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PREFACE

This report concerns a study which is part of the SKI performance assessment project
SITE-94. SlTfc-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

The present report describes the SKN conceptual model of Asp8, which is a combined struc-
tural, hydrogeological and geochemical model. The development of the model has been
carried out by stages with commencement in 1990. The objective with the work has varied
during the subsequent six years. This report summarises the main parts of the work
performed.

Initially the development of the model was part of the program of the National Board for
Spent Nuclear Fuel (SKN) regarding review of SKB research and development work at Aspo"
HRL. At a later stage, the SKN model was further developed and integrated into SITE-94.
This subsequent development comprised evaluation of additional hydrogeological and
geochemical data in order to strengthen the model.

This report summarises the two earlier reports by SKN (Report 41 and 61) which were written
in Swedish. Furthermore, a comprehensive description of the hydrogeological and geochemi-
cal evaluation is presented.



Abstract (Swedish)

Denna rapport beskriver SKNs konceptuella modell av Äspö, vilken är en kombinerad
strukturell, hydrogeologisk och geokemisk modell. Arbetet med beskrivningen av Äspö har
utförts etappvis med början 1990. Syftet med arbetet har varierat under denna period och i
föreliggande rapport sammanfattas huvuddelarna av presenterat material.

Inledningsvis utfördes arbetet med modellen som en del av Statens kärnbränslenämndens
(SKN) granskning av SKB forsknings- och utvecklingsarbete vid Äspölaboratoriet. För att
integreras i SITE-94 utvecklades SKN-modellen ytterligare, vilket innebar att tidigare ej
använda hydrogeologiska och geokemiska data utnyttjades med syfte att förstärka den
konceptuella modellen.

Denna rapport summerar de två tidigare granskningsrapportema (SKN Rapport 42 och 61)
samt redovisar övergripande den kompletterande hydrogeologiska och geokemiska analysen.
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1 Introduction

1.1 Background

As a part of SKN*s review of SKB research and development work at the Aspo" HRL, an

independent evaluation was initiated in 1990. The first part of the evaluation was based on

SKB investigations carried out during 1986-1989 presented in two reports; Gustafson et al.,

1988 and 1989. The SKN evaluation was carried out by BERGAB and GOLDER and

presented in Palmqvist et al., 1991 (in Swedish).

A third evaluation of the pre-investigation phase during 1986-1990 was presented by SKB in

Wikberg et al., 1991. Based on this report and detailed information in several SKB Progress

Reports a second SKN evaluation was carried out by BERGAB and SINTAB presented in

Palmqvist et al., 1992 (in Swedish).

The SKN model was thereafter included and further developed within the SITE-94 project,

which is organized by SKI. The present report describes the SKN conceptual model of Aspd,

based on the two SKN reports and complementary evaluation of geohydrological and

geochemical data. For details we refer to the two SKN reports and regarding the

complementary evaluation to Sections 4.2.4-4.2.6 and Chapter 5 in this report.

1.2 Scope and objectives

The SITE-94 project is a fully integrated performance assessment using site specific data from

the Aspo project. In order to investigate uncertainties in the development of site specific

models, three different structural models of AspS has been evaluated and compared within the

SITE-94 project (Dverstorp, 1997). The models are 1) the SKI structural model, 2) the SKB

structural model (Gustafson et al., 1991) and 3) the SKN structural-hydrogeological model

(described in this report). The objective with the comparison was to identify similarities and

differences of the three structural models.

The SKN hydrogeological model has not been evaluated within SITE-94.
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1.3 General approach and data used

The basic approach for the evaluation of data and the development of the SKN conceptual

models was to perform an independent review of SKB work. Data used for the evaluation has

almost entirely been data published by SKB in printed reports, i.e. the SKN model does not

consider information other than was available to SKB in their modelling. The review

comprised geological and hydrogeological issues in regional and site scale. Differences

between the conceptual models and predictions were identified and discussed. The evaluation

was performed in successive steps allowing evaluation of information content of different

investigations and measurements.

In the second SKN evaluation (Palmqvist et al., 1992) it was concluded that there were many

crushed and conductive sections in the boreholes not associated to geological and

hydrogeological structures in the SKN model. In order to improve the model, further

geohydrological and geochemical data was used in the analysis. In the modelling work it was

accepted that hydraulic structures could be defined only by hydraulic observations not verified

by any geological-structural data. Consequently, the SKN model is a combined structural and

hydrogeological model, which should actually be referred to as a structural-hydrogeological

model since the majority of the structural elements are mainly based on hydrogeological data.

Besides from the structures included in the SKN model, there are several minor but hydraulic

important structures regarded in the model as part of the rock mass. These structures are not

geologically nor hydraulically characterized but are affecting the hydraulic conductivity of the

rock mass which has been given relatively high and anisotropic values.

The structures in the SKN model are not expanded out of the principal investigation area, i.e.

the structures are located within or close to island of Aspd. Since the quality of the data base

of northern AspO is poor, the model does not include any structure in this part. However, this

does not imply that the northern part of Asp6 is lacking important structures.



2 Regional geology and tectonics of the SKN model

2.1 Data used

The description of the geology and tectonics in a regional scale covers an approximately 540

km2 large area. The analysis of data and the development of the regional model was supported

by successively updated conceptual models described in detail in Palmqvist et al., 1991.

The bedrock description of the Simpevarp area presented by KornfaMt and Wikman (1987) was

used as basis for the SKN conceptual geological and tectonical model. Selective studies have

confirmed the geological map and the petrograpnic description. The evaluation of the regional

geology and tectonics was mostly based on data published by SKB as a part of the preinvesti-

gation phase 1986-1988. The SKB regional scale investigation comprised airborne magnetic,

coaxial EM, radiometric and two-station VLF measurements. Ground magnetic and VLF

measurements were carried out on Avr6 and Asp6.

The SKN regional tectonical model is principally based on air-photo interpretation (1:30 000).

The lineaments were differentiated in major and minor lineaments. Only lineaments assumed

to represent fracture zones were included in the model. Selective field checking was carried

out by BERGAB for controlling and complementing the lineament map. The objectives with

the field check were primarily to verify zones, determine zone widths and characteristics. The

tectonical model was successively updated on basis of complementary geophysical

measurements carried out by SKB.

2.2 Bedrock

The bedrock of the Simpevarp-Misterhult-Oskarshamn area is mainly composed of different

types of granites, see Figure 2.2.1 (Kornfalt & Wikman, 1987). Granites belonging to the

Smaland-Varmland granitoid suite together with the related Smaland porphyry dominate in

the studied area. Other rocktypes in the area are metasediments, metavolcanics and gneissic

granite. Younger granites occur as circular intrusions, e.g. the Gotemar granite NW of

Simpevarp. A detailed description of the geology can be found in Kornfalt & Wikman (1987).



The different lithologies have a pronounced elongation in ENE-WSW which is parallel to the

foliation and lineation trends. According to Wikstrom (1989), the pattern is a result of a more

or less continuously magma-mixing and -mingling development between felsic and mafic

magmas during active tectonic regimes. This has in an early stage resulted in mafic enclaves

in the granitoid and in the final stage resulted in composite dikes. The youngest granites (e.g.

Gotemar intrusion) probably extend to great depths but have had little influence on the plastic

deformation of the area.

MAP OF THE BBJSOCK
StWEVWJP, MISTEISHU1.T

AK3 QSiURSHAMft

pM ]Aift Etsc (SIS^GSS 1-3 CBSI) psyfflSi rei^sy

"TtHtalits",

Figure 2.2.1 Map of the bedrock around Simpevarp, Misterhult, Figeholm and Oskars-
hamn (modified after Komfdlt and Wikman, 1987).



2.3 Regional structures

The western part of the area is dominated by major and extensive lineaments with WNW-ESE

direction, see Figure 2.3.1. The lineaments are characterized as thrust faults with a gently dip

(20-30°) towards southwest. The width of the zones (characterized by distinct increase in frac-

ture frequency) are estimated to about 20 metres. According to Nordenskj6ld (1944), such

thrust faults provide a dominating tectonic feature in this part of Sweden. These lineaments

were also identified in satellite interpretation (ROshoff and Lagerlund, 1977).

In the near-coastal areas the topography is less undulated than further to the west, and the

occurrence of quaternary deposits make it difficult to identify the gently dipping zones. How-

ever, it is believed that these thrust zones also occur near the coast - presumably having a

more E-W strike. The zones may have a dip towards south as well as towards north. As can be

seen in Figure 2.3.1, there are some distinctive E-W lineaments in the near-costal areas. With

few exceptions, the upper limit of the zone width is estimated to 20-30 metres.

Field studies along E-W lineaments have shown that they are developed from erosion of both

steep-dipping shear zones parallel or in sharp angle with the lineaments and zones with

shallow or medium steep dip towards south parallel or in a sharp angle with the lineaments.

Lineaments with a N-S direction are distinctly developed south of Lake Gotemar. They form

vertical fracture zones with a width of about 10 metres. The lineament north of Lake

Hummeln corresponds to the Kristala fault. Besides these zones and another two zones (No.

14 and 16), distinctive zones oriented in N-S are rare. However, north of the studied area such

zones are relatively common. These zones are presumably shear zones with a varying degree

of fracturing. Parallel or in sharp angle (15-30°) to the zones single steep-dipping fracture

planes occur.

Lineaments with a ENE-WSW direction are in the vicinity of Asp6 clearly governed by the

bedrock foliation. The lineament north of Asp6 is believed to belong to this group. Similar

zones can be found onto and south of Asp6.



The fracture analysis of the airborne magnetic and VLF measurements presented by SKB in

Gustafson et al. (1988) was included in the SKN tectonical model in an updating process.

Based on analysis of the geophysical measurements, the tectonical model was extended with

two additional lineaments (No. 20 and 21). The measurements did not contribute to a major

reassessment of the regional tectonical model.

The SKN Regional model does not include description of the tectonic evolution.

JV »

LBQEND X O M^jortoctonto
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Figure 2.3.1 The SKN regional tectonical model (Palmqvist et al., 1991)



2.4 Regional hydrogeology

2.4.1 Data analyses

The description of the regional hydrogeology of the SKN model was based on statistical

analyses of data from shallow water wells and investigation boreholes and from generic mod-

elling. The data represents conditions in the upper part of the bedrock.

The capacity of the different wells were used in the analysis of the regional hydraulic conduc-

tivity. The conductivity was correlated to rock type and, in a detailed regional analysis, to the

regional tectonical model of the area (Section 2.3).

The median capacity and calculated hydraulic conductivity are summarized in Table 2.4.1.

The different granites have a relatively high conductivity in the order of 1-3 x io 7 m/s - the

greenstone has a 10 times lower conductivity.

Table 2.4.1 Median capacities and calculated regional hydraulic conductivity for
rock types in the county ofKalmar (SGUAhl), Palmqvist et ah, 1991

Rock type

Greenstone

Gneissic granite

Smaland granite

Proteroz. rock types

No of wells

44

76

833

129

Median capacity

4001/h

15001/h

11001/h

11001/h

Hydraulic conductivity

2.6xlO-8m/s

3.1xio-7m/s

1.3xl0-7m/s

2.4xlO-7m/s

A detailed regional hydrogeological analysis was performed for a 25 km2 large subarea. Data

from approximately 100 wells was included in this study. The dominated part of the wells are

drilled in granite and the most common fracture orientations are ENE-WSW, NW-SE and

NNW-SSE. A statistical analysis shows that the hydraulic conductivity is lognormally distri-

buted. In Table 2.4.2, the hydraulic conductivity is correlated with fracture orientations and

rock types.



According to the analysis, the lineaments showing highest conductivity are striking in NNE-

SSW, ENE-WSW, NE-SW and NW-SE. The fractures striking in NNW-SSE seem to have

lowest conductivity. It must be noted, however that the statistical basic data is too poor for an

unexceptionable judgement. The evaluation of Asp6 data seems to contradict the hydraulic

characterization of the different lineament sets in some respect.

Table 2.4.2 Calculated hydraulic conductivity correlated to fracture groups and rock
types, Palmqvist et al, 1991

Fracture group

E-W

WNW-ESE

NW-SE

NNW-SSE

NNE-SSW

NE-SW

ENE-WSW

Hydraulic conductivity (m/s)

minimum

2.1 x 10-*

2.0 x 10>°

6.9 x lO"9

2.6 x 10-'

8.4 x 10"'

1.2 x 10"«

0

median

5.7 x 10-*

8.0 x 10-«

1.1 x 10'

3.8 x 10"*

1.5 x 10'

1.1 x 10'

1.4x10'

maximum

2.2 x 10-*

9.8 x 10"6

1.1 x 10-6

0.8 x 10'

8.3 x 10-'

4.6 x 10'5

3.2 x 10'

average

3.2 x 10'

1.0 x lO"6

2.2 x 10-'

1.4 x 10 '

2.4 x 10'

5.9 x 10-6

1.3x10-7

Rock type

Granites

Gneisses

Primorogenic
granites

Greenstone

Proteroz. rock
types (Smaland

granite)

minimnm

0
2.6 x 10"9

8.0 x 10"9

1.7 x 10-*

4.7 x 10-9

median

9.6 x 10-*

3.6 x 10-*

3.2x lO"8

2.8 x 10-»

7.7 x 10-8

matlmnm

1.7 x 10"6

4.6 x 10s

2.2 x lO"6

4.6 x 10"«

8.3 x 10'

average

2.4 x 10'

3.8 x 10"6

3.3 x 10"'

3.0 x i0-«

1.7 x 10'

2.4.2 Groundwater modelling

The modelling was carried out with two different codes (AEM and SLAEM). For details we

refer to Holmen et al. (1989). The modelling covered an area 40 x 30 km west of the shore

line with Simpevarp in the centre. The bedrock was in the model treated as homogenous with

a constant hydraulic conductivity value. In the salt water modelling performed, the bedrock

was ascribed a depth-dependent hydraulic conductivity and a density contrast between salt
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and fresh water according to actual field data. Water streams were assumed to be in a full

contact with groundwater aquifers, while the hydraulic contact between lakes were affected by

sediments with different thickness and permeability. Conductive lineaments were to some

extent included in the model.

The result of the modelling in regional scale is shown in Figure 2.4.1. The calculated ground-

water level is +14 on the western part of the model and close to +0 at the shore line. The sea-

bays surrounding Asp6 act, according to the modelling, as discharge areas. The modelling

shows that the salt water bodies have significant impact on the groundwater balance of the

area. Asp6 forms a local groundwater flow cell isolated from the regional flow by salt water

bodies. The analysis of groundwater chemistry data do not fully support this conclusion, see

Section 5.

Figure 2.4.1 Regional groundwater model (from Holmen et al, 1989)



2.5 Regional geochemistry

The chemistry of 86 water wells in Kalmar County has been compiled by Liedholm (1987).

The well analysis showed both fresh and saline waters (up to 840 mg/L Cl), with a general

distribution of increasing chloride content towards coastal areas. Surface waters and shallow

groundwaters from Laxemar, Asp6 and Avr5 have been analysed by Laaksoharju (1988). He

suggested that the salinity in the surface waters has seaspray origin, while the shallow ground-

waters change its chemical composition either by simple mixing of seawater with surface

water or through ion exchange processes in the ground.

The description of the regional geochemistry represents only near-surface conditions, conse-

quently, the information was not used as input in a regional 3-D representation of the SKN

model.

2.6 Summary of the regional model

The SKN regional model comprises geological-tectonical and hydrogeological conceptual

models. Available geochemical data do not allow the establishment of a regional geochemical

model. The tectonic evolution of the region is not included in the description.

2.6.1 Geology

The geology part of the model is completely based on the bedrock description presented by

SKB (KomfSlt & Wikman, 1987 and Wikstrdm, 1989).

2.6.2 Tectonics

The regional tectonic SKN model was principally based on air-photo interpretation, air-born

geophysical measurements and selective field check efforts. The lineaments (fracture zones)

10



were differentiated in terms of length, width, depth and character. The model (Figure 2.3.1)

comprises 21 major and several minor lineaments with different characters, see Table 2.6.1

Table 2.6.1 Lineaments included in the SKN regional tectonical model.

Strike
direction

N-S

NNE-SSW

NE-SW

ENE-WSW

E-W

WNW-ESE

NW-SE

NNW-SSE

Total

Major
lineaments

3

1

1

0

2

4

10

0

21

Minor lineaments

12

11

34

27

35

24

48

39

230

% oftotal

6

5

14

11

15

11

23

15

100

A majority of the major lineaments are oriented within the sector NW-SE to E-W while a

majority of the minor lineaments in the investigated area are oriented around NW-SE and

NNW-SSE. Out of 21 major lineaments, 11 were characterized as thrust faults and oriented

more or less parallel to the latest ice movement direction. These lineaments are easily

recognizable in the western part of the area due to the outcropping bedrock topography.

In the eastern parts, the soil layer masks the bedrock topography. There are indications of

thrust faults also in this area, however, with a more E-W orientation. The major and minor

fracture zones in the model are compiled in Figure 2.6.1. A few lineaments are typically non-

linear, e.g. within the G6temar granite and some larger lineaments following the foliation of

the bedrock or rock type boundary.

11
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Filtering
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R noy
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Minor
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Calculation Method .. Frequency
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naxiwn Percentage .. 6.1 Percent
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Standard Deviation ... 1 12 Percent
Vector Heon 286.97 Degrees
Confidence Intervol .. 21.59 Degrees
R-nog 0 21

Figure 2.6.1 Rose diagrams of major and minor lineaments

2.6.3 Hydrogeology

The hydrogeological data used for the regional model is sparse, comprising data from shallow

water wells. Based on statistical analysis the hydraulic conductivity of the bedrock was esti-

mated to 1-3 x 1O7 m/s, except for greenstone with a conductivity of 3 * 10"8 m/s.

From a detailed regional analysis, a correlation between lineament directions and conductivity

was estimated. It was concluded that the statistical basic data was too poor for an unexcep-

tional judgement. The hydrogeological analysis of data from Aspo" island does not verify the

given correlation, see Section 3.2 in Wikberg et al. (1991).

The regional model also includes results from groundwater modelling. The modelling result

indicates that Aspd forms a local groundwater flow cell, isolated from the regional flow by

salt water bodies. The hydrogeological analysis of data from AspS island contradict the

regional model, at least at greater depths.
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3 Geology and structural pattern at the Aspo site

3.1 Data used

The basic geological data used for the model was the bedrock map presented by Kornfalt and

Wikman (1987). The basic data for the structural model was the regional tectonical model of

the Simpevarp area (Chapter 2 in this report). Investigation data from the Aspo' area used in

the development of the model was:

' Rock outcrop studies of fracture and bedrock foliation pattern

* Ground geophysical measurements (seismic, magnetometric, electric resistivity,

radiometric and VLF investigations)

' Cored borehole data KAS 01-13 (core mapping and borehole logging)

' Percussion borehole data HAS 01-20 (penetration rate, drillcutting investigation and

borehole logging)

' Geophysical investigations (radar measurements)

3.2 Bedrock geology

The dominant rock types at Aspo' belong to the Smaland-Varmland granite suite. The minera-

logic composition and grain size of the granites vary. Smaller inclusions of amphibolite and

metavolcanites occur in the granite. Mylonites can be found as smaller dikes or veins. The

rock mass at Aspo' is intruded by fine-grained granites of different generations. The fine-

grained granites, which form regular or irregular dikes or veins of different orientations and

widths, are of special interest since they often display an intense fracturing due to their brittle-

ness. They are often trending SW-NE with a steep dip, but also shallow dipping bodies occur.

The geology of Asp6 is shown in Wikberg et al., 1991 (Figure 3.6, page 23) and in Figure

3.2.1 below. The ENE orientation of the different rock types is obvious. The foliation of the

bedrock has the same principal orientation.

13



3.3 Tectonics

Fracture mapping has been carried out by SKB, mainly on outcrops following the two N-S

trending profiles on Aspo (Ericsson, 1987). The objective of the fracture mapping was to

provide background data for the hydrogeological and rock mechanical studies.

According to Ericsson (1987) the majority of the mapped fractures cluster at three main

directions; N60W, N5W and N60E. 85% of the mapped fractures are dipping steeply. The

bedrock foliation in N60-80E is a contributory for the high fracture frequency in this

direction. Open fractures are, according to Ericsson (1988), predominantly found in the

directions of N55W and N60E. On the northern part of Aspo" fractures in N60E are

dominating, on southern Asp6 N55W clearly dominates.

Predominating fracture minerals are quartz, epidote and red-staining from iron oxides and iron

hydro oxides (Ericsson, 1988 and Tullborg, 1989).

Asp5 map legend
Metabasalt

Metavolcanhc

Porphyritic grenodiorite.
Smftland-type
Medium grained
gsanite. AvrO-type
Finegrained
granite
Diabase

Mylonitc

Unmapped

Mafic enclaves on Asp6

Figure 3.2.1 Geologic map of Aspo (from SKB Work Report 94-53 by Munier and Sandstedt)
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3.4 Fracture zones

The SKN regional tectonical model (basically developed on air-photo interpretation) of the

Simpevarp area provided the basis for the tectonical map of Asp6, Figure 3.4.1. The most

common direction of the tectonical features is WSW-ENE. The most predominant zone with

this direction lies directly north of Asp6. A similar and parallel zone is located north of Avr6,

possibly extending further to west passing south of Asp6\

Figure 3.4.1 Tectonical map of the Aspo area (Palmqyist et al, 1991)

It is an obvious similarity in direction between the bedrock foliation, bedrock composition and

major fracture zones. Generally, the dip of the zones is parallel to the principal dip of the

foliation. The fracture zones at Aspo" have to a great extent been governed by the foliation and

older plastic shear zones. Mylonite can often be found within these shear zones.
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Based on the regional geological and tectonical model, airborne geophysics and fracture

mapping of rock outcrops, a conceptual model was derived, see Figure 3.4.2. The SKB field

investigations were complemented by minor field checks. The different fracture zones of the

SKN model are summarized in Table 3.4.1. Please note that this model was further developed

and more structures were included - the final model is presented in Chapter 6.

Aspo

Fractura zone, certtin
It* (vertkal, incbned)

FnchB«miK.ponMe
(vertjaj, inelmad)

\Cf

Figure 3.4.2 Structural model of Aspo - based on geological and tectonical evaluation

(Palmqvist et al, 1992)
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Table 3.4.1 Fracture zones in SKN geological-tectonical model.

Zone

C

D

E

F

G

H

I

J

K

L

M

NNW

Strike/Dip

N60°W/subvertical

N65-75°W/45-
65°NW

N45°W/vertical

N30°W/85°NW

N70°E/60-65°S

N80°E/50°NNW

N50°E/30-50°SE

E-W/ 30°S

N40-45°E/30°NW

N15°E/80°N

c. NNE/subvertical

NNW/vertical

Description

Complex zone associated with fractured fine-grained
granite bodies

Composed by bodies of intense fractured fine-
grained granites dipping towards north.

Complex zone with a central part of mylonite
containing narrow fracture zones alternatively intact
rock. The fracture zones are highly fractured and the
rock weathered.

Slightly tectonized zone with parallel fractures and
sections with increased fracturing alternatively
crushed rock.

The zone lies parallel to the foliation and the rock is
highly fractured and weathered.

Intense foliated and weakly mylonitized rock. Some
part the rock is characterized by crushed or highly
fractured rock.

Regional zone characterized by increased fracturing
and crushed rock.

Zone with increased fracturing and partly crushed
rock.

Zone characterized by fractured fine-grained granite
bodies with a shallow dip towards NW.

Mylonite and highly foliated granite with increased
fracturing and partly crushed rock.

Mylonitized and fractured narrow zones at southern
Asp6

Extensive single steep-dipping fractures

3.5 Fine-grained granites

Fine-grained granites represent the third most common rock type on AspS after Smaland

granite and diorite. The fine-grained granites occur as irregular shaped bodies which often are

elongated parallel to the bedrock foliation. The granites also occur as dm-wide sheets. The

granites are both flat lying and steep dipping. These bodies are common near surface on the
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southernmost part of Aspo' and in larger areas on the central part of Aspo". The fine-grained

granite can also be found on great depths, e.g. in KAS 02-03, KAS 06 and KAS 08. The fine-

grained granite on Asp6 is judged to have significant importance for the groundwater flow in

the bedrock.

3.6 Summary of geology and structures

The bedrock is predominantly composed by granitoids with granitic-dioritic composition

belonging to the Transscandinavian granite-porphyric belt. The mineralogic composition and

grain size vary. The foliation has a dominating orientation in ENE-WSW, mostly poorly

developed. The foliation has a steep - subvertical dip.

Smaller inclusions of amphibolite and metavolcanics occur in the bedrock. Mylonite creates

minor sheets or zones. Fine-grained granites appear as dikes and sheets of different widths.

These granites are of special interest since they often show increased fracturing. Field obser-

vation indicates that the dip of the fine-grained granites vary.

The tectonical pattern concerning fracture zones at Asp6 seems to follow the general foliation

trend of the bedrock and older plastic shear zones (ENE-WSW). Thin sheets of mylonite are

generally associated with these zones. In most cases the fracture zones have a subvertical dip

parallel with the foliation. However, also gently dipping fracture zones are supposed to occur.

The SKN model (second evaluation) of Aspo" comprises 11 lineaments listed in Table 3.4.1

above. Additionally to these lineaments, a NNW-trending vertical/subvertical fracture set was

mapped, especially on the southern part of AspS. Please note that the model was further

developed and the final model is described in Chapter 6.
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4 Hydrogeology at the Aspo site

4.1 Data used

The first version of the SKN hydrogeology model of Asp6 (Palmqvist et al., 1991) was based

on data collected by SKB up to the autumn of 1987 (Gustafson et al., 1988 and Gustafson et

al., 1989), basically investigations in percussion boreholes HAS 01-12 and in core boreholes

KAS 02-04. The objective with the investigation was to determine the hydraulic conductivity,

storativity and the hydraulic parameter contrasts of the bedrock. The tests were performed at

different scales; packer injections tests with 3 and 30 m section lengths and pump tests in

open holes. As a part of the SKN study, groundwater modelling of Aspo" was carried out, see

Palmqvist et al. (1991).

The second version of the SKN hydrogeology model of Asp6 (Palmqvist et al., 1992) was

developed on basis of complementary hydrogeological data collected by SKB up to 1990,

presented in Wikberg et al. (1991) and several other SKB Technical Reports and SKB

Progress Reports. The SKB investigation was performed in additional boreholes KAS 05-14

and KBH 01-02. In the development of the SKN model the following test data was used:

° air-lift test
0 injection test

° pump test

° interference test
o spinner survey

The SKN conceptual model has been integrated into the SITE-94 project organised by SKI. In

order to further improve the SKN hydrogeology model of Asp6, the following complementary

data has been used for the model conceptualisation:

° LPT2 - combined long term pumping and tracer test LPT2 in KAS 06

° Dilution measurements during LPT1 and LPT2 tests in KAS 07 and KAS 06

° Hydrochemical data and analyses

In the sections below, the different data sets are presented in a more detail and the analyses

and evaluations are described. The hydraulic test data used in the development of the SKN

model is compiled in Table 4.1.1. Location of boreholes on Asp6 is shown in Figure 4.1.1.

For details we refer to Palmqvist et al. (1992) and the Appendices in this report.
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Table 4.1.1 Hydraulic tests used in the development of the SKN model

KAS02

KAS03

KAS04

KAS05

KAS06

KAS07

KAS08

KAS09

KAS11

KAS12

KAS13

KAS14

KBH02

HAS 13

HAS 20

Capacity
&

recovery
0-101 m

540-638 m
640-780 m

102-202 m
202-325 m
155-388 m
388-550 m

0-396 m
396-505 m
505-602 m

0-105 m
106-212 m
212-304 m
304-372 m
372-604 m
462-604 m

0-104 m
106-208 m
208-306 m
306-447 m
447-601 m

0-100
102-189m
189.305 m
303-450 m

99-249 m

0-99 m
102-202 m
204-303 m
303-380m

0-100 m
104-211 m
210-314 m
312-407 m

0-100m
105-212 m
154-212 m
100-183 m
192-304 m
408-706 m

0-50 m
50-100 m

0-102 m

Pumping
&

LPT
0-924 m

0-1002 m

0-481 m

0-550 m

0-602 m

LPT2:
(0-602 m)

0-604 m

LPT1:
(0-604 m)

50 days

0-601 m

0-100 m

0-100 m

3 m pac-
ker inject.

102-801 m

103-547 m

133-454 m

157-541 m

105-591 m

100-592 m

106-580 m

30 m pac-
ker inject.

102-782 m

103-703 m

591-602 m
(single

packer)

577-602 m
(single

packer)

216-410 m
(one test
section)

Inter-
ference test

117-126 m
308-344 m
802-924 m
196-223 m
248-251 m
347-374 m
453-480 m
609-623 m

690-1002 m

204-277 m
304-377 m
389-406 m
439-602 m

0-450 m

0-249 m

0-380 m

0-407 m

0-212 m

0-706 m

0-100 m

0-150 m

Tracer
test

309-345 m
800-854 m

320-380 m
440-549 m

191-290 m

140-200 m
503-601m

279-330 m

191-220 m

147-175 m

Spinner

100-890 m

100-720 m

100-417 m

100-597 m

100-418 m

100-596 m

102-416 m

40-177 m

101-324 m

101-279 m

95-194 m

Flow test

309-345 m
800-854 m

107-252 m
533-626 m

332-392 m

320-380 m
440-549 m
191-249 m
431-500 m

191-290 m
501-604 m

140-200 m
503-601 m

116-150m

47-64 m
153-183 m
235-278 m
279-330 m

151-190 m
191-220 m

131-138 m
147-175 m
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KAS03- ' ^HAS18
KAS04H A S J ?HAS08®

f k /

ASPO
Hard Rock
Laboratory
O Core borehole

® Percussion borehole

Figure 4.1.1 Location of boreholes on Aspo (Nyberg et al, 1993)

4.2 Evaluation of hydraulic test data

4.2.1 Strategy and evaluation methodology

The analyses performed have primarily been focused on a qualitative description of the

groundwater system in the bedrock of Aspo\ A primary task was to describe the conductive

capacity of the bedrock in a general sense and to identify hydraulic structures with significant

impact on the groundwater flow. One of the objectives of the analyses was, if possible, to

describe the geological character of the structure (integrated into the geological-tectonical

conceptual model of Aspo).

The basis of the analysis was to determine to what degree the system of conductive structures

within the bedrock could be classified as equivalent to a homogenous and isotropic media.

Consequently, one of the objectives with the analysis was to identify anomalous hydraulic

responses in the tests. At this analysis both pressure responses and response times were used.

The analysis strategy used is schematically presented in Figure 4.2.1. The methodology and

terminology used are described below.
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Figure 4.2.1 Strategy used for analysis of hydraulic tests for developing the SKN model

Identification of anomalous responses

The identification of hydraulic important structures was primarily based on evaluation of data

from interference tests. The general hydraulic response picture from both pump tests and

interference tests indicates a rather homogenous and isotropic rock mass. It was assumed in

the analysis that borehole sections responding quickly and with a major drawdown to the

pumping were in contact with at least one important hydraulic structure. Borehole sections

responding slowly and weakly to the pumping, were assumed to have a poor connection to the

pumping well or in good contact with a positive hydraulic boundary. The analysis comprised

the following two steps:

1. response-time analysis of early time data

2. distance-drawdown analysis of late time data
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At the response-time analysis, the time elapsed between pump start and first response in

observation wells were plotted according to Figure 4.2.2. The curve set are representing

different diffusivity values (T/S) if assuming radial flow conditions. The borehole sections

responding quickly are plotted in the lower part of the graph and slow sections in the upper

part. Sections plotted close to the difrusivity curves indicate ideal radial flow conditions. In

cases where the actual flow paths were longer than the theoretical spherical distances, a too

slow response was evaluated.
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Figure 4.2.2 Response-time analysis. The designations represent different sections in the

boreholes, see Appendix A

At the distance-drawdown analysis, the drawdown at pump stop was plotted according to

Figure 4.2.3. Sections plotted above the average data were assumed to be affected by

important hydraulic structures. In the analysis the recovery phase of the interference test was

an important indicator of influences of negative hydraulic boundaries. The large scale trans-

missivity was calculated according to Jacob's method.

Based on information from the response-time and distance-drawdown analysis, transmissivity

and storativity have been estimated. Analysis of the transient well tests gave additional data.
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Figure 4.2.3 Distance-drawdown analysis

Hydraulic structures

The objective with the analysis was to identify hydraulic structures and if possible

characterise the structures in a geological sense. The term structure includes fracture zones,

crush zones, single fractures and rock bodies. The geological characterisation was mainly

based on information presented by SKB. The structures were characterised in terms of lateral

and depth extension, width, transmissivity and storativity.

Bedrock

The hydraulic conductivity and storativity of the rock mass was determined from analysis of

pump and interference tests. The given values represent a rather large scale (>100 m), i.e.

structures with a length less than 100 m will be included in the rock mass characterisation.

Conceptual model

The hydrogeological conceptual model is of a composite structure. The rock mass defines a

homogenous medium penetrated by larger and hydraulic important discrete structures.
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4.2.2 Test layout and performance

The core holes on Aspo KAS 01 - KAS 14 have lengths between 99 and 1002 m. With the

purpose to reduce the drilling water contamination on the bedrock groundwater, the boreholes

were constructed with telescope design (see Figure 4.3.1 in Palmqvist et al., 1992). After core

drilling to c. 100 m length, the borehole was reamed by percussion drilling. During the conti-

nuous core drilling, the upper reamed part was flushed creating a pressure gradient and flow

towards the borehole.

The percussion holes on Asp6 HAS 01 - HAS 20 have a length between 92 and 200 m.

During drilling, penetration velocity was monitored, inflow of water was measured and drill

cuttings were sampled and analysed. Hydraulic testing comprised the following methods:

0 capacity and recovery tests

° open hole pump tests

° spinner survey

° interference tests

For description of field investigation methods, test-layout and instrument used, we refer to

Almen &Zellman(1991).

4.2.3 Test description and analyses

Analyses of hydraulic test data such as interpretation of well tests in KAS 02-14, KBH 01-02

and several of the HAS boreholes is presented in Palmqvist et al. (1992). In this chapter and in

Appendix A we summarise the main findings.

The hydrogeological conceptual model of Asp8 presented in Palmqvist et al. (1992) is

visualised in Figure 4.2.4. The description comprises the hydraulic characteristics of the

bedrock and major fracture zones/structures. A comprehensive description is presented in

Chapter 6.

Aspd is hydraulically divided into two main blocks (a northern and southern block) separated

by a central ENE oriented belt composed by lenses/bodies of permeable fine-grained granite

and presumably by one or more low-permeable zones with mylonite (Palmqvist et al.,1992).

This belt is especially distinguished on the western part of Asp6.
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On the southernmost part of Aspo" another important hydraulic structure was identified - this

complex and highly permeable structure is dipping towards north. Between these two hydrau-

lically important structures lies a bedrock block which, according to the performed analysis,

has a more or less homogenous and isotropic hydraulic behaviour. The bedrock block is com-

posed by open fractures with different orientations and irregular bodies of fine-grained

granites and greenstone (primarily parallel with the schistocity. Due to some NW-NNW

oriented vertical/subvertical fractures extending to great depths, a somewhat anisotropic flow

medium is established. The bedrock block also contains important fracture zones which not

seem to influence the hydraulic characteristic of the bedrock.

Fine-grained granite
Conductive zone
Conductive fracture

Low conductive zone

O Cored borehole

O Percussion borehole

• 500 m i

Figure 4.2.4 Hydrogeological conceptual model ofAspo (Palmqvist et al, 1992)
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4.2.4 Evaluation of the LPT2 long term pumping test

The long time pumping test LPT2 was carried out in September 1990 - January 1991 with

KAS 06 as discharge well. The principal aim with the pumping was to create a converging

flow field suitable for the large scale tracer test. Hydraulic evaluation has also been

conducted, for further details we refer to Appendix B.

The pumping was made in an open hole configuration with a submersible pump placed 85 m

below the top of the casing. The mean drawdown in KAS 06 was about 65 m and the average

flow rate was c. 2.25 1/s. In order to maintain an optimum gradient, the flow rate was changed

two times in the beginning of the test. The pumping lasted for three months and the recovery

was detected for another month.

The hydraulic evaluation of the pump test was performed in the same manner as for the earlier

tests, see Section 4.2.1.

The responses in KAS 02 (section B4, B3 and B2) were previously interpreted to be a distinct

indication of a vertical structure in the vicinity of the borehole (Palmqvist et al., 1992). In this

study, we assume that this response is due to technical malfunction of the packer system. The

interference test #2 in KAS 02 (308-344 m) strongly support this assumption (Palmqvist et al.,

1992, page 44-45). Observations during the dilution measurements in KAS 02 demonstrated

leakage between B2 and B3, but also between B4 and B5. Consequently, the interference

responses observed in KAS 02 are believed to be restricted to section B4 (309-345 m) and to

section Bl (855-924 m). Despite this change the conceptual model includes a near-vertical

structure east of KAS 02.

The transmissivity of the bedrock was calculated to c. 1.0 * lO^4 m /s. This corresponds well

to the value given by Rhen et al. (1992) of 1.5 * 10"4 m2/s and equals the value given by

Nilsson (1989) of 1 x 10"4 mVs. The storativity is calculated to 1-2 x 10"4, which is higher

than calculated by Rhen et al. (1992; T = 0.5 x 10"4 mVs). However, the calculation of

storativity is carried out with different methods and the results are judged as satisfactory.

KAS 12 was drilled at a late stage of the pre-investigation, i.e. the main part of the hydraulic

tests was carried out without any information from the bedrock penetrated by KAS 12. From

the LPT2 test it was evident that the two boreholes KAS 06 and KAS 12 have a well

developed hydraulic interconnection. This result was also confirmed by the pumping in KAS

12, when a good hydraulic response was obtained in KAS 06-F1 (431-500 m). Note that in the

section KAS 06-FO (501-602 m) no pressure monitoring was carried out.
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To summarise the findings based on the evaluation of LPT2 test and earlier tests we can con-
clude that good responses were observed in boreholes KAS 02, KAS 05, KAS 07 and KAS
08. The LPT2 interference test did not contribute to any further development of the SKN
model in any vital way, i.e. the hydraulic behaviour of the rock mass and its hydraulic struc-
tures were more or less in accordance with the interpretation of earlier tests as described in
Palmqvist et al. (1992). However, new data was obtained concerning KAS 12 and KAS 02.

4.2.5 Evaluation of the LPT2 large scale tracer test

A large scale 3-dimensional tracer test was performed as a part of the LPT2 test at Aspfi HRL.
The objective of the test was to determine the interconnection as well as the hydraulic and
transport parameters of major fracture zones as presented in the SKB conceptual model of
Asp6 (Rhen et al., 1992). In this study, part of the data is used in order to develop the SKN
conceptual model of Asp6 (for further details see Appendix Q.

The test was performed in a converging flow geometry established by pumping in KAS 06,
see Section 4.2.4. The first tracers were injected about two weeks after the pumping started; at
that point it was assumed that the transient stage of the drawdown was ceased. Three radio-
active isotopes and one fluorescent dye tracer were injected in four borehole sections.
Towards the end of the test, two additional tracer pulses were injected, see Table 4.2.1.

Both decaying pulse injection (dp) and intermittent decaying pulse injection technique (idp)
were used. The latter technique involves several injection cycles; when the tracer in the
section was diluted by groundwater flowing through the section, a new pulse was injected.

Table 4.2.1 Configuration of boreholes and sections used in LPT2 tracer test (compiled
from Rhen et al., 1992)

Borehole
sections

KAS 02-B4
KAS 02-B2
KAS 05-E3
KAS 05-E1
KAS 07-J4

KAS 08-M3
KAS 08-M1
KAS 12-DB
KAS 13-EC
KAS 14-FB

Depth (m)

309-345
800-854
320-380
440-549
191-290
140-200
503-601
279-330
191-220
147-175

Section
length (m)

36
54
60
109
99
60
98
51
29
28

Total borehole
length (m)

924
924
549
549
604
601
601
380
407
212

Tracer

Indium
—

Uranine
—

Iodine
Rhenium
Rhenium
Uranine

—
—

Injected volume
(mL)/type-No cycles

4000/dp
—

25 000/dp
—

4 000/idp-5
4 000/idp-7

4 000/dp
5 000 / idp-7

—
—
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The tracers were detected in KAS 06 in the withdrawn water as well via sampling from diffe-

rent levels by a multilevel sampler. The multilevel sampler had 8 tubes with different lengths.

Each sampled level is a sum of all underlying levels and the net inflow to each level is calcu-

lated on basis of water inflow distribution.

Tracer inflow to KAS 06 was successfully detected from injection sections KAS 05-E3, KAS

08-M3 and KAS 12-DB. Inflow from KAS 08-M1 must be judged as uncertain. Inflow from

KAS 02-B4 and KAS 07-J4 was not detected. Some of the sections used for tracer injection

correspond to sections where excellent hydraulic pressure responses were detected. Those

sections were: KAS 02-B4, KAS 07-J4, KAS 08-M1 and KAS 08-M3. According to the

analysis in Palmqvist et al. (1992), KAS 05-E3 did not respond hydraulically in an anomalous

good way during the tests in KAS 06.

As can be observed in Table 4.2.2, it is a striking similarity in the results regarding tracer in-

flow from KAS 08-M1 and KAS 12-DB. Tracer occurred in KAS 06 at sampling intervals 3,

4, 6 and 8. Inflow from KAS 05-E3 was detected at sampling interval 4 and 6. The first

breakthroughs were observed at sampling levels 3 and 4, both regarding KAS 08-M1 and

KAS 12-DB. The inflow at levels 6 and 8 were somewhat delayed.

Table 4.2.2 Detected tracer inflow in KAS 06 (compiledfrom Rhen et al., 1992)

Sampled level
Number - (m)

8-190
7-290
6-340
5-360
4-390
3-430
2-540
1-570

Hydraulic
conductor

A
B
Ca
Cb
D
E
Fa
Fb

KAS 02-B4
Indium

-
-
-
-
-
-
-
-

KAS 05-E3
Uranine

-
-

Inflow
-

Inflow
-
-
-

KAS 07-J4
Iodine

-
-
-
-
-
-
-
-

KAS 08-M1
Rhenium
Inflow

-
Inflow

-
Inflow
Inflow

-
-

KAS 08-M3
Rhenium

-
-
-
-
-

Poor data
-
-

KAS 12-DB
Uranine
Inflow

-
Inflow

9

Inflow
Inflow

-
-

The hydraulic conductor A in KAS 06 is in the SKN model judged to be correlated to a near-

vertical, approximately NNW striking, conductive fracture. The lack of tracer inflow from

KAS 02-B4, is not in agreement with the very consistent pressure responses in this section

observed in almost every interference test performed. The lack of tracer inflow from KAS 02-

B4, KAS 07-J4 is likewise not in agreement with the pressure responses observed. The

inflows of tracer from KAS 08 and KAS 12 indicate that several conductors are involved.

Hydraulic conductor B in KAS 06 is not associated with any hydraulic structure in the SKN

model.
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Hydraulic conductor Cb in KAS 06 is judged to be associated to a subhorizontal/gently dip-

ping hydraulic structure. The tracer inflow from KAS 05 favours this interpretation. The lack

of tracer inflow from KAS 07-J4 and KAS 02-B4 is not in agreement with the interpretation

carried out in Palmqvist et al. (1992).

Hydraulic conductor D in KAS 06 is judged to be of similar character as conductor C.

Hydraulic conductor E in KAS 06 is believed to be a near-vertical NNW striking conductor,

which hydraulically connects KAS 06 to KAS 12 (conductor B: 279-330 m). In both sections

the highest conductivity is found in association with fine-grained granite. This observation is

in agreement with the SKN model.

In conclusion, it can be observed a flow consistency regarding tracer flow from KAS 08-M1

and KAS 12-DB towards KAS 06. It is interpreted that this response indicates well developed

hydraulic communication paths, probably in association to near-vertical NNW striking

structures. Fine-grained granite plays an important role for groundwater flow in a smaller

scale.

The lack of data from tracer injections in KAS 02-B4 and KAS 07-J4 is not in consistency

with the SKN model (Palmqvist et al., 1992). According to the model, zone N is penetrated by

KAS 02 at around 315 m and by KAS 06 at 356 m and zone Gl is penetrated by KAS 07 at

around 250 m and by KAS 06 at 85-100 m. Plausible reasons given in Rhen et al. (1992) are

magnitude and/or direction of gradient, large porosity and low hydraulic conductivity. An

incorrect structural model could of course also be the reason.

4.2.6 Evaluation of dilution tests

The dilution tests comprised measurements under "natural undisturbed" conditions (NG1 and

NG2 ) and under induced gradients at pump tests LPTl and LPT2. The objectives with the

dilution tests were to determine the groundwater flow in packed-off borehole section and to

clarify interconnections between different zones in the SKB Aspo" model. The sections being

measured are classified as high-transmissivity sections by SKB.

The test program is compiled in Table 4.2.3.
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Table 4.2.3 Dilution measurements at Aspo during 1989-1990 (from Rhen et ah, 1992).
N = natural groundwater flow

Event

LPTl
NG1
NG2
LPT2

Test period

07/08/89-01/09/89
25/09/89-08/10/89
26/06/90-16/08/90
25/09/90-18/12/90

Pumped
weU

KAS 07

KAS 06

Number of
sections

9
4
22
10

Pump rate
(1/s)
1.25
N
N
2.3

A tracer was injected into a packed-off section by means of a circulation system. The tracer

was diluted while natural groundwater was flowing through the section. The dilution rate is

assumed proportional to the groundwater flow in the section. For details we refer Appendix D.

The test program comprised different sections at different test, thus a complete set of data is

missing and a systematic evaluation cannot be performed.

The LPTl was carried out in connection to a 8 weeks long pumping test in KAS 07. The

dilution measurements were initiated after 4 weeks pumping, as when stationary hydraulic

conditions were assumed to prevail. Dilution measurements were performed in the boreholes

KAS 02, KAS 04-06 and KAS 08.

The NG1 test was carried out four weeks after completion of the LPTl pumping period. Since

the pressure heads in the measured sections were close to the same levels as before the pump

test, natural gradient conditions were assumed to prevail. Dilution measurements were

performed in the boreholes KAS 05-06 and KAS 08.

The NG2 test was carried out during conditions assumed to be undisturbed. Dilution measure-

ments were performed in the boreholes KAS 02-09 and KAS 11-14.

The LPT2 was carried out approximately one month after the finishing of the NG2 test. The

dilution measurements in the boreholes KAS 02, KAS 05, KAS 07-08 and KAS 12-14 were

initiated after two weeks of on-going pumping in KAS 06.

The general picture is that the highest flow rates were measured during the LPTl (pumping in

KAS 07) and LPT2 (pumping in KAS 06) tests, see Figure Dl- in Appendix D. However, in

some sections conflicting rates were obtained and higher flow rates were calculated at natural

conditions in the NG1 and NG2 measurements.
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The most significant changes between natural and pumping conditions were observed in sec-

tions KAS 05-E1, KAS 05-E3 and KAS 07-J4 and somewhat minor changes were found in

sections KAS 06-F5, KAS 08-M3, KAS 08-Ml and KAS 12-DC. In the SKN model no majoi

fracture zone is associated with the actual sections. However, every section is associated to

important hydraulic conduits; e.g. several near-vertical NNW trending structures and the sub-

horizontal structure designated zone N.
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5 Geochemistry at the Aspo site

5.1 Introduction

The hydrogeochemical activities during the preinvestigations at Asp6 HRL have been

interpreted by Smellie and Laaksoharju (1992). The report is a detailed compilation of hydro-

chemistry, geology and hydrogeology in order to develop a conceptual groundwater flow

model for Asp6 island. They used the chemistry of the most reliable or the most representa-

tive groundwaters, in relation to the sampled levels to establish the model. The groundwater

flow model is further based on the geological and hydrogeological conceptual SKB model

presented in Wikberg et al. (1991).

In the present report we have used the reports by Wikberg et al. (1991) and Smellie and

Laaksoharju (1992) to further develop the SKN model of Aspo". The strategy has been to

establish a general picture of the hydrogeochemical conditions on Aspd i.e. evaluate ground-

water chemistry in conductive structures and identify sample intervals in structures at which

the chemical compositions either support or disapprove this structural and hydrogeological

model. In this sense also the geochemical data not judged to be representative by Smellie and

Laaksoharju (1992) for the SKB model (e.g. affected of mixing with other water sources) of

the sample interval is of great value.

5.2 Chemical and isotopical parameters

The chemical and isotopical parameters we have used in this study are concerned mainly with

water chemistry and to some extent with fracture minerals. More specifically we have

analysed the water chemistry of major and trace elements, stable isotope ratios (H, C, O, and

S), tritium concentration, strontium isotopes, uranium isotopes and oxidation state of the

groundwaters.

The distribution of chemical constituents in the water are determined by geochemical

processes and their origin. For example, some are determined by mineral-solute equilibria like

calcium and bicarbonate, others relate to the oxidation state in the fluid like sulfide and

uranium concentrations. Several elements are related to the origin of the water like high TOC

and high tritium, which indicate a recent surface water. Stable isotope ratios of hydrogen and

oxygen serve as a "fingerprint" of the water, so its origin can be determined. Similarly,

strontium and sulfur isotope ratios give information on their source which has implications on
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the geochemical history of the Asp6 groundwaters. Tritium concentration could suggest if the

water is older or younger than 1952, while carbon-14 give an indication of an apparent age.

The chemical processes that can occur during a groundwater flow from one point to another in

an aquifer (fracture) are:

1. Cation exchange, important process for aquifers dominated by silicates

2. Dissolution and precipitation of calcite and gypsum.

3. Oxidation of pyrite, organic matter and/or Fe (II) in silicates and carbonates.

4. Reduction of Fe- and Mn-oxides by reactive organic matter.

5. Bacterial sulfate reduction. This reaction will influence the activity of many major and

trace elements. The H2S formed could precipitate many trace metals as sulfides. The

reaction increases the alkalinity, because for every molecule of H2S formed two molecules

of CO2 are formed.

6. Alteration of silicate minerals particularly feldspars and biotite.

5.3 Groundwater sampling methods

Sampling at Aspo* has been performed in four different ways:

0 samples for "complete chemical characterisation" (CCC)

° samples "sampled during drilling" (SDD)
0 samples "sampled during pumping tests" (SPT)

° samples "sampled during monitoring" (SPM).

SDD samples have been analysed only for major elements, pH and drilling water content.

SPT samples and CCC samples are much more extensively analysed: the SPT samples were

drawn on a daily basis and the latter were sampled only after stable measurements occurred.

During pumping tests it has been noted that fresher less saline waters are entering deeper

levels, which implies that substantial dilution occurs (Glynn and Voss, 1996). On the southern

part of Aspo" we have noted that the difference in chemistry obtained during drilling later

changed to extreme homogeneity between different wells (at around 5000 ppm Cl). SDD

samples could therefore be judged to be a better representative of the true initial chemical

conditions at a given depth. Uncertainty of the drilling water content and type of water make
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however these samples less useful. A more complete chemical analyses of the drilling water

and the collected SDD water samples with light stable isotopes, Br and certain trace elements

would have improved the charaterisation of the groundwaters first encountered during

drilling. In several occasions at Aspo it is not clear what source of drilling water or type of

drilling water that has been used. It has varied between Baltic sea water and groundwater from

shallow and deep boreholes. At one occasion water from KAS 03 was used, but since the

chloride concentration varies more than one order of magnitude in KAS 03, the chemical

composition of the drilling water used is unclear. It is very important that the drilling water

contents and the drilling water sources are determined, identified and characterised properly to

enhance the value of the water samples collected during drilling. Use of drilling fluid could be

another critical factor that could change the groundwater chemistry. If a more surface derived

water is used, the groundwaters could be contaminated with oxygen, micro organisms,

organics and dissolved constituents normally not found in the groundwaters.

5.4 Hydrogeochemical charactarization of the borehole waters

The hydrogeochemical evaluation (Wikberg et al., 1991; Smellie and Laaksoharju, 1992)

comprises complete chemical data from KAS 02, KAS 04, KAS 06 and HAS 13 but also

major element chemistry from KAS-05, KAS 07-09 and KAS 12. The borehole locations are

shown in Figure 4.1.1.

5.4.1 KAS 02

Chemical sampling was carried out in the well at nine different occasions during March 1988

and May 1990. According to Smellie and Laaksoharju (1992) the amount of residual water

from borehole activities (Uranine tagged water and tritium content) in the borehole was

insignificant.

Groundwater samples have been collected from seven different levels in the 924 m deep

borehole. The three first samplings were carried out in short intervals, characterised by high -

moderate transmissivity values. These three tests were carried out about two months after

injections tests were performed. The following two samplings were carried out in connection

with high flow rate pumping tests. The sixth sampling was carried out at shallow depths in a

relatively low transmissivity section. The following three tests were carried out in high

transmissivity sections. Groundwater samples are missing within the intervals 0-200 m and

535-802 m.
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Increasing salinity (from 3820 to 11100 mg/L Cl) is encountered in the borehole with depth,

as well as increasing pH, decreasing TOC and HCO3. The water is of Na-Ca:Cl-HCO3 type at

the top to Ca-Na:Cl-SO4 at depth. The light stable isotope ratios in the water are similar (the

8D values are around -100 %o and the 8I8O values are around -13 to -12 %o) throughout the

whole borehole section apart from the uppermost sample which is lighter.

5.4.2 KAS 03

Chemical sampling has been carried out at seven occasions during August 1988 and May

1990. According to Smellie and Laaksoharju (1992), the amount of residual water from the

borehole activities left in the borehole was rather high (>2%).

Groundwater samples have been collected from eight different levels in the 1002 m long bore-

hole. The five first samplings were carried out in rather short intervals during pumping tests

with a rather high flow rate (ranging from 4-16 L/min, the lowest in test #3). Those intervals

have rather high transmissivity values. The sixth sampling was also carried out during a pum-

ping test, however, the pumped interval was longer. The samplings were carried out after an

injection test program. The sampling levels are rather well distributed over the borehole

length.

The salinity is increasing with depth from some 1200 mg/L Cl to the highest Cl concentration

found at Aspfi, 12300 mg/L. The water types changes from a Na-Ca:HCO3-Cl type to a Ca-

Na:Cl-SO4 water from top to bottom. The oxygen and hydrogen isotope ratios suggest the

waters to be meteoric in origin and are increasingly heavier with depth with one exception.

The uppennost water sample has the lightest isotopic composition of all samples collected on

Asp3, indicating an origin in a cooler climate. The deepest ones have a similar isotopic

composition as the KAS 02 waters.

5.4.3 KAS 04

Chemical sampling has been carried out at three occasions during April 1989. Contamination

from borehole activities is moderate. Low flow rate sampling technique (CCC) was used.

Three levels have been sampled from this 481 m long borehole. The Cl concentration is

increasing with depth from 500-5800 mg/L. The water type changes from Na-Ca:Cl-HCO3

type to Na-Ca:Cl-SO4 type at depth. The stable isotope ratio suggests meteoric waters but
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varies between different sampling depths. At the uppermost sample the highest values were

found close to present day surface waters, in middle similar values as in KAS 02 were found,

while at depth the isotope values were intermediate.

5.4.4 KAS 06

Chemical sampling has been carried out at four occasions during June 1988 in connection to

the pumping tests in the well. According to Smellie and Laaksoharju (1992) the amount of

tagged activity water was relatively low.

Water has been sampled from four different levels in this borehole (602 m long) and is essen-

tially Na-Ca:Cl-SO4 in type. It is saline (3630-6150 mg/L Cl) and has a relativly homoge-

neous chemical composition in the three deepest sampled levels (between 300 m and 600 m).

The uppermost sample (204-277 m) has much higher TOC being 4.7 mg/L as well as the

lowest salinity. Higher tritium values (3.5 and 3.8 TU) are found both in the deepest and the

uppermost samples. The light stable isotope ratios are different in all samples although all plot

below the meteoric water line. They are heavier than all the previously mentioned samples

and increasing with depth apart from the deepest sample. The uppermost sample has an

isotopic composition very similar to surface waters and the deepest ones relatively close to

Baltic sea water.

5.4.5 HAS 13

This shallow borehole (depth 100 m) shows a saline groundwater but has a younger near

surface derived component. It has a Cl content of 5070 mg/L, a pH of 7.3, a moderately high

HCO3 content of 132 mg/L, significant TOC (1.7 mg/L) and tritium (1.2 TU) and it is

essentially a Na-Ca:Cl-SO4-HCO3 water. The 6D and 818O values plot below the meteoric

water line, relatively close to present day Baltic sea water.

5.4.6 KAS 05, KAS 07-09, KAS 11-14.

Rather few data are available from these boreholes. Sampling has been carried out either

during drilling or in a monitoring system during three to four weeks pumping with low flow

rates. The data set comprises major elements (Smellie and Laaksoharju, 1992). Another data
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set we have included in the hydrogeochemical evaluation is data sampled during drilling

(Wikberg et al., 1991).

In KAS 05, sampling during drilling has been carried out at in the intervals 320-380 and 440-

550 m. The analyses show that the salinity increases with depth, from a chloride content of

5300 to 6900 mg/L in a narrow depth interval.

In KAS 07, sampling has been carried out at in the intervals 191-290 and 501-604 m. The first

sampling was performed during drilling in 1989. These analyses show an increased chloride

content with depth from some 1000 mg/L to 9000 mg/L, relatively similar to wells KAS 02

and KAS 03. However, during monitoring in 1990, the distribution of chloride was

homogeneous around 5000-6000 mg/L. Consequently, pumping during monitoring have

homogenised the chemical composition probably due to inflow of water with a composition of

chloride at around 5000 mg/L.

In KAS 08, two samples are available from the intervals 140-200 and 503-601 m. The

analyses show an increasing chloride concentration from 3000 to 6150 mg/L.

In KAS 09, sampling was carried out at shallow depth in the interval 116-150 m. The chloride

concentration was approximately 6000 mg/L.

In KAS 11, sampling was carried out during drilling in the interval 99-249 m. The chloride

concentration was 5600 mg/L.

In KAS 12, sampling was carried out in the interval 279-330 m. The chloride concentration

was approximately 5500 mg/L. The Na and Ca concentration indicate some water-rock

interaction and more relict water compared to KAS 09.

In KAS 13, sampling was carried out during drilling in the intervals 104-211 m, 210-314 m

and 312-407 m. The chloride concentrations increased from 2100, 2500 and 5400 mg/L

respectively.

In KAS 14, two analytical determinations are available from sampling during drilling in the

intervals 100-183 m and 192-304 m. The chloride concentrations increased from 2800 to 4450

mg/L.
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5.5 Summary of the hydrogeochemical investigations

The groundwaters encountered at Asp6 are slightly alkaline waters with a pH range between

7.3 and 8.3. They are generally reducing in character indicated by the fact that almost all Fe is

in the ferrous state, hydrogen sulfide is present in most waters and a generally low total U

concentration in the groundwaters.

The water chemistry generally shows an increase in salinity and TDS with respect to

increasing depth. Constituents that increase are among others Na, Ca, Cl and SO4, decreases

are found for HCO3, EFe and TOC, while almost constant distribution with depth is found for

SiO2, Al and K just to name a few. Water-rock interaction during long residence times has

derived the increasing constituents. Similarly the decreasing constituents are derived from

water-soil and water rock interaction in superficial parts of the bedrock, due to lower pH and

more oxidising conditions. Four types of waters with increasing salinity with depth have been

identified:

1. Na-Ca:HCCyCl (0-150 m)

2. Na-Ca:Cl-HCO3 (150-300 m)

3. Na-Ca:Cl-SO4 (300-800 m)

4. Ca-Na:Cl-SO4 (>800m)

This distribution is only approximate and the variation between the boreholes is rather

pronounced. High concentration of fresh water components have been identified at depths

down to 300 m and highly saline waters have been found at depths less than 50 m. Ground-

waters from conducting fracture zones should tend to have more uniform chemistry since high

flow rates in conductive fractures enhance mixing of different water types.

We have mainly used chloride concentrations and isotope compositions of hydrogen and

oxygen as tracers to investigate the chemical indications for the structural features. Chloride is

a conservative element and does not form rock-forming minerals (apart from halite) and has

been proven by Smellie and Laaksoharju (1992) to correspond well to mixing calculations in

Asp6. The light stable isotopes of H and O are natural tracers used for tracing the origin of the

waters.

Stable isotope ratios suggest four different groupings with different origins:
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1. Recent Baltic sea water

2. Recent near surface waters

3. Ancient surface waters

4. Ancient deep saline waters

The isotopic composition in between these groupings are most likely mixtures between the

waters (see group 5 in Figure 5.5.1 below). The water chemistry is in close accord with the

stable isotope composition in the groundwaters. This is clearly seen in a plot of Cl vs. 5D

where 5 groups are identified.

Mixing calculations on basis of the chloride concentration have developed a basis for a flow

model at Aspd (Smellie and Laaksoharju, 1992). Applying H and O stable isotope composi-

tions in the flow model confirm this flow in a general sense (e.g. KAS 03 displays increasing

5-values with depth confirming a recharge and mixing in the upper part of AspO, while the

deeper waters are of the same composition as in KAS 02) as well as other chemical consti-

tuents. On a more local scale the chemistry, stable isotopes, uranium isotopes, tritium, carbon-

14, TOC and oxidation state of fluid are relatively disjointed.
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O
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Figure 5.5.1 Hydrogen isotope composition plotted against the chloride concentration in the

Aspd groundwaters.
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The so far developed chemical model (Smellie and Laaksoharju, 1992) is thus probably

correct in a general sense. The hydrogeological SKB conceptual model forms basis for the

interpretation of the chemical evolution of the fluids and especially the fluid flow directions of

the groundwaters, which is related to certain hydraulic important and major fracture zones.

Basinal fluid concentrations could be evaluated with a Ca^,^ - Na^ ,^ , plot (Davisson and

Criss, 1996), because the saline basinal fluids of some sea water origin will tend to enrich Ca

and deplete Na due to water-rock interaction. Ca , ,^ and N a ^ ^ , are calculated with the

elements ratio to chloride in sea water and defined:

- (Ca/Cl)w * Cl)*2/40.08

= ((Ca/Cl)w * Cl) - N a ^ J * 1/22.99

where the concentrations are in mg/L. Davisson and Criss (1996) found that not only sedi-

mentary basinal fluids but also groundwaters from shield areas plot on a line with a slope of

1:1 suggesting that one Ca is exchanged for two Na. Albitisation of plagioclase is suggested to

be the main cause if one reaction is considered. Figure 5.5.2 is a plot of the Asp6

groundwaters where it can be seen that almost all waters are nicely correlated along a slope

close to 1:1. Alteration of oligoclase to albite have been identified at Aspd from both textural

as well as chemical evidence (Eliasson, 1993). In the groundwaters at Olkiluoto, albitisation

of plagioclase have been suggested to be the main mechanism for Na depletion and Ca

increase with respect to depth (Pitkanen et al., 1992).

Cation exchange reactions could also cause the depletion of Na, Mg, K and increase of Ca,

although Nordstrdm (1986) showed that the exchange is not sufficient to explain Ca/Na

exchange in groundwaters at Hastholmen assuming sea water intrusions in the aquifers. Cal-

cium is also affected by dissolution and precipitation of calcite in the upper part of the

bedrock (Tullborg, 1988).

Observed trends in hydrochemistry can thus be interpreted by mineral dissolution and/or

precipitation reactions but the cause of some trends remain unclear. This arises from the fact

that the temperature is low so that equilibrium between water and silicates is not generally

attained in spite of long residence times. Radiocarbon dating have suggested rather old

groundwaters (although groundwaters through reaction with dead C in the bedrock increases

determined age). Long reaction times, overall reducing character and low flow rates are also

indicated by low U concentrations and high ^ U / ^ U ratios.
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Fig. 5.5.2 vs Catxai plot for the Aspo groundwaters. Concentrations in meq/L.

Carbon and oxygen isotopes of calcite in fracture fillings at Aspo* suggest that there are

several generations of calcite (Tullborg and Wallin, 1991). The calcite has been affected by

both groundwaters and present day surface waters. At depth the calcite was partly in equilib-

rium with the deep groundwater, while no equilibration with present day Baltic sea water was

found. Extremely low 6"C values were found indicative of an origin of carbon from organic

matter or methane. Unfortunately, these isotope values are not listed with the sample location

and depth which implies that they are of limited use in this study. However, these isotope data

confirm the the large scale salinity distribution found at Aspti.

Strontium isotope ratios have also been analysed in the groundwaters and on calcite fracture

fillings (Wallin and Peterman, 1994). The result show that the calcite could not have been

formed from the groundwaters present now, and that Sr in the groundwater cannot be derived
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from modern Baltic Sea water alone, the bedrock must have contributed Sr to the waters.

However, the Sr in the calcites have a partly marine origin.

Sulfur isotope compositions of dissolved sulfate (Wallin and Peterman, 1994) have a marine

signature at shallow level in the wells decreasing with depth, the 534S varies from some +20

%o at the top to 10 %o from around 500 m and deeper. At depth in KAS 06, the groundwater

has a 834S value around +20 %o identical to Baltic Sea water, in accord with other isotopical

and chemical data. Generally, a contribution from a non-marine source is suggested to explain

the lighter S at depth. Considerable bacterial sulfate reduction are also suggested to occur in

the groundwaters at depths less than 500 m due to presence of isotopically light sulfur in

pyrites.

All these isotope data confirm the general chemical picture so far established for Aspo", but the

groundwater system is extremely complex, so the geochemical history of these waters still

remains somewhat unclear. However, by knowledge on the overall chemistry, particularly Cl

and H and O stable isotope composition it is indicated that groundwaters from conducting

fracture zones could be identified because they should tend to have more uniform chemistry.

Further more, recharge and discharge along conducting fractures could possibly be identified

through the presence of certain chemical components or isotope ratios specific for the type of

groundwater.
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6 Integrated geological SKN site model

6.1 The SKN site model - objectives and criteria

The first versions of the SKN conceptual model of Asp6 were described in two reports

(Palmqvist et al., 1991; 1992). The models have further been developed by means of incorpo-

rating information from the LPT2 pumping and tracer test, flow measurements in borehole

sections and hydrochemical data. Compared to earlier versions of the model, some minor

adjustments have been made and some new structures have been included - basically only on

geohydrological and geochemical indications.

In the model, the rock mass is represented by a hydraulic porous continuum traversed by

major geological discontinuities which constitute flow channels or planar conductors. The

rock mass is regarded as homogenous and is characterised by a hydraulic conductivity

measure, which is believed to be weakly anisotropic.

A very consistent observation is that a number of the straddled sections in the observation

boreholes respond hydraulically at pumping in any. of the boreholes located on the central

parts of Aspd. The northern and southernmost parts of Asp6 have a somewhat different

hydraulic behaviour compared to the site investigation area, which probably depends on the

E-W structure in the centre of Aspo" and the very conductive structures on the southern part of

Asp6. In the interference tests only the early time data seem to give significant indications of

hydraulic structures, while late time data indicate a rather homogenous but somewhat aniso-

tropic "equivalent" porous medium.

Taken these observations into considerations we assume that flow in a larger scale is taken

place in a system composed by shorter but hydraulically important structures and by an

"equivalent" porous medium (see Figure 9.4.3.3. in Palmqvist et al., 1991 and Figure 6.2.1 in

Palmqvist et al., 1992). This implies that there are several structures in the rock mass not

penetrated by any borehole and that a structure in the model, assumed to combine two bore-

holes, may consist of several substructures with varying connectivity. The structures included

in the SKN model are extensive structures which display a significant permeability contrast to

the "equivalent" porous medium, hereafter called the rock mass. The rock mass comprises

multiples of different hydraulic active elements, such as minor fracture zones, fractures

parallel to the bedrock shistocity, single fractures, rock boundaries and fractured rock bodies/

dikes/veins. In this aspect fractured fine-grained granites play a very important role.
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6.2 Integrated final model and validation bases

6.2.1 Rock mass

The hydraulic conductivity of the rock mass is estimated to 5 x 10~8 m/s in the direction of

bedrock schistocity, i.e. N60-80°E/70-90°NNW. Perpendicular to the direction of the schisto-

city, the conductivity is estimated to 1 * 10~8 m/s. No depth dependency of the conductivity is

introduced in the model.

6.2.2 Structures

The structures in the model are defined on basis of geological, tectonical, hydrogeological

and geochemical grounds. The geological-tectonically defined structures are crush and

fracture zones characterised by fracture frequency, discontinuities and/or mineralogical

properties. The hydraulically defined structures are characterised by an anomalous hydraulic

character (high or low permeability compared to the rock mass). In some cases the geological-

tectonical and hydraulic structures coincide, which is the case for major structures. Some

minor hydraulic structures have not been possible to identify in terms of fracture zones, and

their positions in the bedrock and characteristics are uncertain.

The geochemical analyses were used for supporting the identified structures regarding

position and hydraulic character.

In the conceptual model, the structures have been given more or less planar features, although

clear indications of undulating structures exist. The structures have generally been extra-

polated horizontally and vertically without existing of supporting data. The co-ordinates of the

different structures have been determined by use of the Geosigma CAD-system (carried out

by P. Askling). The co-ordinates represent corner positions of assumed structure planes, see

Figure 6.2.1. Some general information and hydraulic characteristics for each structure is

summarised below. For each structure the validation bases are summarised in Appendix E.
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Figure 6.2.1 SKN structural model ofAspo. Above plan view and below view from south-

west 30° above horizon (Geosigma AB, Uppsala, Sweden).
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6.2.2.1 Structure D

Structure D is interpreted as an extensive and important hydraulic structure, associated to

bodies and lenses of fine-grained granite with increased frequency of open fractures. The

structure is hydraulically bounding the northern part from the central part of Asp6. The

structure is in the model composed of several sub-structures with different dips and strikes.

In the geological-tectonical conceptual model, the zone is given dip values of 45-65°N and

strike values of N65-75°E. The zone is connected with fine-grained granites in KAS 04 (55-66

m ) , HAS 08 (100-123 m), HAS 09 (100-122 m), HAS 18 (58-59 m) and in HAS 19 (65-66

m). Connections to KAS 03 (395-418 m) and HAS 07 are judged as uncertain. The zone is

classified as "certain" in the central part and "possible" at the western and eastern extensions.

The zone width is estimated to 5-10 m.

In the hydrogeological conceptual model, the structure is composed of several fractured

bodies of fine-grained granites dipping 40-90°NNW. The granite bodies or lenses are probably

hydraulically connected via different fracture sets. Hydraulically, the near-surface boreholes

KAS 04 (0-185 m), HAS 01, HAS 03 (uncertain), HAS 08, HAS 19 and HAS 20 are well

connected. Responses are also observed in KAS 03 (107-376 m), which is not supported by

the geological-tectonical interpretation. Negative piezometric head values may however mask

the responses in cases with small pressure drops. The response is indicative of a rather homo-

genous and isotropic hydraulic behaviour of the structure, at least in the upper part. Hydrauli-

cally, the structure should not be extended eastward towards KAS 12. The northern part of the

structure is assigned a moderate dip towards north while the southern part is judged as

subvertical.

Hydrochemical anomalies in chloride concentration in KAS 03 indicate a groundwater flow

within the interval 347-609 m, particularly within 453-480 m. This water has a more surface

water character, possibly a result from contamination of drilling water or vertical downward

flow in a high conductivity structure during sampling. Structure D is penetrated by KAS 04 at

shallow depth. However, no chemical sampling was performed at this level in the borehole,

but sampling at a deeper level (226-235 m) revealed a fresh surface water (Cl concentration c.

530mg/L).

The groundwater at shallow depth north of structure D indicates from chemical and isotopic

parameters a glacial type of water, representing an old water with long residence time

(apparent 14C age of more than 31 000 y. BP). This is not in agreement with the observations

during pumping tests in KAS 03 where the responses are indicating quite normal permeability
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values. A very low groundwater gradient or an isolated system may however give rise to flow

rates that match the chemical characterisation.

The D structure in the SKN model is composed of several substructures with different strikes

and dips. Substructure Dl has a strike of approximately ENE and a dip of 42° towards north.

Substructure D3 has a more easterly strike and a dip of about 75° towards north. Substruc-

tures D5 and D6 have more or less vertical dips and are striking in E-W and NNE direction,

respectively. Substructures D2 and D4 combine structure Dl and D3, respectively D3 and D5.

The objective for substructures D2 and D4 is only to combine the different substructures into

a single hydraulic unit, consequently, these structures cannot be related to any direct

geological observation. The behaviour of the combined substructures would however roughly

correspond to the observed hydraulic responses in the different interference tests carried out.

In the model, the structures are extended down to 1000 m depth. The width is estimated to 5

m.

Substructure Dl is penetrated by KAS 03 at about 200 m, substructure D3 is penetrated by

KAS 04 at about 65 m and substructure D6 is penetrated by HAS 01 at 25 m and by HAS 20

at 40 m.

6.2.2.2 Structure E

The structure is classified as a minor structure striking in N45°E with a vertical/subvertical

dip. It is characterised by several narrow zones with increased fracturing appearing in contact

to a zone of foliated and mylonitised rock. The structure was observed in trench #2 and is

indicated by low susceptibility and VLF and seismic anomalies.

The structure is penetrated by boreholes KAS 04 (176-228 m), HAS 01 (0-50 m), HAS 03

(71-72 m) and HAS 18 (39-45 m). The width of the structure is believed to decrease in west-

ward direction. The structure is characterised by increased fracturing and weathering. The

structure is attributed a low permeability.

In the model, the structure is extended down to 1000 m depth. The width of the structure is

estimated to less than 1 m.
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6.2.2.3 Structure Gl

The structure has an approximate N70°E strike and a subvertical/moderately steep dip. It is

characterised by increased fracturing and by weathered rock. The structure was observed at

surface east of trench #3 (Wikberg et al., 1991) and indicated by low magnetic susceptibility,

seismic, magnetic and electric anomalies.

Based on the geological interpretation, the structure is penetrated by KAS 06 at 60-73 m,

associated to crushed, tectonised and weathered rock with chlorite and iron oxide as fracture

minerals. The fractures in the zone were interpreted as closed (Svensson, 1987). The estimated

dip of the zone is 60-65°S. However, on rock outcrops a dip of 80-85°S is observed.

The hydraulic evaluation gives clear evidence of a hydraulic boundary separating the southern

part from the central part of Asp6. Significant hydraulic responses in KAS 06 and KAS 07

indicate the occurrence of an important hydraulic structure. However an unambiguous locali-

sation was not possible. Based on hydraulic data a subvertical dip is preferable. In the model

the zone is penetrated by KAS 06 at c. 90 m and by KAS 07 at c. 250 m.

6.2.2.4 Structure G2

The structure is parallel to structure Gl. The existence of the structure is based purely on

hydraulic data. The structure is believed to be penetrated by KAS 06 at 210-220 m and by

KAS 07 at c. 217 m. In the model, the structure is extended down to 500 m. Estimated width

is 1 m.

6.2.2.5 Structure H

Structure H is classified as a regional zone with a strike of N80°E and a dip of 54°N. The

zone is indicated by topographic data and by weak seismic anomalies. It is characterised as

highly foliated and to some extent tectonised bedrock. The structure is extensively fractured

and is partly characterised as a crush zone.

The structure is interpreted as an important hydraulic conductor with high permeability and

storativity. Fractured fine-grained granites associated with the zone may at least locally

increase the permeability of the zone.
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The zone is believed to be penetrated by KAS 07 (420 m) and KAS 08 (595 m). The structure

is also penetrated by KAS 09, KAS 11, KAS 14 and KBH 02. Since these boreholes are very

closely positioned no exact penetration depths can be given. Groundwater sampled at different

occasions on the southern part of Aspd all display relatively high and similar chloride concen-

trations. The rather homogenous water chemistry indicates a rock mass penetrated by highly

conductive structures.

In the model, the structure is extended 75 m north of structure Gl, which implies a vertical

depth of about 510 m in the western bound and about 600 m in the eastern bound of the

structure.

6.2.2.6 Structure Kl

The structure has an approximate NE direction with a 30° dip towards north-west. The

structure is developed in fractured fine-grained granite bodies. The structure is penetrated by

KAS 09 (55 m), KAS 10 (53 m), KAS 11 (c. 60 m) and KAS 14 (45 m).

The southern part of Aspo" is showing high permeability and storativity. Hydraulically this

part of Asp6, at least to some depth, seems to have different characters compared to the

central part north of structures G1-G2. This is interpreted to be a combined effect of the Kl-

K3 structures, the NNW structures and the G1-G2 structures. All the groundwaters from the

penetrating boreholes have similar chemistry. In the model, the structure is extended towards

structure Gl. The width of the structure is estimated to 5 m.

6.2.2.7 Structure K2

The structure has an approximate NE direction with a 30° dip towards north-west, parallel to

structure Kl but at a deeper level. The geological, hydrogeological and hydrochemical

characters are similar to structure Kl.

The structure is penetrated by KAS 14 (137 m) and KAS 11 (167 m). In the model, the

structure is extended towards structure Gl. The width of the structure is estimated to 5 m.

50



6.2.2.8 Structure K3

The structure lies parallel to the other K-structures and has been assigned similar geological,

hydrogeological and hydrochemical characters. The width of the structure is estimated to 3 m.

The structure is penetrated by HAS 13 (98 m).

6.2.2.9 Structure N

The structure is a subhorizontal structure north of structure Gl. The structure is identified

purely on hydraulic data. The structure is penetrated by KAS 05 (325 m), KAS 02 (315 m),

KAS 04 (356 m) and KAS 06 (356 m) and possibly by KAS 07 within 190-290 m. The

structure is not reaching KAS 08. The width of the structure is estimated to less than 0.5 m.

No clear indication could be judged from hydrochemical data.

6.2.2.10 Structure NNW1

The structure belongs to a series of more or less parallel vertical/subvertical structures in

approximately N-S direction. The structure is identified purely on hydraulic data, but is

supported by hydrochemistry indicating the structure to be a recharge zone. In the model a

vertical dip is assumed and the width estimated to 0.2 m. The structure is penetrated by KAS

13 (205 m) and KAS 4 (330 m).

6.2.2.11 Structure NNW2

See section 6.2.2.10, the width is estimated to 0.2 m. The structure is penetrated by KAS 13

(165 m) and KAS 04 (410 m).

6.2.2.12 Structure NNW3

See section 6.2.2.10, the width is estimated to 0.2 m. The structure is penetrated by KAS 07

(126 m) and KAS 06 (217 m). The indication from hydrochemistry is weaker than for NNW1

andNNW2.
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6.2.2.13 Structure NNW4

See section 6.2.2.10, the width is estimated to 0.2 m. The structure is penetrated by KAS 06

(398 m), KAS 08 (184 m) and KAS 12 (283 m, alternatively 315 m). Traces of surface

components as well as similarities with geochemically modified Baltic sea water (TOC and 6
34S of sulfate) indicate the structure.

6.2.2.14 Structure NNW5

See section 6.2.2.10, the width is estimated to 1 m. The structure is penetrated by KAS 06

(448 m) and possibly by KAS 08. Hydrochemistry similar as the previous structure.

6.2.2.15 Structure NNW6

See section.6.2.2.10, the width is estimated to 0.5 m. The structure is penetrated by KAS 08 at

570 m.

6.2.2.16 Structures P1-P3

The SKN model includes a series of more or less parallel structures in approximate ENE

direction and with a steep dip towards north. The structures are associated to fractured fine-

grained granite and are judged as hydraulically significant. The width is estimated to 0.5 m.

The structure is penetrated by KAS 04. Hydrochemically, the upper sections of KAS 04 are

characterised by recharge of fresh water, which is judged as an indication of the actual

structure.
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6.3 Consistency between geological, hydrogeological and
geochemical descriptions

Although the analyses of geology, hydrogeology and geochemistry of Aspd differ in objec-

tives, strategies and efforts, some conclusive remarks can be given on the consistency of the

descriptions.

The prime objective with the geological description was to perform an independent analysis of

geological data presented by SKB. The analysis resulted in a structural model for Aspd and

Bomholmsfjarden. The structures that were incorporated in the model were major and exten-

sive fracture zones, defined by intense fracturing. On Aspd island in total eight fracture zones

were identified.

The prime objective with the hydrogeological description was to identify hydraulically impor-

tant structures on Aspd with use of pumping and interference tests. Based on the analyses, in

total 17 structures were described. Some of the structures in the hydrogeological model

showed consistency with the geological model. However, a majority of the high-conductive

sections in the boreholes were in the SKN model not associated to any geological structure.

The prime objective with the geochemistry description was to find chemical or isotopical

criteria that could support or disapprove the hydrogeological model. The analyses were

focused on identifying anomalous chemical data that may be indicative of flow in a hydrau-

lically important structure.

Between the geological and hydrogeological description, some consistency was found in

terms of the geological and hydrogeological characteristics. Several of the fracture zones in

the geological description were interpreted to be of hydrogeological significance. This is

particularly the case for the two major structures on Aspd, zone H and K south of Aspd and

zone D on the centre of Aspd. Uncertain and to some extent conflicting data was obtained for

zone G. The three zones in NE-NNE direction, zones E, F and L, were given identical or

lower conductivity than the general rock mass.

The NNW subvertical and very conductive structures were not identified in the geological

description. Their hydraulic importance was however clearly demonstrated in most of the

hydraulic tests being analysed and by some hydrochemical data.
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There are many high conductive sections in the boreholes not associated to any hydraulic

structure in the SKN model. These structures are shorter structures/fracture zones probably

only penetrated by one borehole. With the strategy and criteria used in the geological ana-

lyses, it was not possible to include these structures in the model. In the hydrogeological

description some of these conductive sections in the boreholes were included; zone G2, K3

and NNW 6 and P1-P3. Zone N is a subhorizontal zone identified purely on hydraulic data.

Some consistency in characteristics was found between hydrochemical and hydrogeological

descriptions, particularly in the southern part of Aspo' island where the bedrock is intensively

fractured. For the geochemical evaluation it is concluded that the main part of sampled data

represent a rather disturbed condition, with the groundwater being mixed yielding a rather

homogenous situation. This could however, be interpreted as supporting evidence for an

intensively fractured rock mass. Consequently, the conditions made it possible only to

identify rather few waters that indicate flow along a preferential hydraulic structure; zones D,

NNW1-2, and P1-P3 and possibly zones NNW4-5.

6.4 Discussion on model uncertainty - validity of model

The geological description was primarily based on interpretation of surface data (outcrop

mapping, air photo interpretation), ground geophysics (magnetic, VLF, seismic, electric) and

core mapping data (rock type, fractures, fracture minerals). Only to a limited extent geophy-

sical investigations in the boreholes (radar investigation, different logs) were used in the eva-

luation. This implies that the description is rather restricted to fracture zones reaching the

surface within the investigation area. Only minor attempts were made to identify fracture

zones not reaching the surface. It must be noted, that in the boreholes there are several

fractured and crushed sections which have not been associated to any fracture zone in the

model.

The hydrogeological model was primarily based on large scale well test data (pump and inter-

ference tests). Using early time data made it possible to identify a set of high conductive struc-

tures penetrated by different boreholes. However, in cases when the geological model not

comprised a suitable zone to describe the structure, detailed position and structural characte-

ristics of the zone were based on rough estimations.

No complete geochemical model was established for Aspo', although some general conclu-

sions were presented. The analysis made it clear that the different activities carried out,

particularly on the southern part of Asp6, to a great extent have homogenised the waters in
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such a way that the geochemical description presented must be related to a certain time. Early

time geochemical data is assumed to display the "virgin" situation, however, very few and

sparse data is available from this phase, as SDD samples only were analysed for major

elements, pH and drilling water content. Furthermore, early time data was suffering from

mixing with drilling water and its origin was in several occasions unclear. Later activities in

the boreholes introduced additional disturbances, changing the more or less undisturbed

waters to something else. From these later phases the majority of the geochemical samples are

generated.

Most of the boreholes that penetrate the fracture zones included in the SKN model are only

analysed for major elements. In the intensively fractured southern part of Aspd, the

groundwaters are characterised by rather homogeneous chemistry. Weak indications on the

hydrochemical validity for groundwater fracture flow is the only result. KAS 02 and KAS 06

penetrates the structure N at sections with similar chemistry (Cl concentration = 5000 mg/L)

but with very different stable isotope values of H and O. This suggests that mixing along the

fracture is far from complete although indicated by chemistry. It is implied that the major

element chemistry give far to weak indication on the connection to the structures.

55



7 Discussion

7.1 Discussion on general modelling/analysis approach

In a regional scale, basically only a geological-tectonical model was established. As a basis of

the geological model the Kornfait and Wikman (1987) description was adopted. The tectoni-

cal model was primarily based on air-photo interpretation supported by selective field-check

investigations. Geophysical data was used for supporting the interpretation only when the

indications coincide with the air-photo interpretation. Several of the major fracture zones were

characterised as thrust faults with a gently dip in agreement with Nordenskjdlds (1944) inves-

tigation. In the SKN regional tectonical description it was postulated that these type of zones

also may occur in the Aspd area, although not explicit identified.

The hydrogeological description in a regional scale comprised analysis of data generated from

shallow water wells in the Simpevarp area. It was concluded that the statistical basic data was

too poor for an unexceptionable judgement, although the hydraulic conductivity for different

rock types was determined. The groundwater modelling in a semi-regional scale indicates that

Aspd forms a local groundwater flow cell, however, this result is somewhat in contradiction to

geochemistry data collected at Aspd. No geochemical model was established in regional scale

due to poor data.

For the Aspd site, the geology and structural pattern was described in a conceptual model. For

the geology description the bedrock map of Komfalt and Wikman (1987) was adopted. The

structural description comprised fracture zones defined by significantly increased fracture

frequency. The starting point for the interpretation was zones recognisable at surface and

supporting ground geophysical measurements. Borehole data, primarily core mapping, in

combination with surface investigation was used for characterising the zone in terms of dip

and geological description. Geological characteristics played an important role in the assess-

ment of the orientation and extension of fracture zones. However, as pointed out in the SKN

model description, there are numerous fractured sections in the boreholes not linked to any

fracture zone. Due to the ambition only to include well documented fracture zones, rather few

shallow dipping or sub-horizontal zones were included in the model.

The hydrogeological description of Aspd' was directed towards identifying and hydraulically

characterising important and extensive structures and characterising the rock mass. Mostly

large scale pumping and interference tests were used in the evaluation. Due to this approach,

minor but hydraulically significant structures were in the model included as part of the rock

mass. It was evident from the analysis that late time data indicates a rather homogenous and
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isotropic hydraulic behaviour of AspS. Early-time data made it possible to identify important

hydraulic structures. It must be pointed out that several high-conductive structures in the

boreholes were not possible to relate to any structure which, however, is not in contradiction

with the analysis approach. Using pressure interference observations for characterising the

bedrock hydraulically is not a trivial and unambiguous matter since no unique solution can be

defined. Shortage in knowledge of the hydraulic representation of boreholes and straddled

sections and difficulties to express the coupling between flow and pressure make the analyses

uncertain. Attempts to back-up the hydraulic analysis with results from tracer tests and

geochemical data was not very successful. The final result is very much based on professional

judgements.

Complete chemical characterisation of the Aspo" groundwaters have only been performed in

four boreholes. With this basis, and the major element chemistry from all the other boreholes,

the geochemical evolution of the groundwaters and origin of the groundwater and its compo-

nents were evaluated. The evaluation result was compared with the conceptual model by

Smellie and Laaksoharju (1992) in order to identify recharge and discharge areas.

7.2 Discussion on quality/relevance of available data

In the development of the SKN model rather robust and well-accepted data bases were used,

comprising direct observations and interpretation of established ground geophysical measure-

ments. Borehole radar measurements were used mainly to support or reject other geological

data. An apparent shortage was that rather few fracture zones were penetrated by more than

one core hole. If penetrated by two or more boreholes, the distance between the boreholes was

often too great to allow an unambiguous interpretation. For some zones the borehole configu-

ration made the three-dimensional interpretation very uncertain.

The hydrogeological data base used in the development of the SKN model comprised traditio-

nal pump and interference tests, tracer tests, flow tests in straddled sections, packer injection

tests and spinner tests. Direct measurements in the boreholes, i.e. spinner and packer injection

tests, were judged to give rather robust data, although comparison between different tests in

same cases revealed significant differences. However, a general weakness with some data is

that it seems possible to explain agreements as well as discrepancies with model or prerequi-

site variations. A general problem with the analysis of hydraulic data from tests in crystalline

bedrock is to define the flow distribution and the coupling to pressure changes. To handle this

problem much better hydraulic characterisation of each borehole (borehole section) is needed

as well as good geochemical data.
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As pointed out previously, the CCC and SPT samples were considered to be most

representative of the undisturbed conditions at Asp6 (Smellie and Laaksoharju, 1992). There

are indications that the SDD samples in spite of sometimes high drilling water contents are

more representative for an undisturbed situation. Clearly, it would have been an advantage if

SDD samples had been better hydrogeochemically characterised and analysed in a larger

chemical and isotopical program, as this could have produced more relevant data for fracture

zone characterisation and improved the conceptual model.

It is our opinion that geochemical data is of primary value for the description of a site, both

directly and as a tool for understanding the geohydrological conditions. In order to get

necessary data quality, the geochemical program must get higher status in the site

investigation program.

7.3 Possible suggestions for improvement of a measurement program

A commonly adopted approach for site characterisation is that geology and bedrock structures

form the basis for the investigation. This approach implies that bedrock characteristics and

structures are governing the drilling program. At Asp6 and at some other sites it is partly

demonstrated a poor correlation between fracture zones and hydraulic conductivity. Important

hydraulic structures may be overlooked during the geological investigations. We suggest a

site characterisation program that better integrates hydrogeology with the other geo-related

investigations.

The preinvestigation field program carried out at Aspd was very intense which lead to

inadequate documentation and a situation where measurements sometimes were disturbed by

other activities. Important data were lost due to insufficient planning or lack of resources. In

order to improve the hydrogeological data base we suggest that much more efforts should be

put on a qualitative description of the hydraulic behaviour of the bedrock. Such information is

gained e.g. by observing disturbances from other activities such as drilling. With this

knowledge a detailed and improved hydraulic investigation program can be established.

More efforts should be put on hydrochemistry, not in terms of sending sampled water to

different laboratories, but carry out sampling and more extensive analyses much earlier in the

program. The chemical composition of a water from a certain borehole varies much more

between time and sampled level than between different analyses of the same water.
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Drilling water chemistry and drilling water content need to be accurately determined to

enhance the value of SDD samples. Precaution should be taken to avoid oxygenated fresh

waters as drilling fluid.

Stable isotope ratios of hydrogen and oxygen are extremely valuable for determining the

origin of the water, and comparatively easy to perform. Modern ICP and IC technique require

little additional time and cost to analyse more elements than the relatively few major elements

that have been analysed in the smaller analytical program (e.g. analyses made on SDD

samples).

Deep boreholes standing open for long period of times and different hydraulic well tests may

have great impact on data quality - which may be handled by a different investigation scheme.
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APPENDIX A

Evaluation of hydraulic tests on Aspo

Notation: In this appendix is summarised the evaluation and analyses presented in

Palmqvist et al(1992). This implies that this description in some parts differs

from the description in Chapter 6, since the model was further developed.

A-l Introduction

During 1987-1990 SKB performed several hydraulic tests in cored and percussion drilled

boreholes. The tests were part of the site description phase (1987-1988) and the prediction

stage (1988-1990). Analyses of the tests are presented in detail in Palmqvist et al. (1992) and

are summarised in this Appendix. For further details and figures we refer to a number of SKB

reports. Borehole locations are shown in Figure A-l.

ASPO
Hard Rock
Laboratory
O Core borehole

® Percussion borehole

Figure A-l Borehole location on Aspo (Nyberg et al., 1993)



A-2 Borehole description

A-2.1 KAS 02

The borehole is drilled almost vertical with a length of 924 m. In the borehole the following

hydraulic tests have been carried out (November 1987 - December 1988):

- capacity and recovery test within the interval 0-101 m
injection tests with 3 m test sections within the interval 102-801 m
injection tests with 30 m test sections within the interval 102-782 m

- pumping test in open hole
- spinner survey within the interval 100-890 m
- interference test with pumping at three test sections

In Table A-l, the high conductive sections in KAS 02 are compiled. Estimated transmissivity

and geologic description is given by SKB in the references listed.

Table A-l Compilation of high-conductivity sections in KAS 02 (Nilsson, 1989, Liedholm,
1991, Stanfors et al, 1991). Some uncertainties were found in the interval
definitions.

Section
KAS 02-A

KAS 02-Ba

Not defined

KAS 02-Bb

Not defined

KAS 02-Ca

KAS02-Cb

Interval
118-125

309-318

330-333

336-343

657-660

803-848

868-887

Transmissivity
3.3 x 10-5 m2/s

1.4xlO-5m2/s

1.9xlO-6m2/s

4.0xl0-6m2/s

1.3xlO-6m2/s

1.9 x 10-5 m2/s

7.9 x 10"5 m2/s

Description
Only identified from spinner, low transmissivity
according to the injection tests (1)
Fractured, partly altered fine-grained granite and
fractured greenstone
4 single fractures in Smaland granite

Subvertical fractures in "mylonite"

Single fracture in fine-grained granite

Two distinct sections in diorite (813 and 835 m) -
the upper one with increased fracturing
Mostly fine-grained granite with increased
fracturing (red-stained).

Notel: According to later findings the spinner anomaly at 125 m in KAS 02 was false.

No spinner survey was carried out in the upper 100 m of the borehole. From the capacity test a

specific capacity of 3.5 x 10~6 m^/s was determined for the interval 0-101 m.

While testing KAS 02 the boreholes HAS 01-12, KAS 01 and KAS 03-04 were available for

response observations. It should be noted that the test prerequisites were not ideal since the

observation holes in general were only penetrating the shallow part of the bedrock while KAS



02 was the second deepest hole at Asp6. Exception was KAS 03 which however displayed a

poor hydraulic contact with KAS 02. See compilation in Table A-2.

Table A-2 Compilation of test results from pumping and interference tests in KAS 02 (Rhen, 1989,
Nilsson, 1989).

Test

Pumping test

Interf. Test #2

Interf. Test #1

Interf. Test #3

Interval

0-924

308-344

802-924

117-126

Transmissivity

1.5 xlO"4!!!2/*

1.8 x 10-5m2/s

-2.7 x 10"5 m2/s

4.0 x 10"8 m2/s

Good hydraulic
contact
KAS 01

KAS 01, HAS 05

KAS 04

no observation

Poor hydraulic
contact
HAS 04

HAS 04, KAS 04

no observation

no observation

The results from test analyses can be summarised as:

- The upper part of KAS 02 has good hydraulic contact with the shallow observations holes
KAS 01 and HAS 05 - to some extent also with KAS 04 and HAS 04.
The deeper part of KAS 02 has relatively good hydraulic contact with KAS 04.
The lack of hydraulic response in KAS 05 is not in agreement with the observations
during pumping in KAS 05.

- HAS 04 displayed some response during pumping in KAS 02 - although the recovery
phases in HAS 04 were rather unclear indicating a constrained aquifer.

- At the interference test #2 the water level above test section 308-344 m responded due to
the pumping - this may have affected KAS 01 and HAS 05.

- No response was observed in KAS 04 during pumping the open KAS 02 while responses
were observed during the interference tests #1-2.

- Vertical downward flow in KAS 02 before the hole was packed-off and pressure responses
in KAS 02 indicates a permeable near-surface part and a low piezometric head at depth.

KAS 02 has been used as a packed-off observation hole during several interference tests. At

these tests a rather consistent response pattern was observed; interference was first recognised

in section KAS 02-B4 (309-345 m) and the response was going downward rapidly through

deeper packed-off sections. Section KAS 02-B4 included the high conductivity structure at

section KAS 02-Ba. The deep-most packed-off section KAS 02-B1 responded in a normal or

poor way, which in Palmqvist et al. (1992) was believed to indicate a structure with high

conductivity and storativity. Later information (Rhen et al., 1992) indicates some problem

with the packer sealing in KAS 02 between sections B4-B5 and section B2-B3.

Based on the hydraulic evaluation of the different tests mentioned, besides from the shallow

part of the bedrock, two dominating hydraulic structures can be defined; at 309-343 and 803-

887 m. The first section is in the SKN model related to zone N and the second to zone H.

However, due to a very long distance the extension of the latter zone is very uncertain.



A-2.2 KAS03

The borehole has a length of 1002 m and is drilled with an inclination of 85° towards NNW.

The following hydraulic tests have been performed (March - June 1988):

- capacity and recovery tests within the intervals 540-638 m and 640-780 m
- injection tests with 3 m test section within the interval 103-547 m
- injection tests with 30 m test section within the interval 103-703 m
- open hole pumping test during 54 h

spinner survey within the interval 100-720 m
- interference tests with pumping in six sections

High conductive sections in KAS 03 identified from spinner measurements are compiled in

Table A-3.

Table A-3 Compilation of high-conductivity sections in KAS 03 (Nilsson, 1989, Liedholm,
1991, Stanfors et al, 1991). Some uncertainties were found in the interval
definitions.

Section

KAS03-A

KAS03-B

KAS03-Ca

KAS 03-Cb

KAS 03-D

KAS03-E

KAS03-F

KAS03-G

Interval

197-221

249-250

349-361

367-373

455-473

527-531

610-622

691-694

Transmissivity

2.7xlO-6m2/s

1.0 x 10-6 m 2/ s

1.5xlO-6m2/s

1.9xlO-6m2/s

l.lxlO-6m2/s

9.0 x 10"7 m2/s

4.0xl0-6m2/s

1.4xl0-*m2/s

Description

Two conductive sections in fine-
grained granite and greenstone,
some increased fracturing
Fine- and medium grained granite,
slightly increased fracturing
Two conductive sections in
Smaland granite
Increased fracturing/crush zone in
granite
Two conductive sections,
increased fracturing in granite
Local crush sections in granite,
steep fractures
Steep fractures, crushed sections in
granite
Several steep fractures, partly
crushed fine-grained granite

Interference
test sections

Testl

Test 4

Test 2

Test 2

Test 3

-

Test 5

Test 6

The capacity and recovery tests gave the same transmissivity values for the two above mentio-

ned test sections; 1.2 x 10"5 m^/s, which can be compared to a transmissivity of 2 x 10"5

m2/s for the total borehole determined from the pumping test (Nilsson, 1989). While testing

KAS 03, boreholes available for observation were KAS 01-02, KAS-04 and HAS 01-12.

Interference was observed in HAS 08, HAS 11-12. No responses were seen in KAS 04 and

HAS 01 (open hole).



Six interference tests were carried out in KAS 03 (test 1: 196-223 m, test 2: 347-374 m, test 3:

453-480 m, test 4: 248-251 m, test 5: 609-623 m, test 6:690-1002 m), i.e. every conductive

section in Table 2.2 but KAS 03-E were tested. It must be noted that the test layout was not

satisfactory since the observation wells were much shallower than the pumping hole KAS 03.

At all interference tests hydraulic responses were observed in the same four boreholes; HAS

08, HAS 11, KAS 04 and HAS 01. In the other five observations holes no unambiguous

responses were registered. The loss of responses in KAS 04 and HAS 01 during the earlier

open hole pumping in KAS 03 was probably due to that the observations holes were not

packed off.

At all interference tests the water level above the upper packer in KAS 03 was affected by the

pumping in the test section. It is a clear correlation between the hydraulic responses in the

observation wells and the change of water level in the upper part of KAS 03 - the larger the

drawdown in KAS 03 the larger the responses in the observation wells. This observations

together with the test layout limitations might indicate a dominating groundwater flow in the

upper part of the bedrock. However, groundwater chemistry data from the upper part of KAS

03 is by SKB believed to indicate low flow rates.

At interference tests number 1 (196-223 m) and 4 (248-251 m), the observation wells KAS 04

(0-185 m), HAS 08 and HAS 11 responded anomalous compared to the other tests. This

indicates the existence of a hydraulic important structure connecting the boreholes. The actual

structure is interpreted to be a zone composed by fractured fine-grained granite dipping

towards north, hydraulically combining KAS 03, KAS 04 and HAS 08. In the SKN model this

structure is designated zone D. The structure affecting HAS 11 has not been identified from

accessible data.

KAS 03 was used as a packed-off observation well during several interference pumping tests

carried out on the central and southern parts of Asp6. At most of the tests no responses were

registered. An exception was when pumping in HAS 20 when significant responses were

observed in the sections KAS 03-C5 (107-252 m) and KAS 03-C4 (253-376 m). These sec-

tions include the conductive sections KAS 03-A/B/C (see Table A-3). During the interference

pumping test in KAS 13, weak responses were possibly observed in KAS 03-C3-C5. During

this pumping test (HAS 20 was not drilled at this time) a major drawdown in groundwater

pressure was obtained in the central part of Aspd extending up towards structure D in the

SKN model.



A-2.3 KAS04

The borehole has a length of 481 m and is drilled 60° towards SE. The following hydraulic

tests have been performed (April - August 1988):

- capacity and recovery tests at the intervals 102-202 m and 202-325 m
injection tests with 3 m sections within the interval 133-454 m

- pumping test during 44 h
- spinner survey within the interval 100-417m

Sections with high conductivity identified from spinner measurements are compiled in Table

A-4. No hydraulic testing were performed in the upper 100 m of the borehole. Casing (not

grouted) was set to 100 m.

Table A-4 Compilation of high-conductivity sections in KAS 04 (Nilsson, 1989, Liedholm,
1991, Stanfors et al.,1991). Some uncertainties were found in the interval
definitions.

Section
KAS04-A

KAS04-Ba

KAS04-Bb

KAS04-C

KAS 04-Da

KAS04-Db

KAS04-Ea

KAS04-Eb

Interval
187-197

217-220

230-234

290-295

337-343

356-362

396-408

415-418

Transmissivity
2.2xlO-6m2/s

2.0 x 10"6 m2/s

3.3xlO-6m2/s

1.0 x 10"5 m2/s

6.0 x 10-5 m2/s

1.9xlO-6m2/s

2.3 xlO-6m2/s

1.8xlO-6m2/s

Description
Conductive section in mylonite

Conductive section in mylonite

Conductive section in fine-grained granite

Conductive sections in Sm&land granite, increased
fracturing, subvertical fracture
Conductive sections in fine-grained granite,
increased fracture frequency
Conductive section in fine-grained granite
Conductive section in fine-grained granite,
increased fracture frequency
Fine-grained granite with some increased fracture
frequency

Based on geological and hydraulic data, the borehole can be divided into three intervals:

0 -170m

170-220 m
220-481 m

Granite, fine-grained At 70-80 m, adjacent to a fine-grained granite, a
granite and greenstone probable conductive section (temperature ano-

malies and fracture minerals)
Partly fractured and with high conductivity
The fine-grained granite at 331-458 m is
fractured and conductive

Mylonite
Granite, diorite and
fine-grained granite

The capacity and recovery tests yielded transmissivity values of 0.5-1.5 x 10"^ m^/s for the

two intervals (Nilsson, 1989). From the open hole pumping tests was determined a transmissi-

vity value of 5.6 x 10"5 m2/s (Nilsson, 1989).



During testing in KAS 04 the boreholes KAS 01-03 and HAS 01-12 were available for obser-

vations. At the open hole pumping test in KAS 04 interference was observed in KAS 01, KAS

02, HAS 01, HAS 04 and HAS 05. No response in KAS 03 was reported.

At the different interference tests performed at later investigations, KAS 04 was equipped

with packers dividing the bore hole into 6 intervals. At every test carried out on southern

Aspo", almost identical responses were observed in the five deep-most intervals. The

uppermost interval (0-185 m) responded at tests on northern Aspfi. Although leakage between

packed-off sections cannot be excluded, the response is judged to be governed by a system of

several hydraulic structures penetrated by KAS 04. The upper straddled section in KAS 04 is

in the SKN model penetrating zone D.

A-2.4 KAS 05

In the borehole, which is 550 m long and drilled 85° towards SSE, the following hydraulic

tests have been performed (December 1988 - April 1989):

- capacity and recovery tests at 0-155 m, 155-388 m and 388-550 m
- injection tests with 3 m test sections within the interval 157-541 m
- pumping test during 71 h

spinner survey

The bedrock in the borehole is dominated by diorite, Smaland granite and greenstone. Fine-

grained granite occurs evenly distributed but subordinate in the hole (Sehlstedt et al., 1989).

Except for a fractured interval at 325 m (associated to mylonite) rather few sections with

increased fracturing occur in the borehole. High conductive sections in KAS 05 identified

from injection tests are compiled in Table A-5.

No hydraulic characterisation of the upper 155 m in the borehole was performed. The capacity

and recovery tests yielded transmissivity values of 1-2 x 10~6 m^/s for two intervals (Nilsson,

1990). From the recovery phase of the open hole pumping tests, a transmissivity of 2.6 x 10"5

m2/s was determined (Nilsson, 1990). The divergence in transmissivity values between the

pumping and the capacity/recovery tests is in agreement with the high positive skin indicated

in the pumping test.



Table A-5 Compilation of high-conductivity sections in KAS 05 (Nilsson, 1990, Liedholm,
1991, Stanfors et al, 1991).

Section
KAS05-A

KAS 05-Ba

KAS 05-Bb

KAS 05-C

KAS 05-C

KAS 05-D

KAS 05-E

KAS 05-E

KAS 05-F

Interval
229-232

274-286

295-301

319-322

322-325

364-367

439-442

442-445

466-469

Transmissivity

7.7 x 10-6 m2/s

4.5 x 10-6 m2/s

9.3 x 10-6 m2/s

6.9 x lO-6 m2/s

7.8 x 10-6 m 2 / s

4.9 x 10-6 m 2 / s

6.0 x 10-6 m 2 / s

1.8 x 10-5 m2/s

4.8 x lO-6 m2/s

Description
Two fractures and boundary between Smaland
granite and diorite
Single fractures, highest conduct, at 283-286 m

Foliated granite, several fracture orientations

Mylonite/greenstone, several fractures with rough
surfaces coated with hematite, calcite + chlorite
Mylonite, fractures. Coated with hematite, calcite
and chlorite
Single fractures, fine-grained granite+greenstone

Two fractures with rough surfaces coated with
calcite, steep fracture with epidote
Major fractures with chlorite+other fract., partly
clay altered. Rock boundary between Smaland
granite and fine-grained granite
Single fractures

During testing in KAS 05 the boreholes KAS 01-04, KAS 06-08 and HAS 01-14 were avai-

lable for observations. At the pumping test interference was observed in KAS 01, KAS 07, the

upper part of KAS 02, HAS 04 and HAS 05. A weak response in KAS 06 was reported. No

response was reported from KAS 04 (Nilsson, 1990). According to Nilsson (1990) no relevant

data was given from the spinner survey.

At the different interference tests performed, KAS 05 was equipped with packers dividing the

borehole into five intervals and responses were observed in the upper three intervals. At only

one occasion, during the interference test in KAS 13, an anomalous response was noticed in

the deep-most interval of the borehole (El: 440-550 m), assumed to directly or indirectly be

associated with a subvertical NNW structure. The subhorizontal hydraulic important structure,

in the SKN model designated zone N, is believed to be penetrated by KAS 05 at c. 325 m.

A-2.5 KAS 06

The borehole has a length of 602 m and is drilled 60° towards NNE. The following hydraulic

tests have been performed (December 1988-March 1989):

- capacity and recovery tests at intervals 0-100,106-217,217-317,317-396 and 505-602 m
- injection tests with 3 m test section within 105-591 m
- inj ection test in test section 591 -602 m
- pumping test during 66 h



spinner survey within the interval 100-597 m
interference tests with pumping in four intervals

- LPT2 test - see appendix B

High conductive sections in KAS 06 identified from spinner measurements are compiled in

Table A-6.

Taken every hydraulic test into account, section E seems to be the most conductive part in

KAS 06. From the spinner measurement, the most conductive part of the zone was localised

to 447-450 m. According to the injection tests, the most conductive part is localised to 459-

462 m. Two distinct sections with increased fracture frequency and crush zones are mapped at

60-75 m and 440-475 m.

Table A-6 Compilation of high-conductive sections in KAS 06 (Nilsson, 1990, Liedholm,
1991, Stanfors et al, 1991). Some uncertainties were found in the interval
definitions.

Section

KAS06-A
KAS 06-A

KAS06-B

KAS06-C

KAS06-D

KAS06-E

KAS06-F

Interval

207-210

213-216

312-315

351-357

396-400

447-450

558-561

Transmissivity

2.0 x 10"5 m2/s

4.8 x 10"5 m2/s

1.3xlO-6m2/s

2.0 x 10"5 m2/s

1.7 x 10-5 m2/s

2.8 x 10"5 m2/s

1.9 x 10-5 m2/s

Description

Fractures with rough surfaces

Few fractures with chlorite-calcite
coatings. At 216,5 m fracture in
fine-grained granite, crush zone,
core losses
Smaller greenstone body

Two open fractures in Smaland gr.

Fractures in diorite; calcite,
chlorite and epidote coating with
NW strike
Fractures in fine-grained granite

Single fractures

Interference
test sections

Testl

Testl

Test 2

Test 2

Test 3

Test 4

Test 4

During testing in KAS 06, boreholes KAS 01-08 and HAS 01-14 were available for response

observations. From the open hole pumping test a transmissivity of 1.0 x 10"4 m^/s and posi-

tive skin was evaluated (Nilsson, 1990).

Based on interpretation of interference tests performed in KAS 06, two subvertical structures

were identified (NNW3 and NNW4). These structures are oriented in NNW direction and be-

lieved to extend to great depths. The most shallow structure KAS 06-A combines

hydraulically directly or indirectly KAS 06 with KAS 07 and the structure probably extends

further north towards KAS 02 and possibly up to the area of KAS 04. The deep-most NNW

structure in KAS 06 lies close to or is penetrated also by KAS 08.



At all four interference tests in KAS 06 significant responses were observed in all observation

wells except for in HAS 01, HAS 03, HAS 13 and HAS 14. Although the number of observa-

tion wells was small, clear indications of a positive hydraulic boundary effect was observed

on the southern part of Asp6.

KAS 06 was used as a packed-off observation borehole during pumping tests in several other

boreholes. In the deep-most packed-off section no pressure monitoring was carried out. The

responses indicate a good hydraulic contact with several hydraulic structures. Fractured and

permeable fine-grained granites are believed to play an important hydraulic role in this sense.

At the test carried out on the southernmost part of Asp6 major responses were observed in

KAS 06 at sections F1-F4 (250-602 m).

A-2.6 KAS 07

KAS 07 is 604 m long and drilled 60° towards SW. In the borehole the following hydraulic

tests have been carried out (December 1988 - April 1989):

- capacity and recovery test at 0-105 m, 106-212 m, 212-304 m, 372-604 m and 416-604 m
- injection tests with 3 m test section within the interval 106-592 m
- pumping test during 68 h
- spinner survey within the interval 100-418 m
- LPT1 interference test

High conductive sections identified from spinner measurements are compiled in Table A-7.

Table A-7 Compilation of high-conductive sections in KAS 07 (Nilsson, 1990, Liedholm,
1991, Stanfors et ah, 1991). Some uncertainties were found in the interval
definitions.

Section
KAS07-A

KAS07-B

KAS07-C

KAS07-D

KAS 07-E

KAS 07-E

KAS 07-E

KAS 07-E

Interval
124-127

222-225

241-244

417-418

508-511

511-514

541-544

574-577

Transmlssivity

l.lxlO-6m2/s
2.9 x 10-6m2/s

1.9 x 10-5 m2/s

6.2xlO-6m2/s

1.9 x 10-5 m2/s

1.4 x 10-5 m2/s

3.9 x 10"5 m2/s
7.5 x 10"5 m2/s

Description
Fractures close to fine-grained granite and greenst.

Diorite
Crushed zone in Smaland granite, partly clay
altered, rough fract. with calcite-chlorite coating
Crushed section in diorite

Rough open fractures in Smaland granite

Open fractures in Smaland granite

Greenstone, crushed section, fractures with calcitc

5 parallel fractures in Smaland granite

10



The most conductive parts of the borehole are located around 243 m and within the interval

508-577 m, also verified by the capacity and recovery tests. Based on analysis of the open

hole pumping test a transmissivity of 4.7 x 10"5 m^/s was determined (Nilsson 1990).

During testing in KAS 07 boreholes KAS 01-06, KAS 08 and HAS 01-14 were available for

observation. Responses were observed in KAS 01, KAS 02, KAS 08, HAS 04 and HAS 13.

During the pumping test in KAS 07, injection tests were performed in KAS 06.

During the LPT1 test anomalous good responses were observed in KAS 06 (F5), KAS 05

(E4/E3) and KAS 02 (B4-B3/B2). Similar responses were also observed at the interference

tests in KAS 06.

At hydraulic tests performed on central Asp6 anomalous responses in KAS 07 were observed

in section J4 (191-290 m), straddling structure B and C. At tests on southern Aspo", domina-

ting responses in KAS 07 were noticed in sections Jl and J2 (411-604 m). During the interfe-

rence test #1 in KAS 06, a significant response was seen in sections J5 and J6 (0-190 m).

Based on hydraulic test interpretation, the parallel zones Gl and G2 were included in the SKN

model. KAS 07 is believed to penetrate zone Gl at 240-260 m borehole length and zone G2

above 100 m. KAS 07 is penetrating a hydraulic important major zone at c. 420 m borehole

length in the SKN model designated zone H. The NNW3 structure is believed to be penetrated

by KAS 07 ate. 126 m.

A-2.7 KAS 08

KAS 08 is 601 m long and drilled 60° towards SE. The following hydraulic tests have been

carried out in the borehole (January - April 1989):

- capacity and recovery tests at the intervals 0-104 m, 106-208 m, 208-306 m, 306-447 m
and 447-601 m.

- injection test with 3 m test section within the interval 106-580 m
- pumping test during 71 h

spinner survey within the interval 100-596 m

The borehole is cased within 0-101 m. Two distinct fractured/crushed sections have been

localised; at 40-60 m associated to a mylonite body and at 550-600 m associated to a fine-

grained granite body. Based on spinner measurements, the most conductive parts of the

borehole were identified, see Table A-8.
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Table A-8 Compilation of high-conductive sections in KAS 08 (Nilsson, 1990, Liedholm,
1991, Stanfors et al, 1991). Some uncertainties were found in the interval
definitions.

Section
KAS08-A

KAS 08-Ba

KAS 08-Bb

Interval
183-186

555-571

577-585

Transmissivity

6.6 x 10*5 m2/s

9.4 x 10"5 m2/s

4.1xlO-5m2 /s

Description
Fractures in diorite

Fine-grained granite, increased fracture frequency,
weathered
Fine-grained granite/diorite, highly fractured

The most conductive parts of the borehole are located to 185 m and within the interval 555-

585 m, also verified by capacity and recovery tests. The rather long interval between 185 and

555 m has low transmissivity, although water conducting fractures are documented to 260-

300 m (Smaland granite and fine-grained granite at 290 m) and to 462 and 520 m (fine-

grained granite). The open hole pumping test yielded a transmissivity value of 2.2 x 10"4

m2/s (Nilsson, 1990).

During testing in KAS 08 the boreholes KAS 01-07 and HAS 01-14 were available for obser-

vations. Interference was observed in KAS 02, KAS 05-07, HAS 06-07 and HAS 13. Inter-

ference in KAS 08 was observed during several tests, especially in sections Ml (503-601 m)

and M3 (140-200 m). The response indicates effects of subvertical structures connecting deep

and shallow parts of the borehole. The structures are in the SKN model designated zones

NNW4-5. The section M3 has a good hydraulic contact with the major high-conductivity

structure (or structures) located south of Asp6 dipping north (zone H).

A-2.8 KAS 09

The borehole KAS 09 has a length of 450 m and is drilled 60° towards SSE. The following

hydraulic tests have been performed (October - December 1989):

- capacity and recovery test at intervals 0-100 m, 102-189 m, 189-305 m and 303-450 m
- pumping test at the interval 0-100 m

spinner survey within the interval 101 -415 m
- interference test (100-450 m)

After completing the tests within 0-100 m, the interval was cased. The part of the borehole

having increased fracture frequency is associated to fine-grained granite and mylonite. A

compilation of high conductive sections in KAS 09 is shown in Table A-9.

12



Table A-9 Compilation of high conductive sections in KAS 09 (Rhen et al, 1991, Sehlstedt
et al., 1990, Stanfors et al., 1991).

Section
KAS09-Aa

KAS 09-Ab

KAS 09-Ac

KAS 09-B

Interval
100-119

131-132

146-148

245-252

Transmissivity
6.9 x 10"5 m2/s

1.8 x lO"4 m2/s

S^x lO^m^s

1.6 x lO^m^s

Description
Crush in fine-grained granite, rock boundary

Crush in fine-grained granite

Increased fracturing, open fracture in fine-grained
granite (indicated from geophysical data)
Crush in mylonite

The pumping test at 0-100 m gave a transmissivity value of 5.2 x 10"^ m^/s and at 100-450 m

a value of 9.7 x 10"4 m2/s (Rhen et al., 1991). Similar results were determined from the

capacity and recovery tests.

During the tests in KAS 09 boreholes KAS 01-08, KAS 10-11 and HAS 01-17 were available

for observation. At the pumping in KAS 09 interference was observed in the two boreholes on

southern Aspfi (KAS 10 and KAS 11), the two deepest sections in KAS 07 (Jl and J2), the

sections Ml and M3 in KAS 08 and section B4 in KAS 02. The responses were judged to be

primarily governed by flow in a conductive major zone dipping towards north having an

approximately E-W strike (zone H in the SKN model). The zone influences directly or

indirectly KAS 07, KAS 08, KAS 09 and KAS 11. Flat-lying bodies of fine-grained granites

(zone K1-K3) on southern Aspo* are of importance for the hydraulic response in the shallow

borehole HAS 13 and the core holes KAS 09-14. The interference also indicates flow in

subvertical fractures with an approximately NNW direction. During pumping in KAS 09

interference was observed in HAV 08 - a 63 m deep borehole on AvrtJ. A very distinctive

response was observed in KAS 09 during pumping test in KAS 14.

A-2.9 KAS 10

The borehole is 99 m long and drilled 60° towards south. The hole was only used as an obser-

vation borehole and no hydraulic test has been carried out in the hole. Interpretation of data

indicates that the borehole is in hydraulic contact with the other boreholes on southern Aspd,

although with a somewhat restricted response indicating that the borehole is not penetrating

the major hydraulic structure of the area.
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A-2.10 KAS 11

The borehole is 249 m long and drilled almost vertical. The following hydraulic tests have

been carried out (February - March 1990):

- capacity and recovery tests at 99-249 m
- spinner survey within the interval 40-177 m
- interference test

High conductive sections in KAS 11 are compiled in Table A-10.

Table A-10 Compilation of high conductive sections in KAS 11 (Rhen et al, 1991, Sehlstedt
et al., 1990, Stanfors et al, 1991).

Section
KAS11-A

KASll-Ba
KASll-Bb
KASll-Bc
KASll-Bd

Interval
52-104

124-126

133-135

145-149

157-174

Transmissivlty

3.3 x 10-5 m2/s

4.6 x 10"5 m2/s

6.1 x lO"5 m2/s

8.7 x 10-5 m2/s

1.6 xHHrn^s

Description
The interval dominated by diorite, highest
conductivity at 53 m in association with fractured
fine-grained granite
Diorite

Diorite

Close to a thin fine-grained granite

Fine-grained granite with increased fracture freq.

A transmissivity of 4.1 x 10"^ m^/s was estimated (Rhen et al., 1991) for the borehole. The

hydraulic responses in surrounding observation boreholes were not possible to evaluate due to

disturbances from contemporary drilling and testing in KAS 12, KAS 13, HAS 18 and HAS

19. Significant responses were however identified in KAS 09 and KAS 10.

At tests where KAS 11 served as observation hole, significant responses were measured

during pumping in KAS 09, KAS 14 and KBH02. KAS 11 is judged to penetrate one or more

very conductive structures dipping towards north and associated to fractured fine-grained

granite (zone K1-K3).

A-2.11 KAS 12

The borehole is 380 m long and drilled 69° towards SSE. The following hydraulic tests have

been carried out (February - April 1990):

- capacity and recovery tests at 0-99 m, 102-202 m, 204-303 m and 303-380 m
- spinner survey within the interval 101 -324 m
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- interference test

High conductive sections in KAS 12 are compiled in Table A-ll.

Table A-ll Compilation of high conductive sections in KAS 12 (Rhen et al, 1991, Sehlstedt
et al., 1990, Stanfors et al., 1991).

Section
KAS12-A

KAS 12-B

KAS 12-C

Interval
244-264

281-285

308-325

Transmissivity

2.3xl0-6m2/s

9.3 x 10-6 m2/s

1.8xlO-5m2/s

Description
Fine-grained granite and greenstone, increased
fracture frequency
Fine-grained granite

Diorite with increased fracture frequency

The capacity test indicates relatively low transmissivity in the upper 100 m of the borehole

(Rhen et al., 1991). Based on geophysical data, an open fracture was localised to 75 m asso-

ciated to fractured mylonite.

The capacity and recovery tests below 100 m show a transmissivity of 1-5 x 10"^ m^/s, to be

compared with 4.2 x 10"^ m^/s for the entire borehole (interference test). During testing in

KAS 12 boreholes KAS 01-14 and HAS 01-20 were available for observation. The interfe-

rence test in KAS 12 was disturbed from pumping in KAS 11. At the pumping in KAS 12

significant hydraulic responses were observed in KAS 04 (except for the upper interval), HAS

18, HAS 16, HAS 17, KAS 08-M1/M3, KAS 06-F1 and KAS 07. In this part of Asp6, fine-

grained granites parallel to the shistocity and subvertical structures in NNW direction, are

judged to have great impact on the hydraulic behaviour.

A-2.12 KAS 13

KAS 13 is 407 m long and drilled 62° towards W. The following hydraulic tests have been

carried out ( February - April 1990):

- capacity and recovery tests at 0-100 m, 104-211 m, 210-314 m and 312-407 m
spinner survey within the interval 100-279 m
interference test

High conductive sections in KAS 13 are compiled in Table A-12.
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Table A-12 Compilation of high conductive sections in KAS 13 (Rhen et al, 1991, Sehlstedt
et al., 1990, Stanfors et al., 1991).

Section
KAS 13-A

KAS 13-B

Interval
160-170

195-215

Transmissivity

3.7 x 10"6 m2/s

2.7 x 10-5 m2/s

Description
Two distinctive conductive sections in Smaland gr.

Two distinctive conductive sections in diorite,
increased fracture frequency

Within the interval 215-407 m, no high conductive section was reported (Rhen et al., 1991).

However, both fracture zones, greenstone and fine-grained granite occur. The recovery test at

this interval yielded a transmissivity value of approximately 0.3-3 x 10~5 m^/s. Geophysical

measurements indicate open fractures at 258 m and within 286-288 m.

The interference test was disturbed from capacity testing in HAS 20, drilling in KAS 11 and

KAS 12 and pumping in KAS 14. During testing in KAS 14 boreholes KAS 01-14, KBH 01-

02 and HAS 01-20 were available for observations.

The drawdown arisen from the pumping in KAS 13 became very large. At a rather great

distance from KAS 13 a drawdown of more than 10 m was measured. Analysis of the

response indicates dominating effects from subvertical structures oriented in c. NNW. The

most predominating responses were observed in KAS 02, KAS 05, KAS 07, KAS 08 and

HAS 05.

Response was also observed in the upper part of KAS 04 and in HAS 01, where normally

response only was seen at pumping test on northern Asp6. The reason seems to be the extra-

ordinary drawdown at the pumping in KAS 13.

KAS 13 is in the SKN model penetrating structure NNWl at 205 m and structure NNW2 at

165 m.

A-2.13 KAS 14

The borehole is 212 m long and drilled 60° towards SE. The following hydraulic tests have

been carried out in the borehole (March - June 1990):

- capacity and recovery tests at 0-100 m, 105-212 m and 154-212 m
- pumping test at 0-100 m
- spinner survey within the interval 95-194 m
- interference test
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Intense fracturing was mapped on the core at 55 and 90 m and within the intervals 100-135 m,

153-165 m and 180-210 m. Besides the conductive section given in Table A-13, the fracture

zones at 55 m and 90 m were conductive.

Table A-13 Compilation of high conductive sections in KAS 14 (Rhen et al, 1991, Sehlstedt
et al., 1990, Stanfors et al, 1991).

Section
KAS14-Aa
KAS 14-Ab
KAS 14-Ac
KAS 14-Ad

Interval
110-122
133-134
143-144
153-160

Transmissivity
2.6xlO-4m2/s
2.2xlO-4m2/s
3.1 xlO"4 m2/s
1.0 x l O - W / s

Description
Smaland granite, fractured,
Diorite, fractured
Diorite
Diorite, fractured

A transmissivity of 2 x 10~5 m^/s was evaluated for the upper 100 m of the borehole. The

capacity and recovery test for the interval 154-212 m gave a much higher transmissivity value

(1.4 x 10"3 m^/s) than estimated from the spinner survey (Table A-13), which may be an

indication of conductive fractures below 160 m. According to Sehlstedt et al. (1990), open

fractures may be present at around 200 m. The result from the capacity and recovery tests is

however somewhat contradictory, probably an effect of measuring uncertainties due to very

high inflow. For the total borehole a transmissivity around 1 x 10'3 m^/s is estimated (Rhen

et al., 1991).

At the interference test performed by pumping in KAS 14, hydraulic responses were noticed

in almost every borehole on southern Asp6, especially in KAS 09, KAS 11, KAS 10 and KBH

02-BB1. Responses were also observed in KAS 08-M1/M3, the upper part of KBH 02

(section BB2) and at two boreholes on Avr6; HAV 08 and HAV 02.

Several high conductive structures are believed to be penetrated by KAS 14; the major zone H

and the gently dipping zones Kl and K2. Because of the pronounced heterogeneity and com-

plexity of the bedrock in this part of Aspfi, the zones cannot be located unambiguously.

A-2.14 KBH 02

The borehole is 706 m long and is subhorizontally drilled from Bockholmen south of Asp6

and ends at the southern part of Asp6. The borehole ends west of KAS 11 at a vertical depth

of c. 200 m. The following tests have been carried out (January - June 1990):
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- capacity and recovery tests at 100-183 m, 192-304 m and 408-706 m
- inj ection test at the interval 261 -410 m

interference test

Analyses of the capacity and recovery tests gave a transmissivity of 0.3-6.5 x 10"4 m^/s for

the three intervals (Rhen et al., 1991). From the interference test, a transmissivity of approxi-

mately 1 x 10"3 m2/s was estimated (Rhen et al., 1991).

During pumping in KBH 02 strong interference was observed in the boreholes on southern

Asp6; KAS 09, KAS 10, KAS 11, KAS 14 and HAS 13. Response was also noticed in KAS

06 (F1-F4), KAS 07 (Jl and J4), KAS 08 (Ml) and KAS 02 (B3). HAV 08 on Avr6 also

showed significant interference. The hydraulic testing in KBH 02 is judged to verify the

conductive structures on southern Asp6. No additional structures were identified.

2.15 HAS 13

The borehole is 100 m long and drilled 63° towards NE. The following hydraulic tests have

been carried out:

capacity and recovery test at the intervals 0-50 m and 0-100 m
interference test

The most conductive part has been identified to 96-100 m (Rhen, 1991). The specific capacity

for HAS 13 was estimated to 2.1 x 10"5 m2/s (Nilsson, 1990). Based on the interference test a

transmissivity value of 2.1 x 10"^ m^/s and a positive skin was calculated. Interference was

noticed at several deep-seated borehole sections; KAS 07-Jl (501-604 m) and KAS 08-M1

(503-601 m). The most anomalous response was however observed in the uppermost section

of KAS 07. The other borehole sections used for observation responded in a way indicating

radial flow.

A-2.16 HAS 20

The borehole is 150 m long and drilled 60° towards NE. The following hydraulic tests have

been carried out (March - April 1990):

- capacity and recovery test at the interval 0-150 m
interference test

18



Contemporary with the interference test, pumping in KAS 11 and drilling of KBH 02 was

ongoing. These activities disturbed the groundwater pressures at southern Aspo". However, the

possibility to evaluate the test was only slightly affected.

No hydraulic characterisation has been carried out in the HAS 20. Geophysical borehole

logging indicates water conductive fractures within the interval 70-100 m, associated with

fine-grained granite (Sehlstedt et al., 1990).

From the interference test in HAS 20 a transmissivity of approximately 5 x 10"^ m2/s and a

positive skin factor was calculated (Rhen et al., 1991). Interference was noticed in the upper

section of KAS 04, KAS 03 (C4/C5:107-376 m), HAS 01, HAS 08 and HAS 19. These bore-

holes are in the SKN model penetrating zone D. Response was also observed in HAS 03. The

response indicated a rather homogenous and isotropic flow system. No response was observed

in the boreholes east of HAS 20, i.e. in KAS 12 and HAS 18.
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APPENDIX B

Evaluation of the LPT2 long term pumping test

B-l Introduction

The long time pumping test LPT2 was carried out in September 1990 - January 1991 with
KAS 06 as discharge well. The principal aim with the pumping was to create a converging
flow field suitable for the large scale tracer test. In order to maintain an optimum gradient, the
flow rate was changed two times in the beginning of the test. The pumping lasted for three
months and the recovery was detected for another one month.

B-2 Test design

During the test, groundwater pressure was measured in boreholes on Aspd, Avro" and at Laxe-
mar. The core drilled boreholes KAS 02 - KAS 14 (excluding KAS 06 and KAS 10) were
equipped with a straddling packer system which divided the boreholes into four to six
sections. The percussion drilled boreholes HAS 02 - HAS 20 were equipped with packers
such as the boreholes were divided into two to three sections. The boreholes on Asp6 are
shown in Figure A-l in Appendix A. The pump was placed 85 m down the borehole. The
discharge flow rate was monitored together with the electric conductivity and redox potential
of the pumped water. For detailed data see JOnsson & Nyberg (1991) and Rhen et al. (1992).

B-3 Test results

A few selected test data are compiled in Table B-l and the drawdown in KAS 06 is shown in
Figure B-l.

Table B-l Test data (compiled from J&nsson & Nyberg, 1991)

Time period
Flow rate
Pumped volume

Drawdown

Pumping phase
1

17-20/9 -90
2.011/s

c. 521 m3

c. 40.4 m

Pumping phase
2

20-24/9 -90
2.52 1/s

c. 925 m3

c. 60.0 m

Pumping phase
3

24/9-18/12 -90
2.25 1/s

c. 16500 m3

c. 51.8 m

Total

17/9-18/12-90
2.25 1/s

c. 17800 m3

c. 51.8 m
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Figure B-l Water level in KAS 06 during LPT2 pumping test (Jonsson & Nyberg, 1991)

The electric conductivity of the pumped water increased from 1000 to 1400 mS/m during the

first 5000 hours, thereafter a slow decrease to approximately 1370 mS/m was monitored. In

boreholes KAS 02-05 and KAS 07-14 a minor decrease in salinity was observed in the upper

half of the boreholes and an increase or no change in salinity in the lower half of the bore-

holes. The most significant changes in salinity on depth were observed in boreholes KAS 02

(500 m) and KAS 04 (405 m).

B-4 Test evaluation

The test evaluation was focused on a qualitative description of the ground water flow system

in the bedrock of Asp6 and its surroundings. The primary purpose of this evaluation was to

analyse to what extent the bedrock could be considered as an homogenous isotropic medium

and, if anomalous responses were found, localise the structure that creates this "non-ideal"

behaviour. In the analyses both response-time and drawdown data from interference tests were

applied. After correlation with the geological-tectonical model as well as borehole data, the

identified structures have, if possible, been described geologically.



In Figure B-2, the response time for the different observation points have been plotted in a

logarithmic graph. In the graph type curves for different diffusivity values (T/S) are included.

Generally, the response time increased with increasing distance but a large spread was

obtained. However, the determination of response time is rather uncertain due to low

measuring rate and in some cases only manual readings. The response times in Rhen et al.

(1992) were adopted in most cases.

The drawdown data is plotted in a semi-logarithmic graph in Figure B-3. The graph shows

that the groundwater pressure drop decreases with increasing distance, however, a large

spread was obtained.

The most anomalous responses were evident in KAS 07 (sections 2, 5 and 6) and in KAS 08

section 3). Fast responses were also observed in KAS 12 and in KAS 02. Interpreted

anomalous responses (both very large and small) are listed in Table B-2.

Table B-2 Interpreted anomalous responses

Test data

Pumping in KAS 06
Pumped section: 0-602 m
Max. drawdown 51.77 m

"Good" response
(T/S £ 2)

KAS 07-J6:l-109 m
KAS 07-J5:l 10-190 m
KAS 07-J2:411 - 500 m KAS
08-M3.140 - 200 m
KAS 12-DB (2): 278 - 329 m
KAS 12-DC (3): 234 - 277 m
KAS 02-B3: 346-799 m

"Poor" response
(T/S < 0,1

KAS 07-J3:291-410 m
KAS 03-[C6-C2]: 0-626 m
KAS 13-EA: 330-380 m
KAS 04-D6: 0 -185 m
HAS 01 - HAS 03
HAS 08-HAS 12
HAS 19 & HAS 20
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Figure B-3 Pressure response semilogarithmic plot



B-5 Discussion and summary

The borehole KAS 06 has been used for several different hydraulic tests. A compilation of test

results accessible are listed in Table B-3. Based on the evaluation, a clear similarity between

the LPT2 and earner tests can be concluded. Combining all tests, good responses were

observed in boreholes KAS 02, KAS 05, KAS 07 and KAS 08. During the LPT2 test, a good

response was also observed in KAS 12, which is a borehole that was not drilled during the

interference tests performed earlier.

Table B-3 Hydraulic testing in KAS 06 (compiledfrom Palmqvist et al., 1992).

Test

Pump test

Interference test KAS06-1

Interference test KAS06-2

Interference test KAS06-3

Interference test KAS06-4

LPT2

Interval

0 - 602 m

204-277 m

304-377 m

389-406 m

439-602 m

0 - 602 m

Responses

Responses in:
KAS 01/02/07/ and in HAS
04/06/07/13
Good responses in:
KAS 02-B4
KAS 07-J5/J6/J3/J2
Good responses in:
KAS 02-B4
KAS 05-E4/E5
KAS 07-J4/J3/J2/J1
KAS 08-M1/M3
Good responses in:
KAS 08-M1/M3/M4
KAS 07-J4/J1
Good responses in:
KAS 08-M1/M3/M4
KAS 07-J4/J5/J6
KAS 02-B4
KAS 05-E5
Good responses in:
KAS 07-J6/J5/J2
KAS 08-M3
KAS 12-DB/DC
KAS 05-E3
KAS 02-B3

The response evolution in KAS 02 (section B4, B3 and B2) was in Palmqvist et al. (1992)

interpreted to be an indication of a vertical structure near the borehole. In this study, we

assume that this response is due to technical malfunction of the packer system. The inter-

ference test #2 in KAS 02 strongly support this assumption (Palmqvist et al., 1992, page 44-



45). Observations during the dilution measurements in KAS 02 showed leakage between B2

and B3, but also between B4 and B5. Consequently, the interference responses observed in

KAS 02 are believed to be restricted to section B4 (309-345 m) and to section Bl (855-924

m).

The responses in KAS 05 during the LPT2 test were also in quite good agreement with the

interference tests in KAS 06. The most distinct response was located to section E3.

The responses in KAS 07 seem to vary considerably between each test and it is not a trivial

task to present an obvious and unambiguous explanation. During the LPT2 test all sections

but J3 responded quickly to the pumping in KAS 06. The largest drawdown was located to

sections J5 and J6 and the smallest drawdown to section J3. The interval corresponding to

section J3 (291-410 m) is a low permeability part of the borehole.

The responses in KAS 08 during the LPT2 test were in rather good agreement with the

interference tests in KAS 06. During the LPT2 test a distinct response was noticed in section

M3 and during the other interference test both in section M3 and Ml.

The transmissivity of the bedrock was calculated on basis of Figure B-3 to c. 1.0 x 10"4

This corresponds well to the value given by Rhen et al. (1992) of 1.5 x 10"4 m^/s and equals

the value in Nilsson (1989) of 1 x 10"4 m2/s. The storativity is calculated to 1-2 x 10"4, which

is higher than calculated by Rhen et al. (1992) of 0.5 x 10"4. However, the calculation of

storativity was carried out with different methods and the results are judged as satisfactory.

The LPT2 interference test did not contribute to any further development of the SKN model in

any vital way. The hydraulic behaviour of the rock mass and its hydraulic structures were

more or less in accordance with the interpretation of earlier tests as described in Palmqvist et

al. (1992). However, new data is obtained concerning KAS 12 and KAS 02.

KAS 12 was drilled at a late stage of the preinvestigation, i.e. the main part of the hydraulic

tests were carried out without any information from the bedrock penetrated by KAS 12. From

the LPT2 test it became evident that the two boreholes KAS 06 and KAS 12 have a well

developed hydraulic connection. This result was also confirmed by the pumping in KAS 12,

when a good hydraulic response was obtained in KAS 06-F1 (431-500 m). Note that in the

section KAS 06-FO (501-602 m) no pressure monitoring was carried out.



APPENDIX C

Evaluation of the LPT2 large scale tracer test

c-i Introduction

A large scale 3-dimensional tracer test was performed as a part of the LPT2 test at Asp6 HRL.

The test was evaluated by Gustafsson et al. (1992). The objectives of the test were to

determine the interconnection as well as the hydraulic and transport parameters of major frac-

ture zones as presented in the SKB conceptual model of Asp8. In this study, part of the data is

used in order to develop the SKN conceptual model of Asp6.

C-2 Experimental design

The tracer test was carried out on the southern part of AspO (Figure C-1). For test data see

Appendix B. Boreholes and sections used in the tracer test are listed in Table C-1.
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The pumping commenced on September 17th 1990 and was completed on December 18th.

The first tracers were injected about two weeks after pumping started; at that point it was

assumed that the transient stage of the drawdown was ceased. Three radioactive isotopes and

one fluoroscent dye tracer were injected in four borehole sections. Toward the end of the test

two additional tracer pulses were injected. The tracers were injected according to Table C-2.

Table C-l Configuration of boreholes and sections used in LPT2 tracer test (Gustafsson et

al, 1991)

Borehole
sections

KAS02-4
KAS 02-2
KAS 05-3
KAS 05-1
KAS 07-4
KAS 08-3
KAS 08-1
KAS 12-2
KAS 13-3
KAS 14-2

Code

B4
B2
E3
El
J4
M3
Ml
DB
EC
FB

Depth (m)

309-345
800-854
320-380
440-549
191-290
140-200
503-601
279-330
191-220
147-175

Section
length (m)

36
54
60
109
99
60
98
51
29
28

Total bore-
hole length

(m)
924
924
549
549
604
601
601
380
407
212

Inclination
ofborehole

(°)
84
84
85
85
59
59
59
60
60
60

Dilution
measurements

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No

Table C-2 Tracer injection data (after Gustafsson et al., 1991)

Borehole
section

KAS 02-4
KAS 05-3
KAS 07-4
KAS 08-1
KAS 08-3
KAS 12-2

Injection
time (h,min)

5,21
14,56
13,31
7,02
6,53
6,42

Injection flow
(ml/min)

12.5
27.9
4.9
9.5
9.7
12.0

Injection
volume (ml)

4000
25000
4000
4000
4000
5000

Tracer

Indium
Uranine
Iodine

Rhenium
Rhenium
Uranine

Injection type
(no of injections)

dp
dp

idp (5)
idp (7)

dp
idp (7)

Both decaying pulse injection technique (dp) and intermittent decaying pulse injection tech-

nique (idp) were used. The latter technique involves several injection cycles; when the tracer

in the section is diluted to a certain lower limit by groundwater flowing through the section, a

new pulse is injected.

The tracers were detected in KAS 06 in the withdrawn water as well via sampling from diffe-

rent levels by a multilevel sampler. The multilevel sampler had 8 tubes with different lengths.

Sampled levels were according to Table C-3.



The sampling levels in KAS 06 correspond to high transmissivity levels detected hydraulic

tests (Ekman & Gentschein, 1989). The determined hydraulic conductivity values (injection

tests) and spinner log are shown in Figure C-2. Since the flow direction was upwards during

the test, the sampling levels were chosen just above the levels of the hydraulic conductors

(Gustafsson et al., 1991). Each sampled level is consequently a sum of all underlying levels

and the net inflow to each level is calculated on basis of water inflow distribution.

ASPO KASO6

HYDRAULIC CONDUCTIVITY
•7*

Figure C-2 Hydraulic conductivity and spinner log (after Gustafsson et al., 1991).



Table C-3 Sampled levels in KAS 06 (Rhen et al, 1992). Geological description
according to Palmqvist et al., 1992.

Sampling point
Number - length (m)

8-190

7-290
6-340
5-360
4-390
3-430
2-540
1-570

Hydraulic
conductor

A

B
Ca
Cb
D
E
Fa
Fb

Position of
main conductor

(m)
217

312
353
364
399
448
558
596

Geological description

207-210 m: single fractures
213-216 m: single fractures, at 216.5 m
single fracture in fine-grained granite
312-315 m: minor greenstone
354-357 m: 2 fractures in Smaland gr.
-
396-400 m: fractures in diorite
447-450 m: fractures in fine-grained gr.
558-561 m: single fractures
-

C-3 Evaluation of test data

During the LPT2 test, tracers were injected in six sections in five boreholes. Tracer inflow to
KAS 06 was successfully detected from KAS 05-E3, KAS 08-M3 and KAS 12-DB. Inflow
from KAS 08-Ml must be judged as uncertain. Inflow from KAS 02-B4 and KAS 07-J4 was
not detected. For details of the test we refer to Gustafsson et al. (1991).

As can be observed in Table C-4, it is a striking similarity in the results regarding tracer
inflow from KAS 08-1 and KAS 12-2. Tracer occurred at sampling intervals 3, 4, 6 and 8.
Inflow from KAS 05-3 was detected at sampling interval 4 and 6. The first breakthroughs
were observed at sampling levels 3 and 4, both regarding KAS 08-1 and KAS 12-2. The
inflow at levels 6 and 8 were somewhat delayed.

Table C-4 Detected tracer inflow in KAS 06 (compiledfrom Gustaffson et al., 1991).

Sampled level
Number - (m)

8-190
7-290
6-340
5-360
4-390
3-430
2-540
1-570

Hydraulic
conductor

A
B
Ca
Cb
D
E
Fa
Fb

KAS 02-4
Indium

-
-
-
-
-
-
-
-

KAS 05-3
Uranine

-
-

Inflow
-

Inflow
-
-
-

KAS 07-4
Iodine

-
-
-
-
-
-
-
-

KAS 08-1
Rhenium

Inflow
-

Inflow
-

Inflow
Inflow

-
-

KAS 08-3
Rhenium

-
-
-
-
-

Poor data
-
-

KAS 12-2
Uranine
Inflow

-
Inflow

?
Inflow
Inflow

-
-



During the earlier stages of the preinvestigations, SKB carried out several interference tests in

wells on the southern part of Asp6 (Wikberg, et al., 1991 and Palmqvist et al., 1992).

Specifically in KAS 06, four pump tests were performed; at 204-277 m, 304-377 m, 389-406

m and 439-602 m. These intervals correspond to conductors A, B, D and E+F, respectively.

As can be seen in Table C-2 and Table C-5, some of the sections used for tracer injection

correspond to sections where excellent hydraulic pressure responses have been detected.

Those sections are: KAS 02-B4, KAS 07-J4, KAS 08-M1 and KAS 08-M3. According to the

analyses in Palmqvist et al. (1992), KAS 05-E3 did not respond hydraulically in an anomalous

good way during the tests in KAS 06. The borehole KAS 12 was not drilled at the time of the

interference test in KAS 06.

By comparing tracer inflow during LPT2 and pressure responses during the interference tests

in KAS 06, a rather unexpected lack of tracer response is found. Good pressure responses

were observed in KAS 02 and KAS 07 during tests in KAS 06-2, KAS 06-3 and KAS 06-4,

however, no tracer inflow was detected during LPT2. The only consistent result was found for

KAS08-M1.

Table C-5 Hydraulic contact during interference tests in KAS 06 (Palmqvist et al., 1992).
The arrows indicate the response sequence for the different boreholes

Pumped section

KAS 06-1:204-277 m

KAS 06-2: 304-377 m

KAS 06-3: 389-406 m

KAS 06-4:439-602 m

Good hydraulic responses

KAS 02-B4
KAS 07-J5->KAS 07-J6->(KAS 07-J3-»KAS 07-J2)
KAS 02-B4
KAS 05-E4->KAS 05-E5
KAS 07-J4-*KAS 07-J3-+KSA 07-J2->KAS 07-J1
KAS 08-Ml-»KAS 08-M3
KAS 08-Ml-*KAS 08-M3-»KAS 08-M4
KAS 07-J4->KAS 07-J1
KAS 08-Ml-»KAS 08-M3->KAS 08-M4
KAS 07-J4->KAS 07-J5-»KAS 07-J6
KAS 02-B4
KAS 05-E5

During the interference test in KAS 12, excellent hydraulic responses were observed in e.g.

KAS 08-M3, KAS 08-M1, KAS 06-F1, KAS 07-J1 and KAS 07-J4. It must be noted that no

pressure registration was carried out in the interval 501-602 in KAS 06 during the tests. KAS

06-F1 corresponds to the interval 431-500 m, which includes conductor E.



KAS 06-F1 corresponds to the interval 431-500 m with conductor E at c. 448 m. This parti-

cular conductor was pumped during test KAS 06-4, while excellent hydraulic responses were

observed in the boreholes KAS 02, KAS 05, KAS 07 and KAS 08. Inflow of tracer from KAS

12 was detected in KAS 06 at levels 3-6 and 8. The first breakthrough was detected at levels 3

and 4, corresponding to conductor E and D. It is judged that the test result confirms the

hydraulic communication between KAS 12-DB and the conductor E in KAS 06.

C-4 Summary and discussion

Hydraulic conductor A in KAS 06 is judged to be correlated to a near-vertical, approximately

NNW striking, conductive fracture. The lack of tracer inflow from KAS 02-B4, is not in

agreement with the very consistent pressure responses in this section observed at almost every

interference test performed. The lack of tracer inflow from KAS 05-E3, KAS 07-J4 is likewise

not in agreement with the pressure responses observed. The inflows of tracer from KAS 08

and KAS 12 indicate that several conductors are involved.

Hydraulic conductor C in KAS 06 is judged to be associated to a subhorizontal/gently dipping

hydraulic structure (denoted zone N in the SKN model). The tracer inflow from KAS 05

favours this interpretation. The lack of tracer inflow from KAS 07-J4 and KAS 02-B4 is

however not in agreement with the interpretation carried out in Palmqvist et al., 1992.

Hydraulic conductor D in KAS 06 is judged to be of similar character as conductor C. The

hydraulic conductor E in KAS 06 is characterised as a near-vertical NNW striking conductor,

which hydraulically connects KAS 06 to KAS 12 (conductor B: 279-330 m).

In conclusion, it can be observed a flow consistency regarding tracer flow from KAS 08-3 and

KAS 12-2 towards KAS 06. It is interpreted that this response indicates well developed

hydraulic communication paths, probably in association to near-vertical NNW striking struc-

tures. Fine-grained granite is believed to play an important role for groundwater flow in a

smaller scale.

The lack of data from tracer injections in KAS 02-4 and KAS 07-4 is not consistence with the

SKN model. According to the model, zone N is penetrated by KAS 02 at 315 m and by KAS

06 at 356 m and zone Gl is penetrated by KAS 07 at around 250 m and by KAS 06 at 85-100

m. Plausible reasons for the inconsistency given in Rhen at al. (1992) are magnitude and/or

direction of gradient, large porosity and low hydraulic conductivity. However, we find an

incorrect structural model to be another very probable reason.



APPENDIX D

Evaluation of the dilution tests

D-l Introduction

The objective with the dilution test was to determine the groundwater flow in packed-off

borehole sections and to clarify interconnections between different zones in the SKB Asp6

model. Measurements were performed in 22 sections in 12 boreholes under "undisturbed"

natural conditions (NG1 and NG2) and under induced gradients at pump tests LPTl and

LPT2. The sections being measured are classified as high-transmissivity sections.

D-2 Measurement program

The program for the dilution tests is summarised in Table D-L

Table D-l Dilution measurements at Aspo during 1989-1990 (from Rhen et al, 1992).
N = natural groundwater flow.

Event

LPTl
NG1
NG2
LPT2

Test period

07/08/89-01/09/89
25/09/89-08/10/89
26/06/90-16/08/90
25/09/90-18/12/90

Pumped well

KAS 07

KAS 06

Number of
sections

9
4
22
10

Pump rate
(1/s)
1.25
N
N
2.3

The LPTl was carried out in connection to a eight weeks long pumping test in KAS 07. The

dilution measurements were initiated after four weeks pumping, as when stationary hydraulic

conditions were assumed to prevail. Dilution measurements were performed in the boreholes

KAS 02, KAS 04-06 and KAS 08.

The NG1 test was carried out four weeks after completion the LPTl pumping period. Since

the pressure heads in the measured sections were close to the same levels as before the pum-

ping test, natural gradient conditions were assumed to prevail. Dilution measurements were

performed in the boreholes KAS 05-06 and KAS 08. The NG2 test was carried out during

conditions assumed to be undisturbed. Dilution measurements were performed in the

boreholes KAS 02-09 and KAS 11-14.



The LPT2 was carried out approximately one month after the finishing of the NG2 test. The

dilution measurements in the boreholes KAS 02, KAS 05, KAS 07-08 and KAS 12-14 were

initiated after two weeks of on-going pumping in KAS 06.

The test program comprised different sections at different test, thus a complete set of data is

missing and a systematic evaluation cannot be performed.

D-3 Measurement principles

A tracer was injected into a packed-off section by means of a circulation system. Uranine,

Indium, Iodine and Rhenium were used as tracers. The dilution of the tracer is assumed to be

related to the groundwater flow through the section. The length of the sections varied between

7-145 m. The tracer was assumed to be injected as a homogenous pulse into the complete

packed-off section. The tracer was diluted while natural groundwater was flowing through the

section. The dilution rate is assumed proportional to the groundwater flow in the section. For

details we refer to Rhen at el., 1992 and Ittner et al., 1991.

The background concentration of Uranine was typically 1-10 ppb, however, 1-2 ppm was

measured in some sections. This background content originates from the drilling of the bore-

holes as Uranine was used as marker of drilling fluid. As a consequence, in some of the

dilution measurements during LPT2 no additional tracer was injected.

D-4 Test results

The results from the dilution measurements are summarised in Table D-2 and in Figure D-1.

The presented flow rates are in accordance with data presented in Rhen et al., 1992.

From Figure D-1 it is evident that the highest flow rates were measured during LPTl and

LPT2 test. However, in some borehole sections conflicting flow rates were obtained in com-

parison with flow rates during natural conditions in the NG1 and NG2 measurements.

The measurements in KAS 02 were suffering from technical problems, thus only data from

disturbed conditions exist. A leakage between sections B2 and B3 was noticed during the

LPTl test (Rhen et al., 1992). Also during the NG2 test a leakage between sections B5 and B4

was observed.



Table D-2 Concluded results of dilution measurements (after Rhen et al., 1992)

Borehole -
Section

KAS 02-B4
KAS 02-B2
KAS 03-C5
KAS 03-C2
KAS 04-D2
KAS 05-E3
KAS 05-E1
KAS 06-F5
KAS 06-F1
KAS 07-J4
KAS O7-J1
KAS 08-M3
KAS 08-M1
KAS09-AD
KAS11-CE
KAS11-OD
KAS 12-DC
KAS 12-DB
KAS 13-ED
KAS 13-EC
KAS 14-FD
KAS14-FB

Interval
(m)

309-345
800-854
107-252
533-626
332-392
320-380
440-549
191-249
431-500
191-290
501-604
140-200
503-601
116-150
47- 64

153-183
235-278
279-330
151-190
191-220
131-138
147-175

LPT1
(ml/nun)

1.1
(127)

-
~
28
6.5
40
197
79

PUMPING
PUMPING

4.3
20

NG1
(ml/min)

-
-
—
—
—
--
1.8
25
52
—
—
—

5.5

NG2
(ml/min)

(89)
(127)
6.9

(120)
12
0.4
1.3
27
25
1.0
5.3
4.0
7.6
11
0.3
33
0
12
1.1
4.7
3.1
18

LPT2
(ml/min)

2
4
-
-
—
9
11

PUMPING
PUMPING

18
-
21
48

-
107
—
3.3
-
11
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Figure D-1 Graphical representation of results of dilution measurements



D-5 Ground water flow at natural conditions

High flow rates

At natural conditions relatively high flow rates (> 10 ml/min) were measured in KAS 04-D2,

KAS 06-F1/F5, KAS 09-AD, KAS 11-CB, KAS 12-DB and in KAS 14-FB. The highest flow

rates were determined in KAS 06 and KAS 11. No significant relation between flow rate and

depth was found (Rhen et alM 1992). Similarly, boreholes with high or low natural flow rates

seem not to be related to any specific part of the island.

KAS 04-D2 corresponds to section 332-392 m, which includes the hydraulic conductors Da

and Db (according to SKB denotation). This section and almost every high conductive parts in

KAS 04 below 230 m, are associated with fractured fine-grained granite. In the SKN model,

this part of the borehole belongs to a larger body of fine-grained granite south of fracture zone

D. This part of AspO is considered to act as a recharge area for groundwater.

The two sections in KAS 06 are in the SKN model related to vertical/subvertical fractures also

communicating with conductive parts in boreholes KAS 07 and KAS 08 (possibly also KAS

12 - see below). In the deeper section in KAS 06 sampled ground water indicates inflow of

Baltic sea water.

KAS 12-DB corresponds to section 279-330 m, which includes the hydraulic conductors B

and C (SKB denotation). Structure B is associated to fine-grained granite and section C to

increased fracturing in diorite. According to the interpretation in the SKN model, the flow is

controlled by fine-grained granites parallel to the shistocity and by vertical/subvertical

fractures in a northerly direction. However, this assessment is based on indirect observations.

KAS 09-AD, KAS 11-CB and KAS 14-FB are situated on the southernmost part of Aspd,

where groundwater flow, according to the interpretation in the SKN model, is controlled by

fractured fine-grained granites and fracture zones more or less dipping to north below Aspd.

Intermediate flow rates:

Intermediate groundwater flow rates (2-10 ml/min) under natural conditions were measured in

KAS 03-C5, KAS 07-Jl, KAS 08-M1/M3 and KAS 14-FD. In KAS-C5 hydraulic responses

were noticed during tests carried out in the north part of Aspo". KAS 07-Jl responded predo-

minantly on tests on the southernmost part of Asp6. The sections Ml and M3 in KAS 08



responded in an anomalous good way in almost every test performed in the southern half of

the island. KAS 14-FD is believed to be hydraulically connected to several boreholes on

southern Aspo".

Low flow rates:

Low groundwater flow rates (< 2 ml/min) under natural conditions were found in KAS 05-

E1/E3, KAS 07-J4, KAS 11-CE, KAS 12-DC and in KAS 13-EC.

KAS 05-E3 corresponds to section 320-380 m, which includes conductors C and D (SKB

denotation). The most conductive parts of this section are associated to fractured mylonite,

greenstone and fine-grained granite. The section is associated to zone N in the SKN model.

KAS 05-E1 corresponds to section 440-549 m, which includes conductors E and F (SKB

denotation). The most conductive part is associated to the contact between Smaland granite

and fine-grained granite. In the SKN model, KAS 13 is in hydraulic contact with this parti-

cular section in KAS 05 via this hydraulic conductor. The structure is interpreted to be of

rather short extension, probably a combination of several hydraulic structures with different

orientations.

KAS 07-J4 corresponds to section 191-290 m, which includes conductors B and C (SKB

denotation). The most conductive part is associated with fractured Smaland granite near a

fine-grained granite. In the SKN model, this part of the borehole is in hydraulic contact with

the bedrock north of fracture zone Gl. In the model, this conductive part has not been linked

to a structure G2.

KAS 11-CE corresponds to section 47-64 m, which includes conductor A (SKB denotation).

The most conductive part is located to 53 m in a fractured fine-grained granite. In the SKN

model, this hydraulic structure is a part of the complex structure dipping more or less

northerly under Aspd (zone Kl).

KA 12-DC corresponds to section 235-278 m, which includes conductor A (SKB denotation).

The section includes fractured fine-grained granite and greenstone. In the SKN model, the

groundwater flow in this part of the bedrock is controlled by hydraulic structures parallel to

the shistocity and more or less vertical structures in a northerly direction. This part of the

borehole is however not related to any particular structure in the SKN model.



KAS 13-EC corresponds to section 191-220 m including conductor B (SKB denotation). This

section includes two intervals with increased fracturing in diorite. In the SKN model, the

section is linked to structure NNW1.

In conclusion, the sections yielding high flow rates under natural conditions are all related to

distinct hydraulic structures which are included in the SKN model. The low and intermediate

flow rates sections are interpreted to be associated to both high conductivity and extensive

structures as well as low conductivity structures with short extensions.

D-6 Ground water flow at pumping conditions

At disturbed conditions with an increased gradient, a significant increase in flow rates was

observed in several test sections, see Table D-3. The highest increase in flow rates were seen

in KAS 05-E1/E3 and in KAS 07-J4, which are sections with rather low natural flow rates.

Minor but significant increases in flow rates were observed in KAS 04-D2 and in KAS 06-

F1/F5, sections with rather low natural flow rates and associated with distinctive hydraulic

structures in the SKN model.

Table D-3 Compilation of flow rate measurements.

Section

KAS 02-D2
KAS 05-E1
KAS 05-E3
KAS 06-F1
KAS 06-F5
KAS 07-J4
KAS 08-M1
KAS 08-M3
KAS 12-DB
KAS 12-DC
KAS 13-EC
KAS14-FB

NGAV (natural
average flow, ml/min

[NGl+NG2]/2
12
1.6
0.4
38.5
26
1.0
6.6
4.0
12

33 (NG2)
4.7
18

LPTAV (induced
average flow, ml/min)

[LPTl+LPT2]/2
28
25
7.8
79
197
18
34
13
107
-

3.3
11

Influencing factor
LPTAV/NGAV

2.3
16
19
2.1
7.6
18
5.2
6.4
8.9
-

0.7
0.6



D-7 Summary and discussion

Zone D in the SKN model is associated to a fractured and partly crushed larger fine-grained

granite body, which is elongated in WSW-ENE direction parallel to the shistocity. The zone is

believed to have a 45-65° northerly dip and might be penetrated by KAS 03. The upper part

(0-185 m) of the borehole KAS 04 is penetrating this zone and is hydraulically connected to

the northern part of Asp6. The lower part of KAS 04 is in hydraulic connection with the

central part of Asp6, probably via fractured fine-grained granites and permeable vertical/

subvertical structures in NNW direction. The bedrock on depth in KAS 04 is believed to has

rather high conductivity and storativity. The dilution measurements show that the natural

groundwater flow rate (KAS 04-D2) in the fine-grained granite body at 350 m depth is rather

high (12 ml/min) and that the increase in flow rate during pumping is moderate but significant

(28 ml/min).

There are several indications of vertical/subvertical structures on the southern and central part

of Aspo". The most strongly indicated structure is penetrated by KAS 07 at 126 m and by KAS

06 at 217 m. The section KAS 06-F5 includes this permeable structure. The dilution measure-

ments resulted in very high flow rates (25-27 ml/min) at natural conditions and a eight-fold

increase in flow rate (197 ml/min) during the pumping in KAS 07 (LPTl-test). During the

LPT2 test the structure was straddled by KAS 07-J4. The dilution measurement in this section

indicated a rather low flow rate (1.0 ml/min) at natural conditions and substantial increase in

flow rate (18 ml/min) during pumping.

KAS 13 is drilled perpendicular to the orientation of the vertical/subvertical structures striking

approximately NNW. In the model it is assumed that such structures are penetrated by KAS

13 at around 165 m and 205 m and possibly within the interval 250-290 m. However, the

structures have not been verified by direct observations. The flow rates in KAS 13 at natural

conditions, according to the dilution measurements, are low and no increase in flow rate was

observed during the LPT2 test.

There are several indications of hydraulic structures orientated parallel to the foliation of the

bedrock. These hydraulic structures are believed to be dominated by zones with increased

fracturing in fine-grained granite and in greenstone, zones of contact between different types

of bedrock and by single fractures in all types of bedrock. Such structures are believed to be

penetrated by KAS 04-D2 (330-460 m), KAS 05-El (440-549 m), KAS 06-Fl (431-500 m)

and by KAS 12-DB (235-278 m).

The zones K1-K3 in the SKN model are structures associated to fractured fine-grained granite,

dipping gently towards north. These zones are believed to consist of several parallel substruc-



tures with moderate extension. The dilution measurements in KAS 14-FB indicate a high flow

rate (18 ml/min) at natural conditions and no increase in flow rate (11 ml/min) during

pumping in KAS 06 (LPT2). In KAS 14-FD a rather low flow rate (3.1 ml/min) was deter-

mined at natural conditions.

KAS 08-M3, KAS 13-EC and KAS 14-FB did not respond nicely to the induced gradient

during pumping. In KAS 13 and KAS 14 the flow rates during LPT2 were less than during

NG2 and in KAS 08, the flow rate during NG2 was in the same order as during LPT1.



APPENDIX E

Validation bases of the structures of the SKN model

E-l Introduction

In the localisation and geological and hydraulic characterisation of the structures in the SKN
model a series of different data has been used. In this Appendix the validation bases for the
structures is compiled.

E-2 Structure D

Designation
Orientation
Extension
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
ZoneD

N65-75°E/45-65°NW
400 m (>700 m)
5-10 m
Certain (probable)
Certain
Transmissivity: 5 x 10*5 m 2 / s

Storativity: 1 x 10"4

Validation bases
Geology: field observ., ground geophysics,
borehole radar, KAS 03, KAS 04 , HAS
08, HAS 09, HAS 18 & HAS 19.

Hydrogeology: KAS 04, KAS 03, HAS 01,
HAS 08, HAS 19 & HAS 20

Hydrochemistry: KAS 03

Geology:

The structure is not a zone in a strictly geological sense. The zone consists of a larger body or
bodies of fractured fine-grained granite dipping towards north parallel to the foliation. The
granite is partly highly fractured. The width is estimated to 5-10 m. The structure is assumed
to be penetrated by KAS 04 (55-66 m), HAS 08 (100-123 m), HAS 09 (100-122 m), HAS 18
(58-59 m) and HAS 19 (65-66 m). The structure may also be penetrated by KAS 03 (395-418
m and/or 632-780 m) characterised by fine-grained granite with high fracture frequency and
fracture fillings of chlorite, calcite and iron-hydroxide. Due to long distance the connection
with KAS 03 is uncertain. Alternative interpretations of the extension and position of the
structure are possible.

Structure D is mapped on surface (trenches #1 and #2, see Wikberg et al., 1991) and charac-
terised by intensely fractured fine-grained granite with a width of 5-10 m and a dominating
orientation of N60-80°E/50-70°N. A parallel shorter structure has been mapped south of the
main zone close to KAS 12. Also this zone is developed in a fractured fine-grained granite
(Kornf&lt & Wikman, 1988, Palmqvist et al., 1991).

In the central and eastern parts of the zone low electric resistivity, low magnetic, low seismic
velocity and VLF anomalies have been noted. Some of anomalies may be induced by soil or
near-surface aquifers (Komfalt & Wikman, 1988, Palmqvist et al., 1991).



The most probable position in KAS 04 is within 55-66 m, characterised by fine-grained and

tectonised granite. If extended to surface this will yield a dip of 50-65° towards north, which
is in agreement with a radar measurement at 60 m. Extending the surface indication towards
KAS 03 is uncertain due to the long distance. A possible position is 395-418 m, containing a
partly crushed, mylonitised and clay-carrying bedrock (to some extent fine-grained granite).

If extended to surface a 30° inclination with KAS 03 is given, which is confirmed by a radar
measurement in KAS 03. In the lower part of HAS 08 a fractured fine-grained granite is

present, which indicates a dip of 60° towards north.

Hydrogeology:

The upper 185 m of KAS 04 is responding hydraulically on tests carried out within the
northern belt of fine-grained granite, e.g. see interference test in KAS 03 and in HAS 20.
Other boreholes within this part of the structure are HAS 01, HAS 08 and HAS 19. Possibly
this structure is penetrating KAS 03 on an indicated depth of 107-376 m. Hydraulic contact
with deeper levels is possible. (Palmqvist et al., 1992, Nilsson, 1989, Stanfors et al., 1991,
Wikbergetal., 1991).

Hydrochemistry:

The chloride concentration increases generally with depth in KAS 03, from 1220 mg Cl/L in
the upper part to 12300 mg/L on depth. However, sampled water from pumping in KAS 03 in
section 453-480 m indicates groundwater contamination (residual tagged water >2%) and a
lower salinity than the higher level. The water has high HCO3, and low Cl and SO4. This can

be a result of contamination during drilling or a result of withdrawal of shallower water during
pumping via a structure in contact with near-surface areas (Smellie & Laaksoharju, 1992).

E-3 Structure E

Designation
Orientation
Extension / Depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. Character

SKN
ZoneE

N45°E/vertical
<400m/1000
< l m
Certain
Uncertain

Transmissivity:

Storativity: 1 x

model

m

8xlO- 9 m 2 / s
IO-5

Validation bases
Geology: field obscrv., ground
geophysics, borehole radar, KAS
HAS 01, HAS 03, HAS 18, HAS

Hydrogeology: KAS 04 & HAS

Hydrochemistry: KAS 04

04,
20

03



Geology:

The structure is characterised as a 1 m wide zone with increased fracture frequency. The zone
occurs along the contact of a mylonite belt with highly foliated rock. The zone is observed on
rock outcrops (Kornfalt & Wikman, 1988) and is geophysically indicated (magnetic, VLF,
seismic refraction (Sundin, 1988, Barmen & Stanfors, 1988)). The zone is penetrated by
boreholes KAS 04 (175-228 m), HAS 01 (25-45 m), HAS 03 (71-72 m), HAS 18 (39-45 m)
and HAS 20 (75-85 m). The interval in KAS 04 is characterised by mixed rock types (green-
stone, granites, hybridic rock and fine-grained granite (Sehlsted & Triumf, 1988)). The

structure penetrates the borehole at 40-50°, also verified from radar investigations. The
interval between 25-45 m in HAS 01 is characterised by fractured Smaland granite and fine-
grained granite (Stanfors et al., 1991). A fracture zone is judge to penetrate HAS 03 at c. 71 m
length. In HAS 18 dominates fractured fine-grained granite down to c. 73 m and the most
intense fracturing is located to c. 40 m (Sehlstedt et al., 1990). In HAS 20 the most intense
fracturing is located to c. 80 m in a fine-grained granite (Sehlstedt et al., 1990).

Hydrogeology:

Based on spinner measurements in KAS 04, hydraulic conductive zones within the actual

interval 175-228 m were identified to 187-197 and 217-220 m (T«2 x 10"6 m2/s) (Nilsson,
1989). According to interpretation of the temperature logging in KAS 04 fractures were detec-
ted within the interval at 175, 202 and 222 m (Sehlstedt & Triumf, 1988). During a 44 hours
open hole pumping in KAS 04, interference was detected in KAS 01, KAS 02, HAS 01, HAS
04, HAS 08 and HAS 11. The upper part of KAS 04 is hydraulically connected with HAS 01,
HAS 08 and KAS 03 via zone D and with HAS 11 via unknown structure/structures. No
response was observed in HAS 03 (Nilsson, 1989). At the time of pumping HAS 18 and HAS
20 were not drilled. Consequently, a poor consistency with the geological structural model
may be stated from the hydraulic test. A low transmissivity is estimated for the zone. At the
zone's margins conductive but shorter structures exist, in most cases fractured fine-grained
granite or mylonite.

Hydrochemistry:

The uppermost water sample from KAS 04 collected at 226-235 m is a meteoric recent
surface water with low Cl content (500 mg/L), which could serve as an indication of structure
E. The location of KAS 04 in the centre of the island would also suggest that recharge of fresh
water would be quite marked there.



E-4 Structure Gl

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
ZoneGl

N70°E/60-65°S or 80-85°S
400 m/1000 m
2-3 m
Certain (probable at margins)
Certain

Transmissivity: 1 x 10'^w^/s

Storativity: 1 x 10*5

Validation bases
Geology: field observ., ground geophysics,
borehole radar, KAS 06

Hydrogeology: KAS 06 and KAS 07

Hydrochemistry: KAS 06 and KAS 07

Geology:

The structure is characterised as a 2-3 m wide zone with crushed, tectonised and weathered
rock. The zone is judged as certain at its central 150 m part and probable at its margins. The
zone is observed on rock outcrops; trench #3 (KorniaMt & Wikman, 1988) and is geophysically
indicated by magnetic, geoelectric and seismic anomalies (Sundin, 1988, Barmen & Stanfors,
1988). The zone is penetrated by borehole KAS 06 (60-73 m). Radar anomalies located at 68

and 78 m, display orientations 60° respectively 40° from borehole axes. Connecting surface

observation with indications in KAS 06 is giving a 60-65° dip towards south, which is in
agreement with several fracture orientations at rock outcrops. On geological grounds the
structure was assessed a low/moderate permeability.

Hydrogeology:

Analyses of hydraulic tests in several boreholes on southern Aspd display strong effects from
a positive hydraulic boundary near the zone Gl. Based on hydraulic data in KAS 07, a dip 80-

85° towards south is selected.

KAS 06 penetrates the structure at approximately 85-100 m borehole length. In KAS 06
increased fracturing is mapped within 95-110 m (Sehlstedt & Strahle, 1989) associated with a
section with fine-grained granite. No spinner nor injection tests were performed above 105 m
(Nilsson, 1990). Geophysical measurements in the borehole indicate no open fractures within
the interval (Sehlstedt & Strahle, 1989). Capacity tests within 0-100 m gave a specific capa-
city of 1.4 x 10~6 m^/s. The hydraulic significance of structure Gl in KAS 06 is judged as
uncertain. If the structure has the orientation and extension as in the SKN geological structural
model, the permeability must vary within the structure.

KAS 07 penetrates the structure Gl at 240-260 m borehole length. At that position fractured
fine-grained granite dominates the bedrock. Based on spinner measurement two conductive
structures (B and C according to SKB denotation) are located within 222-246 m (Nilsson,
1990). According to injection tests the borehole interval 220-265 m is conductive. The trans-
missivity is estimated to ~ 2-3 x 10"6 m^/s.



Hydrochemistry:

A weak indication is given by the fact that the uppermost samples in KAS 06 (204-277 m)
and KAS 07 (212-304 m), sampled during drilling, have very similar Cl content. Furthermore,
KAS 06 (204-277 m) contains a surface water derived component (high TOC, HCO3) which

indicates good connection to the surface.

E-5 Structure G2

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
ZoneG2

N70°E/80-85°S
< 200 m / 500 m
l m

possible

Transmissivity: 5 x 10"^ m^/s

Storativity: 1 x 10"5

Validation bases
Geology: no indications

Hydrogeology: KAS 06 and KAS 07

Hydrochemistry: KAS 06

Hydrogeology:

Analyses of hydraulic tests in several boreholes on southern Asp6 display strong effects from
a positive hydraulic boundary near the two G-structures. Based on hydraulic data in KAS 06 a

dip 85° towards south is selected.

KAS 06 penetrates the structure at approximately 210-220 m borehole length. Based on spin-
ner measurements in KAS 06 a conductive structure was localised at 208-234 m (structure A

according to SKB denotation) with an estimated transmissivity of ~ 2-3 x 10~5 m^/s. Maxi-
mum flow was determined to 218-219 m (Nilsson, 1990). Similar results were gained from
the injection tests. Increased fracturing is mapped within 95-110 m (Sehlstedt & StrShle,
1989) associated with a section of fine-grained granite. No spinner nor injection tests were
performed above 105 m (Nilsson, 1990). Geophysical measurements in the borehole indicate
no open fractures within the interval (Sehlstedt & StrShle, 1989). A capacity test within 0-100

m gave a specific capacity of 1.4 x 10~*> m^/s.

Based on analyses of geophysical logging in KAS 07 open conductive fractures are located to
207-209 m and at 217 m (Sehlstedt & Strahle, 1989).

Hydrochemistry:

See structure Gl.



E-6 Structure H

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. Character

SKN model
ZoneH

N80°E/50-54°NNW
700 m / 500-600 m
10 m
probable
certain

Transmissivity: 5 x 10"^ m^/s

Storativity: 1 x 10"4

Validation bases
Geology: KAS 02, KAS 07, KAS 08,
KAS 09, KAS 11, KAS 14 and KBH
02, topographic data, seismic anomaly

Hydrogeology: KAS 07, KAS 09, KAS
11, KAS 14 & KBH 02

Hydrochemistry: KAS 11 & KAS 14

Geology:

The structure is characterised as a 10 m wide highly fractured and foliated zone which is asso-
ciated to fine-grained granite. The zone is believed to dip 50° towards north. The zone is
indicated in seismic profiles (Sundin, 1988), although alternative interpretations are possible.
The zone is believed to be penetrated by KAS 02 (805-810 m), KAS 07 (413-427 m) and
KAS 08 (583-595 m), however, great distances make the interpretation uncertain. The zone is
in the model penetrated by KAS 09 (101-108 m), KAS 11 (155-175 m), KAS 14 (101-128 m)
and KBH 02 (698 m). The sections are characterised by fractured and crushed mylonitised
rock with clay infillings.

Hydrogeology:

The zone is interpreted as an important hydraulic structure with great impact on the ground-

water conditions of the area. Based on hydraulic data a 54° dip towards north is determined.

Hydraulic tests indicate the structure to be penetrated by KAS 07 within the interval 411-604
m, which includes several high-conductive sections with the most conductive within 541-577

m. For the part of KAS 07 associated to structure H a transmissivity of 6 x 10~*> m2/s has been
evaluated (section 417-418 m). Section Ml (503-601 m) in KAS 08 responded hydraulically
in most tests on Asp6 and KAS 08 is believed to penetrate zone H at around 595 m.

The boreholes KAS 09, KAS 11, KAS 14 and KBH 02 all display very high conductivity and
excellent hydraulic interconnections. Due to the geometric layout of the boreholes, no exact
location of penetration depths can be given. The geological interpretation is accepted.

Hydrochemistry:

Water sampled at different occasions in boreholes at southern Aspo" all show high Cl content
with geochemically modified Baltic sea water. The rather homogenous waters indicate a rock
mass penetrated by several high conductive structures. Due to the geochemically similar
waters a weak indication of the structure is suggested.



E-6 Structure Kl

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. Character

SKN model
ZoneKl

N40-45°E/30°N
400 m/ends against zone Gl
l-10m
probable
probable

Transmissivity: 5 x 10"^ m^/s

Storativity: 1 x 10"4

Validation bases
Geology: seismic profiles, KAS 09,
KAS 10, KAS 11 and KAS 14

Hydrogeology: KAS 09, KAS 10, KAS
l landKBH02

Hydrochemistry: KAS 11, KAS 14 and
HAS 13

Geology:

The zone is associated with fractured and crushed fine-grained granites. The zone is pene-
trated by KAS 09 (50-60 m), KAS 10 (49-58 m), KAS 11 (67-73 m) and KAS 14 (36-58 m).

Hydrogeology:

The southern part of Asp6 displays high hydraulic conductivity and a well developed system
of conductive structures. Fine-grained granites in the area play an important role in this sense.
Due to the geometric layout and the hydraulic behaviour of the boreholes no explicit
interpretation has been performed. The structure is judged as probable on indirect grounds.

Hydrochemistry:

Similar Cl concentrations around 5600 mg/L found in the uppermost samples from KAS 11
(99-249 m), KAS 14 (105-212 m) and in HAS 13. Due to the geochemically similar waters a
weak indication of the structure is suggested.

E-7 Structure K2

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. Character

SKN model
ZoneK2

N40-45°E/30°N
400 m / ends against zone Gl
5m
probable
probable

Transmissivity: 1 x 10"^ m^/s

Storativity: 5 x 10"5

Validation bases
Geology: KAS 11 and KAS 14,
borehole radar

Hydrogeology: KAS 09, KAS 10,
KAS 11 and KBH 02

Hydrochemistry: KAS 11, KAS 14
and HAS 13



Geology:

The zone is associated with fractured and crushed fine-grained granites. The zone is penetra-
ted by KAS 11 (155-180 m) and KAS 14 (130-144 m). Radar measurements indicate several

structures with a 30° dip.

Hydrogeology:

See structure Kl.

Hydrochemistry:

See structure Kl .

E-8 Structure K3

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
ZoneK3

N40-45°E/30°N
400m/500m
3m

probable
Transmissivity: 5 x 10"5 m2/s

Storativity: 5 x 10"5

Validation bases
Geology: no indications given

Hydrogeology: HAS 13

Hydrochemistry. KAS 11, KAS 14
and HAS 13

Hydrogeology:

The most conductive part in HAS 13 is located to 96-100 m (Nilsson, 1990, Rhen, 1990).
During pumping in HAS 13 a rather homogenous and isotropic hydraulic behaviour was
observed, indicating a rock mass consisting of several conductive structures, probably vertical
structure in combination with shallow dipping structures belonging to structure K1-K3. The
first response was observed in KAS 06-F6 (0-191 m), which may be an effect of somewhat
lower storativity.

Hydrochemistry:

The hydrochemistry in HAS 13 has essentially similar Cl content as the uppermost samples in
KAS 11 and KAS 14. This is judged as a weak indication of the structure.



E-9 Structure N

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. Character

SKN model
ZoneN
Subhorizontal
500 m
0.5 m
-
possible

Transmissivity: 6 x lO'^m^/s

Storativity: 5 x 10"5

Validation bases
Geology: no indications given

Hydrogeology: KAS 02, KAS 05, KAS
06

Hydrochemistry: No clear indications

Hydrogeology:

At almost every interference tests carried out on the central parts of Asp6, clear hydraulic
responses were observed in KAS 02 (309-345 m), KAS 05 (320-380 m) and KAS 06 (331-
390 m). A subhorizontal structure penetrated by KAS 02 at 315 m, by KAS 05 at 325 m and
by KAS 06 at 356 m may explain the observed hydraulic response. These positions are
associated to high-conductive sections in the actual boreholes. The tracer experiment during
LPT2, however, do not support hydraulic communication between KAS 02 and KAS 06. An
extension of the structure towards KAS 08 will reach the borehole in the KAS 08-M2
straddled interval, which is interpreted as low-conductive.

Based on the hydrogeological indications the structure is judged as possible.

Hydrochemistry:

Water sampled in KAS 02, KAS 05 and KAS 06 has similar Cl content (5300-5600 mg/L)
which indicate a hydraulic connection. However, the 8D values are quite different which
suggest that this is an artefact. No clear indications can be made from geochemical data.

E-10 Structure NNW1

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
ZoneNNWl

N10°W/subvertical
400 m /1000 m
0.2 m
possible
certain

Transmissivity: 1 x 10"^ m^/s

Storativity: 1 x 10"7

Validation bases
Geology: outcrop mapping

Hydrogeology: KAS 04 and KAS 13

Hydrochemistry: KAS 04 and KAS
13



Geology:

An extensive and dominating fracture set in NNW-NW direction is mapped on rock outcrops.

Hydrogeology:

The subvertical structure NNW1 is believed to be penetrated by KAS 13 at around 205 m and
by KAS 04 at 330 m. The NNW-structures have a very significant hydraulic importance at
central Asp6. Pumping in KAS 13 and other boreholes show that the structures have high
hydraulic conductivity but low storativity. The structures generate anisotropic hydraulic beha-
viour of the rock mass to great depths displayed by a pressure drawdown during pumping
elongated in N-S direction. The NNW1-structure is judged as certain.

Hydrochemistry:

Waters from KAS 13 (SDD) and KAS 04 have Cl concentrations of 2500 and 3030 mg/L,
respectively, and a rather high HCO3 concentration.

E-ll Structure NNW2

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. Character

SKN model
ZoneNNW2

N10°W/subvertical
400 m/1000 m
0.2 m
possible
certain

Transmissivity: 1 x 10"^ m^/s

Storativity: 1 x 10"7

Validation bases
Geology: outcrop mapping

Hydrogeology: KAS 04 and KAS 13

Hydrochemistry: KAS 04 and KAS
13

Geology:

An extensive and dominating fracture set in NNW-NW direction is mapped on rock outcrops.

Hydrogeology:

The subvertical structure NNW2 is believed to be penetrated by KAS 13 at around 165 m and
by KAS 04 at 410 m. Based on hydraulic data the NNW2-structure is judged as certain. See
also structure NNW1.

Hydrochemistry:

See structure NNW1.
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E-12 Structure NNW3

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
Zone NNW3

N10°W/subvertical
400 m/1000 m
0.2 m
possible
certain

Transmissivity: 2 x 10'^ m^/s

Storativity: 1 x 10'7

Validation bases
Geology: outcrop mapping

Hydrogeology: KAS 06 and KAS 07

Hydrochemistry: KAS 06 and KAS 07

Geology:

An extensive and dominating fracture set in NNW-NW direction is mapped on rock outcrops.

Hydrogeology:

The subvertical structure NNW3 is believed to be penetrated by KAS 07 at around 126 m and
by KAS 06 at around 217 m. Based on hydraulic data the NNW3-structure is judged as
certain. See also structure NNW1.

Hydrochemistry:

Similar Cl concentration, 5000 mg/L, in KAS 07 at shallow depth (during monitoring) as in
KAS 06.

E-13 Structure NNW4

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
ZoneNNW4

N10°W/subvertical
400 m / 1000 m
0.2 m
possible
certain

Transmissivity: 5 x 10"^ m^/s

Storativity: 1 x 10"7

Validation bases
Geology: outcrop mapping

Hydrogeology: KAS 06, KAS 08 and
KAS 12

Hydrochemistry: KAS 06, KAS 08 and
KAS 12

11



Geology:

An extensive and dominating fracture set in NNW-NW direction is mapped on rock outcrops.

Hydrogeology:

The subvertical structure NNW4 is believed to be penetrated by KAS 06 at around 398 m and
by KAS 08 at 184 m and by KAS 12 at 283 (alternatively 315 m). Based on hydraulic data the
NNW4-structure is judged as certain. See also structure NNW1.

Hydrochemistry:

Similar Cl concentration in KAS 06, KAS 08 and KAS 12. Traces of surface component as

well as similarities with geochemically modified Baltic sea water (indicated by S^^S measure-
ments of dissolved SO4) in KAS 06 but at a deeper level. This is interpreted as indicative of

vertical flow through the NNW subvertical structures.

E-14 Structure NNW5

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
ZoneNNW5

N10°W/subvertical
400 m / 1000 m
lm
possible
certain

Transmissivity: 1 x lO'^m^/s

Storativity: 1 x 10"7

Validation bases
Geology: outcrop mapping

Hydrogeology: KAS 06 and KAS 08

Hydrochemistry: KAS 06 and KAS
08

Geology:

An extensive and dominating fracture set in NNW-NW direction is mapped on rock outcrops.

Hydrogeology:

The subvertical structure NNW5 is believed to be penetrated by KAS 06 at around 448 m and
possibly by KAS 08 at an unidentified level. Based on hydraulic data the NNW5-structure is
judged as certain. See also structure NNW1.

Hydrochemistry:

During monitoring similar Cl concentrations in KAS 06 and KAS 08 were observed. Further-
more, Baltic sea characteristics such as high TOC and 8^4S values in KAS 06 indicate verti-
cal downward flow of near-surface water.

12



E-15 Structure NNW6

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. Character

SKN model
ZoneNNW6

N10°W/subvertical
400 m/1000 m
0.2 m
possible
possible

Transmissivity: 1 x 10"^m2/s

Storativity: 1 x 10"6

Validation bases
Geology: outcrop mapping

Hydrogeology: KAS 08

Hydrochemistry: no indication given

Geology:

An extensive and dominating fracture set in NNW-NW direction is mapped on rock outcrops.

Hydrogeology:

The subvertical structure NNW6 is believed to be penetrated by KAS 08 at around 570 m. At
this depth also zone H is believed to be penetrated. Based on hydraulic data the structure
NNW6 is judged as possible. See also structure NNW1.

E-16 Structure P1-P3

Designation
Orientation
Extension / depth
Width
Reliability/geology
Reliability/hydraul.
Hydraul. character

SKN model
Zone P1-P3

N70°E/60-70°NNW
400 m/1000 m
0.5 m

possible

Transmissivity: 2 x 10*5 m 2 / s

Storativity: 1 x 10"7

Validation bases
Geology: no indication given

Hydrogeology: KAS 04

Hydrochemistry: KAS 04

Hydrogeology:

Hydraulic observations in KAS 04 indicate the lower parts of the borehole to be hydraulically
interconnected. At depth in KAS 04 dominates fine-grained granite and hydraulic tests indi-
cate several distinct hydraulic conductors, associated to sections with high fracture frequency.
Due to borehole hydraulics no specific locations in KAS 04 were identified.

Hydrochemistry:

Hydrochemically, the upper parts of KAS 04 is characterised by recharge of fresh water. This
is judged as an indication of the actual structures.
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