniques used to combine surface structures with locations of increased deformation in
boreholes, or analogously to extrapolate between boreholes.

In conclusion, the extrapolation of structural data is not a simple geometrical exercise, and
it should be emphasized that visualization of a model in a full 3-dimensional space is a great
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step forward in the construction of models. It is also of great importance to have good
control of the base data, and to find a method to sort out what is of critical importance and
what is "noise." That is, the usage of unsorted information may in many cases obscure the
message hidden in the recorded data.



1. INTRODUCTION

This report concerns comparisons of two geological and three structural models produced
by three different groups. The models describe the rock mass surrounding the Hard Rock
Laboratory (HRL, or "Aspolaboratoriet" in Swedish, SKB 1992), which was planned and
built by the Swedish Nuclear Fuel and Waste Management Co. (SKB) to test methodology
and techniques for characterization of bedrock conditions at a repository depth (i.e. around
500 m). The HRL is located under Aspo, a relatively small island of area about 1 km2, off
the southeastern coast of Sweden about 20 km north of Oskarshamn. The bedrock is
composed of plutonic and hypabyssal rock belonging to the Transcandinavian Igneous Belt
(TIB), (Patchett et al., 1987), comprising c. 1.6-1.8 Ga old rocks (cf. Mansfeld, 1991).

The three groups have in principle had the same basic data available. The data are surface-
based recordings performed by SKB during the siting and design of the HRL, in 1987 to
1991. That is before any excavations had started; the construction of the access ramp started
in 1991 and the HRL was completed in 1995. Subsurface information recorded before 1991
is generally stored in the SKB database GEOTAB, while surface data are in most cases only
available in reports.

Models of the SKI group

A set of models was constructed as a part of the Swedish Nuclear Inspectorate's (SKI's)
project SITE-94. The evaluation of surface-based investigations, as applied to potential sites
for storage of nuclear waste, and of the models used in the performance assessment, are
strongly emphasized. In SITE-94, Aspo was chosen as a hypothetical site because the area
is by far the most well-documented area in Sweden, from a site-characterization point of
view. The models, called the SKI tentative geological model and the SKI structural model,
respectively, were produced during 1993 to 1995 and were exclusively based on geological,
geophysical and structural information (Tiren et al., 1996). The SKI structural model of
Aspo was used to model the stability of the bedrock at Aspo, and to evaluate the
hydrogeological and hydrochemical conditions in the bedrock.

Models of the SKB group

Several models were produced as prediction models by SKB (Wikberg et al., 1991). These
models were systematically updated while siting and planning the HRL, during the period
1986 to 1991. These models, which were actually the first set of models describing the area,
were finalized during the last stage of surface-based investigations, which was called the
prediction stage. The models were called conceptual models (Wikberg et al., 1991).

One main tasks of the characterization of the Aspo bedrock was to predict which of the
bedrock structures will have the most significant influence on the bedrock stability and the



groundwater transport (Wikberg et al., 1991). This prediction should later be verified by
subsurface-based investigations in the ramp, spiral and tunnel forming the rock laboratory.
In this report the models are called the SKB geological model and the SKB structural model,
respectively. The main goals for the HRL, according to SKB (Wikberg et al., 1991), were:

* To test the quality and appropriateness of different methods for
characterizing the bedrock with respect to conditions important for a final
repository.

* To refine and demonstrate methods for adapting a final repository to the
local properties of the bedrock, in connection with planning and construction.

* To collect material and data important for the safety of the repository and
for confidence in the quality of the safety assessment.

The investigations performed at Aspo by SKB do not represent a site characterization
programme, although they are very extensive. Furthermore it should be emphasized that
Aspo is not a future site for storage of radioactive waste.

Models of the SKN group

A set of models were made by the National Board of Spent Nuclear Fuel (SKN) during 1991
to 1992, with independent characterizations of the geological and hydrogeological
conditions in the Aspo bedrock (Palmqvist et al., 1992). The purpose of the SKN models
was to verify the investigations performed by SKB. Sundquist and Torssander (1996)
reworked the results of Palmquist et al. in 1993 to 1995 into a model, which merely
concerns the hydrogeological conditions in the bedrock. This model is called the SKN struc-
tural/hydrogeological model in this report, although the model was produced as an
alternative model within the SKI SITE-94 project.

Chapter 2 in this report summarises all investigations performed by SKB during 1987 to
1991, i.e. the bases for the three sets of models. Chapter 3 presents the methodology and
data used by the different groups of modellers. The first part of the chapter concerns the
geological models, while the second part concerns the structural models. Chapter 4 includes
descriptions and comparisons, starting with the geological models and followed by the
structural models. The report ends with a general discussion (Chapter 5) on geologic and
structural modelling. A summary of the results is presented at the beginning of the report.



2. BASE DATA

Deterministic models are based on some general ideas, assumptions or concepts about the
character of the object that should be represented, together with quantitative and qualitative
information about the object. The latter may be direct observations (readings or mea-
surements), interpretations, or deductions, which together form the database for the
modelling procedure (cf. basic data, which is primary data). The basic data available from
the Aspo area are presented in this chapter, while the conceptual ideas and modelling
procedures used in the three separate models are presented in the following chapter.

Table 2.1 Pre-investigation - regional scale (25x35 km), the siting stage (modified from
Stanfors et al., 1991; the present table only includes activities concerning
recording of base data).

Investigation method Main issue of the survey

Aerial geophysical survey
- Magnetic
- Coaxial EM (slingram)
- VLF (two stations, GQD and JXZ)
- Radiometric (U,Th, K)

Ground geophysics
- Gravity (one station per km2)
- Magnetic and VLF profile measurements
- Seismic refraction

Petrophysics
- Density, magn. suscept., magn. remanence,

resistivity, IP, porosity (257 samples)

Remote sensing

- Lineament and rock block analysis

Mapping of solid rock

Tectonic analysis - fracture mapping

Regional hydrology
- Compilation of data

Geohydrology
- Compilation of SGU-well data

- Well water chemistry

Bedrock and tectonic interpretation
Fracture zone interpretation
Fracture zone (water bearing) interpr.
Bedrock interpretation

Bedrock interpretation
Investigation of aeromagnetically indicated lineaments
Investigation of aeromagnetically indicated lineaments

Bedrock interpretation

Fracture zone interpretation

Distribution and characterization of the main rock units

Characterization of main tectonic zones. Description of the general
fracture pattern

Precipitation, evaporation, run-off and groundwater recharge

Groundwater chemical composition and the special capacity of wells in
relation to rock type and subarea
Define the variation of the water composition correlated to the bedrock
and the hydraulic properties

An overview of investigations performed in 1986-1990 during the preliminary explorations
for the HRL in the Aspo area, as presented by Stanfors et al. (1991), is summarized in
Tables 2.1 -2.6 below. The pre-investigations started with a siting phase which was followed
by a site-description stage. Subsequently, a prediction phase began with the objective to



achieve a 3-D model of the geological, structural and hydrogeological environment, which
will be host to the underground Aspo Hard Rock Laboratory.

Table 2.2 Pre-investigation - local scale, site description stage, surface investigations in
the Aspo area, c. 0.9 km2 (modified from Stanfors et al., 1991).

Investigation method Main issue of the survey

Remote sensing

- Lineament and rock block analysis

Mapping of solid rock

Structural geological analysis

Ground geophysical profile measurements
• Magnetic
-VLF
- Slingram
- Seismic refraction
- Seismic reflection

Mapping of solid rocks

Detailed geophysical investigation

Tectonic analysis

Fracture mapping

Fracture zone interpretation

Bedrock description

Structural geological characterization

Fracture zone interpretation (vertical or almost vertical)
Fracture zone interpretation (vertical or almost vertical)
Fracture zone interpretation (vertical or almost vertical)
Fracture zone interpretation (vertical or almost vertical)
Fracture zone interpretation (sub-horizontal)

Detailed petrological description of rocks

Delineate the local pattern of fracture zones

Understanding the geological history of the rocks and to study the main
sets of tectonic zones

Obtain data for use in geo-hydrological and rock mechanical studies

All of the data listed in Tables 2.1-2.6 that were recorded in boreholes, except data from
borehole radar and seismic surveys, are stored in the SKB database GEOTAB. The
following data from surface investigations are stored in GEOTAB: well location data,
ground geophysical profiles and detailed measurements (magnetic, VLF, slingram),
petrophysical measurements, and a fracture-mapping study. However, there are
discrepancies between core data (such as lithological core logs and core lithologies) as
presented in SKB summary and evaluation reports (Stanfors et al., 1991, Wikberg et al.,
1991) and GEOTAB data (cf. text below).



Table 2.3 Pre-investigation - local scale, site description stage, first drilling programme,
subsurface investigations in the Aspo area, c. 0.9 km2 (modified from Stanfors
etal., 1991).

Investigation method Main issue of the survey

First drilling programme
- HAS 01-12 (percussion borehole)
- KAS 02-04 (cored boreholes, KAS 01 failed)

- Geophysical logging
- Core logging
- TV logging
- Fracture mineral study
- Rock stress measurements

Hydrogeology
- Compilation of data

Hydraulic tests in percussion boreholes
- Drilling records, air-lift tests and pumping tests

Hydraulic tests in cored boreholes,
first drilling programme
- Air-lift tests
- Pumping tests

- Spinner tests

- Injection tests with packers
(3 m and 30 m sections)

- Interference tests, pumped sections limited
by packers. Six tests in KAS 03 and three
in KAS 02

Piezometric head measurements

Fracture mineral statistics

Groundwater sampling in shallow
percussion boreholes

Groundwater sampling in
deep, cored boreholes

Test of the first geological model of AspO
Obtain basic information on the bedrock composition, orientation and
characteristics of the local fracture zones and the hydraulic properties of
the rock mass at increasing depth.

Hydraulic conductivity of bedrock and common fracture directions

Find conductive parts and the specific capacity of the boreholes.
Determine the transmissitivity and preliminary indications of hydraulic
structures

Transmissivity of a part of the whole borehole
Clean up the boreholes. Pumping for the spinner survey and estimating
the transmissivity of the whole borehole. Preliminary indications of
hydraulic structures

Identification of hydraulic conductors intersecting the borehole and flow
distribution in the borehole

Hydraulic conductivity of the bedrock in small scale

Identification of important hydraulically conductive zones and their
transmissivity

Define the spatial variation in fracture minerals in correlation to hydraulic
properties

Define the character of the groundwater in the uppermost 100 m part
of the bedrock. Characterize the chemical composition of deep
groundwater

Characterize the chemical composition of the deep groundwater

Surface water sampling Define the chemistry and radioactivity of surface water in the area



Table 2.4 Pre-investigation - local scale, site description stage, second drilling pro-
gramme, subsurface investigations in the Aspo area, c. 0.9 km2 (modified
from Stanfors et al., 1991).

Investigation method Main issue of the survey

Second drilling programme
- KAS 05-08 (cored boreholes)
-HAS 13-17

- Geophysical logging
- Core mapping
- Rock stress measurements
-VSP
- Tele-viewer-orientation

Fracture mineral statistics

Groundwater sampling in
deep, cored boreholes

Chemical analyses of fracture
minerals in conductive fractures

Hydraulic tests in cored boreholes,
second drilling programme
- Drilling records, air-lift tests,

HAS 13-17
- Airlift tests, KAS05-08
- Pumping tests, KAS 05-08
- Spinner survey, KAS 06-07
- Injection test with packers

(3m test sections), KAS 05-08
- Interference tests, four in KAS 06
and one in HAS 13

- Longtime pumping test, KAS 07

Test the second geological model of southern AspO
Obtain information on the rock distribution
Obtain more information and characteristics of the local fracture zones
including hydraulic properties

Fracture zone orientation
Fracture orientation

Define the spatial variation in fracture minerals in correlation to hydraulic
properties

Characterize the chemical composition of deep groundwater

To classify the chemical conditions in the fracture minerals of
conducting fractures in order to be able to model the groundwater-
fracture mineral reactions, southern AspO

See first phase, "Hydraulic tests"

See first phase, "Hydraulic tests"
See first phase, "Hydraulic tests"
See first phase, "Hydraulic tests"
See first phase, "Hydraulic tests"
See first phase, "Hydraulic tests"
See first phase, "Hydraulic tests"

Identification of important hydraulically conductive zones, their
transmissivity and boundary conditions



Table 2.5 Pre-investigation - local scale, prediction stage, third drilling
programme, subsurface investigations in the Aspo area,
c. 0.9 km2 (modified from Stanfors et al., 1991).

Investigation method Main issue of the survey

Third drilling programme
- KAS 09, 11-14 (cored boreholes)
- HAS 18-20 (percussion boreholes)
- Geophysical logging
- Core logging

Hydraulic tests,
third drilling programme
- Drilling record, air-lift test HAS 18-20
- Pumping test KAS 09, 11-14 and HAS 20
- Spinner survey, KAS 09, 11-14

Groundwater sampling in
cored boreholes

Localize and characterize fracture zones in the tunnel area

See first phase, "Hydraulic tests"
See first phase, "Hydraulic tests"
See first phase, "Hydraulic tests"

Define salinity of groundwater in conductive zones

Table 2.6 Pre-investigation - prediction stage, second and third
drilling programme, surface investigations in the
Aspo area, c. 0.9 km2 (modified from Stanfors et al., 1991).

Investigation method Main issue of the survey

Investigations performed during the second drilling programme

Seismic refraction Detailed identification of supposed narrow fracture zones.

Investigations performed during the third drilling programme

Seismic refraction Simpevarp-Halo-AspG

Detailed electric and magnetic HalO-Aspo



3. METHODOLOGY AND DATA USED

A model presented to describe an object expresses more or less the opinion that the
scientist/artist has concerning the function of the object. A geoscientifical model is based
on conceptions (e.g. at best ruled by natural analogies and intuition) and observations. The
methodology used to produce the model may be important, as it affects the identification
and positioning of features within the model. For example, the location of structures or rock
units may influence the layout of an underground construction, the groundwater transport
in the surroundings of the construction and the rock stability. Items pertaining to the
methodology and data used are treated in this chapter, while descriptions of actual models
are presented in Chapter 4.

It should, however, be emphasized that the working groups of SKI, SKB and SKN all have
had the same set of basic data available (as presented above) when they compiled their
geological and structural models of the Aspo area. SKB planned and recorded all basic data,
although some minor complementary field studies have been performed by SKI and SKN
with an aim to get a direct and personal impression of the character of the bedrock — an
impression which could not so easily be stored in a database.

3.1 GEOLOGICAL MODEL BASES

The geological models of Aspo (SKB and SKI) consist of geological maps and vertical
cross sections. The models are denoted the SKI tentative geological model and the SKB
geological model, respectively. The SKB geological model was adopted by SKN, which is
why there is no separate SKN geological model. The SKI tentative geological model is
treated first.

3.1.1 SKI

The SKI tentative geological model is presented in Tiren et al. (1996), Figures 4.1 and 4.2.

Input data

Base data used for modelling of the geology of Aspo are:

Geological map

* Reported geological field maps covering Aspo and the excavated N-S
trending trenches across the island (Kornfalt and Wikman, 1988).



* Detailed, grey-toned magnetic map of Aspo (Nisca and Triumf, 1989).

* Detailed topographical map of Aspo, scale 1:4 000, contoured every 1 m,
(cf. Tiren and Beckholmen, 1987).

* Field checks performed to complement SKB reported data (Tiren et al.,
1996).

Vertical cross section

* SKI tentative geological map (see above).

* Location of boreholes and borehole deviation logs (GEOTAB).

* Lithological borehole logs (GEOTAB).

""Intersection angels between lithological contacts and boreholes (GEOTAB).

* Measurements of orientation of lithological contacts on the surface (Tiren
etal., 1996).

Conceptual ideas

The geological model is based on the following assumptions:

* The field map produced by Kornfalt and Wikman (1988) is correct.

* The configuration of rock types in the Aspo area should mimic the
appearance of the rocks in outcrops.

* Extrapolating surface information to depth is possible.

Methodology

The SKI tentative geological model of Aspo is constructed by hand. Faults are drawn on
the surface map indicated by misfits of lithologies across gullies, mapped shear zones and
indications of oxidation zones on the detailed ground-magnetic map (Nisca and Triumf,
1988).

In a N-S trending vertical cross section across Aspo, the orientations of lithologies are
drawn according to their angle of intersection with the borehole and the configuration of
rocks mapped at the surface. The spatial distribution of rock types is a function of their
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primary emplacement and block faulting.

Uncertainties and agreement between model and observations

The uncertainties in the geological model are mainly related to the assumptions that form
the basis for the geological modelling. The model considers all observations, implying that
the uncertainty is mainly due to the extrapolation of data. For further discussion of the input
data, see the paragraph below.

3.1.2 SKB

The SKB geological model of Aspo is presented in Wikberg et al. (1991).

Input data

The SKB geological map of Aspo was made by Kornfalt and Wikman in 1990 and
presented by Wikberg et al. (1991; Figure 4.3). The latter report also includes a NW-SE
trending vertical section through the southern part of Aspo (Figure 4.4).

The base data for the SKB geological modelling of Aspo are:

Geological map

* Regional field mapping to assure the quality of the regional bedrock map
of Oskarshamn (Lundegarhd et al., 1985), as presented by Kornfalt and
Wikman (1987).

* Detailed mapping of Aspo, compiled outcrop maps and petrographical
descriptions of rock types (Kornfalt and Wikman, 1988).

* Field notes (diaries and photos, not reported information).

Vertical profile

* Detailed mapping of drillcores from three boreholes (KAS 02-04), Wikman
and Kornfalt (1988).

* Lithological core logs (GEOTAB).

* Geophysical core logs, natural gamma and gamma-gamma plus magnetic
susceptibility (GEOTAB), were used for rock type classification.
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Conceptualized ideas

The SKB geological map does not show in a clear way that deformation (ductile shearing
to faulting) has any affect on the distribution of rock types on the published map scale
(1:1 000 - 1:2 000). The subdominant rock types occur as elongated and lobate bodies
enclosed in the main Aspo rock type (an inhomogeneous plutonic rock, ranging in
composition from granite to diorite - labelled Aspo granitoids in this paper). According to
the description of the geological map, the enclaves of basaltic and metavolcanic rocks are
considered to be the oldest rocks.

The genetics and age relationships of different rock types, especially the variation in
composition of the Aspo granitoid and its relationship to the basaltic rocks, have been
discussed (i.e., the synintrusive magma-mixing and magma-mingling processes proposed
by Wikstrom, 1989). This discussion may have affected the SKB geological model as no
"old volcanites" are displayed in the vertical cross section (Figure 4.4).

Methodology

The SKB geological mapping is performed according to the rules of ordinary geological
mapping that are used by the Geological Survey of Sweden (Wikstrom, 1981). The
descriptions of the bedrock maps are mostly descriptions of lithologies (petrology and
petrochemistry), while tectonic features (folds, shears and fractures) are considered in other
reports (see SKB structural model, below).

The geological field control started with regional remapping of a c. 25 km x 35 km large
area (observations mainly performed along roads, working scale 1:50 000) and mapping of
the surroundings of Simpevarp, c. 30 km2 (working scale 1:10 000). Detailed mapping of
Aspo was then performed (working scale 1:2 000 for natural outcrops, 1:1 000 for mapping
along excavated trenches). Petrological and petrochemical analysis were performed on
outcrop samples.

Information from logging of drill cores was recorded using a computerized logging system,
PetroCore (Almen and Zellman, 1991). Lithological logs (rock type, vein, alteration,
structure, and orientation of rock contacts relative to the core axis) were stored in
GEOTAB. Furthermore, petrological and petrochemical analyses of core samples have been
made.

Discrepancies and agreement between model and observations

The geological map is consistent with the observed geological information. A potential
source of uncertainty in the SKB geological model is the expressed, continuous
extrapolations of lithological contacts between sparsely separated outcrops, i.e. the
principles of drawing a geological map. On the geological map the elongated enclaves of
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subdominant rocks are parallel to the trend of the foliation, but the foliation has a
subvertical dip whilst the bedrock layers or enclaves have a very gentle dip to the north in
the SKB model. No structural pattern, e.g. folding, related to this relationship is obvious
in the model. Nor does the c. 300 m wide NE trending "Mylonite Zone," passing through
the central part of Aspo, affect the distribution of rocks.

Alternative geological interpretations of the rock distribution on Aspo have been presented:
rock distribution related to folding (Talbot et al., 1988), rock distribution affected by local
faulting inferred from marker offsets and detailed magnetic measurements (Talbot and
Munier, 1989), and deformation in an ascending diapir combined with magma mixing and
mingling around and within large, synintrusive bodies of diorite and gabbro (Wikstrom,
1989).

3.1.3 SKN

SKN adopted the geological model presented by SKB (Wikberg et al., 1991, see above).

3.1.4 Comparison - SKI vs SKB

General

The SKB geological model is based on the whole range of information, including planning
of activities, field-mapping activities, evaluation, complimentary field studies, laboratory
analysis (petrography and petrochemistry), map compilations (regional- to outcrop-scale
information) and summarizing the results in map descriptions. The SKI model is based on
information printed in reports (sorted and filtered data) and personal experience gathered
during two short field trips (Tiren et al., 1996).

Similarities

Both the SKI and the SKB geological models points out the existence of gently inclined
sheets of aplitic rocks lying in a more coarse-grained and somewhat foliated plutonite
(which is granitic to dioritic in composition).

Differences

Fundamental differences exist in the usage of nomenclature for rock types. Kornfalt and
Wikman (1988) use a stringent and established nomenclature of rock types (Streckiesen,
1967, 1976, and IUGS 1973,1980). However, according to their mineralogy and structure
the rocks have been altered during at least one regional metamorphic period, the
amphibolite facies (cf. Talbot and Munier, 1989), and hence a labelling according to
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metamorphic petrology could be more appropriate.

In the SKB model the dominant rock type is a plutonic rock ranging in composition from
granite ("Smaland granite") to granodiorite-diorite ("Aspo diorite") according to Wikberg
et al. (1991). The spatial relationship between Smaland granite and Aspo diorite is shown
in Figure 4.4. However, the contact relationship between the two rock types is not
thoroughly treated. Therefor, the relevance of separating the granites from the more basic
rocks in the granite-granodiorite-diorite suite of plutonites could not be judged (for detailed
information compare Figures 4.6 and 4.17 in Wikberg et al., 1991). During field mapping
the different rock types have been separated according to their colour, grain size and
distribution of megacrysts of microcline.

In the SKB model aplite is scarce, but intrusions of "fine-grained granite" are frequent. At
least some aplite may, according to the SKB geological model, be related to the Gotemar
granite (c. 1.35 Ga old). In the SKI geological model, all fine-grained, intrusive granitoids
are labelled aplite. They have been injected during several events (at least five generations),
are locally ductilely sheared, and most presumably all aplite predates the Gotemar granite
(Tirenetal., 1996).

The tectonic activities in the area have, according to the SKB geological map, had no
significant effect on the rock distribution, whereas the SKI tentative geological model
brings out the existence and characteristics of block faulting postdating the emplacement
of the plutonites.

The two shear zones (trending E-W and NE, respectively) that cross each other in the
central part of Aspo do not affect the lithology in the SKB model. In the SKI model, the
rock sheets located within these zones approximately conform with the zones, and thereby
differ in orientation compared to the systems of rock sheets in other parts of Aspo.

3.2 STRUCTURAL MODEL BASES

Three structural models are available for the Aspo area. Two of these, the SKI and SKB
models, are in principle based on the identical sets of base data. However, the particular
base data that are emphasised in the modelling procedures differs between the SKI and
SKB models. The fundamental difference between the two is that the SKB model was
processed as data were collected (for further comments see below), while a full set of data
was available when the data processing of the SKI structural model started in 1992. It
should also be pointed out that a second SKB "structural" model exists, which is to a great
extent based on hydrogeological measurements and considerations (Gustafsson et al.,
1991). The hydrogeological version of the SKB structural model is however not considered
here.

The third model, the SKN model, was initially produced to verify the SKB model in order
to analyse the SKB site-characterization performance. The SKN analyses started in 1990,
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implying that the SKN modelling was performed synchronously with the last stage of the
SKB pre-investigation phase, the prediction stage (see Tables 2.5-2.6, above). The SKN
analyses, as well as the SKB analyses of the Aspo area, comprised two models: a structural
model and a hydrogeological model (Palmqvist et al., 1992). In 1993 the SKN work was
incorporated in SKI SITE-94 as an alternative model of Aspo. Subsequently, the hydraulic
version of the SKN model was refined (Sundquist and Torssander, 1996) by taking into
account hydrogeological and hydrochemical borehole data (long term pumping, tracer tests,
dilution measurements, hydrochemistry) that were not used in the SKB and SKI models
(see below). To emphasize this difference between the later SKN model (Sundquist and
Torssander, 1996) and the other models, in this report the former is denoted "the SKN
structural/hydrogeological model of Aspo.".

3.2.1 SKI

SKI structural models of Aspo have been presented as a 2-D model (a map) and as a 3-D
model.

Input data

The datasets that were used as the primary base data for the SKI structural modelling are
mainly from the SKB database GEOTAB, or data gathered from SKB reports, in cases
where the data were not available in GEOTAB. However, reinterpretations of available
SKB information (aerial photos and detailed magnetic measurements) have been performed
as well as field checks of fracture configurations and of the characteristics of aplite (or
"fine-grained granite," according to SKB nomenclature).

Structural map, 2D

* Detailed topographical map, scale 1:4 000, contoured every 1 m.

* Black and white paper prints of aerial photos, scale c. 1:30 000.

Structural model, 3D

* Results from the compilation of structural characteristics of the region
around Simpevarp (SITE-94, Tiren et al., 1996).

* Detailed topographical map, scale 1:4 000, contoured every 1 m (SKB).

+ Structural map, 2-D (SITE-94, Tiren et al., 1996).

* Reinterpretation of detailed magnetic measurements, scale c. 1:7 500
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(SITE-94, Tiren et al., 1996).

* Fracture mappings, surface information (GEOTAB, Ericsson, 1988).

* Structural mapping of Aspo, surface information (Talbot et al., 1988,
Talbot and Munier, 1989, and Munier, 1989).

* Structural information gathered during short field trips (SITE-94, Tiren et
al., 1996).

+ Borehole location and deviation (GEOTAB).

+ Borehole fracture log (location of fractures and Crushed Rock, fracture
orientation, fracture characteristics. GEOTAB).

+ Borehole radar measurements (including analyses of measured, but also
borehole sections not analysed earlier; Niva and Gabriel, 1988; Carlsten,
1989, 1990; and Tiren et al., 1996).

(+ = information used for construction of structural model surfaces, * = information used
interactively to test performed interpretation)

Conceptual ideas

The fundamental ideas are as follow:

* The geometrical pattern expressed on the regional scale and on outcrop
scale is analogous to the configuration of local structures on the site scale.

* Open fracture zones within the site conform with fracture surfaces
outlining the morphology of the outcrops.

* Block faulting occurs on all scales.

* Reactivation and partial reactivation of structures may give inhomogeneous
fracture characteristics along a single structure.

The resolution of the structural model should be of such an order that extensive structures
that will affect the location or layout of a repository are identified, i.e. the analyses should
at least give a hint as to whether or not a repository can be positioned in the area. The
model should also form the specific base for general geoscientific considerations regarding
groundwater flow and groundwater chemistry and rock stability/mechanics. The mean
separation of mapped sections of crushed rock (as recorded in GEOTAB) as well as the
mean spacing of borehole radar reflectors are of the same order as the length of a vertical
cross section through a single-layer repository (i.e. about 15 to 16 m). As these two sets of



16

data represent features in the rock with increased porosity and decreased strength with at
least an extension of several tens of metres they are, in this particular case, crucial for any
layout of a repository.

Methodology

The 3-D modelling of fractures and fracture zones is based on the correlation of borehole
radar reflexions (oriented data), fractured sections in drillcores and surface structures. 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. This
approach was tested with a low degree of success when using previously reported SKB
structural maps. A new structural interpretation of aerial photoswas then performed,
outlining extensive linear structures and a reinterpretation of the detailed magnetic map. A
new structural map was produced by putting the configuration of extensive linear structures
on top of a map showing traces of topographical lows (reflecting increased porosity in the
bedrock, i.e. most presumably fractured rock). The structural interpretations of the
topographical relief map and the magnetic detail measurements were used as two separate
base maps in the structural modelling of Aspo. This resulted in an increased correlation
between subsurface indications of fracture zones and surface indications. The borehole
radar information (oriented data on extensive structures, >40-70 m large) was very
important in the modelling, as the number of fractured sections in the boreholes is
considerable.

The 3-D processing of the SKI fracture zone model has been executed with a CAD
programme, INTERGRAPH MicroStation PC (version 5.0), on a PC 486 and an image-
processing programme, Earth-Vision (Dynamic Graphics, Inc.), on a Silicon Graphics
workstation. The modelling of the 3D structural framework was performed in several steps.
Below the different steps in the used methodology 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 (Sandberg and
Olsson, 1991).

* Working in 3-D space (CAD, INTERGRAPH, and Earth Vision, Dynamic
Graphics Inc.) to determine the intersections of a structure with the ground
surface and boreholes by looking along the structure. Locations of identified
intersections are given by the computer programmes.
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Non-directional attributes

* Distributions of single attributes or combinations of attributes (e.g. fracture
frequency, crushed rock, fracture infilling, geophysical measurements) are
visualized. In many cases, showing the extremes within a group of attributes
is applicable.

* By viewing the model from different directions (rotating the model) the
attributes may locally form clusters indicating a planar structure (cf. dis-
criminant analysis).

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

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.

In the structural modelling, three basic restrictions control the structures in the model. In
general terms the restrictions are:

* Structures that are indicated only in a single borehole, and not correlatable
with any surface structure, are not included.

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

* Included structures should have a surface trace longer than 500 m.

These restrictions affect the model in that the structures in areas with a relative high density
of drillholes (e.g. the central and southern part of Aspo) will be enhanced, as the probability
of detecting structures is greater, compared to areas with few boreholes (e.g. the northern
part of Aspo).

Characterization of structures

In order to characterize structures included in the SKI structural model, each structure is
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described according to its characteristics as recorded at the surface and in cored boreholes.
At the surface, the structure is characterized by topographical features (lineaments), various
types of geophysical measurements, and field observations (15 surface attributes for each
structure). Subsurface information on structures is achieved by borehole investigations, e.g.
core logging, borehole geophysical measurements, hydrogeological investigations (57
parameters describing 22 attributes at each zone-borehole intersection).

Uncertainties and agreement between model and observations

The SKI tentative geological model indicates the existence of block faulting in the Aspo
area. The edges of local rock blocks are in the order of some hundred metes or more. The
result of multiple episodes of block faulting, which has most presumably taken place in an
area with rock blocks of low symmetry as in the Aspo area, will offset at least some faults,
and therefore reduce the extension of the structures.

In the SKI modelling of the structural network, only relatively extensive structures (>500
m) are considered. Most of the faults outlined on the SKI tentative geological map,
although they are relatively short, coincide with more extensive lineaments seen on aerial
photos.

Critical subsurface data in the SKI structural modelling are borehole radar measurements
and the borehole log of crushed rock. The mean separation of both radar reflectors and
sections of crushed rock along the boreholes is in the order of 16 m to 17 m. Around 25%
of all borehole radar reflectors are considered in the SKI model (about 23% of all semi-
oriented reflectors, borehole KAS02-09 and 11, and about 40% of all oriented reflectors,
boreholes KAS12-14). Furthermore, the SKI structural model includes 51% of all drillcore
sections mapped as crushed rock and 63% of the total length of these sections (cf. Chapters
4.2.4-4.2.5).

The extension of structures outside Aspo is uncertain in most cases. The criteria for
including structures in the model discriminate against structures that do not outcrop on
Aspo, e.g. a wide (perhaps 200 m?) gently inclined zone that is indicated at depth in the
northern part of Aspo (in borehole KAS03, c. 200-420 m).

3.2.2 SKB

The SKB structural model of Aspo is the result of SKB's pre-investigation surveys for the
location and layout of the HRL at a depth of c. 500 m. The characterization of the
geological and structural relationships on Aspo initially comprised the whole island, and
a tentative vertical profile trending N-S across Aspo was presented. With subsequent
analysis of the information attained, and results from the first three cored boreholes (pre-
investigation phase, site description stage), the location of the HRL was selected to be in
the southern part of Aspo (Gustafson et al., 1989). The investigations have since then been
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focused on the central and southern parts of Aspo. Consequently, the structural model
presented by SKB is more detailed in these parts of the island. The model is here called the
"SKB structural model of Aspo" (cf. Figures 3.16 and 4.1 in Wikberg et al., 1991), Figure
4.7.

Input data

An objective for the SKB investigation at Aspo was to "test the quality and appropriateness
of different methods for characterizing the bedrock with respect to conditions of importance
for a final repository" (Almen and Zellman, 1991). This implies that several investigations
have been performed without affecting the structural modelling of the area. Some
investigations were not applicable or just confirmed what other investigations had
essentially shown.

The most important base data in SKB's 3-D structural modelling of the Aspo area, cf. Table
2.1-2.6, are listed below:

Structural model, 3D

* Mapping of small-scale structures and fracture orientation along cleaned
trenches across the island and well exposed outcrops along the shore (Talbot
et al., 1988, Talbot and Munier, 1989, Munier, 1989).

* Combined evaluation of detailed geoelectric and geomagnetic ground
measurements provide information on location and orientation of fractures
and fracture zones (GEOTAB, Nisca and Triumf, 1969).

+ Seismic refraction profiling (Sundin, 1988, Rydstrom and Gereben, 1989).

+ Fracture logs (GEOTAB, borehole data).

+ Borehole radar measurements (Niva and Gabriel, 1988, Carlsten, 1989,
1990).

* Single-point resistance log (GEOTAB, borehole geophysics).

+ VSP (vertical seismic profiling, Cosma et al., 1990).
(+ = information used to construct structural model surfaces, * = information used to
interactively test the performed interpretations).

Methodology

One SKB working hypothesis is that "a three-dimensional model of the rock mass must be
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based on the characterization of the distribution of lithological units fracture systems and
fracture zones on different scales" (Wikberg et al., 1991). However, the actual im-
plementation of this statement is not expressed in the SKB reports concerning structural
geology.

SKB (Gustafson et al., 1988, 1989) has "used the present data [cf. Tables 2.1-2.6 in the
current report] in two ways, to describe the area investigated and to predict the conditions
at depth, especially for the southern part of Aspo. The prediction is made assuming that no
unexpected features are encountered at depth." However, as Gustafson et al. (1988,1989)
stated further "There is ... always a possibility to encounter unexpected conditions. The
question is therefor not if, but rather which type of unpredicted feature we will encounter."

The SKB pre-investigations for the Aspo Hard Rock Laboratory comprise three stages:

1 The siting stage.

2 The description stage.

3 The prediction stage.

The "siting stage" comprises regional studies of bedrock geology, structural geology, and
hydrogeology-geohydrology. The "description stage" (started in 1987) survey in the
southern and central parts of Aspo comprises a full-scale site-characterization programme.
The "prediction stage" is analogous to the "description stage," but the aims are specifically
related to establishing a layout of the HRL. This includes characterization of the zones
bordering the southern tip of Aspo and the E-W trending zone transecting the central Aspo.
The main goals of the SKB exercise at Aspo are, however, to test and refine the
investigation-programme methodology for the future final repository (see Chapter 1).

SKB planned the investigations at Aspo, and the explicit results of each study were
successively incorporated in the model. With this approach, the results may affect the
realization of the planned programme of investigations, confirm postulated conditions
and/or lead to initiation of further studies.

The description of the spatial distribution of structures on Aspo was based on modelling
performed in sets of vertical cross sections showing one or more boreholes and the studied
structure/structures. This infers that the SKB structural modelling of Aspo was not carried
out in a continuous 3-D space.

The SKB definitions of "fractures," "fracture zones," and the "reliability" of the inc-
orporation of the features in a model (Backblom, 1989) have been used; thus "the intensity
of natural fractures in a [fracture] zone is at least twice higher than the mean fracture
intensity in the surrounding rock," and the reliability is related to the number of
observations of the structure (surface/subsurface) and methods used to identify the structure
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(in this case, not only observations/mapping and geophysical measurements, but also
hydrogeological measurements and geochemistry could be included).

Major structures are defined as "features with a width of more than 5 m and an extension
of several hundreds of metres" (>300 m?), whilst "features less than 5 m wide and with a
more restricted extent are called minor fracture zones" (Wikberg et al., 1991). However,
only "major structures" are described, although some "major zones" are thinner than 5 m
or less extensive than 300 m (cf. Table 4.1 in Wikberg et al., 1991), which violates the
original definition.

The pronounced character of block faulting (discontinuous structures) indicated by several
surface investigations (remote sensing - Tiren and Beckholmen 1988, detailed ground
geophysical measurements - Nisca and Triumph, 1988, detailed surface mapping - Talbot
and Munier, 1989) has been smoothed out during the structural modelling, in that the
modelled surfaces are expressed as continuous planar or smoothly curved surfaces.

Uncertainties and agreement between model and observations

The main uncertainties in the SKB model, as in most structural models, are the
identification of structures (including both the implementation of the definitions of zones
and the location/detection) and how to extrapolate and correlate information between
observation points (cf. B&ckblom, 1989).

The identification of structures may upon first glance appear to be a simple matter.
However, although it is crucial, detailed characterization of structures is often quite
difficult. A structure could be looked upon as an anomaly, i.e. something deviating from
the normal. The question then arises: What is the "normal" fracture distribution? If only
"anomalies" are investigated, how are they identified if the whole rock mass is not studied?
The answer is simple - the whole rock mass is studied, but the study is not documented
(restricted to ocular inspection), and only data concerning the structure of interest are
considered and documented. Following the SKB definition of fracture zones (that states the
fracture density in a zone to be at least two times higher than in the surrounding rock) an
additional question will be: How does one identify the borders of a fracture zone? This
question is also critical as identification and description of a structure is related to what
should be included in the structure. The identification of limits, continuous or distinct, is
also a matter of scale and resolution. Should a section of inhomogeneous fracturing, several
hundred metres wide, be regarded as a single major zone or a sequence of minor zones? An
example of this is the gently inclined Zone 2 in the Finnsjon area, which is several hundred
metres wide (Ahlbom and Tiren, 1991).

The task of identifying structures is not simple. This is due to the genetics of the structure,
the deformation history of the structure, and of course how much of the structure is
exposed. Without going further into the discussion of definitions of fracture zones, some
general properties of fracture zones excluding increased fracturing are followed. The
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orientation of fracture zones mimic the fracture configuration in the rock mass outside the
fracture zones, but the converse is not necessarily true (cf. Gale et al. 1991). Fracture
surfaces forming the morphology of outcrops are, however, parallel to fracture zones
outlining local-scale and site-scale rock blocks (Tiren in Ahlbom et al., 1987, Tiren, 1991).
The orientation of fractures within a zone may vary along the zone (Talbot and Munier
1989, Gale et al., 1991). Munier (1989) showed that the different fracture zones at Aspo
have the same constituent sets of fractures, but the fracture sets have different kinematics
in the different zones. This implies that detailed fracture mapping (directional attributes)
can be used for the identification of possible orientations of fracture zones (the system of
fracture zones) and the orientation of specific zones.

Locations of the fracture zones shown in the SKB structural model of Aspo differ
somewhat from the location of the corresponding structures identified by field mapping,
geophysical measurement or remote sensing studies. Positions of the mapped structures and
the structures included in the model in the southern part of Aspo correlate well, while the
agreement is less clear in the central part of Aspo. The same relation holds for the
correlation of "main fracture zones" as interpreted from detailed ground geophysical
measurements. Evidently, the detailed geophysical measurements have formed a base for
interpretation of zones in the central part of Aspo. Some surface structures, denoted
"topographically/geophysically indicated zones" and incorporated in the SKB structural
model of Aspo, appear as traces of short structures in the interpretation of the detailed
ground-geophysical measurements (Nisca and Triumf, 1989). The criteria for including
some geophysically indicated structures in the SKB model, whilst others are left out, are
therefore not obvious.

Locations of structures in the SKB structural model of Aspo correspond well with the
locations of structures on the detailed groundgeophysical interpretation. Misfits on the order
of 25 m occur locally, e.g. for a NE-trending major zone along the southeastern shore of
Aspo (zoneNE-1).

3.2.3 SKN

The actual SKN study, 1990-1992, was a review of the SKB pre-investigation for locating
and characterizing a site for a hard rock laboratory. The final report (Palmqvist et al., 1992)
presented an "integrated structural-hydrogeological conceptual model". Subsequently, when
included in the SKI SITE-94 project as an alternative model for comparison, it was
modified by considering results from analysis of the long term pumping test, tracer tests,
dilution measurements, and hydrochemistry. An adjusted and refined model, presented by
Sundqvist and Torssander (1996), is within this report called the "SKN
structural/hydrogeological model of Aspo.

The construction of the SKN structural/hydrogeological model of Aspo aimed to "identify
hydraulic structures and if possible characterize the structures in a geological sense"
(Sundqvist and Torssander, 1996).
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The overall SKN modelling has been developed in four steps, where the type of base data
has changed during the progress of the modelling (from structural geology to hydraulic tests
and hydrochemistry):

* SKN conceptual structural model (Palmqvist and Olsson, 1991, Palmqvist
et al., 1992) based on geological data.

* SKN conceptual hydrogeological model (Palmqvist et al., 1992), a test of
the SKB geohydrological model (Wikberg et al., 1991).

* SKN integrated geological-hydrological conceptual model (Palmqvist et al.,
1992), a synthesis of the two previous SKN models.

* SKN structural/hydrogeological model of Aspo, further development of the
later model (Sundqvist and Torssander, 1996).

The processing of the early SKN model was performed in parallel with the SKB structural
modelling during a late phase of the pre-investigation phase. The objective of the SKN
study was to present an alternative geological-structural-hydrogeological model of Aspd.

Input data

The following is a list of input data in the SKN structural/hydrogeological model of Aspo:

SKN conceptual structural model (Palmqvist et al., 1992)

* Regional setting of Aspo - literature review, interpretation of aerial photos
and field control (Palmqvist and Olsson, 1991).

* Remapping of Aspo (Palmqvist and Olsson, 1991, Palmqvist et al., 1992).

+ Seismic refraction profiling (Sundin, 1988, Rydstrom and Gereben, 1989).

* Borehole geophysical logs, percussion boreholes and cored boreholes
(GEOTAB).

+ Fracture logs (GEOTAB, borehole data).

* Remapping of selected parts of drillcores.

* Tele-viewer, orientation of structures (Fridh and Strahle, 1989).

+ Borehole radar measurements (Niva and Gabriel, 1988, Carlsten, 1989,
1990).
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+ VSP (Cosma et al., 1990).
(+ = information used to construct structural model surfaces, * = information used to
interactively test the performed interpretations).

SKN conceptual hydrogeological model (Palmquist et al., 1992)

* Interference tests 1988-1990, (GEOTAB).

* Injection tests (for references see Sundqvist and Torssander, 1996).

* Pump test (for references see Sundqvist and Torssander, 1996).

* Spinner survey (GEOTAB).
(* = information used to interactively test the performed interpretations).

SKN integratedgeological-hydrological conceptual model (Palmqvist et al.,
1992)

* SKN structural model (Palmqvist et al., 1992).

* SKN conceptual hydrological model (Palmquist et al., 1992).
(* = information used to interactively test the performed interpretations).

SKN structural/hydrogeological model ofAspo (Sundqvist and
Torssander, 1996)

* SKN geological/hydrological conceptual model (Palmquist et al., 1992).

* Combined long-term pumping and tracer test LPT 2 in borehole KAS 06
(Jonsson and Nyberg, 1991, Rehn et al., 1992).

* Dilution measurement during LPT 1 and LPT 2 in borehole KAS 06 and 07
(Rehn etal., 1992).

* Hydrochemical data (GEOTAB, Smellie and Laaksoharju, 1992).
(* = information used to test performed interpretations interactively)

Methodology

SKN conceptual structural model (Palmqvist et al., 1992): The SKN approach started with
an investigation of the geological-tectonical regional surroundings of the Aspo island by
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means of lineament mapping (aerial photos), selective field checks of lineaments, and a
review of literature (mainly Nordenskjold, 1944). Based on the regional study, a tentative
tectonic map of Aspo was constructed (Palmqvist and Olsson, 1991). This map was then
successively refined by adding complimentary surface data, and was extended to a 3-D
model by including borehole information. The main surface data that were used consisted
of a field data (fracture and foliation) study of Aspo performed within the SKN study, and
SKB refraction seismic profile measurements (Sundin, 1988, Rydstrom and Gereben,
1989). The 3-D model was developed by testing a working hypothesis against recorded
borehole information. The SKN structural modelling was carried out during the late stage
of the SKB pre-investigation studies 1990-1991, and was continuously refined as new
observations and recorded data were added.

The model was constructed as a 2-D representation of structures intersecting the ground
surface, i.e. an ordinary structural map. Dips of structural components are based on ob-
servations in boreholes. The model was presented as a map (2-D) and each structure is
described in text.

SKN conceptual hydrogeological model (Palmqvist and Olsson, 1991, Palmqvist et al.,
1992): The SKN conceptual hydrogeological model was performed in several successive
steps. The objective of the investigations, up to 1991, was to "determine the hydraulic
conductivity, storativity and the hydraulic parameter contrast of the bedrock" (Sundqvist
and Torssander, 1996) based on hydraulic data gained from three cored boreholes and 12
percussion boreholes. In 1992 a conceptual hydrological model was presented based on
hydrogeological investigations in 13 cored boreholes. The modelling procedure was similar
to the SKN model described previously. The model was presented as a map (2-D) with each
structure described in text and tables.

SKN integrated geological-hydrological conceptual model (Palmqvist et al., 1992): The
hydraulic characteristics of geological features included in the SKN geological conceptual
model were appointed. Furthermore, the model was complemented with hydraulic
structures, which were not identified in the geological studies (Palmqvist et al., 1992). In
the SKN modelling, the term structure "includes fracture zones, crush zones, single
fractures and clearly-defined rock bodies" (Sundqvist and Torssander, 1996). The model
was presented as a map (2-D) with each structure described in text.

SKN structural/hydrogeological model of Aspo (Sundqvist and Torssander, 1996): The
SKN integrated geological-hydrological conceptual model was refined and adjusted by
appending interpretations of additional hydrological and hydrochemical borehole data to
the model. The modelling procedure was initially analogous to the previous SKN models.
Finally, the model was controlled and adjusted using a CAD programme (INTERGRAPH
MicroStation PC Vers. 5) to depict the model in a true 3-D space. The SKN struc-
tural/hydrological model of Aspo was presented as a 2 km x 2 km x 1 km model, with each
structure described in text and tables.

Notable is that the main objectives of the SKN model have turned out to be a description
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of hydraulic connections and groundwater chemistry in the bedrock. Therefore the model
should not without due consideration be applied to model problems relating to other
disciplines, e.g. rock stability.

Uncertainties and agreement between SKN model and observations

To base a structural model on "anomalous hydraulic responses in tests" may be
questionable as structures are three-dimensional and responses are one-dimensional. That
is, the responses give no information on the path that hydraulically connects different
boreholes. However, the hydraulic models have been compared to geological models and
it is found that several structures cannot be verified by any structural geological
information. Some of these structures (9 structures, with widths less than about 0.5 m) have
been extrapolated over distances of several hundreds of metres.

3.2.4 Comparison - data used and applied methodology in the SKI, SKB, and
SKN structural modelling

Input data

The same set of base data (reports and database data, GEOTAB) has been available for the
SKI, SKB and SKN models. Significant differences exist, though, between the base data
used in the SKI and SKB structural models compared with the data in the SKN model. The
first two models use structural geological and geophysical data, while the third also has
employed and has partly been developed from hydrogeological and hydrochemical data.
Furthermore, the quality of the data available for SKB differs from the base data available
for SKI and SKN, respectively. Primary data from most SKB studies of bedrock and
structural geology (i.e. field notes, diaries, photos, and drawings) have not been available
for SKI and SKN. Information of more sublime nature, such as personal impressions of
structural and geological relationships, is important to have access to in the creative process
of trying to fit all information together, i.e. in making a synthesis or a model. As most of
the primary field data from Aspo are presented in processed form, as results in SKB reports,
both SKI and SKN have made short excursions and field checks.

In the SKI study, field checks of structures and aplites on Aspo, as well as structural in-
terpretation of aerial photos, supplemented the SKB base data.

In the SKN study, additional studies including regional structural mapping (through
interpretation of aerial photos) and field checks of regional structures were conducted.
Furthermore, mapping of tectonic discontinuities on Aspo and remapping of selective parts
of drilled cores were also performed. The structural geological information gathered by
SKN was used as base data.
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Modelling

The approaches and methodologies in producing the SKI, SKB and SKN structural models
differ in the following ways:

(a) In the establishment of surface structural maps and 3-D structural models.

(b) In the extrapolation of information.

(c) In the modelling techniques.

(a) Surface structural maps and three dimensional structural models. A structural map
displays the pattern of intersections between bedrock structures and the ground surface. The
reference surface information consists of interpretations based on separate sets of primary
data (e.g. topography/relief as expressed on aerial photos and detailed topographical maps,
detailed magnetic measurements, and field observations). Remote studies of topographical
data gives a lineament map, which in this case could be complemented with interpretations
of the detailed geophysical measurements and field observations. By compiling this type
of information, a structural map could be gained. However, the structural map may be
modified as it is tested against subsurface information. The number of structures will also
be affected if only structures of a certain type are shown e.g. larger than A'm and wider than
Ym (cf. SKB regional zones). In this section, the term "surface structural map" refers to the
configuration of structures outlined on the top surface, i.e. ground surface, of the 3-D
structural models.

For the SKI structural model of Aspo, the configuration of structures outlined on the ground
surface (top) of the model was generated during the development of the 3-D model. The
locations of surface traces of the interpreted structures were based primarily on top-
ographical data (relief and aerial photos) and secondarily on detailed geophysical data
(geophysical lineaments). A systematic correlation of surface and subsurface structural
information was carried out at each borehole, starting at the surface and going downward
along the borehole. Most of the SKI structures transect Aspo. The top of the SKI model is
a planar surface (i.e., topography is not considered).

The structures on the SKB structural map of Aspo were incorporated and modified
successively as the investigations progressed. The surface traces of structures were, in most
cases, indicated by the detailed geophysical measurements and verified by borehole
information. The SKB model considers only what SKB calls major structures (cf. Chapter
3.2.2), i.e. the target structures of the drilling programme.

The SKN structural map of Aspo was established first, and then formed a base of
information in the structural modelling. In the SKN structural/hydrogeological model of
Aspo, structures are "identified purely on hydraulic data," e.g. the NNW trending structures
(Sundqvist and Torssander, 1996). This implies that the SKN model is basically based on
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subsurface data. The widths of some of these structures are only on the order of a few
decimeters.

(b) Extrapolation of information. In both the SKB and SKN modelling, structures were first
indicated by surface investigations. A conceptual model was then outlined, describing the
possible dip of each structure, and thereafter the model was tested against borehole
indications. However, some of the thin hydraulic SKN structures that are only found in the
boreholes were nevertheless indicated on the surface map.

In the SKI modelling of structures, directional information was correlated from boreholes
up to the surface and between boreholes. The reason for starting in the boreholes is that
borehole data are continuous records (core logs and geophysical borehole logs) of the
character of the bedrock. Furthermore, orientation of extensive structures was determined
in the boreholes (directional borehole radar measurements are performed in three boreholes,
KAS 12-14). The concordance between identified radar reflectors (presumably a fracture
zone) in the uppermost part of a borehole and structures identified at the surface, as well
as with indications of structures in other boreholes, was tested. This procedure was
successively repeated, going downward along the borehole, for other borehole radar
reflectors. Non-directional attributes, on the other hand, were correlated by rotating the
model in order to find surfaces along which the attributes line up. However, this type of
correlation is uncertain due to numerous indications of fractured rock in each of the Aspo
boreholes and, consequently, the existence of a number of possible interpretations.

(c) Modelling techniques. The spatial distribution of structures in the SKB and SKN
structural models were based on modelling that was performed in sets of vertical cross
sections, which showed one or more boreholes and the studied structure/structures. This
implies that the SKB structural model of Aspo was never modelled in true three-
dimensional space. The SKN structural/hydrogeological model was ultimately checked and
adjusted using a CAD programme (INTERGRAPH MicroStation PC Vers. 5) to depict the
model in a true three-dimensional space.

The SKI structural model was produced in three-dimensional space using both a CAD-
programme, INTERGRAPH MicroStation PC (version 5.0), on a PC and an image
processing programme, Earth Vision (Dynamic Graphics, Inc.), on a Silicon Graphics
workstation.
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4. PRESENTATION OF MODELS

The distribution of rock types and structures in the bedrock is a result of the geological
history. This implies that there should be a concordance between the presented geological
and structural models.

4.1 GEOLOGICAL MODELS

Two geological models of Aspo are presented: the SKB geological model of Aspo and the
SKI tentative geological model. In the SKN modelling of Aspo, the SKB geological model
of Asp6 is adopted.

4.1.1 SKI

Description

The SKI tentative geological model is presented as a geological map and a vertical cross-
section, Figures 4.1 and 4.2. The SKI geological model of Aspo enhances the block faulting
character of the area and the configuration of aplitic dikes and greenstone layers. Due to
faulting of inclined, aplitic layers along subvertical fault planes, the number of aplites has
been multiplied in the central part of the island. Lateral displacement of lithologic contacts
along faults, and rotation of rock blocks, are indicated in the southern part of Aspo. The
orientation of aplites in the sheared, central part of Aspo trends ENE, while aplites in the
northern and southern part of Aspo appear to form an orthorhombic pattern. The ages of the
main rock types, including the aplites, are assumed to be older than c. 1.7 Ga. Doleritic
dykes are c. 0.9 Ga.

Agreement with base data

The resolution of the geological information on the geological map and in the vertical
cross-section are different. In the first case the resolution is the same as on the reported field
map (Kornfdlt and Wikman, 1988), while in the vertical cross-section the number of aplites
and basites is the same as in the core log.

The nomenclature of rock types used by SKB during surface and core mapping has not been
fully consistent, and therefore extrapolation of surface information to boreholes may be
obscured or uncertain. In the vertical profile, Figure 4.2, metabasalts and metaandesites or
metadacites mapped at the surface are grouped together and correlated with basic volcanites
mapped in the boreholes.
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Figure 4.2 SKI tentative geological vertical cross-section through Aspd.
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4.1.2 SKB

The SKB geological model is presented in Figures 4.3 and 4.4. The different rock types,
except late dolerites, occur as elongated lobated bodies trending ENE. The vertical cross-
section indicates that the dips of lithologies are gently northward and that the number of
granitic plutonites increases towards the centre of Aspo, Figure 4.4. Distortions of
lithological units along shear zones or faults are not expressed in the SKB model. However,
some shear zones and mylonites are noted both on the field map and on the geological map.
The range of ages of the main rock constituencies is assumed to be c. 2.0-1.4 Ga (oldest are
the basic enclaves and youngest are fine-grained granites associated with the Gotemar
granite). Doleritic dykes are c. 0.9 Ga.

Agreement with base data

The SKB geological map is in full agreement with the reported field map. However, there
is an inconsistency in the nomenclature of plutonic igneous rocks used during surface
mapping and core mapping compared to core logs and vertical cross-sections displayed in
reports (cf. Wikberg et al., 1991).

4.1.3 Comparison of geological models - SKI vs SKB

Similarities

The distinction of the major rock types is the same in the SKI and SKB geological models:
(a) foliated granite-granodiorite, (b) greenstones (foliated to massive), (c) medium to fine
grained pinkish granitoids (see below), and (d) dolerites. However, according to the
description of the SKB map, the first group of rocks also includes diorites, but the contact
relationships between different types of rocks are not well described.

Differences

The SKI and SKB geological models diverge on three main points that influence the
interpretation of the geological evolution of the area: (a) the genetics of the aplite/fine-
grained granite, (b) possible age of the major shear zones, and (c) the magnitude of fault
displacements. They are:

* Nomenclature used for designation of medium-grained, granular, pinkish
granitoids having sharp contacts with the more basic and foliated host rock.
On the SKI map these intrusive rocks are denoted "aplites" and on the SKB
map the rocks are called "fine-grained granites".
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* The aplites/fine-grained granites are interpreted to be related to the
formation of the Trans-Scandinavian Igneous Belt (1.7-1.8 Ga old) in the SKI
geological model, while in the SKB geological model at least some of the
fine-grained granites are assumed to be considerably younger and associated
to the intrusion of the Gotemar granite (1.35 Ga old).

Smaland granites, TIB

Avro granites mapped
on Aspo, TIB

Fine-grained g ran i te /
aplite, TIB

Alterated fine-grained,
intermediate, igneous
rocks, TIB

N
Greenstone
(metabasalt), TIB

A

\ Dolerite

^ Fault 0
I

400 m
I ] I

Figure 4.3 SKB geological model of Aspo (Wikberg et al, 1991).

The effects of tectonic distortion on the rock-type distribution. The SKB
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geological model of Aspo does not express displacements affecting the rock-
type distribution, while the SKI geological model includes displacements
along shear zones and fault planes.
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Figure 4.4 Vertical cross-section of central and southern Aspo showing the distribution
oflithologies (Wikberg et al, 1991).

4.2 STRUCTURAL MODELS

The three structural models are first described separately, then the agreement between some
selected base data (geological, structural, geophysical and hydrological base data) and the
models are tested, and finally the agreements and differences between the models are
described.

4.2.1 SKI

Description

The SKI structural map of Aspo comprises 52 fracture zones (Figures 4.5 and 4.6; Tables
4.1 and 4.2). 42 of the fracture zones included in the SKI structural model outcrop on Aspo
and are traceable across the island. Of the inferred fracture zones, 10 outcrop entirely
outside Aspo. The interpretations of 7 out of 10 of these zones are based on both subsurface
information and surface information (topographical and geophysical data recorded in water-
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covered areas), while three are based only on surface information. Concerning structures
outcropping on Aspo, five of the interpreted zones are based only on surface information.
The interpretation of a gently inclined NW dipping fracture zone (Zone No. 45 in Table
4.1) intersecting one borehole at great depth (KAS 02 at c. 900 m depth) is strengthened
by borehole information and observations of fracture patterns on Avro, an island located
east of Aspo (The information is obtained from the core-drilled hole KAV 01 and outcrops
along the east coast of Avro).

Table 4.1 Fracture zones in the SKI structural model of Aspo.

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

Name1

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-8M
NNW-9M

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

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

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

Width (m)

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

c.10?
>5
1-2
1-2
1-2
1-2
>10?
1-2
1-2

5-10
5-10
5-10
<5

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

1-5
5-10?
c. 10
1-2
10-15
50-75?

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

Note

no borehole

no borehole
old, sealed (?) zone

no borehole
no borehole, cf. CLAB

no borehole
no borehole

no borehole

Avro fault zone? Either steep
or gently inclined to the NW

Continued
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Table 4.1 (continued) Fracture zones in the SKI structural model of Aspo.

ID-
code

43

40
42

31
27
29
30
32
38
33
34
35

Name'

ENE-8H

ENE-9M
ENE-10G

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

Strike

242

233
243

259
268
253
265
257
255
268
255
256

Dip

61

57
10

90
82
84
79
75
77
33
26
25

Width (m)

10-20
1-2

>25
1-5
<l
1-2
1-5
5
1-5?
1-5?
1-5

Note

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

no borehole

no borehole

' Trend sectors 1/16 of 360", N-S trend sector located symmetrically, ±11,25" around north and V=vertical, S=sub-vertical, H=steep,
M=moderately inclined, G=gently inclined, and H=sub-horizontal (cf. Table 4.2, inclinations).

Table 4.2 Distribution of zones according to their dips,
SKI structural model of Aspo.

Dips
(degrees)

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

Inclination
class

Sub-horizontal
Gently inclined
Moderately inclined
Steep
Subvertical
Vertical

Total

Number

0
6
6
19
II
10

52

%

0
11.5
11.5
36.5
21.2
19.2

11.5% inclined 0-29"
15.4% inclined 30-60°
+
+
77.0 % inclined 60-90°

By sorting fracture zones included in the SKI structural model of Aspo according to their
width (a. thin=0-5 m, b. medium=5-10 m, and c. wide >10 m ) it is found that 31 are thin,
14 are medium, and 7 are wide (Table 4.1). Six of the wide fracture zones outcrop outside
Aspo and the seventh trends NNW and crosses Aspo just east of its centre.

All structures included in the SKI structural model of Aspo are drawn to the borders of the
model. For some of the zones this is most certainly not correct, as Aspo is a triangular rock
segment outlined by regional to semiregional fracture zones. Furthermore, the structures
exposed on Aspo are local zones or branches of regional zones which have been partially
reactivated. The reason for extrapolating all zones to the border of the model is to visualize
the orientation of the structure and give the reader an impression of the geometries of the
local rock blocks. If the local zones are stopped against zones of higher order (regional or
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Table 4.3 Number of subsurface samples of fracture zones
included in the SKI structural model of Aspo.

Group of
fracture zone
according to
trend1

WNW
NW
NNW
NS
NNE
NE
ENE
EW

Number of
zones

8
0
9
4
6
6
10
9

Number of
zones inter-
sected by
boreholes

6
0
7
2
6
5
10
7

Number of borehole
intersections

per
group

34
0
32
16
31
22
37
18

per
zone

3-10

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

1 Trend sectors 1/16 of 360°, N-S trend sector located symmetrically, ±11.25" around north, see Table 4.1.
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Figure 4.5 SKI structural model of Aspo, top view/structural map.
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sub-regional zones) this information will be obscured from the reader. Otherwise two
models have to be shown, one model expressing primarily the structures circumscribing the
Aspo rock block and the internal block pattern in the Aspo rock block, which is not hidden
by the major structures and those "local" structures which may transect the major structures,
and a second model that shows the major structures excluded in the previous model.
However, the surroundings of the Aspo area are covered by water, and thereby hence
continuous surface traces of the local structures extending outside Aspo are not attained.
Therefore it could not be uniquely established which of the local structures within the Aspo
rock segment correlate with structures outside the Aspo rock segment.

SKI model Fracture zones ssoo

at Aspo surface

Fracture zones viewed from south-west,
30* above the horizon

(IOOO, ssoo. loooi

(MOO. SSOO. 01

(3000. 0500. 1000)

(1000. SSOO. -1000)

Figure 4.6 SKI structural model of Aspo, viewed from southwest at an inclination of30"
above the horizon.
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In summary, the SKI structural model of Aspo shows local structures located inside the
Aspo rock segment, and structures circumscribing the Aspo rock segment. All structures
are extended to the sides of the model even if there is no clear indication that this is correct.

4.2.2 SKB

The S O structural model of Aspo is focused on the central and southern part of Aspo. Of
all of the structures included in the SKB model, about 13 fracture zones (see text below)
have been described (Figures 4.7 and 4.8; Tables 4.4 to 4.6). Of the zonese described, 8
fracture

8500

8000 -

8500

- 8000

a&oo

- 7600

- 7000

8500

SKB model
Fracture zones
at Aspb surface

500 m
GEOSIGMA AB 1994

Figure 4.7 SKB structural model of Aspo, top view/structural map.

zones are located within the island or transect the island, one fracture zone is located along
the coast of Aspo (see below), and the remaining four fracture zones intersect the ground
surface surrounding Aspo (which is covered by water). The basis for the identification of
zones has been surface information, comprising mapping and geophysical measurements
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on Aspo and geophysical measurements (seismic and magnetic measurements) in water-
covered areas, combined with borehole logs and geophysical measurements (borehole radar
and VSP).

The most frequent structures trend NE to ENE and dip 60-80° towards NW or SE (Tables
4.4 and 4.5). Vertical structures are subdominant and they trend NNW to N-S.

Classifying structures with respect to width (thin = 0-5 m, medium = 5-10 m, and wide =
10 m or more) shows that the SKB structural model of Aspo includes three thin, two
medium, and seven wide structures (Table 4.7; EW-1 is counted as a single zone). Three

SKB model
Fracture zones 9joo'
at AapC surface

Fracture zones viewed from south-west,
30* above the horizon [3000.8500.01

11000. esoo. -loooi

(1000.6500,-10001

(3000. «500. 01

KO0. -1OO0I

Figure 4.8 SKB structural model of Aspo, viewed from southwest at an inclination of 30*
above the horizon, appears to be a composite structure consisting of
structures trending NE to ENE.
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Table 4.4 Fracture zones in the SKB structural model of Aspo.

ID-code/Name Strike/Trend1 Dip Width (m) Note

EW-1
EW-1
EW-3
EW-5
EW-7
NW-1
NNW-3
NNW-5
NNW-6
NE-Ia
NE-lb
NE-2
NE-3
NE-4
NE-4

240 ENE
49 NE
68 ENE

260 EW
65 ENE

305 NW
169NS
164 NNW
158 NNW
218 NE
218 NE
216NE
230 NE
50 NE
55 NE

75
78
85
20
60
30
90
90
90
72
72
78
70
70
75

50-100

10-15
100?

10-20
>20
1-3
1-3
1-3
50

5-10
50
5-10
5-10?

No borehole2

No borehole
No borehole
No borehole

1 Trend in agreement with Name of zones in the SKI structural model of Aspo, see Table 4.1.
2 Not intersected by cored boreholes KAS02-09, 11-14.

Table 4.5 Distribution of zones in the SKB structural model of Aspo according to their
dips, (number of zones is 13, but orientation of boundaries of zones are 14
since the boundaries of EW-1 are not parallel).

Dips
(degrees)

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

Inclination
class

Subhorizontal
Gently inclined
Moderately inclined
Steep
Subvertical
Vertical

Number

Total

0
1
2
7
1
3

14

0
7.1
14.3
50.0
7.1

21.4

7.1 % inclined 0-29"
14.3 "/.inclined30-60°

78.5 % inclined 60-90"

Table 4.6 Number of subsurface samples of fracture zones included
in the SKB structural model of Aspo (13 structures included as
zone E-W 1 is counted as two features).

Group of
fracture zone
according to
trend1

WNW
NW
NNW
NS
NNE
NE
ENE
EW

Number of
zones

0
1
2
1
0
5
3
1

Number of
zones inter-
sected by
boreholes

0
1
2
1
0
3
2
1

Number of borehole
intersections

per
group

0
1
2
1
0
10
4
7

per
zone

0
1
1
1
0
0-5
0-2
7

1 Trend sectors 1/16 of 360", N-S trend sector located symmetrically, ±11.25" around north,
cf. Tables 4.1 and 4.2.
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of the wide zones outcrop in the water-covered area south of Aspo. A fourth zone (NE-1)
follows the eastern coast of the southern wedge of Aspo. The widest zone included in the
SKB model (EW-1) trends ENE and transects the central part of the island.

4.2.3 SKN

The SKN structural/hydro geological model of Aspo is limited in that it only covers the
central and southern wedge of Aspo. The model incorporates 18 fracture zones. The central
fracture zone (Zone D in Figures 4.9 to 4.10 and Table 4.7), described as extensive, is
composed of several minor structures. Two zones (Zones H and Kl) outcrop in the water
south of Aspo and a very gently inclined zone (Zone N) is only indicated at depth in
boreholes. A NNE trending zone (Zone Gl) transects the southern part of Aspo, and
another extends southward into the water (Zone NNW 6). The remaining zones are
restricted to the island of Aspo.

Structures trending NE and NNW together constitute c. 72 % of all structures included in
the model (Table 4.9). Subordinate structures trend ENE and NW. All NE and NNW

8SO0

8000 -

7600 -

7000 -

6500

6500 SKN model
Fracture zones
at Aspo surface

- 6000

- 7800

- 7000

0 500 m
S5O0

GEOSIGMA AB 1994

Figure 4.9 SKN structural/hydrological model of Aspo, top view/structural map.
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Table 4.7 Fracture zones in the SKN structural/hydro geological
model of Aspo

ID-code/Name

Dl
D2
D3
D4
D5
D6
E
Gl
G2
H
Kl
K2
K3
N
NNW1
NNW2
NNW3
NNW4
NNW5
NNW6
PI
P2
P3

Strike/Trend'

236 NE
321 NW
251 ENE
161 NNW
88 EW
55 NE
46 NE
69 ENE
70 ENE

257 ENE
221 NE
219 NE
223 NE
145 NW
160 NNW
159 NNW
159 NNW
161 NNW
160 NNW
169NS
53 NE
53 NE
53 NE

Dip

42
85
75
90
90
90
90
85
90
54
30
30
30
7

90
90
90
90
90
90
90
90
90

Width (m)

5-10 (D)

<1
2
1
10
1-10
5
3
0.5
0.2
0.2
0.2
0.2
1
0.2
0.5
0.5
0.5

Note

D=D1-D6, aplite

some aplite

hydraulic1

fractured aplite
fractured aplite
fractured aplite
hydraulic1

hydraulic1

hydraulic'
hydraulic'
hydraulic'
hydraulic'
hydraulic'
hydraulic'
aplite2

aplite2

aplite2

1 structures indicated by hydraulic data.
2 no structural indication noted.
' Trend in agreement with Name of zones in the SKI structural model of Aspo, see Table 4.1.

trending fracture zones with a width less than one metre are vertical. All NE and ENE
trending fracture zones with a width greater than about 3 m are moderately inclined (30-
65°) towards NW. The remaining NNE trending zones (1-3 m wide) are subvertical. One
thin structure (0.5 m wide) dips very gently toward SW.

The distribution of widths of zones (width classes:thin=0-5 m, medium=5-10 m, and wide
= 10 m or more) included in the SKN structural/hydrological model of Aspo are: 14 thin
zones, four zones of medium width, and no wide zone (Table 4.7).

The vertical extension of structures in the SKN structural/hydrological model are in most
cases in the order of 2.5 times (in three cases 1.25 times) greater than the lateral extension
of the structure. There seems to be no motive for this; perhaps it is just a way of drawing
the model?

In the SKN model, occurrence of fractured aplites/fine-grained granites within different
zones is stressed (cf. Table 4.7). Nine of the zones are "identified purely on hydraulic data"
(cf. Table 4.7).
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SKN model
Fracture zones ,500"
at Aspo surface

Fracture zones viewed from south-west,
30* above the horizon 13000.85oo. 0

1I0O0.B5OO.0I

(1000. 8500. -1000)

(3000.6500, 0)

(3000. (MX). -1000)

(1000.6500. 10001

Figure 4.10 SKN structural/hydrological model ofAspo, viewed from southwest at an
inclination of3(f above the horizon.
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Table 4.8 Distribution of zones according to their dips,
SKN structural/hydrogeological model of Aspo.

Dips
(degrees)

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

Inclination
class

Subhorizonlal
Gently inclined
Moderately inclined
Steep
Subvertical
Vertical

Number

Total

1
0
5
0
I
II

18

5.6
0
27.8
0
5.6
61.1

5.6 % inclined 0-29"
27.8 % inclined 30-60"

66.7 % inclined 60-90"

Table 4.9 Number of subsurface samples of fracture
zones included in the SKN structural/-
hydrogeological model of Aspo.

Group of
fracture zone
according to
trend1

WNW
NW
NNW
NS
NNE
NE
ENE
EW

Number of
zones

0
1
6
0
0
7
4
0

Number of
zones inter-
sected by
boreholes

0
1
6
0
0
6
4
0

Number of borehole
intersections

per
group

0
3
12
0
0
10
10
0

per
zone

0
3
1-3
0
0
0-4
1-5
0

1 Trend sectors 1/16 of 360', N-S trend sector located symmetrically, ±11.25" around north, cf. Tables 4.1 and 4.2.

4.2.4 Agreements between some selected base data and structural models

The aim of each of the SKI, SKB and SKN structural models is the same: to describe the
structural framework within the Aspo area. The basis for these models should have been
the same, but due to different reasons this has not been the case. However, as each model
is a structural description of the area and as such could be tested against any set of
parameters reflecting the structural history of the area. In Figures 4.11 to 4.22, each
borehole is considered separately and the following recorded parameters (continuous
borehole logs) are displayed, together with the location of structures within the three
different models:

* Rock types: The intrusions of several generation of aplites reflect a part of
the igneous and tectonical evolution of the area. The occurrence of aplites
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(fine-grained granites in the SKB and SKN model) is claimed to influence the
hydraulic character of the rock mass. The host rock (not noted) is a plutonite
ranging in composition from diorite to granite.

* Fracture core log indicates the distribution of crushed rock along the drill
core (Crushed Rock data were not stored in GEOTAB for borehole KAS 02).

* Resistivity log (single point resistance) reflects the occurrence of fractured
rock.

* Flow logs and spinner logs give information on location of possible ground-
water transport paths (open, connected structures). Temperature logs and
salinity logs supply information of inflow and outflow of groundwater, in the
borehole where no spinner log is recorded..

The agreement between base data and structural models in Figures 4.11 to 4.22 is
summarized in Tables 4.10 to 4.12.

Table 4.10 Relation between the aplites and locations
of modelled structures in boreholes.

Borehole

KAS02
KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS11
KAS12
KAS13
KAS 14

Total
% of Tot.

' Borehole length

Aplite Aplite in structural models
SKI

Number of sections/ sections/
total length' (m)

38/138.86
60/222.28
27/140.06
12/18.08
29/130.84
18/40.32
20/ 65.63
16/64.09
11/66.04
14/ 50.75
5/25.50
8/38.10

258/1000.55
100/100

Iength2(m)

10/102.50
5/151.36
11/120.94
1/ 1.66
4/83.66
8/24.21
8/41.89
5 /14.93
2/44.16
4/17.91
3/21.46
6/35.45

67/660.10
25.6/66.0

SKB
sections/
length (m)

6/7.27
1/2.81
5 / 8.56
1/1.66
2/1.17
1/1.88
1 /30.89
7 /32.79
5 /52.76
6/23.01
1 /18.28
6 /36.24

42/217.32
16.3/21.7

2 Length in borehole of aplites intersected

SKN
sections/
length (m)

1 /1.93
1/2.81
7 /57.70
0 / 0
1/5.38
2/1.62
0/ 0
1/9.32
2/28.9
1/2.94
0/ 0
1/21.00

17/105.59
6.6/10.6

by zones.

In the description of the SKB structural model of Aspo it is claimed that aplite which "is
normally more fractured than the other rock types in southern Aspo is estimated to be the
most hydrologically conductive rock and especially more than the contract zones between
narrow dikes of the rock type and the wall rock" (Wikberg et al., 1991). Also in the
descriptions of the SKN models (Palmqvist et al., 1992, Sundqvist and Torssander, 1996)
the relation between aplites, increased fracturing in the rock and groundwater transport is
stressed. This is reflected in the SKN model (boreholes KAS 04, 11 and 14) where some
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wide aplitic dykes are extrapolated to depth (the zones are actually fractured sheets of rock).
However, if the entire SKN structural/hydrological model is considered, 36% of the SKN
fracture zones are associated with aplites (partly or entirely located in aplites), while
corresponding values for the SKI and the SKB structural models are 47% and 63%,
respectively.

The relation between rock types and indications of possible groundwater flow (indicated
by spinner measurements) has been studied in the SKI project SITE-94. Tiren et al. (1996)
found that there is a nearly 1:1 relationship between the relative occurrence of rock type
(porphyritic granitoids or Aspo granitoids, mafic rocks, and aplites) and number of flow
indications in the rock. However, 91 % of all flow indications in aplites occurred in sections
with crushed rock, and 52 % occurred close to lithological contacts (up to 3 m borehole
length away from the contact). In wide borehole sections of aplite (larger than 6 m borehole
length) all flow paths were associated with crushed rock. It is also noteworthy (1) that 50%
of the flow indications that occur in continuous borehole sections with porphyritic
granitoids (in sections located more than 3 m away from any lithological contact) are not
associated with any crushed rock and (2) that 44% of all flow indications that occur in
granitoids are located at rock contacts. In summary, this implies that the indicated
groundwater flow paths are more frequent in the vicinity of lithological contacts, and that
groundwater flow paths located in aplites are controlled by zones of crushed rock.

In the SKI structural model of Aspo, the sections of Crushed Rock included in the model
have a mean length of 0.85 m, while the corresponding values for the SKB and SKN
models are 1.47 m and 1.31 m, respectively. The total borehole length of Crushed Rock
included in the SKI model is less compared with the SKB model although the number of
included sections is greater. The reason for this is that some wide sections of Crushed Rock
(four sections, with the length of each section being 6 to 8 m along the boreholes; see
Figures 4.17, 4.18 and 4.21) in boreholes KAS 08, 09, and 13 are not correlated to any
extensive continuous zone in the SKI model. On the other hand, the SKB structural model
consists of relatively wide structures which have incorporated all of the wider sections with
Crushed Rock except 6 sections with widths of 2 to 3.5 m borehole length. The absolute
number of core sections with Crushed Rock that are incorporated in the SKI structural
model of Aspo is greater than in the other models. However, the number of sections of
Crushed Rock included in the SKB structural model is, in relation to the number of SKB
structures, several times higher compared to the SKI structural model. The reason for this
apparent contradiction is that the SKI model contains a greater number of structures, but
also that the SKI model incoprporates a higher proportion of all sections within which
Crushed Rock occurs as clusters in the boreholes, than does the SKB model. Many of the
clusters that have been incorporated exclusively in the SKI model enclose only minor
sections of Crushed Rock (apparent widths: 0.1 to 0.3 m borehole length), with a separation
of a metre or less in the drillcore.
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Single point
resistance

Figure 4.11 Composite borehole log, borehole KAS02, and location of structures in SKI,
SKB and SKN structural models.
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Figure 4.12 Composite borehole log, borehole KAS03, and location of structures in SKI,
SKB and SKN structural models.
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Single point
resistance

Figure 4.13 Composite borehole log, borehole KAS04, and location of structures in SKI,
SKB and SKN structural models.
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Figure 4.15 Composite borehole log, borehole KAS06, and location of structures in SKI,
SKB and SKN structural models.
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Figure 4.20 Composite borehole log, borehole KAS12, and location of structures in SKI,
SKB and SKN structural models.
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Figure 4.22 Composite borehole log, borehole KAS14, and location of structures in SKI,
SKB and SKN structural models.
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Table 4.11 Relation between sections with Crushed Rock
(fragmented rock, separate file in GEOTAB) and
locations of modelled structures in boreholes.

Borehole

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

Total
% of Tot.

Crush Rock

No of sections/
total length (m)

74/ 12.95
38/ 6.12
6/ 5.42

22/ 6.69
33/11.05
23/33.31
37/33.16
27/26.39
33/23.64
24/16.73
23/ 59.50

340/234.96
100/100

Crush Rock in structural models
SKI
sections/
length (m)

17/5.55
28/3.69
3/4.06
14/5.87
22/8.82
16/18.95
17/17.61
10/21.92
13/7.35
15/6.02
19/48.81

174/148.65
51.2/63.3

SKB
sections/
length (m)

7/0.74
9/0.88
2/1.87
7 / 2.84
11/4.41
12/23.89
13/23.33
17/23.64
12/ 8.40
8/13.19
16/51.67

105/154.82
30.9/65.9

SKN
sections/
length (m)

_

3 /0.44
9 /1.59
2 /2.69
1 /0.22
S /1.14
3 /5.69
1 /8.77
7 /15.89
5 /1.83
5 /9.93
2 /2.74

43/56.48
12.7/24.0

The SKI and SKB structural models are not based on hydrogeological data, but such data
are involved in the construction of the SKN structural/hydrological model of Aspo. Table
4.12 shows that the SKN model explains the occurrence of 15% of all pathways of
groundwater indicated by spinner logs and temperature plus salinity logs. The
corresponding numbers for the SKI and SKB models are 45% and 22%, respectively. The
relative number of zones intersected by boreholes, and the total width of zones in the SKI,
SKB and SKN models are approximately 4.8:1.0:2.0 and 0.8:1.0:0.3, respectively. In other
words, the SKB model has the highest number of flow indications per zone but it also has
the lowest number of flow indications per metre of modelled zones. In the SKI and SKN
models, the number of flow indications per metre of modelled zones is of the same order,
as well as the mean width of the zones, but the zones in the SKI structural model enclose
three times as many flow indications.

4.2.5 Comparison of structural models

General approaches

The approach in constructing a model of an object may influence the result. The SKI, SKB
and SKN structural models are, however, all deterministic models based on the set of basic
data (SKB data and published data). However, there are differences regarding the choices
of main input data and strategies for extrapolation of data.



KAS02
KAS03
KAS04
KAS05
KAS06
KAS07
KAS08
KAS09
KAS1I
KAS12
KAS13
KAS14

Total
% of Tot.

8
15
11
15
15
5
11
7
7
9
5
5

113
100

60

Table 4.12 Relation between indicated groundwater flow paths
(spinner and temperature+salinity logs) and locations of
modelled structures in boreholes.

Borehole Flow paths Flow paths located at modelled structures

SKI SKB SKN
Total number number number number

0 0 2
1 2 1
8 1 1
7 4 1
6 0 3
3 0 I
6 2 I
6 6 0
2 2 1
7 3 2
I 2 3
4 3 1

51 25 17
45 22 15

Subsurface information is more or less restricted to SKB borehole data. Figure 4.23 shows
the number of boreholes reaching different depths in the Aspo bedrock.
Ten of the boreholes yield information about the upper 400 m of the Aspo bedrock, while
three boreholes (with a separation of 100 to 600 m) yield bedrock information from levels
below a vertical depth of 500 m. Eleven out of 12 cored boreholes are drilled in the central
and southern part of the island. One borehole is drilled in the northern part of Aspo to a
vertical depth of about 1000 m.

For all three structural models of Aspo (SKI, SKB and SKN), the subsurface information
about structures that are included in the models drops markedly below a depth of about 400
m. Thus few of the structures intersect borehole at greater vertical depth than 400 m. In the
SKB and SKN models, 85% of all intersections between boreholes and structures are
located above a vertical depth of 325 m, while the corresponding level in the SKI structural
model is 425 m (Figure 4.23). Notable also is that, within the upper 400 m of the modelled
volume, there are differences in the distributions of borehole-structure intersections in the
three models. The reason for this appears to be related to differences in the modelling
approaches that have been applied. In the SKI structural model, the highest frequency of
borehole-structure intersections occurs at a relative shallow depth (0 to 100 m), whereas in
the SKB and SKN models corresponding maximums occur at greater depths (100 to 200
m in the SKB model, and 100 to 300 m in the SKN model). In the SKI structural modelling,
all boreholes are considered as randomly located, subsurface line samples. A systematic
correlation of subsurface data and structural surface information was carried out for each
borehole by starting at the surface and going downward along the boreholes. Correlations
over small distances are more reliable and easier to make than correlations over larger
distances. Hence the number of structures located in the upper part of the modelled volume
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will be greater compared with the lower parts of the model.
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Figure 4.23 Frequency of location of zone-borehole intersections as a function of vertical
depth and number of boreholes reaching various depths.

The aims of the SKB drilling programme at Aspo were twofold: (1) to characterize
structures identified at the surface, and (2) to examine the homogeneity of the bedrock
(lithologies and/or structures) at depth. Structures were generally intersected by boreholes
at a vertical depth of 100 to 200 m. The distinct drop in subsurface documentation of
structures, at vertical depths greater than 200 m, may reflect that SKB has primarily
modelled the targeted structures (i.e. structures which were expected to be intersected by
the boreholes).

The SKN structural/hydrogeological model is, to a great extent, based on different types of
hydraulic tests. Most of the hydraulic data are gathered at vertical depths greater than about
100 m. The SKN modelling approach has been to match hydraulic responses or indications
of groundwater flow with structures. This implies, to some extent, that hydraulic structures
were inferred first by correlation of borehole data and then by matching the interpretations
with surface information. This appears to be the reason why more than 50% of all borehole
- structure intersections in the SKN model are located within a vertical span of 100 to 300
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m depth.

Figure 4.23 indicates that the present drilling programme lacks the ability to thoroughly
characterize structures at depths greater than 400 m.

Orientation of structures.

Comparing the distributions of inclination of structures that constitute the three structural
models (see Tables 4.2,4.5 and 4.10), it is obvious that the different models have to some
degreee different sets of structures. The SKI and SKB structural models have high
proportions of steeply inclined structures (dipping 60-80°), while the SKN model has high
proportions of vertical structures and moderately inclined structures (dipping 30-60°).

In Figure 4.24, the orientation of structures in the different models are shown in
stereograms. Both the SKB and the SKN models are dominated by structures trending NE
to ENE, but they also have some structures trending NNW. The difference between the two
structural models is, as pointed out above, in the inclinations of the NE- to ENE-trending
structures. The SKI structural model also exhibits more scattered structure orientations, and
has an additional set of structures that trend WNW and dip steeply to the NE.

Location of structures.

First, a general point may be stated: The increased density of structures in all models, for
the southern and central part of Aspo, may reflect that the SKB investigations were largely
focused on this part of the island. The surficial traces of structures within the SKI, SKB and
SKN structural models are displayed on the structural maps (Figures 4.5,4.17, and 4.9).

The SKB structural map contains structures that can be correlated with structures on the
SKI and SKN maps. However, one structure, the NE-trending zone NE-2, occurs only on
the SKB map. In going from the SKB map to the SKN map, some additional NNW-
trending structures are encountered, as well as some NE-trending structures (The latter
could be correlated with SKB zone NE-2, but they are rotated somewhat clockwise with
respect to NE-2). The SKI map displays structures that can be correlated with most of the
structures on the SKN and SKB maps. However, the E-W-trending zone just south of Aspo,
which is expressed on both the SKB and SKN maps, is missing on the SKI map.

A comparison of structures in one model with structures in the other models must include
primary geometrical parameters such as location and width. Location in this case is the
observed surficial trace of the structure (i.e. the location as shown on the structural map).
The location of the structure at depth is then a function of the shape (planar, curved, etc.)
and inclination of the structure. In the SKB and SKN models, structures are planar
elements, whereas in the SKI structural models the structures are in some cases moderately
undulating or very smoothly curved. However, the interpreted inclination of the structures
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b.SKB
N=15

cSKN
N=23

Figure 4.24 Orientation of structures in the different structural models : a. SKI, b. SKB,
and c. SKN models. Schmidt net, lower hemisphere projection.

may be a more important reason for discrepancies in the location of structures at increasing
depths, especially if the deviation of inclinations of the structures being compared is greater
than about 5° (This corresponds to a lateral displacement of about 90 m in the model, at a
depth of 1000 m, for a nearly vertical, planar structure which is assumed to dip 85°).

The configurations of structures of the three structural models, expressed as a horizontal
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cross section at a depth of 500 m (repository depth), are shown in Figures 4.25 to 4.27. The
SKI model displays an accentuated crossing of zones in the centre of Aspo (Figure 4.25).
In the SKB model, the central E-W-trending zone becomes wider and the separation
between NE-trending zones has decreased (Figure 4.26). The SKN model (Figure 4.27)
displays a configuration of zones in the southern part of Aspo which is similar to the
configuration at the surface (i.e., subyertical to vertical zones). It is notable that structures
with an inclination of about 50° or less, and located outside Aspo, may be found beneath
the central part of Aspo at a depth of 500 m. The investigated area is, in case of Aspo, too
small to determine a model with a high degree of certainty, especially as the occurrence of
low-angle zones (with inclinations of 30° or less) is apparent.

I SKI model
Fracture zones
at -500 m

,• ,' Aspo contour
V..-' at surface

40 Zone id-code

500m

Figure 4.25 Horizontal cross-section at a vertical depth of 500 m through the SKI
structural model of Aspo (zone ID in Table 4.1).

Comparing widths of separate structures in one model with structures in an other model is
not meaningful if the resolutions of the models are not of the same order. In other words,
what is considered to be a wide structure in one model could be interpreted as a series of
structures in an other model.
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Some attempts to correlate structures in different models are illustrated in Figures 4.28
through 4.30, which show the location of structures trending NE, ENE, and NNW,
respectively. Fracture zones within these three groups of trends are dominant in the SKB
and SKN models (where they represent approximately 80% and 90% of all structures,
respectively), while they constitute about half of all structures in the SKI model. Naturally,
comparisons could be performed for structures with other orientations, but this is not done
in the present case, as the number of such zones is very low.

8500

8000 -

7500 -

I SKB model
esoo

Zones at -500 m

NE-2

f Width of zone
|NN»-5- B000

,' Aspo contour
-„' .-' at surface

- 7000

N

o 500m
l i I

Figure 4.26 Horizontal cross-section at a vertical depth of 500 m through the SKB
structural model of Aspo.

A relatively good agreement is expected between the structural maps of the three structural
models, as the surface represents the best-documented level of the rock volume that has
been studied. Minor differences in the interpreted strike of the zones will exaggerate
differences
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8000 -

SKN model
Zones at -500 m

V)2 Width of zone

,- Aspd contour
"<..'' at surface

N

500 m

Figure 4.27 Horizontal cross-section at a vertical depth of 500 m through the SKN
structural/hydrogeological model of Aspd.

in the location of structures at the borders of the model. However, it can be foreseen that
the agreement in the location of structures in other, deeper, horizontal cross sections would
be less, due to variations in interpreted orientations (dip) of the structures.

The variance in interpretation of the location and orientation of structures that outcrop in
water-covered areas demonstrates the importance of having good control of the traces of
structures at the bed rock surface. The SKB and SKN models originally considered an
approximately 1.0 km by 1.3 km area with the southern tip of Aspo as its centre, an area of
which more than 50% is covered by water.
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Figure 4.28 Comparison of modelled, NE-trending structures at Aspo (top - SKB
structures in grey scale; bottom - SKN structures in grey scale). Note
that the wide, E-W-trending SKB zone in the centre of Aspo is also
displayed together with ENE-trending structures (Figure 4.29).



68

ENE



69

SKI-SKB

3000. «600.«

11000. €900. -1000)

SKI-SKN

(WOO. MOO. 01

raooo. saoo. -IOOQI

NNW

Q0OO.OBO0 -10001

0000.8900.0)

SKB-SKN

tlOOO. 0600. 01 OOOO.«M».OI

own, eeoo. •iooa>

Figure 4.30 Comparison of modelled, NNW-trending structures at Aspo. (top -
SKB structures in grey scale; middle and bottom - SKN structures in
grey tone).
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5. DISCUSSION

If a model is presented without any presentation of the input data, modelling approach, and
techniques used to create the model, it is hard to look at the models in any other way than
looking at any piece of art, such a painting or a sculpture - the judgement is a matter of
taste. This ought not to be the case when one compares scientific descriptions or models.
The description of the modelling procedures varies for the three deterministic models, as
compared in this paper, and all could in some aspects still be improved. In the following,
general aspects of modelling will be discussed or simply pointed out, with reference to
particular topics. Each topic may, however, affect several steps of the modelling procedure.

5.1 The object

There is a fundamental difference between modelling objects which are observable/visible
and objects which are " black boxes" (volumes of no or little information), at least to start
with. With the first type of objects, features can be located and measured (if the observer
has noticed them), while the second type of object can only be characterized through
indirect observations (usually obtained from interpretation of measurements of some
physical parameter). Some of these features may not be obvious to start with. The detection
of them is related not only to the density of data, but also to the analyses applied, and to a
general knowledge of the features that are to be detected.

A model of any given X km by Y km by Z km volume of rock is based, in the best cases,
on one exposed surface, i.e. the ground surface. The model should depict, for instance, the
spatial distribution of rock types and structural elements and how they are related. The
general character of the modelled rock volume that will be characterized is not unique, i.e.
it is comparable with the character of the neighbouring rock, as it is a part of the bedrock.
The character of the bedrock is a result of the geological and structural evolution of the
geological terrain to which it belongs. Hence information about the object can be
complemented by studies of the surrounding area. The need for knowledge about the
geological and structural history increases with increasing size of the object that is to be
modelled. Furthermore, geological and structural features are not restricted to the modelled
volume. Thus features in the modelled volume which are not observable at the surface may
well outcrop outside the model area. The observed rock volume should therefore be greater
than the modelled volume. In many cases, as in the Aspo case, the relation is the opposite.
However, surface investigations (including remote studies) generally cover larger areas than
the top of the 3-D model.

5.2 Data sampling

The bedrock does not permit direct observation of its interior. The bedrock surface,
however, represents a continuous section through the bedrock. In the best cases it is fully
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exposed, but usually it is at least partly covered by soil and/or water. Occurrence of exposed
rock is essential for the understanding of the geological and structural conditions of the
area, and is therefore important for the design of a surface-based programme for subsurface
investigations.

The importance of continuous observation is stressed, as large exposed surfaces offer good
possibilities for detailed studies of the lithological and structural relationships. At least in
such areas, cross sections showing the structural and geological relationships within the
bedrock can be depicted with a high degree of confidence. The subsurface investigations
will then be aimed at describing how the structural pattern varies with depth. By detailed
surface studies it is possible to determine if the bedrock has an isotropic or anisotropic
character, i.e. if the geological and structural pattern in the rock is related to the orientation
of the studied cross sections. The drilling programme could then be designed to test the
homogeneity of the studied area (internal parts) or to characterize a certain part of the rock
volume (e.g. boundary conditions, specific structures or volumes). In both cases the
borehole programme will be related to the system of structures in the area. The actual
location of the boreholes will differ, but the geometrical arrangement of the boreholes could
be analogous. In conclusion, the modeller should aim boreholes at rock with distinct
features, i.e. features that with a high degree of confidence can be related to structures at
the surface or in other boreholes. In other words, complex bedrock conditions cannot be
resolved by a single borehole.

In areas with as little as 5 to 10 % exposed rock (previously investigated SKB study sites
in general are more exposed), most topographical features related to tectonic structures are
covered by soil. The geological and structural history of the area can in most cases be
unravelled by detailed studies of outcrops. As the resolution of the geological and structural
information decreases with decreasing degree of exposed rock, the investigations will tend
to focus mainly on larger structures by using remote sensing techniques (e.g. aerial photos,
airborne geophysics) combined with detailed surface geophysical measurements. The
programme of surface-based investigations could still be designed in relation to the general
distribution pattern of lithologies and the orientation of different sets of structures outlining
the structural framework in the bedrock. However, in many SKB site investigations the
subsurface investigation has been performed as a series of more or less independent
examinations of selected structures or tests of the variation in the general character of the
bedrock with increasing depth. Before doing the latter (e.g. erratic drilling), the variation
of lithologies at the surface should be documented. For instance, are lithologies correlatable
from one outcrop to another or across gullies?

When field mapping is conducted in areas with a low degree of exposed rock (less than
about 5%), the outcrops will have the character of check points for a primary mapping
based on, e.g. geophysical measurements. Each outcrop is then important for characterizing
structures and lithologies.

In deterministic modelling, detailed knowledge about nondirectional attributes such as the
relative ages of structures and rock types, their characteristics, and their relationships with



72

other features in the host rock, are important for identification of features in boreholes and
drill cores. Furthermore, orientational attributes are essential for correlation and
extrapolation of identified features. Interpretation should be in harmony with the regional
geological and structural context, which also should form a part of the basic input data in
the model.

5.3 Size of model versus sampled volume

The model may well exceed the size of the detailed investigated rock volume. Most
structures in previous SKB study sites are characterized at relative shallow levels, at
vertical depths less than 300 m, although a repository would be located at a deeper level (c.
500 m). It is notable, however, that about 60% of all boreholes in the SKB study sites are
drilled to a vertical depth of 500 m. When the stability of the bedrock is evaluated, the
model should include the zones that outline the rock segment in which the repository is
planned to be located. The separation of such structures is in the order of 2 to 4 km (cf.
areas previously investigated by SKB). The hydrogeological and hydrochemical conditions
in the bedrock at repository depth are related to the local and regional physical and
chemical conditions in the bedrock, and are also related to local and regional topographical
gradients. The size of a model that is intended to describe the structural and geological
condition at a site for disposal of radioactive waste should at least be on the order of 2 km
by 2 km by 1 km deep. The top of the model will in most cases be documented by surface
investigations, but less than 25 percent 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 km by 2km by 1 km modelled volume is covered by borehole information. The
accuracy of the model outside the volume with boreholes is low, especially in water-
covered areas where the model more or less lacks input data. The reason for the large size
of the SKI structural model, compared to the SKB and SKN models, is to meet the demands
from hydrogeological and rock-mechanical modellers. Although the SKB and SKN models
are considerably smaller than the SKI model, more the 50 percent of their top surfaces are
still covered by seawater. The motivation for the choice of the size of the modelled volume
should be stressed!

5.4 Scales, density of data and resolution - identification of
objects

There are general problems regarding the size (scale) of a studied area/window within
which observations are made, the density of data, and the resolution and identification of
objects. An object can be detected only if there is a difference between the character of the
object and its surroundings, or if characteristic features or qualities that distinguish the
object are known. These problems are fundamental and should be thoroughly treated, but
are beyond the scope of the present report. However, some examples are discussed below.
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If the observation window is small relative to an object, then just a part of the object is
observed; the window could even be located entirely inside the object. An example of the
latter is that an investigated area can be located within a regional domain of increased
fracturing (even a regional fracture zone) without this being understood, since the regional
configuration of structures might not be mapped or understood. To map the extent of the
regional structure, especially if it has transitional boundaries, will be a matter of general
knowledge about the structure, density of data and resolution. Large-scale structures should
perhaps be displayed as domains which are contoured according to the intensity of the
internal fabric. In contrast, lineament maps where the traces of structures are indicated by
lines often do not represent the full width of the structures.

An object (e.g. a strongly water-conductive structure) may be identified in a borehole, and
characterised both by borehole logs and mapping of a fully recovered drill core (analogous
to scanline mapping when the rock is only exposed 2.5 cm on each side of the line, i.e. a
continuous, 1-D sample). Such a structure may have characteristic attributes, which could
be used to identify similar structures in other boreholes. Data recorded during surface
surveys, on the other hand, do not normally have the same resolution as the borehole logs.
Furthermore, the geological mapping is more selective, but the data sample is two-
dimensional. On the other hand, detailed cell mapping along excavated and cleaned
trenches, e.g. one to two metres wide, can provide data with the same resolution as the core
log and will provide structural relationships in a more instructive way (two-dimensional
images, maps). In such mapping, a differentiation between water-conducting and non-water
conducting structures is not normally made. In most cases, deformation zones are not
exposed unless the soil cover is excavated. This implies that most field observations
concern the character of relatively sound rock (i.e. the rock outside the deformation zones),
and mapping of the topographical traces of structures intersecting the surface. Whether or
not a given structure at depth (as indicated by continuous readings such as the more detailed
core and borehole logs) corresponds to any surface structure (as indicated by more scattered
surface data) is a matter of interpretation and analysis of the characteristics (e.g. fracture
configurations along the extent of a fracture zone, striations and fracture fillings).

The problem of identifying objects such as. fracture zones is a matter of sorting or filtering
data. It is also related to the character of the data (e.g. resolution and sharpness in the
images, which depends on grid size, and the accuracy and precision of the readings), the
size of the observation window relative to size of the object, and what kind of qualities or
features the data may indicate. Inhomogeneity in input data will affect the homogeneity in
the distribution of modelled features, i.e. the rock volumes that are best documented will
tend to have the highest density of modelled features.

5.5 Modelling approach

Models can be constructed in several ways, with varying level of detail. To get a proper
understanding of a presented model, it is important that information be given about the
purpose of the model and the type of base data thata were used. Furthermore, it is necessary



74

to know how the base data are treated (how the data were sorted, what combinations of data
were examined, which were the main types of base data utilized, which data were used used
to refine the model, etc.). Also important are definitions and how they are employed, how
objects are identified (criteria based on statements or general knowledge of the character
of the modelled features, e.g. variations in width or in the internal fracture pattern of a
fracture zone along its extension), and what methods are used for extrapolation of data
between boreholes, or between boreholes and the ground surface (e.g. what computer
programmes and type of computer were used). Finally, information should be presented as
to restrictions on the modelling (e.g. regarding the size of features modelled, or the degree
of confidence for a feature included in the model), and regarding how many of all indicated
features are included in the model.

If the models are processed by a commercial software package, many of the above listed
items may be given in the manual or presentation of the programme. However, such
programmes are commonly made to analyse deformation in sedimentary rocks, designed
for exploration of petroleum. Procedures for modelling bedrock structures and lithologies
within metamorphic and magmatic terrains are still of the "hand-made" type (which can be
an advantage, as it promotes a continuous control of the modelling), although these may
make use of efficient computer assistance and possibly three-dimensional visualization.
Nevertheless, it should be emphasised whether the models are constructed as series of
vertical sections or have been produced in a true, three-dimensional space, as it most
presumably will affect the result.

A model can be constructed from one type of data and subsequently tested with respect to
other data sets. The result of such a approach in data handling is that coupled functions (i.e.
properties that are not clearly detectable with a single investigation method but more or less
clearly detectable by combining two or more methods) are missed, i.e. only information that
agrees with or contradicts a proposed model is included, or a model is created which is
really a compilation of several different interpretations of separate data sets. The number
of objects included in a model is a function of the degree of detail in the interpretation of
data, and is also fundamentally dependent on the resolution of the base data. The purpose
of constructing, e.g. a structural model together with a general knowledge about character
of the object, such as the character of different sets of structures, is to settle what types of
structures should be modelled (a part of the constraints on the model). It is generally an
advantage to work with a higher degree of detail than what is considered to be needed for
the final model. By this approach, generalizations can be made at the end of the modelling
procedure, and the chance increases that structures which might be of importance will not
be disregarded. The result of working with a lower resolution will be to smooth out the
interpretation, and thus the detection of fewer structures, which however may often be
significantly wider than thos determined by the higher resolution approach.

5.6 Comparison of models

Models aimed to describe some natural feature should independently show how the basic
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data are collected, and give a consistent simulation that points out one or several
characteristic features of the studied object. This will, of course, be done in accordance with
the restraints of the study. Assume that the same set of base data have been available for
different groups modelling an object, and that the base data are very extensive. The
different groups may then choose a different subset of the base data as input in their models.
Then the modellers had the same set of data to start with, but the models are based on
different input data. The effect of this is in some parts illustrated by results gained by the
present study, comprising a comparison of three different sets of geological and structural
models describing a small area, namely the Aspo area.

The two geological models of Aspo (SKI and SKB) are based on the same data, but the
interpretations of the influence of block faulting on rock type distribution differ. The way
of drawing the maps or models reflects the implicit meaning that the interpreter wants to
emphasise. One of the maps (SKB interpretation) presents only coherent and smoothly
curved lithological contacts, while the other map (SKJ interpretation) shows a bedrock
dissected by faults typical of block faulting. The message in the latter interpretation is then
that lateral or vertical extrapolations of lithological units most presumably are obscured by
the faults.

The three structural models are to some extent based on the same subsets of all available
data. The handling and processing of data in these models are more complex than in the
geological models. The difference between the SKI, SKB and SKN structural model of
Aspo is apparent in one aspect. The SKI and SKB models are based on integrated
geological and geophysical data, while the SKN structural model has the character of a
compilation of two models, a structural model and a hydrogeological model. The latter
have obviously had a greater influence on the final SKN combined model, since nine of
the 18 structures included in the model are identified only by hydraulic data. However, the
orientations of the nine zones are in agreement with orientation of fracture zones in the
SKI and SKB structural models. The main differences between the SKI and SKB structural
models are in the degree of detail in the interpretation of data, the vertical level above
which zones are detected, and the interpretation of the pervasive and dominant, WNW- to
NW-trending fracturing in outcrops. The SKB structural interpretation is smoother (fewer
but wider zones), and the zones are identified at relative shallow levels, whereas the SKI
structural interpretation may require some generalization (i.e. some of the SKI structures
constitute parts of larger scale structures, e.g. a branch of regional, E-W-trending zones
crossing the centre of Aspo) and contains zones identified at greater depths. The WNW-
to NW-trending fractures are, in the SKI model, considered to be a component of a
regional structural system that comprises domains of pervasive fracturing, locally
accentuated as shear zones. Such structures are almost completely lacking in the SKB
model.

The compatibility of the three structural models is highest at the top surface of the models,
i.e. the ground surface where the density of information is highest. The models diverge
more and more with increasing depth, since the interpreted dip of structures varies, and the
depth at which structures are characterized and identified also varies.
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5.7 Final remarks

Confidence in a model is a function of several parameters. One of these, as emphasised
here, is the spatial distribution of data. The ground surface is more or less in accordance
with the surface of the bedrock as the latter may be more or less covered with different
types of sediment or water. A more or less continuous picture of the structural pattern in
the bedrock can be revealed by remote studies and detailed geophysical measurements,
combined with mapping of outcrops. The degree of exposed rock and the thickness of the
sedimentary cover determine the optimum obtainable resolution of recordable, basic
bedrock data. This implies that the more exposed the bedrock is in an area, the better will
the distribution of lithologies and structures be reproduced and thereby understood.
Assuming that the bedrock is of a uniform nature, then the distributions of lithologies and
structures detected at the surface represent a pattern analogous to that at the depth of the
repository. A detailed knowledge of the character of lithologies, lithological contacts and
structures gives information as to which type of features may be extrapolated over large
distances, and also as to which types of generalizations may be admissible.

The bedrock surface represents the only natural surface reflecting the character of the
bedrock, and where exposed it is the most important source of information when making
a prediction of the character of the bedrock at great depth. However, a prediction should
be controlled by drilling. As the degree of exposed rock decreases, the number of
boreholes should be increased; the confidence in the model will most presumably be
diminished, despite an increased number of boreholes.
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