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FOREWORD

The booklet Aspo Hard Rock Laboratory -10 years of research, available from
SKB, provides the reader with a popular review of the achievements. This
report is No. 5 of six Technical Reports summarizing the pre-investigation and
construction phase of the Aspo Hard Rock Laboratory.

The reports are:

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

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

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

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

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

6 Almen K-E (ed), Olsson P, Rhen I, Stanfors R, Wikberg P.
Aspo Hard Rock Laboratory.
Feasibility and usefulness of site investigation methods.
Experience from the pre-investigation phase.
SKB TR 94-24.



The background and objectives of the project are presented in a background
report to SKB R&D Programme 1989 (Hard Rock Laboratory), which contains
a detailed description of the HRL project.

The purpose of this report, No. 5, is to present the new models of the Aspo
HRL, the concepts and some comments on how the models have developed
based on data from the pre-investigation and construction phases of Aspo HRL.
Parts of the geological and hydrogeological models in Report 5 are based on
results from the SKB Palaeohydrogeological programme, and these results are
also presented in reports concerning that programme. An overview of all the
investigations performed is summarized in Report 1. The evaluation of the pre-
investigation is presented in Reports 2-4. Report 6 outlines the usefulness and
feasibility of pre-investigation methods.

October 1997

Ingvar Rhen Gunnar Gustafson Roy Stanfors

Peter Wikberg
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ABSTRACT

The pre-investigations for the Aspo Hard Rock Laboratory were started in 1986
and involved extensive field measurements, aimed at characterizing the rock
formations with regard to geology, geohydrology, hydrochemistry and rock
mechanics.

Predictions for the excavation phase were made prior to excavation of the
laboratory which was started in the autumn of 1990. The predictions concern
five key issues: lithology and geological structures, groundwater flow,
hydrochemistry, transport of solutes and mechanical stability.

During 1996 the results from the pre-investigations and the excavation of the
Aspo Hard Rock Laboratory were evaluated and were compiled in geological,
mechanical stability, geohydrological, groundwater chemical and transport-of-
solutes models. The model concepts and the models of 1996 are presented in
this report. The model developments from the pre-investigation phase up to the
models made 1996 are also presented briefly.
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SUMMARY

MODELS ON REGIONAL SCALE

Investigations

For the geological-structural model, comprising one lithological and one
structural model, airborne geophysical (magnetic, electromagnetic and
radiometric) measurements were interpreted and lineament interpretation of
terrain models was used to identify the major fracture zones and their extent.
Some of the indicated fracture zones were also characterized by means of
surface mapping, petrophysical measurement of rock samples and ground
geophysics (gravity, refraction seismics, etc.).

Sources of preliminary geohydrological data were the water well archive at the
Swedish Geological Survey (SGU), hydraulic tests performed in a few
boreholes on the island of Avro and geohydrological investigations performed
on the Simpevarp peninsula in conjunction with the construction of the power
plants and the CLAB facility. During investigations for the Aspo HRL
hydraulic tests in boreholes were performed in the Aspo, Halo, Avro and
Laxemar areas.

To obtain water chemistry information data from the water well archive for the
whole of Kalmar County was compiled.

Lithological model

The main rocks in the Aspo area belong to the vast region of Smaland-
Varmland intrusions (or Trans-Scandinavian Granite-Porphyry Belt).

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

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

Fine-grained greyish-red granite is common in the whole area. On and near
Aspo, which has been mapped in detail, the fine-grained granite occurs both in
smaller massifs and in dikes in the older rock.
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Figure 1. Regional structural model of the Aspo area A-A': vertical section-
in Figures 2, 3 and 4.

Structural model - Major discontinuities (major fracture zones)

Information from all geological and geophysical investigations support a
tectonic picture dominated by one almost orthogonal system of major structures
trending N-S and E-W and one trending NW and NE, all extending more than
10 km. They often coincide with some hundred-metre-wide low-magnetic
zones with a central more intense fracture zone up to some tens of metres wide.
Figure 1.
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Figure 2. Lithological Model 96 showing domains of Aspo diorite and
Smaland {'Avro) granite with inclusions of fine-grained granites, greenstone
and mylonite The structural model shows major fracture zones (width > 5 m)
and fracture swarms. Cored boreholes near the vertical section A-A' are
coloured grey. EW-7 etc is the fracture zone ID. Vertical section A-A' shown
in Figure 1.

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

The greenstones - fine-grained (probably of volcanic origin) and medium to
coarse-grained greenstone (diorites to gabbros) are easily distinguished from
the granitoid rocks by their very dark, greenish or greyish black colour. As a
rule they occur as minor inclusions or irregular, often elongated bodies within
the granitoids and dioritoids following the common E-W foliation trend within
the area. Except the smallest inclusions, the greenstones are often intensely
penetrated by fine-grained, granitic material.

Fine-grained granites occur rather frequently, both on the surface of the island
of Aspo and its surroundings, as well as in the tunnel. From the surface
mapping it is clear that many of the granites occur as dikes. The dike character
is sometimes not very clear because of strong deformation in the fine-grained
granites, which has obscured contacts.
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The structures trending E-W are mostly vertical or with a moderately low dip.
A major structure trending NE-SW across the island of Aspo, is indicated by
mylonites in outcrops and boreholes. According to a general interpretation most
of the structures trending NE-SW are older than the systems trending N-S and
E-W. Most of the structures trending N-S are probably younger than the ones
trending E-W.

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

MODELS ON A SITE SCALE

Investigations

The site scale model covers some 1 km2 of Aspo island. The framework for the
site scale modelling was the existing regional scale model. Refinement of the
site scale model was mainly done during the siting stage and the site descrip-
tion stage when extensive investigation data were gathered. Further detailing
of the site scale model was done during the prediction stage, based on results
from further deep borehole investigations. The final refinement was based on
data from tunnel documentation after excavation.

Lithological model

Four main rock types - Aspo diorite, Smaland (Avro) granite, greenstone and
fine-grained granite make up most of the rock mass in the Aspo tunnel area (see
Figure 2). Aspo diorite and Smaland (Avro) granite are two varieties of the
country rock called "Smaland granite". Rocks belonging to the Aspo diorite
group are by far the most common within the Aspo area, both on the surface
and in the tunnel. The rocks are usually grey to reddish grey, medium-grained,
and contain more or less scattered, large crystals of potassium feldspar. Grano-
diorites and quartz monzonites are most common, but there are also some
tonalites, quartz diorites and quartz monzonites included in this group. Age
determination gave a well defined age of 1804 ±3 million years for the Aspo
diorite.
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The brittle deformation has caused a joint pattern in the fine-grained granites,
often characterized by many short joints lying closely together, which divide
the rock into small blocks. This is quite different from the pattern in the
medium to coarse-grained granitoids where joints are much more widely
spaced. No significant difference has been found between the joint patterns on
outcrops surface and in the tunnel.

Most of the greenstone has the character of inclusions but dikes are also
mapped mostly trending EW to the NE. All the rock mass is veined by fine-
grained granite but the number of veins in the Smaland (Avro) granite in the
tunnel is sparse compared with the number of veins and dikes in the Aspo
diorite. Most of the dikes of fine-grained granite trending NE confirm the idea
that the fine-grained granite is closely related to the Smaland (Avro) granite
which is obviously younger than the Aspo diorite.

Structural model

The geological-structural model describes the geometrical distribution and
character of discontinuities in a rock volume. Discontinuity is the general term
for any mechanical feature in a rock mass having zero or low tensile strength.
It is the collective term for most fractures, weak schistosity planes, weakness
(fracture) zones and faults. During pre-investigation and tunnel mapping of the
Aspo HRL discontinuities were divided into fracture zones (major and minor)
and small scale fractures in the rock mass between fracture zones.

An almost vertical, penetrating foliation trending NE-ENE is the most
dominant structural element in the 1700-1800 million year old Aspo granitoids
and seems to be the oldest sign of the ductile deformation related to the sub-
horizontal NNW-SSE compression. This deformation is also marked by the
orientation of mafic sheets often back-veined by two or three generations of
fine-grained granites.

Strong foliation and mylonites are common in the Aspo shear zone - where
more than 10-metre-long bodies of mylonite occur trending E-W and dipping
steeply to the north. Regional evidence suggests that the E-W trending
mylonites are older than those trending NE. The first brittle faults probably
developed in the region in response to the emplacement of younger granites.
These faults and older ductile zones were reactivated several times. Fracture
zones on Aspo have a wide range of orientations and styles and most of them
reactivate older structures. The style of each fracture zone tends to depend on
the nature of any older structure being reactivated, such as EW gneissic zones,
mylonites trending NE or E-W and gently dipping alteration zones. Fracture
zones trending N, NE or E-W on Aspo normally had ductile precursors whereas
those trending NW apparently did not.

EW-7 was estimated to trend almost parallel to the main lineament trending
ENE-NE and geophysical anomalies in the Halo-Aspo area. Only one branch
of EW-7 was indicated in borehole (KBH02). In the tunnel EW-7 consists of
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one set of fractures trending NNE - which are the most conductive structures -
and one fracture set trending WNW.

NE-4 was indicated during pre-investigations by geophysical methods (ground
magnetics and seismic refraction) and borehole data (KBH02) and estimated
to consist of three branches trending NE. The dominating rock type in the zone
- which is found to consist of two more or less continuous branches - is
Smaland (Avro) granite with inclusions of mylonite and greenstone.

NE-3 was indicated by ground magnetics and seismic refraction and confirmed
in borehole KBH02 in the pre-investigation phase. After excavation, NE-3 was
found to be approximately 49 m wide in the tunnel. Fine-grained granite is the
dominating rock type with some intersections of Smaland (Avro) granite and
greenstone.

NE-1 was clearly indicated by geophysics and several boreholes in the pre-
investigations and was estimated to be composed of three branches. All three
branches are connected to a rather complex rock mass with Aspo diorite, fine-
grained granite and greenstone. The two southernmost branches, trending NE
and dipping NW, can be described as highly fractured and more or less water-
bearing. The northern NW-dipping branch, which is approximately 28 m wide
in the tunnel, is the most intense part of NE-1 and highly water-bearing.

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

According to the prediction fracture zone NE-2, trending NE/ENE, should be
regarded as the southern part of the main Aspo Shear zone and was expected
to follow a somewhat winding course. The dip of NE-2 was estimated to
change from steeply northwards in the NE part to steeply southeast in the SW
part of the zone and to be only moderately hydraulically conductive. The
southwestern part of the zone NE-2 was judged to be 'probable'. In the tunnel
NE-2 has been demonstrated to be a 'minor' fracture zone dipping to the SE.

The fracture zone EW-1 was early indicated by the airborne geophysical survey
and the lineament interpretation. Ground geophysical investigation confirmed
the extent of EW-1 in more detail. In the first drilling campaign a cored
borehole (KAS04) - inclined at 60° to the SE crossed the zone. EW-1 is very
well indicated topographically (50-100 m wide depression in the ground
extending many hundreds of metres), geophysically (low-magnetic and low-
resistivity zone 200-300 m wide), geologically (outcrops in a trench with
mylonites and crushed sections) and in boreholes (mylonites and many highly
fractured and altered sections in drill cores). Fracture zone EW-1 can be
regarded as a part of the about 300 m wide low-magnetic zone (Aspo shear
zone), trending NE, which divides Aspo into two main blocks.
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Gently dipping (<35°) fracture zones (GDF) on the surface of Aspo were first
described by and interpreted as superficial stress-relief to the surface exagger-
ated by the retreating Quaternary ice sheets. Further studies of the surface
geology revealed the presence of three gentle thrusts on Aspo striking E-W and
dipping N all of which appeared to be associated with early gently dipping
gneiss zones, thrusts and high fault scarps. Interpretations based on seismic
reflections suggested the presence of gently dipping fracture zones with a 90-
133 m spacing at depth. Two well defined gently dipping minor fracture zones
were found in the tunnel. The first one intersects the tunnel at chainage 220 m.
It consists of anastomosing fractures striking NW and dipping 25°SW with a
spacing of less than 10 cm. The width of the zone is 0.5 m. The second and
most prominent gently dipping fracture zone appears at chainage 1744 m down
to 1850 m. Intense fracturing trending NE and dipping 32°SE, subparallel to
the tunnel for almost a hundred metres.

A number of minor fracture zones striking approximately NNW to NNE have
been mapped on outcrops in Aspo. More or less extensive, they seem to branch
out in an en-echelon pattern across the island. Only a few of them are
topographically significant but normally too narrow to be geologically unam-
biguously indicated. All these minor fracture zones were described under the
designation 'NNW' in the predictions. The different sub-zones, expected to be
0.1-5 m wide, in the system 'NNW' were predicted to be 'possible-probable'
and their predicted position in the tunnel very approximate. The mapping
underground found several indications of minor fracture zones, generally not
wider than 1 m. The water-bearing minor fracture zone NNW-4W is an
example of a minor fracture zone which is indicated in the tunnel by three
intersections at 2020 m, 2120 and 2914 m, with 5-10 cm wide fractures in this
metre-wide section of cataclastic granite filled by grout.

Thorough analyses of the small scale fractures in the rock mass at Aspo have
been made. The data base consists of more than ten thousand fracture
observations. A special study with the main aim of synthesizing the structural
geology of water-bearing fractures has been made. Most fractures mapped at
the Aspo HRL (all fractures >1 m in the tunnel except fractures in 'fracture
zones') fall into four clusters. Three are steep and strike NS, NNW and WNW;
a fourth cluster is subhorizontal. The array of fractures coated with the mineral
assemblage chlorite-calcite can be represented by the same four sets. Most of
the mapped fractures containing water are arranged into a single intense cluster
of steep fractures striking WNW. A succession of fracture fillings of decreasing
age has been proposed and includes: quartz, epidote, red staining, chlorite, Fe-
oxy-hydroxides and calcite. The arrays of mineralized fractures differ consider-
ably with mineral infilling. Younger arrays are more complex due to the
superposition of new fracture sets and reactivation of old sets. Repeated and
sequential reactivation of the same faults has been demonstrated by superposi-
tion of different mineral coatings. Fractures trace lengths are log-normally
distributed in all rock types. Fracture trace lengths do not vary with rock type.
Mapped waterbearing fractures generally have coatings enriched in epidote,
quartz and Fe-oxides. Fractures with injected grout are steep, strike WNW and
generally longer than other fractures.
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Hydraulic conductor domains

The geometry of the hydraulic conductor domains is mainly defined by the
major fracture zones described above. The minor fracture zones in the 'NNW-
system' are also important conductors. A few hydraulic conductor domains
were also added to the model in order to explain some of the responses
obtained in the interference tests. A simplified model of the hydraulic
conductor domains was made by fitting planes to the observations at the surface
and in the boreholes.

The evaluated transmissivities are generally in the range 1O"6-1CT4 m2/s with a
median of about 10"5 nr/s. The greatest transmissivities for these larger features
are for the hydraulic conductor domains below the Baltic Sea and for the minor
fracture zone NNW-4. The largest transmissivity is approximately 3 • 10"4 m2/s
for hydraulic conductor domain NE-1.

Hydraulic rock mass domain

The Aspo area is divided into five groups of Site hydraulic Rock mass Domains
(SRD) with different hydraulic properties:

• SRD 1: Northern part of Aspo , bounded to the south by the Northern
partofEW-1

• SRD 2 : Volume bounded by the northern and southern parts of EW-1.

• SRD 3 :Southern part of Aspo bounded to the north by the southern part
of EW-1 and to the south by EW-3.

SRD 4 : South of EW-3.

• SRD 5: A Fine-grained granite domain in the middle of the tunnel spiral
at a depth of about 350 m.

Outside Aspo, SRD 1-4 are assumed to be valid within an area bounded by EW-
7 to the south and some 100 m outside Aspo to the west, north and east.

The data based on the injection tests with 3 m packer interval show that the
estimated median hydraulic conductivity for the rock mass, where data for the
deterministic hydraulic conductors were excluded, is highest in within the
discontinuity EW-1 (data from KAS04) and lowest on the southern part of
Aspo. The tests on the test scales 3, 30 and 100 m do not indicate a decreasing
hydraulic conductivity with depth in the interval 0 - 500 m. Below level -600
m the hydraulic conductivity decreases on southern Aspo, but the result is only
based on one borehole that is vertical. If the data from the 1700 m deep cored
borehole KLX02 is included in the analysis the hydraulic conductivity seems
to decrease below a depth of -600 m below sea level.
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Figure 3. Hydro geological Model 96 showing the hydraulic conductivity
of the major fracture zones and a typical range of hydraulic conductivity for
the rock mass between the fracture zones. Widths of zones shown in figure are
only approximate. Cored boreholes near the vertical section A-A'are coloured
grey. Inclusions of fine-grained granites, greenstone and mylonite are
indicated in the figure (see Figure 2 for details concerning the lithology).
Vertical section A-A' is shown in Figure 1.

An investigation of the structural geology of water-bearing fractures was made
in the tunnel. It was found that the entire fracture system consists of four main
sets. The mapped water-bearing fractures and the fractures filled with grout
(from the pre-grouting ahead of the tunnel face) are dominated by a subvertical
fracture set striking WNW-NW. The N-S and NNW subvertical sets are also
present but these subvertical sets are less pronounced compared to the entire
fracture set. The mapped grout-filled fractures should be a good indicator of the
water conducting fractures, as the grouting was performed generally 5-15 m
ahead of the tunnel face where the rock mass should be fairly undisturbed. This
indicates that the hydraulic properties of the rock mass is probably anisotropic.
Hydraulic tests in probe holes drilled along the tunnel during excavation
indicate that subvertical fractures striking approximately WNW and N-S are
more transmissive than the others. It is believed that, on a larger scale, the
WNW and N-S fracture sets form the hydraulic conductors called "NNW".

Occasionally single water conducting fractures in the hydraulic rock mass
domains can be very transmissive and cause high flow rates into drilled
boreholes.

Hydraulic tests were performed in different test scales (length of tested
borehole section). The results show that the evaluated effective hydraulic
conducivities are dependent of the test scales.



xvm

Hydrological setting of the Aspo area

The land surface of Aspo is slightly undulating, with a maximum height of about
14 m, giving small drainage basins with some peatlands and sediments in the
topographic lows. There are no perennial streams on the island. The surface
water is drained to the sea by the peatlands, sediments or directly to the sea.
The annual mean precipitation and temperature of the area are about 650
mm/year, and 6.5°C respectively. The annual sea level fluctuations are generally
within ±0.5 m.

The water table elevation above the mean sea level is about 30% of the
elevation of the topography above mean sea level, within a few hundred metres
from the coast line. During the construction of the tunnel the elevation of the
water table decreased, mainly on southern Aspo. The minimum water table
elevation in 1995 was about 100 m below sea level.

Mechanical stability model

Based on the results from rock stress measurements in three boreholes on Aspo,
the laboratory testing on core samples and geological pre-investigations a rock
mechanics evaluation was made for the Aspo HRL. During excavation of the
tunnel a number of overcoring rock stress measurements were made under-
ground. Complementary laboratory tests of rock samples from the tunnel were
also made.

During the site investigation phase, rock stress measurements were made in
surface boreholes KAS02, KAS03 and KAS05. KAS02 and KAS05 were drilled
almost vertically, within and below the rock volume later enveloped by the ramp
loops. KAS03 is also near-vertical, but located some 500 m to the north-west
of the ramp area. The surface borehole measurements employed both hydraulic
fracturing and overcoring.

Concurrent with the excavation of the access ramp, overcoring measurements
were made in a series of 12-18 m long, near-horizontal boreholes drilled from
suitable locations along the ramp. The main objective was to evaluate
predictions made prior to excavation. An additional objective was to provide
background data required to establish stress ranges on a site scale.

The measurements prove a dominating NW-SE orientation of the maximum
horizontal stress (oH), which corresponds to the prediction. The measurements
made in the tunnel proved the presence of a considerably higher stress level than
was anticipated, based on the measurements made in the deep surface
boreholes. The estimated mean K -̂value, (K^ is the ratio between the maximum
horizontal stress (oH) and the theoretical vertical stress (ov)) for all boreholes
is 2.9, with the average for individual boreholes ranging between 1.7 and 4.0.
Single measurements in the individual boreholes varied between 1.5 and 4.0.
The maximum horizontal stress component proved to be significantly higher for
the measurements made in the tunnel.
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Since parts of the tunnel were located at a very considerable depth there was a
possible risk of rock burst. Rock burst usually occurs at great depth where rock
stresses are high, but it may also be observed at smaller depths under some
conditions. Rock stress problems with frequent rock burst are very difficult to
foresee with certainty.

It was predicted that no rock burst to just minor rock burst should occur and
if rock burst should occur it would only be of minor intensity, like spalling and
mainly connected to greenstone. However, the strength of the rock based on the
laboratory testing has shown itself to be a little stronger than predicted. An
updated prediction should thus indicate that minor spalling may occur both in
the greenstone and diorite at depths greater than 400 m. No rock burst was
observed during the tunnelling operation. Occasional cracking was heard after
excavation and some tendency to spalling was noted. The rock burst problem
was thus less than expected from the updated prediction. The result emphasises
the difficulties of foreseeing rock burst activity.

Hydrochemical models

To obtain water chemical information data from the water well archive from the
whole of Kalmar County was compiled at the start of the investigations.

The compilation of data showed a correlation between high bicarbonate content
of the water and a thick soil cover on top of the bedrock. Another important
correlation was that the salinity of the water increased with decreasing distance
from the shore line. All other correlations were of low significance. Based on
this the Aspo site groundwater could be expected to be saline. This was
confirmed on a semi-regional scale, were data obtained from shallow, 100 m
deep, boreholes drilled at Aspo, Laxemar and Avro, indicated a higher salinity
at Aspo.

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

The objective of the models developed during the pre-investigation phase was
to obtain an understanding of the complex nature of the Aspo site. From a
hydrochemical point of view there was one specific situation which favoured the
evaluation. The very large range of salinity, from surface freshwater with less
than 100 mg/1 of chloride to 12000 mg/1 of chloride at a depth of 860 m. The
large contrasts in salinity have unravelled many important features of the
hydrogeochemical conditions.

On the average there was a linear increase in salinity with depth, with an
increase of 1000 mg/1 for each approximately 100 m. However, despite the
linear increase in salinity, different water types could be distinguished. Glacial
meltwater could be identified due to its very low oxygen-18 value, modern and
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Figure 4. Hydrochemical Model 96 showing the distribution of saline water
in the Aspo area based on 3D interpolation of observations in borehole
sections, the Baltic sea and the composition of the recharge on Aspo. Cored
boreholes near the vertical section A-A' are coloured grey. Inclusions of fine-
grained granites, greenstone and mylonite are indicated in the figure (see
Figure 2 for details concerning the lithology). Vertical section A-A' is shown
in Figure 1.

old Baltic Sea water and meteoric freshwater were also distinguished based on
their ratios of major components. At depths of more than 500 m the water has
not been affected by the different stages of the Baltic Sea evolution since the
last glaciation. This indicates that the water has been stagnant in the past
10 000 years, and probably for much longer time.

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

Bacterial activity has warranted several studies to fully understand the redox
processes. It has been found that bacteria are important for establishing high
dissolved iron and bicarbonate concentrations and that bacterial reduction of
iron (HI) minerals and sulphate increase the reducing capacity of the groundwa-
ter. The effects of bacteria on the hydrochemistry had not been accounted for
in the modelling work made prior to construction of the laboratory.

Important improvements in the groundwater chemical modelling

During the evaluation and modelling of the Aspo data a systematic develop-
ment of the modelling approaches has been made. Statistical multivariate
procedures have been used to evaluate the data which have been collected. For
the spatial predictions of the mixing process multivariate principal component
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analyses, linear regression methods, kriging and neural networks have been
tested.

The most important modelling development has been the ability to differentiate
between waters of different origin, not only in relation to the saline and non-
saline waters but also in relation to the previously prevailing conditions, i.e. the
different phases of the Baltic Sea evolution since last glaciation. Identification
of the sources and the mixing-mass-balance calculations have significantly
shifted the hydrochemical modelling from a non-reproducible expert based task
to a more reproducible expert-computer based one.

Methods and models have been developed for identifying the different sources
of groundwater (end members) at the Aspo site and how groundwater at
specific locations in the rock mass can be quantified as a mixture of end
members. The present hydrochemistry model of Aspo incorporates the
anticipated conditions prevailing since the latest glaciation. For this model
mixing of groundwater of different origin and composition, calcite saturation,
redox properties, groundwater/rock interaction and biological activity are
important processes to describe and understand.

The Multivariate Mixing and Mass balance calculation code is abbreviated M3.
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INTRODUCTION

1.1 ASPO HARD ROCK LABORATORY (Aspo HRL)

The Aspo Hard Rock Laboratory (HRL) constitutes an important part of the
work of developing a deep repository and developing and testing methods for
investigating and licensing a suitable site. The plan to build an underground rock
laboratory was presented in R&D Programme 86 /1986/ and was received very
positively by the reviewing bodies. In the autumn of 1986, SKB initiated the
field work for the siting of the underground laboratory in the Simpevarp area of
the municipality of Oskarshamn. At the end of 1988, SKB arrived at a decision
in principle to site the laboratory on southern Aspo, about 2 km north of the
Oskarshamn Nuclear Power Station (see Figure 1-1). After regulatory review
and approval, construction work on the facility was commenced in the autumn
of 1990.

The Aspo HRL has been designed to meet the projected needs of the planned
research, development and demonstration activities. The underground part takes
the form of a tunnel from the Simpevarp peninsula to the southern part of the
island of Aspo (see Figure 1-2). Below Aspo, the tunnel runs in two turns down
to a depth of 450 m (see Figure 1-3). The total length of the tunnel is 3600 m.
The first part of the tunnel was excavated using the drill-and-blast technique. The
last 400 metres were excavated by a tunnel boring machine (TBM) with a
diameter of 5 metres. The underground excavations are connected to the surface
facilities by a hoist shaft and two ventilation shafts. The Aspo Research Village
with offices, stores and hoist and ventilation building is located at the surface,
(see Figure 1-4).

The work at the Aspo HRL was divided into three phases: the pre-investigation
phase, the construction phase and the operating phase. The pre-investigation
phase, 1986-1990, involved siting the Aspo HRL. The natural conditions in the
bedrock were described and predictions made with respect to the geohydrological
and other conditions that would be observed during the construction phase
/Gustafson et al, 1991/. Planning for the construction and operating phases was
also carried out.

During the construction phase, 1990-1995, extensive investigations, tests and
experiments were carried out in parallel with the civil engineering activities,
mainly to check the reliability of the pre-investigations. The tunnel was
excavated to a depth of 450 m and construction of the Aspo Research Village
was completed. The Aspo Research Village was taken into service during the
summer of 1994. The underground civil engineering works were mostly
completed in the summer of 1995.

The operating phase began in 1995. A programme for these studies is presented
in RD&D Programme 95 /1995/



7igure 1-1. Location of the Aspd Hard Rock Laboratory.

Figure 1-2. Overview of the area around the Aspd HRL.
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Figure 1-3. General layout of the Aspd HRL. The total length of the tunnel is
3600 m. The first part of the tunnel was excavated using the drill-and-blast
technique. The last 400 metres were excavated by a Tunnel Boring Machine
(TBM) with a diameter of 5 metres. The underground excavations are
connected to the Aspd Research Village, containing offices, stores, hoist and
ventilation building, by a hoist shaft and two ventilation shafts.
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Figure 1-4. Bird's-eye view of the Aspd Research Village.
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1.2 OVERALL GOALS OF THE ASPO PROJECT

One of the basic motives for SKB's decision to build the Aspo HRL was to
provide an opportunity for research, development and demonstration in a
realistic and undisturbed rock environment down to the depth planned for a
future deep repository.

To meet the overall schedule for SKB's RD&D work, the following (here
abbreviated) stage goals were set up in R&D-Programme 89 /1989/ for the
activities at the Aspo HRL.

1 Verify pre-investigation methods.
2 Finalize detailed characterization methodology.
3 Test models for groundwater flow and radionuclide migration.
4 Demonstrate construction and handling methods.
5 Test important parts of the repository system.

In the planning and design of activities to be performed at the Aspo HRL
during the operating phase, priority is being given to projects which aim to:

• increase scientific understanding of the deep repository's safety margins,
" develop and test technology which reduces costs and simplifies the

repository concept without sacrificing high quality and safety, and
8 demonstrate technology that will be used for the deposition of spent

nuclear fuel and other long-lived waste.

The start of the operating phase has motivated a revision and focusing of the
goals of the Aspo HRL, based on the experience gained to date. For the
operating phase, the stage goals have been worded as follows, IR&D-Program-
me 95/19951:

1 Verify pre-investigation methods
Demonstrate that investigations at the ground surface and in boreholes
provide sufficient data on essential safety-related properties of the rock
at repository level.

2 Finalize detailed characterization methodology
Refine and verify the methods and the technology needed for character-
ization of the rock in the detailed characterization of a site.

3 Test models for description of the barrier function of the rock
Refine and at repository depth test methods and models for describing
groundwater flow, radionuclide migration and chemical conditions
during the repository's operating period and after closure.

4 Demonstrate the technology for and function of important parts of
the repository system
Test, investigate and demonstrate on a full scale different components of
importance for the long-term safety of a deep repository system and show
that high quality can be achieved in the design, construction and
operation of system components.



that high quality can be achieved in the design, construction and
operation of system components.

The four reports mentioned in the foreword mainly address the first and, to
some extent, the second of the above stage goals.

The Aspo HRL comprises an important part of the work being pursued within
SKB's RD&D-Programme.

1.3 AIM OF THIS REPORT

The purpose of this report, No. 5, is to present the 1996 model of the Aspo
HRL, the concepts behind it and some comments on how the model has
developed based on data from the pre-investigation and construction phases of
Aspo HRL.

The intended readers are mainly the scientists working at Aspo HRL. By
reading this report one should get a good insight in the properties of the rock
mass and with help of Report No 1, Stanfors et al /1997a/, an introduction of
what data and reports that are available. The reports summarizes the knowledge
up to 1996 and the models are referred to "Model 96" in this and other reports.

The report is also intended to be used by modellers who intend to model
groundwater flow at Aspo. The report should provide much of the information
needed except for geometric information concerning topography, tunnel layout
etc.

The report is independent from Reports No 2, 3 and 4 in this series /Stanfors
et al, 1997b, Rhen et al, 1997a and 1997b/. These reports concern the
evaluation of the methods and methodology used for the site characterization.

In this report, No 5, Chapter 2 presents briefly how the model has developed
during the pre-investigation and the construction phases.

Chapter 3 presents the concepts used for the models presented in the following
chapters. The detailed descriptions of the models are presented in six chapters:

8 4 Geological model
* 5 Mechanical stability model
* 6 Geohydrological model
9 7 Hydro chemical model
8 8 Transport of solutes model



1.4 COORDINATE SYSTEM

For various reasons a number of coordinate systems have been used during the
pre-investigation and construction phases.

At Aspo four different coordinate systems are used. The systems are rotated
relative to one another and have different North directions. Within the Aspo
Project all geological information on the orientation of structures is given
relative to magnetic North. This reference direction is generally used in this
report. Geographic North is also used occasionally as a reference direction, but
for practical purposes this is the same as magnetic North, considering the
accuracy in orientation that can be obtained for geological features.

Location of drifts and boreholes are always given in the local Aspo coordinate
system.

The relative orientation between the four coordinate systems are:

• RAK-38 North is 11.819 degrees East of Aspo local North map system.
8 Geographic North is 11.119 degrees East of Aspo local North.
• Magnetic North is approximately 12 degrees East of Aspo local North

(1985-1990).

The coordinate transformation between the RAK-38 and local Aspo systems
is according to the equations below:

XRAK.3S = 6367978.295 + 0.978799 (XAsp5 - 7484.309) + 0.204822 (Y Asp6 -
1956.68)

YRAK-3s = 1551210.173 - 0.204822 (X Asp6 - 7484.309) + 0.978799 (Y /Vspe -
1956.68)

(6360251.890, 1550827.928)RAK.38 = (0,0)Asp0

The length correction between the systems is as follows:



DEVELOPMENT OF MODELS OF THE ASPO
SITE

2.1 INTRODUCTION

During pre-investigations for the Aspo site the analyses of the data were
frequently summarized in different kinds of models after each pre-investigation
stage. Development of these models is the described in Wikberg et al, 1991.
Details of the previous models, the characterization work and investigation
methods are found in Gustafson et al/1988/, Gustafson et al/1989/, Stanfors
et al /1991/, Almen and Zellman /1991/ and Wikberg et al /1991/. Predictions
made for the construction phase were presented in Gustafson et al /1991/.
Details of the present model made after the construction phase, Model 96, is
presented in Chapters 3 to 8 in this report. The main modelling concepts for the
previous models /Gustafson et al/1988/, Gustafson et al/1989/and Wikberg
et al /1991/ are summarized in Table 2-1, last in this chapter. The aim of this
chapter is to briefly present the pre-investigation models and Model 96.

The pre-investigations were divided into three stages:

• siting stage
• site description stage
8 prediction stage

The siting stage included mostly regional investigations and some more
detailed semi-regional investigations covering some potential sites around the
Simpevarp peninsula. The site description and the prediction stages both
focused on the Aspo island and the Aspo-Halo area, see Figure 2-1. The
prediction stage investigations were performed in two steps, mainly because the
planned tunnel entrance was moved from Aspo to the Simpevarp peninsula
during this stage. Simplified models for the stages are presented in a number
of figures and the models are briefly described in Section 2.2 to 2.4. Present
models are briefly described in Section 2.5.



2.2 REGIONAL MODELS (1986-1987)

Most investigations for the regional scale were performed during 1986-1987.
A few supplementary investigations were also performed during the construc-
tion phase of the Aspo HRL.

Geology

The bedrock model on the regional scale, based on interpretation of geological
field investigations and geophysics, shows that the area is mainly of granitic
composition.

Lineament interpretation, structural mapping and geophysical investigations
show the structural framework of Aspo island comprising ENE to NE trending
regional lineaments close to the island but also N to NW trending lineaments
outside the figure area, see Figure 2-1. According to aeromagnetic indications
these are estimated to be about 100 to 300 metres wide zones of low magnetic
intensity extending over 5 to 30 km along strike.

Geohydrology

A source for preliminary geohydrological data was the water well archive at the
Swedish Geological Survey (SGU). Data used for the preliminary analysis
covered a larger area than shown in Figure 2-1. At this stage there were also
two other sources for information: hydraulic tests performed in a few boreholes
on the Avro island and geohydrological investigations performed on the
Simpevarp peninsula in connection with the construction of the power plants
and the CLAB facility.

The data from the SGU Well Archive showed that the median of the specific
capacity measured in the wells was about the same for wells close to Aspo
compared to the entire area. These wells were about 60 m deep and were
mainly drilled in Smaland (Avro) granite. The hydraulic conductivity of
different rock types were compared. It was noted that younger granites of type
Gotemar and Uthammar granite were more conductive and that gabbro or
diorite were less conductive in comparison with the Smaland (Avro) granite.
The data from Avro indicted that the hydraulic conductivity decreased with
depth.

Hydrochemistry

Chemical data from the Water Well Archive at the SGU were compiled for the
entire Kalmar County. A statistical treatment of these data showed that the
salinity increased towards the coast of the Baltic Sea. The Aspo groundwater
could therefore be expected to be saline.
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Figure 2-1. Regional outline structural model of the Aspd area. A-A': vertical
section in Figures 2-2-2-5, 2-7. B-B': vertical section in Figure 2-6.
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2.3 SEMI REGIONAL SCALE

2.3.1 Modelling stage 1 (1986-1987)

Geology

Aeromagnetic anomalies compared with results from the digital terrain models
clearly indicated a some hundred metres wide fracture zone trending NE
crossing the island of Aspo. Mylonite was found in some outcrops in the
fracture zone (Aspo shear-zone). Overview mapping indicated Smaland granite
(later changed to the designation 'Aspo diorite') as the dominating rock type
on Aspo. Metavolcanic rocks and greenstone were noticed as minor inclusions
in the granite which often is intruded by irregular veins of fine-grained granite.

Geohydrology

The surface hydrology of the region was compiled to provide basic input data
and pumping tests were performed in the 26 of the percussion boreholes drilled
in 1987 in the Aspo, Avro and Laxemar areas. (All drilled boreholes from
surface made during the pre-investigation phase and construction phase are
shown in Figures 2-3 and 2-4.)

Some hydraulic conductors, which were very distinct with a few open fractures
and a high transmissivity, were found in the Smaland granite area. The areas
of greenstone and greenstone lenses were found to be less conductive. The
Aspo shear-zone, crossing Aspo from NE to SW was found to be moderately
conductive.

Measurements in boreholes situated in Laxemar, Aspo and Avro showed that
the groundwater level was closely related to the ground surface level.

In order to assess the influence of the Aspo HRL on the groundwater flow
conditions generic numerical modeling was made of two layout alternatives.
The estimated radius of influence was about 2 km.

Hydrochemistry

Groundwater was sampled from the first percussion drilled boreholes at Aspo,
Avro and Laxemar. The results confirmed the assumptions that saline water
was found at shallow depth (<100 m). However, it was also clear that at Aspo
the saline water was more close to the surface than at both Laxemar and Avro.
The reasons for this could be found in the facts that Aspo has a lower
topography and as an island surrounded by the sea on all sides.
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Figure 2-2. Investigation stage 1. Vertical section A-A'.



Figure 2-3. Plan of the boreholes. Boreholes with a black label were drilled
before construction of the Aspd HRL and boreholes with a red label were
drilled during the construction of the Aspd HRL. Filled circles: Cored
boreholes. Un-filled circles: Percussion boreholes.
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Figure 2-4. Plan of the boreholes. Boreholes with a black label were drilled,
before construction of the Aspd HRL and boreholes with a red label were
drilled during the construction of the Aspd HRL. Filled circles: Cored
boreholes. Un-filled circles: Percussion boreholes.
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2.4 SITE SCALE

2.4.1 Modelling stage 2 (1987-1988)

Geology

One cored borehole was drilled sub-vertically in the southern part (KAS02) and
one subvertically in the northern part (KAS03) of Aspo, both boreholes to a
depth of approximately 1000 m. The main aim of a third borehole (KAS04) -
inclined 60°SE - was to cross the indicated shear-zone trending NE in central
Aspo, see Figure 2-5. One cored borehole was also drilled to a depth of 700 m
in Laxemar as a reference hole and another five percussion holes were drilled
on Aspo.

Based on these investigations the geological model comprises two granitic
blocks that are divided by a mylonitic shear-zone. The rock blocks are built up
of the varieties of Smaland granite - Smaland (Avro) granite and Aspo diorite.
Irregular inclusions of fine-grained greenstone and veins and dikes of fine-
grained granite intruding the granitic rock mass contribute to lithological
inhomogeneity. The dominant structural anisotropy is parallel to an almost
vertical more or less penetrating foliation trending NE-ENE.

Geohydrology

The injection tests with 3 and 30 m packer spacing indicated that Southern
Aspo was somewhat less conductive compared to Northern Aspo. Evaluation
of the transient interference pumping tests indicated a few larger hydraulic
conductors, low dipping or subvertical. The direction of a very transmissive
conductor in the bottom of KAS02 could not be determined. The hydraulic tests
performed in the corehole indicated that measures for the effective hydraulic
conductivity, estimated as geometric, arithmetic mean and standard deviation
were dependent of the test scale (length of borehole section tested).

Two numerical models of the regional groundwater flow were set up. These 3-
dimensional models were used to assess the area of influence from the
laboratory, which was shown to be 1-2 km. A generic study of the behaviour
of the saline water front in a fractured rock was simulated by a stochastic
continuum model. It was shown that salinity interface below an island can be
quite irregular if the hydraulic conductivity is stochastically distributed.

Hydrochem istry

In the two rock blocks the groundwater salinity increased gradually by depth.
The increase was roughly linear and somewhat different in the two boreholes.
This suggested a more stagnant situation in the southern rock block. The
gradual increase in salinity implied that the origin of the water could be mixing
between freshwater, relict and modern Baltic Sea water and pre-glacial water.
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2.4.2 Modelling stage 3 (1988-1989)

Geology

The four additional cored boreholes, KASO5-O8, were directed towards
indicated zones of geological and hydraulic importance on southern Aspo, see
Figure 2-6. They were drilled to a vertical depth of approximately 500 m.

A geological field study was done in order to obtain information to make a
description of the lithological distribution and petrological and structural
characteristics of the different rocks on Aspo. Very detailed mapping was
performed along cleaned trenches across the island. Data concerning 4500
mapped fractures - such as orientation, length, aperture and fracture filling -
was also presented.

The main aim of a detailed geophysical investigation was to indicate fracture
zones on Aspo, using mainly geomagnetic, geoelectric and seismic methods.
The major fracture zones NE-1, EW-3 and NE-2 were indicated in a number of
boreholes. Seismic reflection investigation identified two sub-horizontal
anomalies situated at depths of from 300 to 500 metres and 950 to 1150 metres
along both profiles characterized by several rather short and irregular reflectors.
The seismic reflectors could only to some extent be correlated to zones with
increased frequency of low-dipping fractures in drill cores.

Geohydrology

Short term interference tests and a long term pumping test, by pumping an
entire bore hole, were made to find out the hydraulic connections in the rock
mass. Several important hydraulic features were identified. Their approximate
extent, strike, dip, position and transmissivities were given. The approximate
strikes of the conductive features were NW, ENE, NE and NNW.

The lithological units of hydrogeological importance were considered to be
Aspo diorite (lowest hydraulic conductivity), Smaland granite and fine-grained
granite (highest hydraulic conductivity).

Hydrochemistry

In conjunction with the hydraulic interference pumping tests conducted in
KAS06 and HAS 13 the groundwater was analysed in a similar manner as in
KAS02-04. Some information, but of lower quality, was also gained in the
samples collected during drilling of all other boreholes.

The results of samples and analyses from newly drilled boreholes and all
previous analyses were co-evaluated by a multivariate procedure called principal
component analyses. Despite the continuous increase in salinity with depth there
are four distinctly different classes, see Figure 2-6. The classes were later found
to be resulting from the episodic events affecting the ground- water system
under Aspo in the time span since last glaciation.
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2.4.3 Modelling stage 4 (1989-1990)

Geology

Due to the change in layout, in which the entrance to the tunnel was moved to
the Simpevarp area, a complementary drilling programme was carried out.
KAS09, 10, 11 and 14 were drilled to provide information on the indicated
fracture zones to the south of Aspb.

The percussion boreholes, HAS 18, 19, 20 and two more cored boreholes,
KAS12 and 13 were drilled in order to improve the knowledge about the main
fracture zones on southern Aspo.

Geophysical investigations in the sea area between Halo and Aspb and the
inclined core borehole KBH02 parallel to the planned tunnel gave very valuable
information to the final modelling work, especially concerning orientation and
character of the major fracture zones EW-7, NE-4, NE-3 and NE-1. Detailed
geological and geophysical investigations combined with hydrotesting in
boreholes indicated the 'NNW system' of minor fracture zones supposed to
connect the major water-bearing NE trending fracture zones.

Cored boreholes KAS09, KAS11 and KAS14 were mainly sited to investigate
the fracture zones EW-5 and NE-1 bordering on Aspo to the south. In all these
boreholes NE-1 was very well indicated (increased fracturing, clay alteration).
Borehole radar and Vertical Seismic Profiling results also confirmed the extent
and NW dip of NE-1, and the fracture zone NE-1 was also found to be very
hydraulically conductive. Concerning EW-5 there were possible but no
unambiguous indications in these boreholes.

Evaluation of all pre-investigation data resulted in a geologic-structural model.
A N-S vertical section almost parallel to the tunnel is presented in Figure 2-7.

The geological pre-investigations were concentrated to the access tunnel and
the spiral tunnel area in southern Aspb. Due to the main NE to ENE trend of
the major fracture zones and the ENE foliation most of the core boreholes have
a N to NW direction. Only one core borehole (KAS 13) has an approximately
E-W direction mainly in order to cross estimated minor NNW-structures. An
E-W vertical section through the shaft position is presented in Figure 2-8.
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Geohydrology

The geohydrological investigations were focused on the deep cored boreholes
in which short pumping tests and flow logging of the entire boreholes were
performed.

15 main hydraulic conductors on Aspo and south of Aspo were described in
detail with approximate extent, strike, dip, position and transmissivities. The
main strikes were as in the stage 3, except for a new set of EW to NE
structures. All these new structures were found to the south of Aspo, which was
quite natural because all the investigations were focused on that part of Aspo.
South of NE-1, in KBH02, only a few airlift pumping tests with long test
sections were performed.

Five different rock mass domains were identified. Two of them, Northern Aspo
and Aspo shear zone were approximately the same as previously. Southern
Aspo was divided into two parts and the area south of Aspo was new. The
depth dependency of the hydraulic conductivity was updated and the standard
deviation of the hydraulic conductivity was calculated using data from the new
hydraulic tests. The scale dependency of the hydraulic conductivity and
standard deviation of the hydraulic conductivity were also updated. The
hydraulic conductivity did not show any clear depth dependency and the
standard deviation seemed to decrease with depth. The scale dependency was
approximately as in the stage 2.

Using a numerical model for the Aspo island the groundwater recharge was
estimated to be 3 mm/year.

Hydrochemistry

At this stage additional data was obtained only from samples collected during
drilling. A closer examination of the data indicated that the water extracted
from low conductive sections in the rock mass was more saline than the water
from the surrounding more conductive rock and fracture systems /Smellie and
Laaksoharju, 1992/. However, the data from sampling during drilling was of
low quality and therefore the conceptual groundwater model in Figure 2-7 is
more qualitative than quantitative. There is not evidence to support all of the
details in the figure.
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2.5 MODELS 96

The following models presented is a comprehensive result of modelling work
based on data collected during both the pre-investigation and construction
phase. Details of the models 96 are presented in Chapter 4 to 8.

Lithology

Four main rock types - Aspo diorite, Smaland (Avro) granite, greenstone and
fine-grained granite make up most of the rock mass in the Aspo tunnel area.
(Figure 2-9).

Aspo diorite is by far the most common rock type within the Aspo area, both
on the surface and in the tunnel. During the first surface investigation most of
the bedrock on Aspo was mapped as 'Smaland granite'. After more detailed
studies from the surface and the tunnel the designation 'Smaland granite' was
changed to 'Aspo diorite'. Usually the the Aspo diorite is grey to reddish grey,
medium-grained, and contain more or less scattered, large crystals of K-
feldspar. A variety called Smaland (Avro) granite being more like a real granite
in composition is found especially on the southern part of Aspo and in the
northern part of the tunnel spiral area.

Macroscopically Smaland (Avro) granite differs from the Aspo diorite in its
brighter, sometimes distinctly more reddish colour. The amount of K-feldspar
phenocrysts are lower and the crystals are much more irregularly distributed. In
many places one can see that the Smaland (Avro) granite cuts the Aspo diorite,
which implies that the former is younger. The age difference between the two
groups is probably very small. Together Aspo diorite and Smaland (Avro)
granite make up about 80 % of the rock mass in the Aspo tunnel.

Greenstones (about 5 % of the rock mass) is a fine-grained to medium-coarse-
grained rock and is easily distinguished from the granitoid rocks by a very dark,
greenish or greyish black colour. As a rule greenstone occur as minor inclusions
or irregular, often elongated bodies within the granitoids and dioritoids
following the common E-W foliation trend within the area. Except the smallest
inclusions, greenstone is often intensely penetrated by fine-grained granites,
which has obscured contacts.

The fine-grained granites vary in colour from reddish grey to distinct red. They
are in most cases rich in quartz and potassium feldspar and can be classified as
true granites. From the field studies it is obvious that the fine-grained granites
all seem to be younger than the more coarse-grained Smaland granite groups.
There are also observations of dikes of fine-grained granite cutting each other.
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Structural development

A NE-ENE trending almost vertical, penetrating foliation is the most dominant
structural element in the 1700-1800 million years old Aspo granitoids and seems
to be the oldest sign of the ductile deformation related to the sub-
horizontaJ NNW-SSE compression. This deformation is also marked by the
orientation of mafic sheets often back veined by two or three generations of
fine-grained granites.

Intensified strain formed in the amphibolite-facies are marked by gneissic zones
trending NE-ENE, dipping to the N. Elevated to a higher structural level, these
old gneissic zones were reactivated as mylonitic NE-trending shear-zones
especially in central Aspo in a ductile-semiductile deformation phase.

The first brittle faults probably developed in the region in response to the
emplacement of younger granites. These faults and older ductile zones were
activated several times. The rock mass became increasingly brittle as it was
uplifted and unroofed about 1000 million years ago. Parts of the epidotic vein
system reactivated and its fractures were later filled by chlorite, zeolite and
carbonate.

Fracture zones on Aspo have a wide range of orientations and styles and most
of them reactivate older structures. The style of each fracture zone tends to
depend on the nature of any older structure being reactivated, such as E-W
gneissic zones and NE or E-W trending mylonites. Fracture zones trending N-S,
NE or E-W on Aspo normally had ductile precursors whereas those trending
NW apparently did not.

Major fracture zones

The Figure 2-10 illustrates the most important fracture zones in the Aspo
tunnel area. The fracture zone EW-7 was estimated to trend almost parallel to
the main ENE-NE trending lineament and geophysical anomalies in the Halo-
Aspo area. Only one branch of EW-7 was indicated in borehole (KBH02). In
the tunnel EW-7 consists of one set of fractures trending NNE - which here are
the most conductive structures - and one fracture set trending WNW. The
dominating rock type in the zone is Smaland (Avro) granite.

NE-4 was indicated during pre-investigations by geophysics (ground magnetics
and seismic refraction) and borehole data (KBH02) and estimated to consist of
three branches trending NE. The dominating rock type in the zone - which is
found to consist of two more or less continuous branches - is Smaland (Avro)
granite with inclusions of mylonite and greenstone. The northernmost branch
is clearly connected to the mylonite, which is partly crushed.
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NE-3 was indicated by ground magnetics and seismic refraction and confirmed
in borehole KBH02 in the pre-investigation phase. After excavation, NE-3 was
found to be approximately 49 m wide in the tunnel. Fine-grained granite is the
dominating rock type with some intersections of Smaland (Avro) granite and
greenstone. Fracture spacing is mostly 5-20 cm but crushed parts are found
locally. Although the zone itself dips steeply towards the NNW, as indicated by
geophysics, its constituent fractures are steep and strike E-W and N-S. Their
coatings are typically chloritic and calcitic. NE-3 possibly consists of several
sub-parallel strands, that strike about N50°-70°E, of which two have been
determined to dip about 70°N and 80°N respectively.

Fracture zone NE-1 was clearly indicated by geophysics and several boreholes
in the pre-investigations and was predicted to be composed of three branches.
All three branches are connected to a rather complex rock mass with Aspo
diorite, fine-grained granite and greenstone. The two southernmost branches,
trending NE and dipping NW, can be described as highly fractured and more or
less water-bearing. The northern branch, which is approximately 28 m wide in
the tunnel, is the most intense part of NE-1 and highly water-bearing. The
central approximately 8 m wide - part of this branch, trending N50°E and
dipping 75°N, with open, centimetre wide fractures and cavities and partly clay-
altered rock, is surrounded by 10 to 15 m wide sections of more or less
fractured rock. The fracture array consists of three sets; one is steep and strikes
WNW, one is sub-horizontal and a third strikes ENE and dips moderately
towards the NNW. The latter contain long faults (N75°E, dip 50°NNW) with
gouge and has been used to determine the local orientation of NE-1.

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

According to the earlier evaluation fracture zone NE-2 trending NE/ENE,
should be regarded as the southern part of the main Aspo Shear zone and was
expected to follow a somewhat winding course. The brittle deformation of this
zone probably is greatly influenced by the formed ductile shearing and
mylonitization. The dip of NE-2 was estimated to change from steeply
northwards in the NE to steeply southeast in the S W part of the zone and to be
only moderately hydraulically conductive. A probable interpretation of NE-2 is
that tunnel intersections of minor fracture zones at about 1602 m, 1844 m and
2480 m represent one or two branches of NE-2. Measured strikes vary between
N15°E and N36°E and measured dips cluster around 65°-82°S. However, the
width of the most intensively foliated portion of the mylonite varies between 1
and 5 m. An estimated southeastern dip of NE-2 is supported by the fact that
there is no indications of fractured mylonites in the cored boreholes KA1754A
and KA1751 A, drilled from the tunnel spiral.

EW-1 was early indicated by the initial airborne geophysical survey and the
lineament interpretation. Ground geophysical investigation confirmed the more
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Figure 2-10. Outline of model 96. Perspective view of the main structures,
and dominating groundwater types flowing into the tunnel.
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detailed extension of the EW-1. In the first drilling campaign a cored borehole
(KAS04) - inclined 60°SE crossed the zone.

The fracture zone EW-1 is very well documented topographically (50-200 m
wide depression in the ground extending many hundred metres), geophysically
(low-magnetic and low-resistivity zone 200-300 m wide), geologically
(outcrops in trench with mylonites and crushed sections) and in boreholes
(mylonites and many highly fractured and altered sections in drill cores). EW-1
is also indicated by VSP and radar. EW-1 is not crossed by the tunnel but the
cored borehole KA1755A, drilled sub-horizontally from the tunnel through the
zone at 300 m depth, mainly support the initial model of EW-1 as a complex
fracture zone comprising steeply dipping branches in an inhomogeneous rock
mass. Two branches are indicated in the core. The rather wide mylonites in the
surface trench are found again as narrow veins in the core but the volcanite at
surface is not found again in the core (Figure 4-26).

Gently dipping fracture zones

Interpretations based on geological surface observations and seismic reflections
suggested the presence of gently dipping fracture zones with approximately 100
m spacing at depth assuming similar spacing for the sub-horizontal fracture
zones as steep ones. In the predictions prior to excavation gently dipping
fracture zones, EW-5 were specified to intersect the access ramp at a depth of
between 0 m and about 300 m and EW-X at greater depth (300-500 m) in the
tunnel spiral. These gently dipping fracture zones were predicted as 'Possible'
geologically.

Structural mapping in the vertical elevator shafts did not reveal any sub-
horizontal fracture zones or gently dipping gneiss zones but a few gently
dipping fracture zones with a width of less than 1 m were found in the tunnel.

Minor fracture zones

A great number of approximately NNW to NNE-striking narrow (dm - a few
metres wide) fracture zones have been mapped on outcrops in Aspo. Only a few
of them are topographically significant but normally too narrow to be
geologically unambiguously indicated. VSP and borehole information support
the notion of steep, mostly easterly dips. All these fracture zones were described
under the designation "NNW" in the predictions. The different zones in the
system NNW were predicted to be "possible" and their predicted position in the
tunnel very approximate. The widths were expected to be 0.1-5 m.

The mapping underground indicated several minor fracture zones. These are
generally not wider than 1 m. Most consists of a single or up to a handful of
faults that generally contain gouge. The host rock is generally mylonitized near
faults.

The water-bearing minor fracture zone NNW-4W makes an example of a
fracture zone which is indicated in the tunnel by three intersections at 2020 m,
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2120 m and 29 J4 m. 5-10 cm wide fractures in this metre-wide section of
cataclastic granite were filled by grout.

Except for NNW-4W it is not possible to find persistent "minor fracture zones"
in the tunnel according to the definition given in the prediction based on surface
indications. One reason for this may be the tendency of most fracture zones to
be narrower at depth, than what could be expected from surface indication in
form of fractured and weathered rock.

Combined results from tunnel mapping and drilling show a characteristic
structural pattern of WNW-NE-trending fracture zones and steeply dipping
fractures (fracture swarms).

Hydraulic conductor domains

The geometry of the hydraulic conductor domains is mainly defined by the
major fracture zones described above. The minor fracture zones in the 'NNW-
system' are also important conductors. A few hydraulic conductor domains
were also added to the model in order to explain some of the responses obtained
in the interference tests. A simplified model of the hydraulic conductor domains
was made by fitting planes to the observations at the surface and in the
boreholes.

The evaluated transmissivities are generally in the range 10"6-10"4 m2/s with a
median of about 10"5 rrrVs. The greatest transmissivities for these larger features
are for the hydraulic conductor domains below the Baltic Sea and for the minor
fracture zone NNW-4. The largest transmissivity is approximately 3 • 10'4 m2/s
for hydraulic conductor domain NE-1.

Hydraulic rock mass domain

Hydraulic rock mass domains are geometrically defined volumes in space with
properties different from surrounding domains (rock mass and conductors).
They may either be defined by lithological domains or purely by interpretation
of results from hydraulic tests.

The Aspo area is divided into five groups of Site hydraulic Rock mass Domains
(SRD) with different hydraulic properties :

• SRD 1: Northern part of Aspo , bounded to the South by Northern part
of EW-1

• SRD 2 : Volume bounded by Northern and Southern part of EW-1.

• SRD 3 :Southern part of Aspo bounded to the North by South part of
EW-1 and to the South by EW-3.

SRD 4 : South of EW-3.
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• SRD 5: A Fine-grained granite domain in the middle of the tunnel spiral
at about 350 m depth.

Outside Aspo SRD1-4 is assumed to be valid within an area bounded by EW-7
to the South and some 100 m outside Aspo to the West, North and East.

The data based on the injection tests with 3 m packer interval shows that the
estimated median hydraulic conductivity for the rock mass, where data for the
deterministic hydraulic conductors were excluded, is highest in within the
discontinuity EW-1 (data from KAS04 ) and lowest in the southern part of
Aspo. The tests on the test scales 3, 30 and 100 m do not indicate a decreasing
hydraulic conductivity in the 0 - 500 m depth interval. Below the 600 m depth
the hydraulic conductivity decreases on southern Aspo, but the result is only
based on one vertical borehole. If the data from the 1700 m deep cored
borehole KLX02 are included in the analysis the hydraulic conductivity seem to
decrease below a depth of 600 m below sea level.

An investigation of the structural geology of water-bearing fractures was made
in the tunnel. It was found that the entire fracture system consists of four main
sets. The mapped water-bearing fractures and the fractures filled with grout in
the tunnel (from the pre-grouting ahead of the tunnel face) are dominated by a
subvertical fracture set striking WNW. This fracture set also has the highest
frequency of all fracture sets. N-S, NNW subvertical sets and a subhorizontal
set are also present but these sets are less pronounced. The mapped grout-filled
fractures should be a good indicator of the water conducting fractures, as the
grouting was performed generally 5-15 m ahead of the tunnel face where the
rock mass should be fairly undisturbed. This indicates that the hydraulic
properties of the rock mass is probably anisotropic. Hydraulic tests in probe
holes drilled along the tunnel during excavation indicate that subvertical
fractures striking approximately WNW and N-S are more transmissive than the
others. It is believed that the WNW-NW and N-S fracture sets on a larger scale
forms the hydraulic conductor domains called "NNW".

Occasionally single water conducting fractures in the hydraulic rock mass
domains can be very transmissive and cause high flow rates into drilled
boreholes.

Hydraulic tests were performed in different scales (length of tested borehole
section). The results show that the evaluated effective hydraulic conductivities
are dependent of the test scales.

Hydrological setting of the Aspo area

The land surface of Aspo is slightly undulating, with a maximum height of about
14 m, giving small drainage basins with some peatlands and sediments in the
topographic lows. There are no perennial streams on the island. The surface
water is drained to the sea by the peatlands, sediments or directly to the sea.
The annual mean precipitation and temperature of the area are about 650
mm/year, and 6.5°C respectively. The annual sea level fluctuations are generally
within ±0.5 m.
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The water table elevation above the mean sea level is about 30% of the
elevation of the topography above mean sea level, within a few hundred metres
from the coast line. During the construction of the tunnel the elevation of the
water table decreased, mainly on southern Aspo. The minimum water table
elevation in 1995 was about 100 m below sea level.

Hydrochemistry

The detailed information of the hydrochemical properties along the tunnel gave
a more detailed picture of the variability in the data of the site. More important,
the different processes affecting the hydrochemical conditions could be
identified. Important hydrochemical information was also established based on
data from the 1700 m deep corehole KLX02.

Episodic events have to a great extent governed the hydrochemical evolution
since the last glaciation ended, some 13 000 years ago. At that time glacial melt
water was flushed down into the fracture system to a depth of several hundred
metres. The next episodic event took place when the Baltic fresh water lake
turned to the brackish Litorina Sea some 7 000 years ago. Aspo was covered
by the sea and the more dense sea water partly replaces the glacial water down
to a depth where the salinity (or rather the density) was as high as in the
overturning sea water. 3 000 - 4 000 years ago Aspo started to rise above the
sea level, and meteoric water began to infiltrate the rock.

The present day conditions are: A thin lens of meteoric fresh water to a depth
of 50 - 200 m. A saline water consisting of proportions of present and ancient
Baltic Sea water and glacial melt water to a depth of 400 - 600 metres. Below
this level the saline water still contains proportions of the glacial water which
might represent even older glaciations and a saline water which has not been in
contact with the atmosphere for a very long time, millions of year.

During the construction phase there were changes in the composition of the
water flowing into the tunnel at different locations, see Figure 2-10. The
variation in e.g. salinity was however relatively small, while the variations in the
proportions of the different reference waters varied considerably. A view of the
situation before and after tunnel construction is presented in Figures 2-11—2-
13. The proportions of the most important reference waters are shown before
and after the tunnel construction phase.

In Figure 2-14 the dominating water types are illustrated, both for the situation
before and after tunnel construction.

Microbial activity

Bacterial processes have influenced the hydrochemical conditions in different
ways.

• Biological sulphate reduction has caused a large increase in the bicarbon-
ate concentrations and a decrease in sulphate concentrations compared to
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the Baltic Sea water. These reactions to a large extent take place in the
sea bottom sediments, but also in the rock mass below the sea and
elsewhere in the rock mass under Aspo.

Microbially catalysed reduction of ferric iron minerals to ferrous iron is
a process similar to the sulphate reduction. The iron reduction increases
the concentrations of dissolved ferrous iron. Both these processes take
place in anoxic conditions.

Degradation of organic material in the uppermost part of the rock
consumes the dissolved oxygen of the infiltrating surface water. The
population of bacteria adjusts rapidly to any change in the flow conditions
and within three weeks the inflow to a tunnel section at 70 m depth had
turned from slightly oxic to anoxic, as a result of bacterial activity.
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Figure 2-11. Proportions of Baltic Sea water in the Aspd rock mass prior to
and after tunnel excavation.
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Figure 2-12. Proportion of Glacial water in the Aspd rock mass prior to and
after tunnel excavation.
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Table 2-1. Conceptual models in regional and site scale modelling for the Aspo Hard Rock Laboratory

Model stage SKB TR 88-16 Regional flow modelling
Gustafson et al/1988/

SKB TR 89-16 Regional flow modelling
Gustafson et al 119891

SKB TR 91-22 & 23 site scale modelling
Wikberg et al, Gustafson etal/1991/

Scope Natural flow
Flow to underground laboratory

Natural flow
Flow to underground laboratory
Cross-hole tests (calibration)

Natural flow
Flow to underground laboratory
Cross-hole tests (calibration)

Processes

Structural units

Boundaries

Parameters

Parameter assignment
method

Darcian 2D flow

Homogeneous sub-volumes
(lithology, depth)

Constant head on top
No flow for the rest

Hydraulic conductivity
Head on boundaries
Space coordinates

Inference from other areas
Analysis or regional data
Inference from generic modelling
Boundary heads = topography

Darcian 3D flow
Salinity

Planar conductive fracture zones
Homogeneous sub-volumes
(lithology, depth)

Constant head on top
No flow for the rest

Hydraulic conductivity
Zone transmissivities
Head on boundaries
Space coordinates

Inference from TR 88-16 modelling
Analysis or regional data
Site specific conductivity data
Boundary heads = topography

Darcian 3D flow
Salinity

Planar conductive fracture zones
Stochastic continuum in sub-units
(lithology, depth)

Top: Fixed recharge (land), constant head (water)
Sides: Prescribed pressures
Bottom: No flow
Tunnel: Given pressures (with or without skin)

Stochastic distributions for hydraulic conductivity
Transmissivity (deterministic for each zone)
Salinity linearly increasing with depth
Heads and recharge rates on boundaries
Space coordinates

Inference from TR 89-16 modelling
Analysis of regional data
Site specific conductivity data
Site specific transmissivity data
Water chemistry data
Recharge from sensitivity studies
Calibrations
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CONCEPTS USED FOR THE DESCRIPTION
OF THE ASPO ROCK VOLUME AND ITS
BOUNDARIES

3.1 INTRODUCTION

This chapter presents the concepts behind the Aspo models in different
geometrical scales for the key issues :

9 Geological-structural model,
• Mechanical stability,
• Groundwater flow,
# Hydrochemistry and
* Transport of solutes.

The issues chosen are the main issues considered relevant at the beginning of
the Aspo HRL project to design, performance assessment and safety assessment
of a final repository for spent fuel, see Figure 3-1.

Regional Site Biock

» 1000 m

KEY QUESTIONS:

f f I f f f f
10-100 m

Detailed

0-10 m

[Geological-structural 1 Mechanical | Groundwater j Hydro- | Transport of
model I stability I flow I chemistry I solutes

Subject Prediction Estimate Measured variable Validation basis

Figure 3-1. Overview of geometrical scales and key issues. /Bdckblom et al,
1990/.
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3.1.1 Rationale behind key issues

The geological-structural model describes structures on different scales and
represents a simplification of the real physical medium. The geological model
forms the geometrical basis of all models of the geosphere, regardless of the
processes described. The geological model not only forms the geometrical basis
of the models, but is also of vital importance as decisions on the design of the
repository will be influenced by it. A repository volume will in the future be
selected to avoid major fracture zones. Deposition tunnels and spent fuel
canisters will be positioned to avoid the major flow paths.

Mechanical stability of the rock mass is of interest both in a short and a long-
term perspective. Mechanical stability is a necessary condition during
construction. The long-term issue is to identify potential zones of movement,
so that these can be avoided for emplacement of the spent fuel canisters.

Groundwater flow is an important factor that may influence the service life
of the spent fuel canisters and the dissolution of the spent fuel. The description
of the groundwater flow provides a necessary, but not sufficient, basis for
calculating the transport of nuclides from the repository to the biosphere if the
waste package should fail.

Hydrochemistry is an issue as the chemical situation influences the corrosion
of the spent fuel canisters and the dissolution of the waste. Hydro chemistry
provides a necessary, but not sufficient, basis for calculating the transport of
nuclides from the repository if the spent fuel canisters should fail.

Transport of solutes provides a necessary, but not sufficient, basis for
calculating radiation doses from a sealed final repository.

3.1.2 Rationale behind the geometrical scales

Characterization on a regional scale >1000 m provides a basis for selecting a
suitable rock volume for the repository and defining boundary conditions for
the site scale. Areas of groundwater recharge and discharge can be defined. The
regional assessment will provide a basis for long-term predictions of the future
location of discharge areas as well as where potential zones of movement can
be found.

The site scale characterization, 100 - 1000 m, will be used to locate major
fracture zones and/or major flow paths. These investigations are essential as
they will provide guidance in determining the repository depth as well as the
main layout of the repository. Characterization on this scale also provides data
to assess the far-field groundwater flow through the repository and flow paths
to the biosphere.

Block scale characterization and data, 10 - 100 m, will be used for detailed
layout of the repository. Safety assessments include the transport of solutes
from a leaking waste package to major flow paths.
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The Detailed scale, 0 - 10 m, may be the most important scale, as properties
on this scale define the geohydrological, chemical and mechanical near-field
of the waste package. By proper selection of waste package positions it will be
possible to provide the suitable environment for long-term isolation of the
waste.

This definition of geometrical scales is, however, more or less subjective. It
may also be pointed out that a real site is likely to be larger than a square
kilometre and is of course not limited by the so-called site scale.

3.1.3 Conceptual models

The structure of conceptual models

In order to clarify the assumptions behind models used, a proposal of how to
structure these assumptions was made in Olsson et al/1994/. The structure is
presented in Table 3-1. An essential objective has been to condense the model
description to one page and still present the essential aspects of each model. It
is hoped that in this way it will be easier to obtain an overview of the
assumptions underlying each model and facilitate comparison between different
models.

Rationale for the structure of the conceptual models

The base for the model description is to specify the intended use of the model.
Based on the intended use the next step is to decide what physical processes
should be included in the model. In some cases these processes can be
represented by constitutive equations. The next step is to define the concepts
needed to solve the problem. The concepts may be separated into four groups.
Firstly, the type of geometrical framework and framework-related parameters
have to be defined. Secondly, the type of material properties to be assigned to
the domains defined by the geometrical framework must be decided. Thirdly,
the spatial assignment method of the material properties within a domain has
to be described. Finally, the model normally has a limited extent and the
boundary conditions have to be defined to compute or judge the effects within
the model. For a real case, the data can now be defined for the four groups of
concepts by analysing measurements representing the actual case. If needed a
numerical or mathematical tool that handles the processes and concepts should
then be chosen. Output parameters of interest for model purposes must then be
defined.
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Table 3-1. Format for a condensed description of models in the Aspo
HRL project. /After Olsson et al, 1994/.

MODEL NAME

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

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

definition of constitutive equations

CONCEPTS DATA

Geometrical framework and parameters
Dimensionality and/or symmetry of model. Specification of the size of the modelled
Specification of what the geometrical volume. Specification of the source of data
(structural) units of the model are and the for geometrical parameters (or geometrical
associated geometrical parameters (the structure). Specification of the size of the
ones fixed implicitly in the model and the geometrical units and resolution,
variable parameters).

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

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

ment.

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

Specification of the boundary and initial
conditions.

Numerical or mathematical tool
Computer code used.

Output parameters
Specification of the computed parameters and possibly derived parameters

of interest.
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3.2 GEOLOGICAL CONCEPTS

3.2.1 Scope

In this section the concepts behind the Geological-structural models on
different scales are presented, see Table 3-2 and Figure 3-2.

Table 3-2. Condensed description of the geological model of the Aspo site
used within the Aspo HRL Project.

GEOLOGICAL MODEL OF THE ASPO SITE

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

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

CONCEPTS

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

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

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

Boundary conditions
Stationary

3.2.2 Process description

The processes are outlined in Chapter 4.
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Major fracture
zones

(>5 m wide)

Minor fracture
zones

(<5 m wide)

I Lithological domains 1
|(1-3 main rock types)|

1000 m

Small scale
fracturing in

the rock mass
between fracture

zones

Figure 3-2. Schematic description of two main components of the geological
description. One is for the description of lithology and one for the description
of discontinuities (fracture zones and fractures).

3.2.3 Geometric framework and parameters

The model comprises of the following geometrical concepts:

" lithological domains
8 discontinuity domains

Lithological domains are three-dimensional volumes in the rock mass defined
by the rock mass classification or rock mass units (see below under material
properties).

Discontinuity domains are two-dimensional features, which are mechanical
discontinuities (or discontinuities grouped together) in the rock mass having
little or no tensile strength.

Lithological domains - Classification : RMU - Rock Mass Units

Based on the pre-investigations the site area was divided into a number of rock
mass units (RMU). A RMU is defined as part of the rock mass, bordered by
major fracture zones, which is approximately statistically homogeneous with
respect to geological and geohydrological characteristics.
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Discontinuity domains

In order to define the existence of different discontinuity domains it was
necessary to clarify the nomenclature for fracture zones and related topics. This
was done during the first phase of the pre-investigations for the AHRL,
IBdckblom, 19891. The nomenclature and classification system used are
presented in more detail in Appendix Al.

Nomenclature: Discontinuity domains. Fracture zone - fracture swarms -
increased fracturing

This guideline treats aspects for use of nomenclature for site investigations and
addresses the way in which geological, geophysical, geohydrological results
should be named. A special section is devoted to the uniqueness and complete-
ness of investigations.

According to this guideline, a fracture zone is a fracture zone - only and only -
if geological field evidence supports zones with the characteristic that the
intensity of natural fractures is at least twice that of the surrounding rock.
Completely disintegrated and/or chemically altered rock is included in the
definition of a fracture zone.

The definition of a fracture zone can be expanded by additional characteristics.
A fracture zone can thus be 'a hydraulically conductive fracture zone' or a
'non-conductive fracture zone'.

During mapping in the tunnel it was found that this definition would, however,
designate most fine-grained granites as fracture zones. Thus, it was necessary
to add a tectonic/kinematic constraint to the definition of 'fracture zone' such
as shearing, faulting and clay alteration. Sections in the tunnel with more than
5 fractures/metre, with no obvious tectonic/kinematic influence were mapped
as zones with 'increased fracturing'.

The term fracture swarm has also been used and is defined as a zone with
relatively high fracture frequency, but not so high as a proper fracture zone
/Bdckblom, 1989/ with fractures essentially parallel to the orientation of the
swarm boundary /Hermanson, 1995/.

The term 'major fracture zone' was used for a feature more than about 5 m
wide and extending several hundred metres. Features less than about 5 m and
more than 0.1 m wide and of less extent were called 'minor fracture zones'.

Persistent, several-metre-long fractures, mostly steep and estimated to be
significant hydraulic conductors were called 'single open fractures'.



44

3.2.4 Material properties

Classification: Rock type

The petrographical classification of the rocks, was done using modal analyses
according to the system worked out by Streckeisen/1967, 1976/ and IUGS
/1973, 1980/.

The rocks are divided into 4 rock groups, see Figure 3-3. The physical
properties density and magnetic susceptibility were used to classify the main
lithological units.

The density of crystalline rock is very closely related to its mineral composi-
tion. The influence of porosity on density, in crystalline rocks is less than one
per cent.

The density of the rock is controlled by the amount of mafic minerals and the
SiO2-content. Rocks containing a large amount of mafic minerals and with a
low SiO2-content generally have a high density (> 3 000 kg/m3) while rocks
with a lesser amount of mafic minerals and high SiO2-content generally have
a lower density (2 600 - 2 700 kg/m3).

The magnetic susceptibility in crystalline rocks is proportional to the content
by volume of magnetite (below 10%) and, to some degree, to the content of
paramagnetic minerals (iron in silicates).

Magnetite is the most frequent magnetic mineral in crystalline rocks and by
using a special classification diagram the effect of magnetite on the density is
easily removed. Silicate density is the density when the effect of the magnetite
has been removed.

A classification limit between one more acid variety of the Smaland (Avro)
granite intrusion and a more basic variety called Aspo diorite was fixed at a
silicate density of 2.65 - 2.70 g/cm3.

The most basic rock variants observed in some boreholes on Aspo, with a
silicate density above 2.75 g/cm3, were assigned to the Greenstone group
(including diorites - gabbros).

3.2.5 Spatial assignment method

Discontinuity domains are defined deterministically by the location, extent,
orientation and width of the domain. As regards extent the discontinuities are
normally estimated to be connected in a network. The discontinuity domain, or
parts of it are classified according to judged level of reliability (see Geometri-
cal framework and parameters in Appendix Al).
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1 Fine-grained greenstone

L Aspo dionte

3 Smaland (Avro) granites

Fine-grained granites

Alkali feldspar

Quartz

Plagioclase

Figure 3-3. Modal classification /according to IUGS 1973, 1980/ of 4 rock
groups from the Aspo area.

Lithological domains are volumes judged to have approximately the same
properties within the volume (statistical homogeneity). Material properties are
generally given as a mean value, but may also be given as a probability of
existence at a given coordinate within a domain.

3.2.6 Concepts used in different scales

Regional scale

The description on a regional scale consists of following parts:

• Lithological domains
8 Major discontinuities (major fracture zones)

Site scale

The description on site scale consists of following parts:
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• Lithological domains (four main rock types - Smaland (Avro) granite,
Aspo diorite, greenstone and fine-grained granite)

• Discontinuities (major fracture zones, minor fracture zones, fracture
swarms and small scale fracturing in the rock mass).

The site scale is illustrated in Figure 3-4.

Block scale

The description on block scale consists of following parts:

• Lithological domains (four main rock types - Smaland (Avro) granite,
Aspo diorite, greenstone and fine-grained granite )

• Discontinuities ( minor fracture zones , fracture swarms and small scale
fracturing in the rock mass)

The purpose is to make a generic description of typical blocks (approximately
50x50x50 m), considering the rock type composition and discontinuities likely
to be found within the rock volume, or part of it, described under site scale. The
block scale is illustrated in Figure 3-5.

Detailed scale

The description on detailed scale consists of following parts:

• Lithological domains (four main rock types - Smaland (Avro) granite,
Aspo diorite, greenstone and fine-grained granite)

• Discontinuities (small scale fracturing in the rock mass).

The purpose is to make a generic description of each rock type (approximately
5x5x5 m) likely to be found within the rock volume. The detailed scale is
illustrated in Figure 3-6.
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Geological structural model

Block scale (50m) RS.MET2D-O2-2
9403ZZ

Single open fractures

Mylonite

Minor fracture zones (<5m)

Single open fracture

Clay altered
contacts

Ductile shear zone
Narrow epidotic mylonites

Minor fracture zone

Rock composition
Occurence and extension of greenstone and

fine-grained granite in host rock

Rock boundaries
Number of rock boundaries

Fracture system
Main fracture set orientation

Figure 3-5. Single open fractures, mylonite, minor fracture zones, rock
composition, rock boundaries and fracture systems of the geological-structural
model, addressed on the block scale.
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Geological structural model

S i t e scale (500 m) RS.MET2D-O1-3
960906

Rock type - Rock boundaries

Fine-grained grani te

S m & 1 a n d (A v r 6) gran i te

Major fracture zones (>5m)

Greenstone

Asuti diorite

Strike

Figure 3-4. Rock types, rock boundaries and major fracture zones of the
geological-structural model, addressed on the site scale.
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3.3 MECHANICAL STABILITY CONCEPTS

3.3.1 Scope

In this section the concepts behind the Mechanical Stability models on different
scales are presented, see Table 3-3—3-5.

Table 3-3. Condensed description of the concepts for rock stress at the
Aspo site within the Aspo HRL Project.

MODEL NAME
Rock stress

Model scope or purpose
State of stress.

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

CONCEPTS

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

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

Spatial assignment method
Homogeneous.

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

Numerical or mathematical tool

Output parameters
Rock stress.
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Geological-structural model

Detailed scale (5m) RS_UET2D-O3-2
960315

Rock type

oinfeland
(AvrO) granite

Increased fracturing

• - . •"•

xj 1 jne-grained
1 granite

Increased fracturing

Asp5 diorite

Rock type characteristics
Mineralogical composition

Alterations

Pctrophysics

Fracture System For fracture seta

- Orientat ion

- Length d is t r ibu t ion

- Frac ture spacing

- F rac tu re infilling minerals

Greenstone

Figure 3-6. Rock type characteristics and fracture system of the geological-
structural model (for the four main rock types), addressed on the detailed
scale.
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Table 3-4. Condensed description of the concepts for excavation stability
at the Aspo site within the Aspo HRL Project.

MODEL NAME
Excavation stability

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

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

CONCEPTS

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

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

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

Boundary conditions

Numerical or mathematical tool

Output parameters
Potential for excavation instability, assessment of rock quality for engineering purposes.
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Table 3-5. Condensed description of the concepts for rock burst at the
Aspo site within the Aspo HRL Project.

MODEL NAME
Rock burst

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

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

CONCEPTS

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

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

Spatial assignment method

Boundary conditions
Local stress field.

Numerical or mathematical tool

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

The process description discusses the virgin stress situation in relation to
regional tectonic events such as stress field resulting from plate drift and stress
release during and after the latest deglaciation.

Based on the geometrical conditions of the underground facility, e.g. layout and
size of tunnel, an elastoplastic analysis was made to indicate the present
mechanical stability conditions.

3.3.3 Geometric framework and parameters

Rock quality is estimated for the different lithological domains (Section 3.2).

The rock quality comprises a number of parameters all of which are related to
the general stability conditions.

3.3.4 Material properties

Mechanical characteristics

Rock strength (unconfined compressive strength)

Elastic moduli

Poisson's ratio

Brittleness

Fracture properties

Joint Roughness Coefficient
(JRC)

Joint Wall Compression
Strength (JCS)

Fracture frequency

Fracture density
(RQD)
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Rock mass stability

The purpose of the classification was to divide the rock mass into representative
groups in which the rock mechanics characteristics are different. For this
classification the Geomechanics Rock Mass Rating (RMR) IHoek, 19801 system
proposed by Bieniawski was used. This system employs five parameters
describing the rock mass and is simple to use when the classification is based on
pre-investigation data. If any parameter is missing, it is possible to estimate the
value of the missing character.

In the Geomechanics Classification System the parameters describing the rock
mass are allocated points according to a proposed scale. The rock mass is
described by parameters for strength of the rock material, RQD (Rock Quality
Designation) value, spacing of discontinuities, conditions of discontinuities and
the flow of water into the underground development.

The sum of all points allocated to the different parameters describes the rock
mass in the form of a value called the RMR value (Rock Mass Rating). Finally
the RMR value is adjusted for the joint orientation.

The RMR value varies between 0 and 100 and in general terms the different
RMR values are often described as follows:

RMR Classification

100-81 Very good rock
80-61 Good rock
60-41 Fair rock
40-21 Poor rock
20-0 Very poor rock

Stability classification : Rock blocks

The purpose of the classification was to estimate what failure mechanisms that
would be present at different ranges of RMR value. The mechanism of failure
will decide the demand, type and intensity, of rock support.

Class A Refers to RMR >72
Class B "- RMR 60-72
Class C "- RMR 40-60
Class D, E "- RMR <40

For the classification of the rock mass in the Aspo tunnel the RMR-system was
applied. This system employs five parameters describing the rock mass and is
more simple to use when the classification is based on pre-investigation data.
If any parameter is missing, it is possible to estimate the value of the missing
parameter. The Q-system is more complex and employs more parameters. The
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RMR-system is usually divided into five different groups which correspond to
'very good rock' to 'very poor rock'. To get a more accurate prediction for the
Aspo tunnel the rock mass was divided into five groups which were estimated
to better apply to the different stability conditions expected to be significant
/Stille and Olsson, 1996/.

The following stability conditions were in the prediction estimated to apply to
the different rock mass classes:

Class A Instability of single blocks.

Class B Instability of single key blocks which may progress to failure of the
roof arch. Orientation of joints will determine the amount of rock
support necessary.

Class C Instability in the roof. Difficult to locate all unstable areas. Both
small and large blocks have to be supported. Large blocks are
supported by bolts and smaller blocks by shotcretes. Bolts and
Shotcretes are applied systematically.

Class D General instability in walls and roof. A rock arch has to be
established to make the tunnel stable. This necessitates systematic
installation of bolts and shotcretes.

Class E As class D.

3.3.5 Spatial assignment methods

The rock mechanics properties and rock stress measurement data within a
special domain are normally given as a mean value for the entire domain.

Estimates of potential movements or displacements in existing discontinuities
are mainly based on expert judgement.

Estimates of rock burst are based on measured mean values for elastic material
properties and rock stress conditions. Finally, a great portion of expert
judgement is applied.

3.3.6 Concepts used in different scales

Regional scale

The model comprises of the following concept:

• Rock stress
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The purpose is mainly to make an analysis of the possible risk of spalling in the
investigation areas. The analysis is based on rock stress measurement data and
laboratory tests on rock samples.

Site scale

The model comprises of the following concepts:

• Rock quality
• Rock stress
• Long-term stability

The purpose is to make a description of the rock quality in different rock units
based on the RMR system, make an evaluation of the rock stress situation
based on rock stress measurements (horizontal and vertical) and estimate the
long-term stability with special respect to zones of potential movement.

Block scale

The model comprises of the following concepts:

• Rock quality
• Rock stress

Stability

The purpose is to make a description of the rock quality (RMR) in the typical
blocks (approximately 50 x 50 x 50 m) described in Section 3.2.4. Analysis of
in-situ stresses and estimates of mechanism of failure are also made for the
same rock blocks.

Detailed scale

The model comprises of the following concepts:

• Rock stress
Stability

• Rock burst

The purpose is to estimate the rock stress situation in a number of special rock
blocks (approximately 5 x 5 x 5 m) described in Section 3.2.5. Mechanisms of
failure and the rock burst (spalling) risk are also estimated for these rock
blocks.
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3.4 GROUNDWATER FLOW

3.4.1 Scope

This section deals with the concepts behind the geohydrological models on
different scales. The concepts described in Table 3-6 and Figure 3-7 have been
the base for the numerical groundwater flow modelling with the finite-volume
code PHOENICS /Spalding, 1981/ A few of the concepts below have not been
used for the numerical groundwater flow modelling with the code PHOENICS
up to summer 1997 but are outlined in the model description, Chapter 6, as
suggestions for future simulations. Some concepts for evaluation of the material
parameters are also presented in Section 3.4.

Hydraulic conductor
domains

/

4 <K^ ^ '1

Hydraulic rock
mass domain
(defined by
lithology)

Hydraulic rock
mass domain
(Bounded by

hydraulic con-
ductor domains)

1000 m

Figure 3-7. Schematic description of two main hydrogeological concepts.
Hydraulic conductor domains: 2-D features (location, extent, orientation) and
hydraulic rock mass domains: 3-D features.

3.4.2 Process description

The process description describes the continuity, state and motion equations in
the groundwater flow model:

The continuity equation (Mass balance equation):

- Vpq =
ot

pQ (3-1)
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The equation of motion:

k
q = - - (V p + p • g • V z) (3-2)

The equation of state:

p = p(p,C,T) (3-3)

u = u(p,C,T) (3-4)

' 6 6 6 )
v - s s x

ox, oy, oz

C = Concentration of different components (kg/m3)
g = Acceleration of gravity (m/s2)
k = Permeability (tensor) (m2)
p = Pressure (Pa)
q = Specific discharge or filtration velocity (vector) (m/s)
Q = Volumetric flow rate of fluid withdrawn/unit volume (m3/s)
t = Time (s)
T = Temperature (°C)
z = Elevation (m)
u = The dynamic viscosity of the fluid (Pa s)
p = Fluid density (kg/m3)
n = Volumetric porosity (-)

Equation 3-1 assumes that there is only one fluid phase to consider, but the
equations can be changed to incorporate multi-phase flow. If some of the
variables mentioned above can be considered constant or almost constant the
equations can be simplified:

* The influence of p and T on the density are neglected in the numerical
simulations. It is assumed that the concentration of salts (salinity)
controls the density (see Equation 3-10). The salinity (s) is dependent on
the advection and the dispersivity, see section 3.6 for details.

• It is also assumed that the matrix behaves as an elastic medium,
dependent on a coefficient of bulk compressibility and a slightly
compressible fluid. The fluid is assumed to have a constant coefficient
of compressibility and that p can be considered approximately constant
which lead to Equation 3-8 This permits reformulation of Equation 3-1
to Equation 3-6. However, up to summer 1997 only steady state
simulations have been performed with the code PHOENICS.
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Table 5-1. Condensed description of the groundwater flow model of the
Aspo site used within the Aspo HRL Project up to 1995.

GROUNDWATER FLOW MODEL OF THE ASPO SITE
Stochastic continuum model

Scope
Natural groundwater flow, flow to laboratory tunnel

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

CONCEPTS

Geometrical framework and parameters
Three-dimensional box divided into:

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

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

Spatial assignment method
T: Deterministic assignment.
K : log-normal distributions for hydraulic conductivity (Kg, s(Log,0(K)).
K and s are dependent on the cell size within a domain in the numerical model.

Boundary conditions
Upper: Infiltration rate dependent on the drawdown {Model 96) or fixed infiltration rate on
Aspo, constant head at sea and peat areas (-1995).
Lower: no flow.
Side: prescribed pressure (hydrostatic).
Salinity: prescribed initial conditions, linear increase with depth at vertical boundaries (see
concepts for the transport of solutes).
Tunnel: hydraulic resistance (skin factor) around the tunnel and prescribed pressure
(atmospheric) or flow rate into the tunnel.

Numerical tools
Finite-volume code PHOENICS.

Output parameters
Groundwater pressure
Groundwater flux
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It is also assumed that u and p can be considered approximately constant
which lead to reformulation of Equation 3-2 to Equation 3-7 based on
Equation 3-9.

V pq =1 Ss • M + pQ (3-6)

q = - A - • (V p + p • g- V z) (3_7)
P • g

Ss = Po • g (<V n • p, ) (3-8)

K = * L ^ ( 3 . 9 )

p = p0 • (1 + a • s ) (3-10)

g
k
K =
P
q
s =
c _

Z =

a =
ab =
P, =
|i

P
Po =
n =

Acceleration of gravity
Permeability (tensor)
Hydraulic conductivity (tensor)
Pressure
Specific discharge or filtration velocity (vector)
Salinity
Specific storage
Elevation
Expansion coefficient
Compressibility of porous medium (bulk)
Coefficient of compressibility of a fluid
The dynamic viscosity of the fluid
Fluid density
Reference fluid density
Volumetric porosity

(m/s2)
(m2)
(m/s)
(Pa)
(m/s)
(kg/kg)
(1/m)
(m)

(-)
(m2/N)
(m2/N)
(Pas)
(kg/m3)
(kg/m3)
(-)

In the PHOENICS simulations p0 was set to 1000 kg/m3 and a to 0.8. In the
site model of Model 96 a was set to 0.78.

If the hydraulic head gradient within a feature is constant over the entire
thickness b of the feature, the flow field can be described as a two-dimensional
feature with material properties :
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( 3 . n )

s == f S s <% (3-12)

b
K =
Ss =

s
T —
e _

Thickness of the feature
Hydraulic conductivity (tensor)
Specific storage
Storage coefficient
Transmissivity (tensor)
Coordinate axis parallel to line with constant
hydraulic head gradient

(m)
(m/s)
(1/m)
(-)
(m2/s)

(m)

3.4.3 Geometric framework and parameters

The model comprises of the following geometrical concepts:

• Hydraulic conductor domains
8 Hydraulic rock mass domains.

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

Hydraulic rock mass domains are geometrically defined volumes in space with
properties different from surrounding domains (rock mass domains and
hydraulic conductor domains). They may either be defined by lithological
domains or purely by interpretation of results from hydraulic tests.

3.4.4 Material properties

The material properties chosen for the domains are

• Hydraulic conductor domains Transmissivity ( T )
Storage coefficient (S)

• Hydraulic rock mass domain: Hydraulic conductivity (K(xyz))
Specific storage (Ss(xyz)).
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T and K are assumed to be isotropic and each tensor can therefore be described
by a single parameter value (T,.K ). ( (xyz) are coordinates. )

Up to summer 1997 only steady state simulations have been performed with the
code PHOENICS.

3.4.5 Spatial assignment method

The properties within a domain may be given as an mean effective value for the
entire domain, a trend within the domain, a statistical distribution within the
domain with or without spatial correlation or any other function describing the
distribution within the domain. The description of the properties assumes that
the domains can be described as a continuum considering the processes. For the
groundwater flow model at Aspo HRL the following spatial assignment
methods were used for T and K and suggestions for S and Ss are given below.

The properties for a hydraulic conductor domain are given as constant values
for the domain. The storage coefficient (S) is given as a function of T if no
evaluated S is available (see Chapter 6).

The properties of a hydraulic rock mass domain are given as a stochastic
distribution for the domain. The distribution of K is assumed to be lognormal
with characteristic values Kg (geometric mean) and sLOG10K (standard deviation
of Log10(K)). Kg and SLOG10K are scaled according to the cell size in the numeric-
al model (see Chapter 6 for scale function). No spatial correlation is assumed
in most cases. The stochastic distribution of K is in this report assumed to have
a lower limit representing an approximate value for the more or less
unfractured rock mass (see Chapter 6).

The specific storage (Ss) is given as a function of K with a lower limit for Ss

(see Chapter 6 for the function).

3.4.6 Boundary conditions

The boundary conditions used in the numerical models on site and regional
scales are:

Upper boundary:

Up to 1995: Fixed infiltration rate on Aspo, constant pressure head at sea and
peat areas.

Model 96, Regional model: Net precipitation ( P-E) = 200 mm per year and net
groundwater recharge depending on level of topography and water level.
Constant pressure head at sea.
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Model 96, Site scale model: Net precipitation (P-E) = 100 mm and net
groundwater recharge depending on level of topography and water level.
Constant pressure head at sea.

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

o = - |£ - f wep - eg,
oz K

where w is the vertical Darcy velocity, Q density and g the gravitational
constant, (p is estimated by iteration in order to achieve p = 0 in the unsaturated
zone /Svensson, 1997a, 1995b/. The resistance factor (p also reduces the
horizontal hydraulic conductivities. For the unsaturated zone close to the
ground p = 0 and w = -(P - E) and hence Kz = P - E.

Side boundary:

Up to 1995: Prescribed pressure (hydrostatic with an assumed salinity
distribution). Salinity: linear increase with depth at vertical boundaries and
water flowing into the model is given the salinity value corresponding to the
depth for the inflow (see Section 3.6 - transport of solutes - for details).

Model 96, Regional model: Boundaries facing the Baltic (eastern and part of
the southern boundary) are assigned hydrostatic pressure and two linear
functions for the increase of salinity by depth, based on measurements of
natural conditions at Laxemar and Aspo. No flow for other boundaries.

Model 96, Site model: Boundary conditions from regional model except for the
uppermost 100 m in the model where zero flux conditions were used due to the
resolution of the computational net.

Lower boundary:

Up to 1995: No flow.

Model 96, Regional model: No flow.

Model 96, Site model: boundary conditions from regional model.
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Internal boundaries:

Tunnel: skin (local hydraulic resistance) for rock around the tunnel and
prescribed pressure (atmospheric) or no skin for rock around the tunnel and
flow rate into the tunnel.

3.4.7 Method for evaluation of hydraulic properties

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

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

Hydraulic conductivity (K): It is assumed that the medium is stochastic
continuum and a local K, in the text called effective hydraulic conductivity, is
generally evaluated as T/L, where L is the test section length, also here in the
text called test scale. Evaluated K is always linked to the test scale in the
approach used. It is discussed further in Chapter 6.

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

Storage coefficient or storativity (S): This is evaluated from interference tests
for a two-dimensional feature if the concepts for two-dimensional flow are
interpreted to be valid. If no evaluated value is available S is estimated at S=f(T)
(see Chapter 6).

Specific storage (Ss) can in principle be evaluated from interference tests but
this is mostly impossible for conceptual reasons as the flow field in the fractured
rock in many cases cannot be expected to be as assumed in the evaluation
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methods generally used. If no evaluated value is available Ss is estimated at
Ss=f(K) (see Chapter 6).

3.4.8 Concepts used in different scales

Regional scale

The model comprises of the following geometrical concepts:

• Hydraulic conductor domains
• Hydraulic rock mass domains.

Transmissivities for the hydraulic conductor domains are assigned
deterministically and are in almost all cases based on geological classification
combined with the evaluated transmissivities for the hydraulic conductor
domains at Aspo, as no hydraulic tests has been performed in the structures.

Two concepts are used for assigning hydraulic properties to the hydraulic rock
mass domains. The first concept is to divide the rock mass vertically by
zonation, not taking lithological domains in consideration. In the second
concept the lithological domains define the hydraulic rock mass domains. The
hydraulic conductivity is assumed to have a stochastic distribution with no
spatial correlation.

Boundary conditions are assigned in the way described in Section 3.4.1.

Site scale

The model comprises of the following geometrical concepts:

• Hydraulic conductor domains.
• Hydraulic rock mass domains.

Transmissivities (T) for the hydraulic conductor domains are assigned
deterministically. T is based on transient hydraulic tests in most cases but is
sometimes based on geological classification combined with the evaluated
transmissivities for the hydraulic conductor domains at Aspo, when no hydraulic
tests have been performed in the structures.

The concept is to divide the rock mass vertically by zonation, not taking
lithological domains in consideration except for a large body of fine-grained
granite within the tunnel spiral. The hydraulic conductivity is assumed to have
a stochastic distribution with no spatial correlation.

Boundary conditions are assigned described in Section 3.4.1.
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Block scale

The model comprises of the following geometrical concept:

• Hydraulic conductor domains.

The block scale comprises a description of the expected distance between
hydraulic conductors with transmissivities (T) greater than a given value of T.
The purpose is not to use the estimates directly in the numerical simulations,
but to provide a generic description of hydraulic characteristics of blocks
within the site scale.

Detailed scale

The model comprises of the following geometrical concept:

• Hydraulic rock mass domains.

The detailed scale prediction comprises a description of the expected hydraulic
conductivity (K) for each lithological unit. The purpose is not to use the
estimates directly in the numerical simulations, but to provide a generic
description of hydraulic characteristics of lithological units within the site
scale.

3.4.9 Numerical tool

PHOENICS

The code mainly used within the Aspo HRL project is PHOENICS, a finite-
volume code /Spalding, 1981/. Depending of the purpose of the modelling
different concepts have been used. A brief overview of the modelling
performed within the Aspo HRL with PHOENICS up to summer 1997,
including modelling concerning the transport of solutes, is given in this section.
Site scale models normally included density driven flow caused by differences
in salinity concentrations.

Hemstrom and Svensson /1988/'examine how dispersion, diffusion and changes
in the hydraulic conductivity field and infiltration rates affect the fresh
water/saltwater interface. Svensson/1988/ studied the way in which stochastic
hydraulic conductivity fields and dispersion affect the fresh water/saltwater
interface. The salt-dome and Henry's problem were also tested. Before the
performance of the LPT1 pumping tests simulation of the pumping test was
performed /Svensson, 1990b/. Before the performance of the LPT2 pumping
tests simulation of the pumping test was also performed. Flow paths were
calculated using the particle-tracking technique assuming an effective porosity
/Svensson, 1991b/. In Svensson /1990a/ the Aspo site was modelled and the
principle of how the hydraulic conductor domains were included in the model
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were presented. In Svensson/1990c/ the Aspo site was modelled and test case
2 HYDROCOIN, Level 1 was also modelled. The drawdown caused by the
Aspo HRL was predicted before the start of excavation /Svensson /1991a/. The
drawdown caused by the Aspo HRL was remodelled a number of times, but
with the actual flow rates into the tunnel. The model from 1990 was used but
modified structural models were also used /Svensson /1994a, c, 1995c/. Several
subprograms for PHOENICS have been developed and tests of different
modelling techniques were made during the project. Svensson/1992a/ tested
the way in which micro dispersion and sorption could be incorporated into a
particle-tracking routine. Svensson /1992b/ dealt with effective conductivity
versus standard deviation of hydraulic conductivity, modelling of the
groundwater recharge, high resolution around boreholes and dispersion in
fractured rock. Svensson /1994b/ tested routines for stochastically generated
transmissivities for hydraulic conductor domains, particle tracking with
sorption and desorption and visualization. In Kuylenstierna and Svensson
/ 19941 an effective algorithm for generating fracture aperture distributions was
presented. Visualization possibilities were tested further in Svensson /1995a/
and in Svensson/1995b/ an algorithm for the unsaturated zone was developed.
The composition of the flow into the tunnel was studied by reversing the
velocity field and releasing particles at the observation point to see where the
particles ended up (back tracking) /htner and Gustafsson, 1995/ New regional
and site scale models were made late 1996 to summer 1997 /Svensson
1977a,b/. Some of the results are presented in Chapter 8.

Other numerical codes used within the Aspo HRL project

A few other codes have been used but the concepts behind these are not
outlined here. The reader is referred to the reports mentioned below.

Generic modelling of the drawdown due to different designs of the planned
Aspo HRL was presented in /Axelsson, 1987/ Before the performance of the
LPT1 pumping test simulations of the pumping test were performed using a
finite element model /Grundfelt et at, 1990/. In order to see if it was possible
to estimate effective values of the hydraulic conductivity of a rock block
measuring 50 m simulations using a Discrete Fracture Network (DFN) model
were made /Axelsson et al, 1990, La Point et al, 1995/
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3.5 HYDROCHEMISTRY CONCEPTS

3.5.1 Scope

The hydrochemistry concepts are presented in Table 3-7.

Table 3-7. Condensed description of the components of the hydro-
chemical models of the Aspo site.

HYDROCHEMICAL MODELS OF THE ASPO SITE

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

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

CONCEPTS

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

Groundwater properties:
Concentrations of Na, Ca, K, Mg, Cl, SO4, HCO3, Fe, HS. The master variables pH, Eh, and
contents of TOC (Total Organic Carbon), dissolved gasses, microbes, isotopes.

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

Kriging,
• Neural Networks.

Boundary conditions:
Conditions affecting the groundwater chemistry presently and in the past, i.e.
End-members and reference waters for mixing calculations.

Output parameters:
Mixing proportions of reference waters and end-members,
Saturation index, equilibrium concentrations,
Data on groundwater properties and residence time.

The hydro-geochemical properties of the rock mass at Aspo were characterized
by sampling at different points of the rock mass and fracture zones. The
identified major fracture zones are commonly also the major hydraulic
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conductor domains1. The hydraulic properties of these can vary by several
orders of magnitude. Because of this the groundwater flow and the chemistry
in the different zones can also vary.

The groundwater composition was first correlated with depth and then to the
specific fracture zones. The function for the dependence was evaluated from
the data collected during pre-investigations. The predictions of the conditions
to be found in the tunnel were then based on the spatial distribution of the data.
The concentration of a constituent [i] was seen as a function at the geometrical
position, = fj (x,y,z), for all the major constituents: Na, Ca, Mg, Cl, HCO y SO 4

(see Figure 3-8). As the groundwater chemistry is changing, especially during
the tunnel construction phase, time need to be included as well, f; (x,y,z,t).

•**..£%

Figure 3-8. A schematic illustration of the way the hydrochemical predictions
were made on the basis of borehole data collected during the course of the pre-
investigations.

In the past, different chemical processes and hydrological conditions have
affected the hydrochemistry. These processes are far back in the past and can
be defined to e.g. t=-13000 years, when the last glaciation retreated from the
Aspo area. The hydrochemistry is affected also by the different stages of the

Depending on the rock stress situation and the genesis of the fracture zones single open fractures can be more
water conducting than large fracture zones. In such cases the groundwater sampling and the predictions are
also made for the conducting single fractures.
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Baltic Sea up to present day. The anticipated most important episodes are
defined under boundary conditions, Section 3.5.6.

The inflow to the tunnel causes changes on a much shorter time scale. The data
collected from the tunnel are therefore evaluated at fixed time steps from start
of the tunnel construction, e.g. at 150, 350, 550 days. The transient effects
caused by the water inflow to the tunnel and its relation to hydrochemical
conditions is presented in the Part 3 (Transport of solutes) in the report on
assessing the pre-investigation methodology /Rhen et al 1997/.

3.5.2 Process description

Mixing of water with different origin and composition

The observed hydrochemistry is a result of mixing and reactions. Mixing
calculations were made to establish feasible mixing ratios of different
groundwater types that describe the observed groundwater composition. The
mass balance calculations are then made to describe the extent of reactions,
chemical and biological, needed to explain the measured groundwater
composition which cannot be accounted for by mixing. For the mixing
calculations end-members and reference waters are selected.

A standard multi-variate technique called Principal Component Analysis (PCA)
was used for the calculations. /Chatfield and Collins, 1989/. This technique
was used to classify and compare groundwater data /Laaksoharju and Nilsson,
1989, Laaksoharju, 1990, Smellie and Laaksoharju, 1992/. The major
components Cl, Ca, Na, Mg, K, SO4, HCO3 and the isotopes 2H, 18O and 3H
were used in the PCA calculations /Laaksoharju and Skarman, 1995/.

Groundwater/rock interaction

The interaction between the groundwater and the rock minerals will approach
an equilibrium between the dissolved and the solid phases. However, some
reactions are fast while some are extremely slow. Equilibrium modelling is
therefore done routinely only for those reactions which are considered to have
reached equilibrium, i.e. the calcite - carbonate - pH system and the ferric oxide
- ferrous iron system and a few others involving the solid phases FeS, FeS2,
CaF2, CaSO4, BaSO4, Mg(OH)2, etc.

The groundwater/rock interaction is not expected to have a major influence on
the present day conditions since the reactions are so slow. However, for the
genesis of the deep saline water (the brine) the water-rock interaction has
played an important role.
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Calcite saturation

Calcite saturation is commonly reached in all deep groundwater systems.
Through the concentrations of calcium and bicarbonate and the pH value it is
possible to calculate the calcite saturation index. For the quality control of the
groundwater samples it is necessary to check the saturation index. A large
deviation from saturation could indicate errors in the analyses or sample
treatment. However, mixing of water with different composition can also cause
supersaturation. A change in the groundwater flow conditions in the future
could influence the hydraulic properties of the calcite filled fractures, through
dissolution and opening of sealed fractures, while others could be sealed by
precipitation.

Redox properties

The investigated groundwaters are generally reducing at a depth of a few tens
of metres, even though in some cases oxidizing waters are found at depths of
100 m. An oxidizing groundwater exhibits an absence of ferrous iron, sulphide
and manganese and has high uranium concentration (ppm levels). Dissolved
oxygen in a measurable quantity solely defines oxidizing conditions. Reducing
conditions are defined by the presence of ferrous iron, sulphide and manganese
together with low uranium concentrations (ppb levels).

The empirical pH-Eh relation is established on a firm understanding of the iron
redox couple. The reactions determining electrode potentials are transitions
between dissolved ferrous iron and ferric iron oxyhydroxide /Grenthe et al.
1992/.

Biological activity

A number of microbially related processes in subterranean environments can
be identified. Most of them influence geo-chemical processes and some would
not occur at all unless bacteria catalysed the reactions /Pedersen and Karlsson,
1995/:

• The cycling of carbon. Most deep rock environments have relatively
low content of organic carbon but measurable amounts of carbon
dioxide. The participation of bacteria in the carbon cycle implies their
interaction with fracture mineral formation and degeneration. Bacterial
production and consumption of carbon dioxide may have an effect on the
pH and alkalinity of groundwaters.

• The cycling of nitrogen. Deep groundwater is usually depleted in
nitrate, nitrite, ammonia and other nitrogen compounds except for
dinitrogen gas. Nitrification processes are usually aerobic and will be
limited by the anaerobic character of the deep rock environments and the
limited availability of ammonium.
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The cycling of iron and manganese. The activity of iron-reducing
bacteria may help to bring down the redox of infiltrating water by
reducing ferric iron to ferrous iron during the oxidation of organic
material. When groundwater, rich in ferrous iron, reaches an oxygenated
atmosphere in the tunnel, gradients suitable for iron and manganese
oxidizing bacteria develop. They precipitate iron or manganese in various
forms together with other metals.

The cycling of sulphur. Sulphate reducing bacteria cause anaerobic
sulphide production.

Hydrogen-related bacteria. Low concentrations of hydrogen in many
environments may be due to the fact that it is consumed by different
bacteria and transformed into methane, for instance.

Methane-related bacteria. Many deep groundwater samples contain
methane of biological origin, indicating on-going methanogenic activity.
Still, much of the evidence for deep biological methanogenic activity
depends on stable carbon isotope values for methane. It remains to be
determined whether this bacterial gas is produced by on-going processes
of methanogenesis or whether it originates in geologically old reservoirs
stored in the crystalline rock.

Acetogenic bacteria. Acetogenic bacteria are able to gain energy from
the reduction of carbon dioxide by molecular hydrogen. In addition,
many acetogenic bacteria produce acetate and hydrogen from sugars.
They are thereby a vital link between hydrolysis/acidogenesis and
methanogenesis in anaerobic ecosystems.

3.5.3 Geometric framework

The geometrical framework, in which the processes are active, are the major
water conducting fracture zones and single fractures. The hydrochemistry of the
low-conductivity rock was investigated in a pilot study.

Most features are within the boundaries of Aspo island. However, for the
evolution of the hydrochemistry, the descriptions also cover the Laxemar area,
west of Aspo.

3.5.4 Groundwater properties

Definitions

For hydrochemical sampling purposes it is practical to classify the borehole
sections in relation to their permeability:
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9 Highly conductive (transmissive) relates to a borehole section (zone) with
a hydraulic conductivity (transmissivity) above 10~6 m/s (m2/s),

9 Conductive relates to borehole sections from which it is possible to
sample groundwater, with a transmissivity of 10"6 - 10"8 m2/s,

9 Low conductive when the transmissivity is below 10~8 m2/s.

The following definition of non-saline water, brackish water and saline water
which rembles the one reported by Davies /1964/has been used.

9 Non-saline with a chloride concentration below 1000 mg/1
0 Brackish water with 1000-5000 mg/1 of chloride
8 Saline water with more than 5000 mg/1 of chloride.
0 Brine when the salinity is above 100 000 mg/1.

Properties

The nature of the groundwater is basically described by the concentrations of
major constituents and the master variables pH and Eh.

The major constituents mostly also reflect the origin and evolution of the water.
The main constituents, Na, K, Ca, Mg, Cl, HCO3 and SO4 indicate the ground-
water residence time in the rock by showing the extent of the rock/water
interaction. The anions of this group are potential complexing agents for some
radionuclides.

F, Br, PO4 and SiO2 are useful for identifying the origin of the water and the
state of equilibrium. Fe(II), Fe(tot) and S(-II) are primarily analysed in order to
describe the redox conditions and thus to support the Eh measurements. They
also provide information on the buffer capacity of the water.

The usefulness of the different isotopes are described briefly below.

Oxygen-18 and Deuterium are useful for describing the temperature of the re-
charged meteoric water. Because the temperature has changed dramatically
since the most recent glaciation, the oxygen-18 values can be used to indirectly
define the residence time of the water. This method is useful for providing a
residence time, based on present historic knowledge of the salinity and the cli-
mate changes in the Baltic Basin. Oxygen-18 and Deuterium are expressed as
518O and 82H in per mil deviation from Standard Mean Ocean Water (SMOW).

Carbon-14 is a classical groundwater age-determination method. For deep
groundwater the analyses are performed on the bicarbonate dissolved in the
water, or on the organic carbon (fulvic and humic acids) dissolved in the water.
In order to give correct results these substances should be conservative, i.e.
have the same history as the water. This is, however, never the case so the
carbon-14 date cannot be directly interpreted as the age or residence time of the
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water. Typically the analyses performed on the bicarbonate give too high an
age, whereas the analyses performed on the organic carbon are perhaps more
correct. At Aspo all carbon-14 data were obtained from the bicarbonate, since
the content of organic substances was too low for analyses. Carbon-14 dating
cover the range up to 35 000 years, and is frequently expressed as PMC
(Percent Modern Carbon).

Carbon-13 is another stable isotope which is useful in tracing different ongoing
processes in the groundwater. The carbon cycle, especially in the shallower
groundwaters, can be examined qualitatively and quantitatively using carbon
isotopes. The 613C values tell us if there is an atmospheric CO2 input, biogenic
degradation of organic matter as well as carbonate dissolution processes. It is
important to trace the carbon source in order to understand redox-processes
and changes in the pH of the groundwater, e.g. biological activity. The Carbon-
13 values are expressed as 513C per mil deviation from a standard /Clark and
Fritz, 1997/.

Tritium is a good tracer for determining the proportion of modern water.
Tritium levels above a background of about 0.3 TU (tritium units) clearly
indicate the presence of water that has infiltrated the ground since fusion bomb
tests in the atmosphere were started in the late 1950s. In the period since then
the amount of tritium in precipitating rainwater has varied from 2500 TU in
1963 to a present-day value of less than 20TU.

Strontium-87 is a useful isotope for tracing the origin of the water. The
strontium entering a groundwater is usually derived by chemical weathering and
diagenesis from the host rock mass. Therefore, the isotopic composition of
strontium in the groundwater reflect a specific source. The strontium isotope
fingerprint is hence useful in studies of groundwater mixing. The apparent
isotopic homogeneity of the strontium isotope ratios in the different end-
members observed at Aspo enable us to use the 587Sr values as a criterion for
e.g. distinguishing between non-marine and marine waters. In addition, 587Sr
values of the groundwater, can be used an indicator of ion exchange reactions
between the water and rock. Strontium-87 is expressed as 687Sr deviation in per
mil from a standard /Clark and Fritz, 1997/.

Sulphur-34 is a useful isotope for tracing the sulphate source. The isotopic ratio
of 634S may, however, easily be affected by bacterial sulphate reduction
processes as well as oxidation of sulphides. Hence, observed changes in the 634S
value of the dissolved sulphate by time in the groundwater is used to trace
certain ongoing processes. Sulphur-34 is expressed as 634S deviation in per mil
from a standard /Clark and Fritz, 1997/.

3.5.5 Spatial assignment method

Traditional geo-chemical evaluation incorporates the integration of all the
collected data into a description which is mostly qualitative. The traditional
evaluation is tightly linked to the people doing the work and is thus unreproduc-
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ible. It is nevertheless the only way of starting the evaluation work. As working
tools for the data interpretation cross correlations (uni-variate analyses) is
commonly used. Variations as a function of depth, hydraulic properties, etc. are
investigated.

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

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

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

Neural networks contain artificial neurones organized in layers and connected
to each other in a way simulating the human brain. Each neurone in a layer is
connected to all neurones in the previous and the following layers. The
connections between the neurones have different strengths. The neurone
computes its output signal as a weighted sum of its input signals. Neural
networks learn by associations, from examples, by comparison, and by
repetition. The neural network is non-linear, highly interconnected and is
therefore able of capturing complex relationships between input and output.
Thus, neural networks possess an ability to treat complicated non-linear
problems, generalize, analyse large amounts of data, interpolate and optimize
data. The software BRAINMAKER PROFESSIONAL for Windows /1993/ was
used to create, train and run neural networks /Hecht-Nielsen, 1991, Hertz et al,
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1991 and Lawrence, 1992/ on the chemical data in both the pre-investigation
and construction phases.

3.5.6 Boundary conditions

For the mixing calculations reference waters are identified and end members are
defined. These are mostly resulting from episodes which have influenced the
groundwater system dramatically during distinct time spans.

Composition of groundwater end-members and reference waters

Groundwaters which are well sampled and well analysed but have an extreme
composition are selected as reference waters. The reference waters are used as
components in the mixing calculations.

An end-member is a modelled water which is believed to be the original
composition of the reference water. A common feature for the end-members in
the Aspo groundwaters is that the composition is uncertain due to:

• natural variations i.e. seasonal variations in the precipitation
• assumed compositions i.e. glacial meltwater composition
• uncertain analyses i.e. extracted pore water from sediments.

The selected reference waters and end-members are:

e Glacial reference water and glacial melt water, with an extremely low
oxygen-18 and a low salinity.

• Baltic Sea reference water and Litorina Sea water with an extremely
high oxygen-18 content.

• The Altered marine reference water, and sediment pore water.

• The Meteoric reference water and 1960 precipitation with a high tritium
content.

• The brine reference water with an unknown end-member with an
extremely high salinity.
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3.6 TRANSPORT OF SOLUTES CONCEPTS

3.6.1 Scope

The transport of solutes concepts are presented in Table 3-8. Concepts for the
flow field are not presented here but in Section 3.4. The concepts described in

Table 3-8. Condensed description of the transport-of-solutes model of the
Aspo site used within the Aspo HRL Project.

TRANSPORT OF SOLUTES MODEL OF THE ASPO SITE

Scope
Flow paths during natural flow, interference tests and flow to the laboratory tunnel.
Solute transport of non-sorptive elements.
Solute transport of elements affected by retardation.

Process description
Flow processes - see process description for groundwater flow.
Advection.
Hydrodynamic dispersion (Mechanical dispersion + Molecular diffusion).
Retardation (Chemical reactions , Molecular diffusion in rock matrix).

CONCEPTS

Geometrical framework and parameters
Three-dimensional box divided into:
• Hydraulic conductor domains. 2D features (location, extent, orientation).
• Hydraulic rock mass domains. 3D features (location of boundaries).

Material properties
Kinematic porosity, (ne).
Dispersivity (aL csT). (Mechanical dispersion).
Molecular diffusion coefficient.
Retardation coefficients.

Spatial assignment method
Effective porosity : Deterministic assignment within a domain, - constant
Mechanical dispersion: Deterministic assignment within a domain, or by a probable

density function for particle movement (pdf(p)).
Molecular diffusion: Deterministic assignment within a domain
Retardation: Deterministic assignment within a domain or by pdf(p)

Boundary conditions
Flow field: See concepts for groundwater flow.
Mass or concentration: Mass flux or prescribed concentration of the solute.

Numerical tools
PHOENICS finite-volume code.

Output parameters
Salinity distribution
Flow paths
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Table 3-8 has been the base for the numerical groundwater flow modelling with
the finite difference code PHOENICS. However, kinematic porosity as a
function of hydraulic conductivity (K) or transmissivity (T) has not been used
in simulations up to summer 1997 but is suggested in Chapter 8.

3.6.2 Process description

Advection

Flow paths within the model are studied by tracking particles in the direction of
flow in the flow field, or in the opposite direction of the flow. The advective
transport is defined by the linear velocity v :

(3-13)

q = Specific discharge (vector) (m/s)
v = Linear velocity (vector) (m/s)
ne = Kinematic porosity (-)

The linear velocity in a 2D feature can be calculated by dividing the flow rate
in the feature with the effective fracture width, here called the transport
aperture ( eT ). If the feature is given a width the kinematic porosity for the
feature can be calculated from the transport aperture.

Advection and hydrodynamic dispersion

The transport equation including hydrodynamic dispersion is formulated as
below/Marsily, 1986/:

V ( D - V C - C - q ) =

8 c
 t J C _ n-

= n. - ^ Hn, - n) — • Q,

{ 8x, 8y, 8zJ
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D -

DL 0 0

0 DT 0

0 0 D^

(3-15)

D L = a L D* (3-16)

q + D * (3-17)

C = Concentration of the solute
C = Concentration of the solute in the immobile fraction
D = Dispersion tensor in its principal directions of

anisotropy
D* = Effective diffusion coefficient (nr/s)
DL = Hydrodynamic dispersion coefficient parallel to

the principal direction of flow
DT = Hydrodynamic dispersion coefficient perpendicular to

the principal direction of flow
n = Volumetric (total )porosity
t = Time
Qs = Mass change of substance /(unit volume and unit time)
aL = Longitudinal dynamic dispersivity
aT = Transverse dynamic dispersivity
p - Fluid density

(kg/m3)
(kg/m3)

(m2/s)

(m2/s)

(m2/s)

(s)
(kg/(m3s))
(m)
(m)
(kg/m3)

Diffusion

The effective diffusion coefficient ( D*) is a function of the diffusion coefficient
in a pure fluid (Do), the total porosity (n), the kinematic porosity (ne) and the
shape of the flow path (tortuosity). The effective diffusion coefficient (D*) is
estimated according to Equation 3-18:

(3-18)
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Do = Molecular diffusion in the fluid phase (m2/s)
D* = Effective diffusion coefficient (m2/s)
T = Tortuosity (-)

The dispersion varies with the absolute value of the specific discharge and a
dimensionless Peclet number ( Pe) is sometimes defined as Equation 3-19 to
3-21:

p =
e

V

Dn (3-19)

Pe

L
c

Do (3-20)

P =
e

V L

D L (3-21)

Pe = Peclet number (-)
k = Permeability (m2)
Lc = Characteristic length of the medium open for flow (m)
v = Linear velocity (vector) (m/s)

If it is assumed that the system is a double porosity system with fracture
porosity and matrix porosity, the flow is generally assumed to be controlled by
the hydraulic conductivity of the fractures, assuming that the matrix hydraulic
conductivity is much lower than the hydraulic conductivity of the fractures. In
such a case there is diffusion in the fracture planes and there is diffusion into the
rock matrix. The diffusion into stagnant pools in the fracture planes and into the
matrix blocks will retard the solute transport.

Dispersion

The groundwater velocity at a certain point in the medium can be greater or less
than the linear velocity (v). As a result the velocity will vary along a flow path
and there will be a mixing along the flow path, called mechanical dispersion (D).
The reasons for mechanical dispersion in a fracture plane are:
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9 Friction in the flow channel causing a parabolic velocity distribution
perpendicular to the fracture plane.

* Velocity differences caused by a difference of aperture and channel
width.

• Difference in channel length.

In a larger scale the interconnected fractures also introduce heterogeneity into
the velocity field (variability in fracture transmissivity, connections between
fractures and fracture density). The dispersivity that occurs at field scale flow
lengths is sometimes called macro-dispersion. Dispersivity is thus just a factor
that takes into account the heterogeneity of the velocity field within a volume
where the hydraulic conductivity and kinematic porosity are assumed to be
constant. Compilations of field-measured values of longitudinal dispersivity
(CCL) have shown that <xL increases as test scale increases. The probable reason
is that larger heterogeneities are affecting the velocity field as test scale
increases but these heterogeneities are not described in detail for the site. It has
also been shown that if the hydraulic conductivity has definable statistical
distribution the apparent macro-dispersion is increasing but approaches an
asymptotic limit at long travel distances, which are much longer (in the order
of 10 times) than the correlation length for the hydraulic conductivity
IMarsily,1986l. This implies that if the heterogeneity of the hydraulic
conductivity and effective porosity are given as a stochastic distribution, with
a correlation length = L, the size of the domain to be assigned parameter values
should be greater than L*10 and dispersivities should be based on the size of
the element discretization of the domain. However, as these element disper-
sivities should be smaller - or much smaller - than apparent dispersivities for
the domain for a domain with stochastically distributed properties, the
hydrodynamic dispersion can probably be approximated with only the effective
diffusion (D*). It is then assumed that heterogeneity and correlation within the
domain is reasonably well described.

The transverse dispersivities (ocT) are generally assumed to be less than the
longitudinal dispersivities (ocL). Field tests have indicated a relation of
approximately 1/5 to 1/100 for aT/aL IMarsily, 19861'.

In the numerical modelling, with the code PHOENICS, at Aspo HRL up to
summer 1997 the dispersion was assumed to be constant or dependent of the
Darcy velocity within the model. The hydrodynamic dispersion has so far with
the code PHOENICS been modelled as oc • L • q where a is a dispersivity
coefficient, L is the dimensionless length that can be associated with the cell
size and q is the darcy velocity or specific discharge. In all site scale models the
hydrodynamic dispersion was assumed to be a constant within the model and
not dependent on the direction of the flow ( DL = D T) when the salinity
distribution within the model was calculated. The dispersion was set propor-
tional to the Darcy velocity (a • L = constant = 2 m. The sensitivity of a - L
was evaluated in Svensson /1997a/). However, a technique was also tried with
probability density function controlling the particle movements (pdf(p)) in each
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cell in the model in order to simulate the effect of the heterogenous medium
(see Section 3.4.9).

Mass change of substance /(unit volume and unit time),

There are a number of mechanisms that may change the mass concentration in
the fluid:

• Filtration through the pores
• Geo-chemical reactions
• Radiological decay
- Biological activity

These mechanisms can be incorporated into Equation 3-14 in different ways
IMarsily, 19861. Up to 1995 only some tests with sorption/desorption of
particles on their flow path had been performed with the code PHOENICS (see
Section 3.4.9).

3.6.3 Geometric framework and parameters

The model comprises of the same geometrical concepts as for groundwater
flow:

• Hydraulic conductor domains
• Hydraulic rock mass domains

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

Hydraulic rock mass domains are geometrically defined volumes in space with
properties different from surrounding domains (rock mass and discontinuities).
They may either be defined by lithological domains or purely by interpretation
of results from hydraulic tests.

3.6.4 Material properties

The material properties chosen for the domains are:

" Advection : Kinematic porosity (ne), transport aperture
(eT).

8 Mechanical dispersion: Dispersivity (aL aT).
• Molecular diffusion: Effective diffusion coefficient (D*).
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(Retardation parameters are not described here as there has only been generic
modelling of techniques of how to incorporate retardation in the model.)

Kinematic porosity (ne) is either approximated with a constant value for a
domain or expressed as a function of hydraulic conductivity (K). A feature with
a given transmissivity (T) is either approximated with a constant value of the
transport aperture (eT) or expressed as a function of the transmissivity if no
deterministic value based on evaluated field tests is available. The suggested
relations are shown in Chapter 8 of the report. The rationale for expressing ne

as a function of K and eT as a function of T is the relation between fracture
aperture and the equivalent hydraulic conductivity for a system of parallel and
continuous fractures, where the hydraulic conductivity of the matrix (K^) is
neglected. See Chapter 8 for a detailed discussion.

If the transmissivity or hydraulic conductivity is given as a stochastic
distribution, the dispersivities for the domain are neglected or estimated based
on the cell size in the model and diffusion is included if it is considered
relevant for the problem studied.

If the transmissivity or hydraulic conductivity is constant within the domain
and no evaluated dispersivities are available for a domain, the dispersivity is
approximated based on compiled results of longitudinal dispersivity as function
of scale of measurements and the size of element within a domain, the size of
the domain or expected flow distance in a domain for a particular case.

In the site scale numerical groundwater flow modelling at Aspo HRL with the
code PHOENICS (up to summer 1997) the effective porosity was assumed to
be constant within the model volume. The concept with eT has not been used
so far with the code PHOENICS. Hydrodynamic dispersion has either been
approximated to a constant value (not dependent of the linear velocity) or
dependent on the Darcy velocity and neglecting the diffusion.

3.6.5 Spatial assignment method

The properties within a domain may be given as an mean value for the entire
domain, a trend within the domain, a statistical distribution within the domain
etc. The description of the properties assumes that the domains can be
described as a continuum considering the processes.

Kinematic porosity (ne) is either assigned as a constant value for the domain or
as a function of the hydraulic conductivity (K) assigned to the elements within
the domain. Transport aperture (e-j.) is either assigned as a constant value for the
domain or as a function of the transmissivity (T) assigned to the elements
within the domain In the numerical simulations performed up to summer 1997
ne has been assumed to be a constant value within the modelled volume.

Effective diffusion coefficient (D*) is assigned as a constant value for the
domain stated, or neglected if mechanical dispersion is assumed to dominate.
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Dispersivities (aL-ocT) are either assigned as a constant value for the domain or
neglected (see Material properties above). In the numerical simulations
performed up to 1995 with the code PHOENICS hydrodynamic dispersion was
assumed to be a constant value within the modelled volume or the dispersivity
was assumed to be a constant value within the modelled volume.

3.6.6 Boundary conditions

The following conditions were assumed in the numerical simulations:

Upper boundary

Up to 1995: Salinity of the Baltic Sea is assumed to be 0.7 %. Precipitation is
assumed to have a salinity of 0 %

Model 96, Regional and Site scale models: Salinity of the Baltic Sea is assumed
to be 0.6 %. Precipitation is assumed to have a salinity of 0 %

Side boundaries

Up to 1995: Salinity is 0.7 % at sea-surface and increases linearly 1.8% at a
level of 1300 m below the sea surface.

Model 96, Regional model: Boundaries facing the Baltic (eastern and part of
southern boundary) are assigned two linear functions for the increase of salinity
by depth, based on measurements of natural conditions at Laxemar and Aspo.
No prescribed conditions of salinity and zero flux conditions for other
boundaries.

Model 96, Site model: Boundary conditions from regional model, except for the
uppermost 100 m of the model where zero flux conditions were- used du to the
resolution of the computational net.

Lower boundary

Up to 1995: Zero flux conditions.

Model 96, Regional model: Zero flux conditions.

Model 96, Site model: boundary conditions from regional model.
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3.6.7 Concepts used in different scales

Regional scale and site scale

Numerical groundwater flow modelling was only performed for regional scale
and site scale and, depending on the purpose of the modelling, different
concepts of effective porosity (ne), dispersivity (aL_aT) and effective diffusion
coefficient (D*) were included.

The main purpose of including transport of solutes in the numerical modelling
was to estimate the salinity distribution within the modelled volume in order
to describe the fluid density distribution within the modelled volume, which
affects the fluid flow (see Section 3.4 - Groundwater flow). Salinity is also used
as a tracer to study the salinity within the flow field during natural (undis-
turbed) conditions and during construction of the Aspo HRL.

Another important use of the numerical model was to study flow paths during
natural (undisturbed) conditions and during construction of the Aspo HRL in
order to trace the origin of sampled groundwater (see below).

Mixing and transport in the major water conducting fracture system

The composition of the flow into the tunnel results from the mixing. One way
of describing this process is to reverse the velocity vectors and release particles
at the observation point and see where the particles end up (back tracking). So
far this is a qualitative procedure which will be tested further during the
evaluation stage.

In transport calculations conductors were given a specific water composition.
Inflow to the tunnel was distributed according to the measured inflow and the
transport time and rate were calculated.

In monitoring points in observation boreholes the water composition is a result
of mixing with a certain proportion of water coming from different parts of the
conductive fracture zones. A change in time is predicted on the basis of the
changing proportions with time of different groundwater origins. Also the
water flux in the monitored borehole section is predicted and observed.

3.6.8 Numerical tool

The code mainly used within the Aspo HRL project is PHOENICS, a finite-
volume code /Spalding 1981/. Depending of the purpose of the modelling
different concepts were used. A brief overview of the modelling performed
within the Aspo HRL using PHOENICS up to 1995 is given in Section 3.4.9.
Site scale models normally included density-driven flow caused by differences
in salinity concentrations.
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Two tracer tests were performed with non-sorbing tracers and the larger of the
two tests were modelled using the site-scale numerical model. The site-scale
numerical model was also used to predict flow times for some flow paths to the
tunnel.

Some generic modelling was also performed to study techniques of how to
model sorption and desorption of particles, see Section 3.4.9.



87

GEOLOGY

4.1 MODELS ON A REGIONAL SCALE

The model on a regional scale covers some 100 km2 around Aspo. The regional
scale model was developed mainly during the siting stage and consequently
based mostly on data gathered during that stage of the project. Further minor
adjustments of the regional scale model were made at later stages of the pre-
investigation and after excavation of the tunnel.

For the geological-structural model, airborne geophysical (magnetic, electro-
magnetic and radiometric) measurements were interpreted and lineament
interpretation of terrain models was used to identify the major fracture zones
and their extent. Some of the indicated fracture zones were also characterized
by means of surface mapping, petrophysical measurement of rock samples and
ground geophysics (gravity, refraction seismics, etc.). The regional geological
model comprises the following concepts:

• lithological domains
• major discontinuities (major fracture zones)

4.1.1 Geological process description and geological history of the Aspo region

The dominant rocks on Aspo belong to the 1700-1800 million year-old
Smaland granite suite, with mafic enclaves and dikes probably formed in a
continuous magma-mingling and magma-mixing process IKornfdlt and
Wikman, 19881. The result of this mingling (mixing) process is a very
inhomogeneous rock mass, ranging in mineralogical composition from true
granites to dioritic or gabbroid rocks IWikstrom, 19891. Older folded basic
sheets and xenoliths older than Smaland granite, often hybridized in a belt
trending NE-ENE across central Aspo. All the rock mass at Aspo is intruded
by fine-grained granites of at least two or three generations, related to the
Smaland granite. About 1350-1400 million years old anorogenic granites
formed diapir-like massifs in the older bedrock. An intrusion of this kind is the
Gotemar granite, only about 2 km to the north of Aspo. Late, about 1000
million-year-old, dolerite dikes striking approximately N-S are the youngest
rocks actually on Aspo but still younger are the decimetre wide clastic dikes of
Cambrian age (500-600 Ma), near Aspo (e.g. at Figeholm and Gotemar).

The ductile foliation imposed while the rock mass was deep and relatively hot,
was homogeneous and penetrative on a regional scale. A mostly steep,
penetrating foliation trending NE-ENE is the most dominant structural element
in the Aspo granitoids and seems to be the oldest sign of the ductile deforma-
tion related to the subhorizontal NNW-SSE compression. This deformation is
also marked by the orientation of mafic sheets often back veined by two or



three generations of fine-grained granites ITalbot, 1990, Figure 4-1/. Intensified
strain formed in the amphibolite-facies is marked by gneissic zones trending
NE-ENE, dipping to the NNW. Elevated to a higher structural level between
1700 and 1400 million years ago, these old gneissic zones were reactivated as
mylonitic shear-zones trending NE, especially in central Aspo in a
ductile/semi-ductile deformation phase.

The brittle strain of the region can be regarded as the combined effect of two
mechanisms; fragmentation, the generation of new fractures, and jostling, the
reactivation of old fractures. The ratio of fragmentation to jostling generally
decreased with each episode of strain as inferred from the Aspo region. Fewer
new fractures formed in successive episodes of strain as the orientation spectra
of pre-existing fractures widened IMunier, 19951.

Most fracture zones on Aspo are reactivated older structures. The style of each
fracture zone tends to depend on the nature of any older structure being
reactivated, such as E-W gneissic zones, mylonites trending NE or E-W and
gently dipping alteration zones. Fracture zones trending N, NE or E-W on Aspo
normally had ductile precursors whereas those trending NW apparently did not.

The first brittle faults probably developed in the region in response to the
emplacement of younger granites. These faults and older ductile zones were
reactivated several times. The rock mass became increasingly brittle as it was
uplifted and unroofed about 1000 million years ago. Epidotic vein systems
became chlorite, zeolite and carbonate filled fractures with time.

Net slip ranges between approximately 30 cm for large faults and approxi-
mately 1 cm for smaller faults. In the absence of post-Cambrian markers on
Aspo it is not possible to determine which fracture sets in Aspo formed or
reactivated later than approximately 500 million years.

Munier /1993c/ investigated faults in the Cambro-Ordovician platform
sequence on the island of Oland SE of Aspo. In contrast to the basement rocks
exposed in and around Aspo, fault surfaces there are well exposed and
kinematic indicators common.

Though the bedrock of Oland is essentially undeformed, in all practical aspects,
geometrical configurations of fractures indicate that faults in the lower
Palaeozoic cover reactivated fractures at least once.

This result is confirmed by a more thorough study performed by Milnes and
Gee /1992/, who concluded that bedrock deformation on Oland is negligible.
The rocks exposed there only show signs of minimal instability over the last
500 million years.

Some attempts have been made to undertake direct fault dating investigations
in order to constrain the minimum age of the most recent movements on some
brittle structures at the Aspo site /Maddock et al, 1993/. Approximately seventy
rock samples were collected and examined to provide information on the
history
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Figure 4-1. Tentative chronological scheme summarizing the main
lithological units and tectonic events affecting the rock mass studied (after
Munier, /1993c/).



90

of fault movements and to assess the suitability for dating. The characterization
included XRD, electron microprobe analysis together with optical and electron
microscopy. The analysis demonstrated that many fracture zones contain
sequentially-developed fault rocks and verifies that reactivation has occurred
through time. Palaeomagnetic, electron spin resonance (ESR) and isotopic
dating (K-Ar, Rb-Sr) techniques were then employed for dating the fault gouge
material.

The ages given by the various dating methods reflect both inherent differences
in the techniques and differences in the phase or phenomenon being dated. The
interpretation of the ESR dating which was limited by the resolution of the
method, gave minimum ages of movements in the order of several hundred
thousand years to one million years. The results of the palaeomagnetic and K-
Ar analyses strongly suggest that growth of fracture infilling minerals took
place at least 250 million years ago. The most recent fault movements are
interpreted to have preceded this mineral growth. Maddock et al /1993/
conclude that any quaternary and holocene activity (jostling) had little effect on
the fracture zones they examined.

The sub-Cambrian peneplain, exposed on the east coast, has been used as a
fault marker to demonstrate post-Cambrian brittle tectonics. E.g. Tiren et al
/1987/ demonstrated the relative kinematics on regional blocks bounded by
fracture zones in the south-eastern Sweden. The blocks studied range in the size
between 25 km2 and 100 km2. The interpretation says that differential
movements have occurred along existing faults both during periods of uplift
and subsidence. The relative and maximum accumulated vertical offsets along
any regional faults in the Aspo surrounding are less than ±25 m during the last
600 million years.

Morner /1989/ mapped a great number of supposed 'post-glacial faults' on
Aspo. However, none of the faults reported, which were later investigated in
greater detail, showed any positive evidence of kinematics IBdckblom (ed),
19891. Some of the reported 'faults' had Precambrian markers that were not
offset, other had their bases exposed by excavation and ice plucking could be
positively demonstrated. Talbot and Munier /1989/ discuss post-glacial faults
having studied 'post-glacial scarps', abrupt steps in the glacially polished
surface of Aspo. According to Munier /1995/ post-glacial reactivation of
individual fractures is most likely to have occurred. However, despite searches,
no evidence of such fragmentation or jostling has been found on outcrops.

Ongoing tectonic activity caused by plate movements and land upheaval is
manifested in seismic events and aseismic slip, Larsson-Tullborg /1993/. In
Sweden earthquakes have been registered from 1891 /Wahlstrom, 1990/.
According to Slunga et al /1984/ the Protogine Zone of southern central
Sweden has been shown to be the border between a more seismic west Sweden
and the more aseismic part of southeastern Sweden.
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4.1.2 Lithological model

The main rocks in the Aspo area belong to the vast region of Smaland-
Varmland intrusions (or Trans-Scandinavian Granite-Porphyry Belt /Gaal and
Gorbatschev, 1987/{Figure 4-2).

A number of massifs of basic rocks elongated E-W have been indicated by
positive magnetic and gravity anomalies. Besides the more coarse-grained
types, such as gabbro and diorite, fine-grained irregular bodies and xenoliths
of greenstone (old volcanites) were found as remnants within the granite mass.
They occupy only a minor part of the Aspo area.

Some circular/semi-circular structures in the area investigated are interpreted
as granite diapirs. They are all represented by a more or less round, non-
magnetic pattern and negative Bouger gravity anomalies. The Gotemar and
Uthammar anorogenic granites are two of these structures which have been
indicated as true diapirs. Very low-dipping pegmatites and, to lesser degree,
aplite granite are characteristic of the area around the Gotemar granite.

Fine-grained greyish-red granite is common in the whole area. In the inner area,
which has been mapped in detail, the fine-grained granite occurs both in
smaller massifs and in dikes in the older rocks. Often the direction of the dikes
follows the foliation in roughly the direction E-W to NE-SW.

The dikes are usually about 0.5-5 metres thick but some measuring 30 metres
across have also been found.

4.1.3 Structural model

Major discontinuities (major fracture zones)

Information from all geological and geophysical investigations support a
tectonic picture dominated by one almost orthogonal system of major structures
trending N-S and E-W and one trending NW and NE, all extending >10 km.
They often coincide with some hundred-metre-wide low-magnetic zones with
a central more intense fracture zone up to some tens of metres wide. The N-S
structures most probably have vertical to subvertical dips and seem to be of a
tensional, more open character (magnetic and VLF indications).

The structures trending E-W are mostly vertical or moderately low dipping.
They seem to be more complicated, with an early dip-slip ductile phase and a
late stage of reverse faulting, with local development of thrust sets with a
mainly low to moderate dip to the SSE. A major structure trending NE-SW
across the island of Aspo, is indicated by mylonites in outcrops and boreholes.
According to a general interpretation most of the structures trending NE-SW
are older than the systems trending N-S and E-W. Most of the structures
trending N-S are probably younger than the E-W trending ones INisca, 1987
and Tiren et al, 1987, Tiren and Beckholmen, 1987 and 19881. The N-S
fracture zones were estimated to be the most probable water-bearing structures
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Figure 4-2. Regional geological model of the Aspo area. (W and WW:
possible waterbearing properties based on expert judgement). Gotemar and
Uthammar granites are situated in the northern and southern part of the area
respectively.
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according to combined magnetic and VLF fracture interpretation. E-W fracture
zones are less likely water-bearing structures.

A depth of at least 1500 m to several kilometres (supported by indications in
the 1705 m deep borehole KLX02) is estimated for most of the major
structures. /Andersson, 1994/.

Table 4-1 presents a summary of geological and geophysical structure
indications and Table 4-2 shows interpretation data for all major structures
included in the model. Data in the table contribute to judgement of structure
reliability regarding extension, orientation and character. A classification of the
main structures into three groups (possible, probable and certain) with the
aspect to reliability is also presented in Table 4-2.

It is important to point out that most of the parameter values should be regarded
as 'best estimates' based on geophysical data which have only been confirmed
in a few cases by borehole or geological observations.

Small scale fracturing in the rock mass

The fracture sets mainly coincide with the most conspicuous lineament
directions (valleys) in the region. The general pattern based on 10400 outcrop
fractures shows evident strike directions around N-S and N50°W {Figure 4-3).
A predominant fracture set also strikes in an E-W direction. In the sector
between N40°W and N80°E there appears a fracture set with a somewhat less
predominant peak in the direction N65°E. This sector coincides with the most
common foliation strikes in the region. The different rosette diagrams of the
road cut mapping verify the main fracture sets that have been described for the
outcrops. The main directions E-W, N50°W, N-S, N40°E, with some spread
in the foliation peak varying around N70°E. Even if gentle fracture dips have
been underestimated during the road-cut mapping an interpretation also shows
that the predominant dips are vertical or almost vertical.
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Regional subvertical fracture set

9672 Fractures
413 Fractures correspond to radius

Figure 4-3. Rosette diagram for all outcrop fractures in the region with dips
of 70 to 90 °/Ericsson, 1987/.

Table 4-1. Summary of geological and geophysical structure indications.

Lineament
Structure Topographical Aerogeophysics

Magnetic VLF

Verification
Ground Surface Borehole Tunnel
geophysics geology Aspo HRL

SFZ 01
SFZ 02
SFZ 03
SFZ 04
SFZ 05

SFZ06
SFZ 07
(EW-1*)
SFZ 08
SFZ 09
SFZ 10
SFZ 11
SFZ 12
(NE-1)*
SFZ 13
SFZ 14
SFZ 15

KLX 01-02**
A-l*** +
(AR 84-14)

KAS04 +
KA1755A**

KAS09, 14, +
16, KBH02*

Means clear indication and (+) uncertain indication.

Designation of the structure in the primary structural model ofAspo HRL (Figure 4-2)
Cored borehole in Aspo HRL/Stanfors et al, 1991/
Cored borehole onAvro island /Gentzschein et al, 1987/
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Table 4-2. Summary of structure interpretation data.

Structure

SFZ01
SFZ02
SFZ03
SFZ04
SFZ05
SFZ06
SFZ07
(EW-1)*
SFZ08
SFZ09
SFZ10
SFZ11
SFZ12
(NE-1)*
SFZ13
SFZ14
SFZ15

Uncertainty
of positions**
(m)

±100
±50
±50
±100
±20
±100
±20

±100
±100
±100
±100
±20

±100
±50
±100

Width***

(m)

50-300
150-250(5-10)
30-300 (10-20)
50-300
50-200
50-300
70-200 (10-40)

50-300
50-300
50-300
50-300
50-100 (5-10)

50-100
50-100
50-100

Dip

45-90° N
~ vert.
40-90° S
60-90° SE
60-70° SE
45-90° N
70-90° NW
60-90° SE
60-90° N or S
60-90° NW
~ vert.
60-90° N or S
70° NW

45-90° N
~ vert.
~ vert.

Water****

W

ww
w
w
ww
w
w

w
w
ww
w
ww

w
w
ww

Reliability*****

Possible
Probable
Probable
Possible
Prob.-certain
Possible
Certain

Possible
Possible
Possible
Possible
Certain

Possible
Probable
Possible

* Designation of the structure in the primary structural model of Aspo HRL (Figure 4-2). EW-1 part

ofSFZ 07 indicated in Aspo HRL.

** Estimated uncertainty of position of the zone at surface perpendicular to main strike.

*** Estimated total width - aerogeophysically indicated - of increased fracturing and oxidation. Width
of intense fracturing and/or alteration indicated by ground geophysics, borehole or tunnel
documentation shown in brackets.

**** Estimated water-bearing ability based on geological and geophysical indications.
WW= water-bearing
W- less water-bearing

***** Total evaluation of the reliability of all available data concerning the major structures.

4.2 MODELS ON A SITE SCALE

The site scale model covers some 1 km of Aspo island. The framework for the
site scale modelling was the existing regional scale model. Refinement of the
site scale model was mainly done during the siting stage and the site descrip-
tion stage when extensive investigation data was gathered. Further detailing of
the site scale model was done during the prediction stage based on results from
further deep borehole investigations. The final refinement was done based on
data from tunnel documentation after excavation.
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The site scale model comprises the following concepts:

0 lithological domains with four main rock types - Smaland (Avro) granite,
Aspo diorite, greenstone and fine-grained granite

• discontinuities with four major classes - major fracture zones, minor
fracture zones, fracture swarms and small scale fracturing in the rock
mass

4.2.1 Lithological mode!

Four main rock types - Aspo diorite, Smaland (Avro) granite, greenstone and
fine-grained granite make up most of the rock mass in the Aspo tunnel area.

During the early investigations of the bedrock the dominant rock type in the
Aspo area was mapped as 'Smaland granite'. The most frequent variety of
'Smaland granite' is medium-grained, porphyritic and ranging in composition
between granite-granodiorite - quartz monzonite. A variety called Avro granite,
being more like a real granite in composition, is found in minor amounts on the
southern part of Aspo. Later on there was a need for a classification system
based more on core logging data. A limit was fixed at the silicate density 2.65-
2.70 g/cm3 between the acid varieties of what is now called 'Smaland (Avro)
granite' (including Avro granite) and the more basic and heavier variety called
'Aspo diorite'. This classification was also followed during mapping in the
tunnel.

Aspo diorite

Rocks belonging to this group are by far the most common within the Aspo
area, both on the surface and in the tunnel. Usually the rocks are grey to reddish
grey, medium-grained, and contain more or less scattered, large crystals of
potassium feldspar (Figure 4-5). Granodiorites and quartz monzonites are most
common, but there are also some tonalites, quartz diorites and quartz
monzonites included in this group. The larger number of rock names suggests
a rather heterogeneous group, but a look at the modal classification diagram
reveals that the group falls in a rather restricted area (Figure 4-4). The 'Aspo
diorite' group is not as heterogeneous as the many rock names may indicate.
The diversity in modal composition is to some extent due to the abundance of
large potassium-feldspar crystals which can vary quite a lot in frequency.
During the first years of investigation it was believed that the rocks within this
group were more basic at depth than near the surface. At this time the
designation Aspo diorite was created pointing to its affinity to the more basic,
true diorites. Later studies showed that such a depth difference not really exists
and that the rocks within this group are no true diorites. The rocks in the tunnel
are on the whole comparable to those found on the surface of the island. The
relatively small number of samples from the surface is mainly due to the diffi-
culties of sampling this type of rock as fresh outcrops are rare IWikman and
Kornfdlt, 19951.
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To get better and more precise knowledge of the age of the bedrock within the
Aspo area one sample of a typical 'Aspo diorite' has been collected for age
determination. The selected rock is a reddish grey, medium-grained
granodiorite with scattered megacrysts of potassium feldspar. The analysis gave
a well defined age of 1804±3 million years, which corresponds to the
crystallization age of the rock. This age can be compared with the result from
age determination of Smaland granite at Ramnebo in eastern Smaland. That
granite has yielded an age of 1802±4 million years IMansfeld, 19911, which
means that the two granites are almost of the same age.

1 Fine-grained greenstone

JL Aspo diorite

:'S Smaland {Avro) granites

4 Fine-grained granites

Quartz

Alkali feldspar Plagioclase

Figure 4-4. Modal classification of the four main rock groups from the Aspo
area /according to IUGS 1973, 1980/.
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Smdland (Avro) granite

Macroscopically these granitoids differ from the previous group in their
brighter, sometimes distinctly more reddish colour. The amount of potassium
feldspar phenocrysts is lower and the crystals are much more irregularly
distributed. In many places one can see that the Avro granite cuts the Aspo
diorite, which implies that the former is younger. The age difference between
the two groups is probably very small.

The designation 'Avro granite' was originally used for rocks which are greyish
red in colour IKornfdlt and Wikman, 19881. Later studies, both from the surface
and above all from the tunnel, show that they can also be light reddish grey
(Figure 4-6). This colour variation may be caused by weathering or oxidation
and does not mean any difference in modal composition. Compared with the
Aspo diorites they are mostly richer in quartz and potassium feldspar, and the
amounts of dark minerals, such as biotite, are lower. Amphibole is often
missing totally and the amounts of sphene, which is a very characteristic
mineral for diorites, are much lower (Table 4-9).

The Avro granites and the Aspo diorites plot on the same linear trend in the
titanium dioxide versus zirconium graph /Wikman and Kornfa.lt, 19951
indicating a chemical relationship, probably a similar differentiation path
(Figure 4-9). These two rocks can be regarded as two varieties of the Smaland
granite of which the Avro granite is more evolved. The Avro granite is rather
homogeneous and plots in a very restricted area, whereas the plots of the Aspo
diorites are much more scattered (Figure 4-9).

Greenstone

The greenstones - fine-grained and medium to coarse-grained greenstone
(diorites to gabbros) Wikman and Kornfdlt /1995/ are easily distinguished from
the granitoid rocks by their very dark, greenish or greyish black colour. As a
rule they occur as minor inclusions or irregular, often elongated bodies within
the granitoids and dioritoids following the common E-W foliation trend within
the area. Except for the smallest inclusions, the greenstones are often intensely
penetrated by fine-grained, granitic material (Figure 4-7).

According to reports presented earlier Kornfdlt and Wikman / 19881 most of the
greenstones are inclusions. They may be of different age and origin but the
majority of them are probably connected with the Smaland granitoid magma
evolution. At least in some cases one can suspect that they are supracrustal
rocks formed on the surface of the earth and later incorporated into the rising
granite magma. There are also some rare observations of greenstone occurring
as dikes and thus younger than the rocks they cut through. In the tunnel we also
found examples of so called composite dikes where a central greenstone is
bordered on both sides by fine-grained granite (Figure 4-8).
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Figure 4-5. Reddish grey 'Aspd diorite' with large, scattered megacrysts of
potassium feldspar. Aspd, access ramp 1770 m, photo Kristian Annertz in
Wikman and Kornfalt /1995/.

Aft-SS

Figure 4-6. Light reddish grey Smdland (Avrd) granite. Aspd, access ramp
1775 m, photo Kristian Annertz in Wikman and Kornfalt / 1995/.
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Figure 4-7. Greyish black, fine-grained greenstone intruded by fine-grained
granite. Aspo, access ramp 3040 m, photo Kristian Annertz in Wikman and
Kornfdlt /1995/.

Figure 4-8. Composite dike with a fine-grained greenstone in the centre
boarded by fine-grained granite. Aspo, access ramp 2193 m, photo Kristian
Annertz in Wikman and Kornfdlt /1995/.
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The brittle deformation has caused a joint pattern in the fine-grained granites,
often characterized by many short joints lying closely together, which divide
the rock into small blocks. This is quite different from the pattern in the
medium to coarse-grained granitoids where joints are much more widely
spaced. No significant difference has been found between the joint patterns on
the surface and in the tunnel. An interesting feature in this context is that the
very common red colour along the joints, observed during the mapping of the
bedrock surface Kornfdlt and Wikman /1987/, also occurs along the whole
tunnel.

There are also many examples of fine-grained, not deformed granite with
diffuse contacts with the wall rock. These small and often winding, fine-
grained granite veins are easily recognized in the tunnel where the rock surface
is fresh (Figure 4-7).

The fine-grained granites vary in colour from reddish grey to distinct red. They
are in most cases rich in quartz and potassium feldspar and can be classified as
true granites (Table 4-3).

From the field studies it is obvious that the fine-grained granites all seem to be
younger than the more coarse-grained Smaland granite groups. There are also
observations of dikes of fine-grained granite cutting each other. Studies of the
fine-grained granites have been made with the suspicion that some of them
could be anorogenic, as the neighbouring anorogenic Gotemar granite massif
is also cut by a generation of fine-grained granites. However, no fine-grained,
undoubtedly anorogenic granites were found within the area.

Two samples from the fine-grained granite were collected for U-Pb isotope age
determinations. The dating of sample 908 was most reliable and gave and age
of 1794+16/-12 million years. The dating of the other sample, 2972, was less
reliable yielding an age of 18O8+33/-3O million years /Wikman and Kornfdlt,
19951.

As regards their trace elements the different linear trends of the fine-grained
granite and the Aspo diorite/Avro granite may indicate different way of
differentiation.

Alteration features in the Aspo granitic rocks

The fracture network in the Smaland (Avro) granite and Aspo diorite is
characterized by the red-coloured salvages, generally a few centimetres wide,
occurring beside the fracture planes Eliasson /19931. The microscopic
investigation shows that the red colouration of the granite adjacent to the
fractures is mainly caused by the presence of dispersed, very fine-grained,
reddish Fe-oxyhydroxides/ hydroxides 1) in saussuritic and clouded plagioclase
grains, 2) along grain boundaries and 3) subordinately along microfractures
within individual grains. The clouding of plagioclase is also partly a result of
the optical effect of the extremely fine-grained nature of the alteration products
and the common occurrence of micropores.
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In recent years magma-mixing and mingling processes are believed to play an
important role in the formation of magmas. For the different greenstones and
granitoids at Aspo such an explanation has been advocated. IWikstrom, 19891.
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Figure 4-9. Plots of zirconium (y-axis) versus titanium dioxide (x-axis)for
different rock types. Modified after Wikman and Kornfdlt /1995/.

The major minerals in the greenstones are plagioclase, amphibole and biotite
(Table 4-3). The amounts of epidote and chlorite are high in some samples.
There are also samples with unaltered pyroxene. According to IUGS classifica-
tion most of the greenstones are andesites to basalts (Figure 4-5). The
investigations made so far have not shown any significant difference between
the greenstones found in the tunnel or in the drillings, and those found on the
surface of the island.

Fine-grained granite

Fine-grained granites occur rather frequently, both on the surface of the Aspo
island and its surroundings, as well as in the tunnel. From the surface mapping
it is clear that many of the granites occur as dikes. The dike character is
sometimes not very clear because of strong deformation in the fine-grained
granites, which has obscured contacts.



103

According to lEliasson, 19931 the reddish colouring of the granite spatially
coincides with the hydrothermal metamorphic alteration mineralogy occurring
along the fracture planes. This fact, together with the observed oxidized
mineral assemblage in the hydrothermally metamorphosed zones, indicates that
the formation of the ferric compounds (colouring) is contemporary with, and
a function of, the hydrothermal alteration.

The petrophysical properties of porosity, density and magnetic susceptibility
exhibit a good correlation with the intensity of alteration. This illustrates the
importance of these parameters for identifying fractures/fracture zones in the
Aspo area (Figure 4-10).

Distribution of rock

The distribution of the four main rock types at different depths are quite similar
except for the first 700 m of the tunnel (level 0-100 m) where the Smaland
(Avro) granite is more frequent than the Aspo diorite and in the bottom level
400-460 m where only Aspo diorite has been mapped /Markstrom and
Erlstrom, 1996; Markstrom, 1997/. The Smaland (Avro) granite - which is
exposed on Avro south of Aspo and on Aspo over the southern part (Figure 4-
11) of the spiral probably extends northwards folded beneath the Aspo diorite.
This could explain the concentration of Smaland (Avro) granite in the northern
part of the spiral area at depth (Figure 4-12).

Most of the greenstone has the character of inclusions but dikes are also
mapped mostly trending EW to the NE. One rather big massif of greenstone
occurs at 1600-1700 m in the tunnel and in the shaft at 230 m.

All the rock mass is veined by fine-grained granite but the number of veins in
the Smaland (Avro) granite in the tunnel is sparse compared to veins and dikes
in the Aspo diorite. Most of the dikes of fine-grained granite trending NE
confirm the idea that the fine-grained granite is closely related to the Smaland
(Avro) granite which is obviously younger than the Aspo diorite.
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Table 4-3. Arithmetic mean values of modal analyses of the four most
common rock groups in the Aspo area. Samples from bedrock surface,
core boreholes and tunnel. fWikman and Kornfdlt, 1995/.

Quartz
K-feldspar
Plagioclase
Biotite
Chlorite
Muscovite
Fluorite
Pyroxene
Amphibole
Allanite
Epidote
Monazite
Prehnite
Pumpellyite
Sphene
Calcite
Apatite
Zircon
Opaques

Fine-grained
greenstone

2
+
27
18
2
-
-
1
36
-
9
-
+
+
1
+
1
+
2

Aspo
diorite

15
12
46
15
1
+
+
-
2
-
6
-
+
+
2
+
1
+

1

Smaland (Avro)
granite

25
25
37
7
1
+
+
-
+
+
2
-
+
+
1
+
+
+
1

Fine-grained
granite

30
39
20
2
2
3
+
-
-
-
2
+
+
+
+
+
+
+
1

+ = small quantities (<0.5%)
= not detected
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Figure 4-10. Schematic illustration of the most important fractures in the red-
coloured wall rock along fractures in the Aspd granitic rock, /Eliasson, 1993/.
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In Rosen and Gustafsons work of the development and application of a
Bayesian Markov Geostatistical Model (Bay Mar) as a decision tool in
repository construction, they produced a probability model for the lithology at
Aspo from the ground surface to 800 metres below sea level /Rosen and
Gustafson /1993, 1995/. The model was produced using a three-dimensional
grid with a cell-size of 20x20x20 metres. The model was based on the surface
bedrock map (1991), surface boreholes, access tunnel boreholes, and access
and TBM-tunnel mapping data.

The horizontal boundaries of the model were as follows in the Aspo coordinate
system (Figure 4-13):

Minimum Easting: 1050 m
Maximum Easting: 2750 m
Minimum Northing: 6750 m
Maximum Northing: 8250 m

Since the objective was to describe the probability distributions for all
lithologies of Aspo, the most appropriate differentiation of lithologies with re-
spect to available information was considered to be: Greenstone, Fine-grained
granite, Medium-grained granite (Smaland (Avro) granite), Aspo diorite and
Mylonite.

The results from the probability estimations for the lithologies in the Aspo area
are shown in one horizontal map with the most likely lithologies at 450 metres
below sea level (Figure 4-14) and two vertical east-west sections along the
7300 NORTHING Latitude in the Aspo coordinate system /Rosen and
Gustafson, 19951.

The map in Figure 4-15 shows high probabilities of a Aspo diorite body
between 300 and 600 metres depth in the area of the access and TBM-tunnels.
The medium-grained granite dominates in most of the volume. Fine-grained
granite and greenstone occur as thin dikes and slabs, and have in general a
probability of less than 0.1, except close to borehole observations. At about 300
metres depth, unusually high probabilities for fine-grained granite occur.

The Bayesian convincement maps show (example in Figure 4-16) how the
certainty of the lithologies decreases away from the borehole observations and
at greater depth. It shows where further observations are needed to increase the
certainty of the results, if required. Away from observations, Smaland (Avro)
granite rapidly becomes the most likely rock type, since it is very dominating
both on the surface map and in the boreholes. Given the resolution of 20 metre
cells, fine-grained granite, greenstone, and mylonite can only make up part of
cells and occur therefore very seldom as the most likely rock type.

The probability models for the lithology can be compared to the tentative
lithological model presented in (Figure 4-17). The model is based on borehole
and tunnel mapping data (Section A-A represent data from a some hundred
metres wide vertical rock slab). Among other things a 25-50 metres thick,
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Figure 4-12. Lithology of the Aspd tunnel. Diagrams illustrate distribution
of main rock types at depth.
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Figure 4-13. The horizontal boundaries of the model and position of the 7300
EW section. /Rosen and Gustafson, 1995/.

almost sub-horizontal, irregular body of fine-grained granite probably occur at
a depth between 300 and 400 metres in the tunnel volume.
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Figure 4-14. Most likely lithologies, 450 metre level. /Rosen and
Gustafson, 1995/.



112

Lithologic model of southern Aspo based
on borehole and tunnel data. 1996
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Figure 4-17. Lithological model of southern Aspo.

4.2.2 Structural model on a site scale

The geological-structural model describes the geometrical distribution and
character of discontinuities in a rock volume. Discontinuity is the general term
for any mechanical feature in a rock mass having zero or low tensile strength
/Brown, 19811. It is the collective term for most fractures, weak schistosity
planes, weakness (fracture) zones and faults.

During pre-investigations and tunnel mapping of the Aspo AHRL discontinu-
ities were divided into fracture zones (major and minor) and small scale
fractures in the rock mass between fracture zones.

Fracture zones are normally defined as subplanar and continuous volumes of
rock. This provides a basis for interpolation of information between boreholes
and extrapolation outside them. So even if we know that fracture zones are
never exactly planar it seems often to be a useful first approximation geometri-
cally easy to work with 10isson, 19931.
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Figure 4-16. Bayesian Convincement, 7300 east-west section. Legend:
Probability values. /Rosen and Gustafson, 1995/
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Development of ductile structures and fracture zones

An almost vertical, penetrating foliation trending NE-ENE is the most
dominant structural element in the 1700-1800 million year old Aspo granitoids
and seems to be the oldest sign of the ductile deformation related to the sub-
horizontal NNW-SSE compression. This deformation is also marked by the
orientation of mafic sheets often back-veined by two or three generations of
fine-grained granites ITalbot, 19901.

Intensified strain formed in the amphibolite-facies are marked by gneissic
zones trending NE-ENE, dipping to the NNW. Elevated to a higher structural
level between 1700 and 1400 million years ago, these old gneissic zones were
reactivated as mylonitic shear-zones trending NE especially in central Aspo in
a ductile/semi-ductile deformation phase. Strong foliation and mylonites are
common in the Aspo shear zone - where more than 10-metre-long bodies of
mylonite occur trending E-W and dipping steeply to the north. Regional
evidence suggests that the E-W trending mylonites are older than those
trending NE ITalbot and Munier, 19891. Small scale mylonitic shear planes less
than about one centimetre wide and up to a few metres long, with very different
orientation, are to be found in many parts of the island.

The first brittle faults probably developed in the region in response to the
emplacement of younger granites. These faults and older ductile zones were
reactivated several times. The rock mass became increasingly brittle as it was
uplifted and unroofed about 1000 million years ago. Parts of the epidotic vein
system reactivated and its fractures were later filled by chlorite, zeolite and
carbonate.

Fracture zones on Aspo have a wide range of orientations and styles and most
of them reactivate older structures (Figure 4-18). The style of each fracture
zone tends to depend on the nature of any older structure being reactivated,
such as EW gneissic zones, mylonites trending NE or E-W and gently dipping
alteration zones. Fracture zones trending N, NE or E-W on Aspo normally had
ductile precursors whereas those trending NW apparently did not.

(Figure 4-18) illustrates the Aspo HRL fracture zone pattern in a framework
of major regional structures. The main fracture sets, mapped in the tunnel, are
presented (Figure 4-19) for the major fracture zones and for the rock mass.
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Figure 4-18. Fracture zones in the Aspd HRL (red) fit in the pattern of
regional structures (black).
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Figure 4-19. Structural model of the rock mass surrounding the Aspd
tunnel. The model represents position and estimated extension of fracture zones
(swarms) at tunnel level. Orientation of the main subvertical fracture sets in
major fracture zones and the intact rock mass is based on tunnel mapping data.
'Fracture swarms' comprise concentrations of subparallel, often water-
bearing faults.
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The discontinuties are mainly discussed from the geological point of view in
the section below. The hydraulic character is presented in more detail in
Chapter 6.

Fracture zones EW-7 and NE-4

Geometry and properties

EW-7 and NE-4 may be regarded as a composite fracture zone with three
branches. On the site scale the southernmost bransch, EW-7 is estimated to be
approximately 10 m wide, to dip about 75°S and to strike nearly N75°E
(Figure 4-20) /Stanfors et al, 1997/.

EW-7 consists of one set of fractures trending NNE - which are the most
conductive structures - and one fracture set trending WNW. The dominating
rock type in the zone is Smaland (Avro') granite.

On the site scale the approximately 40 m wide NE-4 - which is found to consist
of two more or less continuous branches is estimated to dip about 60 °S and
strike N50°E. The dominating rock type is Smaland (Avro) granite with
inclusions of mylonite and greenstone. The northernmost branch is clearly
connected to a mylonite, which is partly crushed. According to Munier 11995/
the fracture array, typically with coatings of chlorite, calcite and usually
enriched in coatings of epidote and Fe-oxides, consists of three main sets; one
is steep and strikes NNW, one is moderately dipping (about 45°) towards the
SE and the third is subhorizontal. EW-7 and NE-4 are both assumed to surface
in the sea north of Halo.

Coordinates for three planes that approximate EW-7 and NE-4 are presented
in Appendix 2, Table A2-5.

Observations

EW-7 is estimated to trend almost parallel to the main geophysical lineaments
trending ENE-NE in the Halo-Aspo area. EW-7 is only indicated in one
borehole KBH02 (50-75 m) in the pre-investigations. From the tunnel EW-7
was investigated by two cored boreholes (KA0575A and KA664B) which
penetrated three water-bearing sections /Rhen et al, 1993/ In the tunnel
between 779-796 m EW-7 is found to be 9.9 m wide. Mapped features in the
zone dip 50-90°S and strike N15-75°E.

NE-4 was indicated during pre-investigations by geophysics (ground magnetics
and seismic refraction) and borehole data KBH02 (120-150 m). In the tunnel
between 796-858 m, NE-4 is observed to be 41.1 m wide to strike N30-50°E
and dip 50-70°S. Vertical Radar Profiling (VRP), Vertical Seismic Profiling
(VSP) data and orientation of the intensified foliation has been used to deduce
the main orientations of the fracture zones.
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Judgement of reliability

The reliability of existence (width and properties) of EW-7 and NE-4 is high
in the tunnel (tunnel mapping and borehole documentation).

Data on orientation, width and properties are estimated to be valid mainly for
the parts of EW-7 and NE-4 close (25-50 m) to the tunnel. The extension of the
zones outside the tunnel, based only on geophysical data, is estimated to have
a rather low reliability. Reliability of dip and properties is very low outside the
tunnel.

Fracture zone NE-3

Geometry and properties

On the site scale NE-3 is estimated to consist of several subparallel branches
(splays), with a total width of approximately 50 m, that strike about N50°-
70°E. Two of them are estimated to dip approximately 80°NW and 70°NW
respectively (Figure 4-21) /Stanfors et al, 1997/. No further constraints of the
geometry can be deduced on a structural basis because the zone is assumed to
surface in the sea south of Aspo. Fine-grained granite is the dominating rock
type with some intersections of Smaland (Avro) granite and greenstone.
Fracture spacing is mostly 5-20 cm but crushed parts are found locally.
Although the zone itself dips steeply towards NNW, as indicated by geophys-
ics, its constituent fractures are steep and strike EW and NS IMunier, 19951.
Their coatings are typically chloride and calcitic. Coatings of fluorite,
haematite and Fe-oxides are less abundant.

Coordinates for planes that approximate NE-3 are presented in Appendix 2,
Table A2-5.

ESR dating studies concentrated on the fault gouge in NE-3 and NE-4 indicate
no fault movements for a minimum time period of at least hundreds of
thousands of years IMaddock et al, 1993/.

Observations

NE-3 was indicated by ground magnetics and seismic refraction and confirmed
in borehole KBH02 (310-400 m) in the pre-investigation phase /Wikberg et al,
1991/. After excavation NE-3 was documented by tunnel mapping and found
to be 49 m wide between section 958-1009 m/Rhen et al, 1995/

Judgement or reliability

The reliability of existence (width and properties) of NE-3 is very high in and
close (25-50 m) to the tunnel (tunnel mapping and borehole documentation).
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Figure 4-20. Computer graphics showing the geometry of various zones
within the NE-4/EW-7 system. The coloured line represents borehole KBH02
drilled through the structures shown /Munier, 1995/.
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Figure 4-21. Computer graphics showing the geometries ofNE-3, NE-1 and
EW-3/Munier, 1995/
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The reliability of extension outside the tunnel (based on geophysics) is rather
high but less good for dip and properties.

Fracture zone NE-1

Geometry and properties

On the site scale the major fracture zone NE-1 is interpreted to trend N50-60°E
and dip 70-75NW (Figure 4-21) /Stanfors et al, 1997/. The zone is estimated
to be approximately 60 m wide, consisting of three branches. All three branches
are connected to a rather complex rock mass with Aspo diorite, fine-grained
granite and greenstone. The major part of the zone may be approximated by
two planar water-bearing branches. The coordinates for these are presented in
Appendix 2, Table A2-5.

The two southernmost branches, trending NE and dipping N, can be described
as highly fractured and more or less water-bearing. The northern branch, which
is approximately 28 m wide in the tunnel, is the most intense part of NE-1 and
highly water-bearing. An - approximately 8 m wide - part of this branch,
trending N50°E and dipping 75°N, with open, centimetre wide fractures and
cavities and partly clay-altered rock, is surrounded by 10-15 m wide sections
of more or less fractured rock. The central 1 metre wide section is completely
clay altered /Stanfors and Rhen, 1993/

The fractures within NE-1 did not in any respect differ from the average rock
mass at the HRL except from a slight increase in epidotic/quartzitic coatings
and minor (<1 cm wide) mylonitic shear zones. The margins of various strands
of NE-1, some of which displayed faults with gouge, are characterized by steep
gradients in fracture frequency. The geometry of NE-1 constituent fractures
could not be investigated in detail due to safety considerations during
construction and extensive reinforcement. However, the results indicate that the
fracture array consists of three sets; one is steep and strikes WNW, one is sub-
horizontal and a third dips moderately towards NNW. The latter contains long
faults with gouge and has been used to determine the local orientation of NE-1.

Observations

The interpretation of NE-1 is based on geophysics and several boreholes in the
pre-investigations /Wikberg et al, 1991/. The surface of the zone in the sea c.
50-100 m south of Aspo is indicated by refraction seismic and magnetic data.
No outcropping of NE-1 was found on the island but in the southernmost
peninsula of Aspo, immediately north of the zone, outcrops are reddened and
display an array dominated by fractures dipping about 50-60° towards NW. NE-
1 is well documented in several core boreholes from surface as a series of
several metres wide, highly fractured water-bearing and in part mineralogically
altered sections.
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Borehole identifications are most evident in KBH02 (c. 310-400 m), KAS09
(100-150 m), KAS14 (100-125 m), KAS11 (150-175 m), KAS02 (possibly
805-924 m), KAS08 (570-600 m), KAS07 (520-550 m) and KAS16 (420-430
m).

In the tunnel the zone was mapped between sections c. 1240-1320 m. Two core
boreholes, KA1061A (160-208 m) and KA1131B (180-203 m), and 8
percussion boreholes were drilled from the tunnel across the zone.

Judgement of reliability

The reliability of existence (width and properties) of NE-1 is very high in and
close to the tunnel (tunnel mapping and borehole documentation).

The reliability of extension dip and properties of NE-1 outside the tunnel, based
on geophysics and core borehole (KAS 16) and borehole radar is estimated to
be rather high for some hundred metres NE of the tunnel intersection /Stanfors
etal, 1992/.

Fracture zone EW-3

Geometry and properties

On the site scale EW-3 is estimated to be approximately 14 m wide, strike
approximately N75-80°E and dip 75-80° towards the S (Figure 4-21).

EW-3 is consisting of a 2-3 m wide crushed central section connected to a
contact between Aspo diorite and fine-grained granite. The crushed section is
surrounded by 5-10 m of highly fractured Aspo diorite. Clay altered rock is
common especially in the crushed part of the zone. Coordinates for a plane that
approximates EW-3 are presented in Appendix 2, Table A2-5.

Compared with other zones investigated EW-3 has a more homogeneous
fracture array with one dominating dispersed set that strikes NW and dips
approximately 50° towards the SW. EW-3 is also enriched in fractures with
oxidized walls when compared with other zones /Stanfors et al, 1997/.

Observations

The fracture zone EW-3 was very well indicated topographically, and
geophysically (magnetic, seismic and electric) and in core boreholes KAS06
(60-70 m) and possibly in KAS07 (c. 420 m) during the pre-investigations and
estimated to be approximately 10 m wide /Wikberg et al, 1997/. In the tunnel
between 1407-1421 m, EW-3 was observed to be 12.1 m wide, to strike
approximately E-W and to dip 70-80°S.
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In the tunnel EW-3 was investigated by mapping and confirmed in two
percussion boreholes, HA1405A and 1405B (high penetration rate in 2-3 m
wide sections) /Rhen et al, 1995/.

Judgement of reliability

The reliability of existence (width and properties) of EW-3 is very high in and
close to the tunnel (tunnel documentation). The extension of the zone is
estimated to be reliable for some hundred metres outside the tunnel intersection
(surface geology, geophysics and borehole indications). Reliability of
properties and dip is high only for a narrow (approx. 50 m) area outside the
tunnel (tunnel and borehole documentation, borehole radar).

Fracture zone NE-2

Geometry and properties

On the site scale fracture zone NE-2 is estimated to trend NNE/NE and
expected to follow a somewhat winding course dipping 75-80°SE. Figure 4-22
shows the interpretation of NE-2

The brittle deformation of this zone is probably greatly influenced by the
former ductile shearing and mylonitization /Stanfors et al, 1997/.

Figure 4-22.
/Munier,1995/.

Computer graphics of NE-2, looking NW and down



122

Measured strikes in the tunnel vary between N15°E and N36°E measured dips
cluster around 65-82°S. However, the width of the most intensively foliated
portion of the mylonite varies between 1 and 5 m.

The coordinates of a plane that approximates the zone are presented in
Appendix 2, Table A2-5.

Observations

NE-2 was indicated geophysically (low-magnetic and decreased resistivity
along almost the entire zone). Geological indications were found on surface of
the SW part of zone NE-2 (intense fracturing and alteration of outcrops in the
trench). Borehole indications in KAS04 (430 m), KAS08 (40-60 m), KAS13
(370-410 m) and HAS 16 (20-80 m) of mylonite and crushed and highly altered
sections, as well as VSP and borehole radar data indicated the extent of the
zone at depth. Hence, fracture zone NE-2 is only locally developed and rather
faintly topographically indicated /Wikberg et al, 1991/.

Intersections of fracture zones mapped in the tunnel, at about 1602 m, about
1844 m and about 2480 m represent one or two branches of NE-2. (Figures 4-
23 and 4-24). In two percussion boreholes, drilled from the tunnel, penetration
rate and borehole TV indications confirmed the zone /Rhen et al, 1995/ at
tunnel section 1602 m. An estimated southeasterly dip of NE-2 is supported by
the fact that there is no indications of fractured mylonites in core boreholes
KA1754A and KA1751A IMunier, 19951.

The most prominent structure in the vertical shaft IMunier and Hermansson,
19941 is an approximately 10 m wide body of mylonite that strikes locally N to
NNE and dips 75 ° towards the E. The inferred outcropping of this significant
body of mylonite coincides with the location of NE-2 on surface. What could
be interpreted as a branch of NE-2, dips approx. 80° toward the SE as inferred
from surface outcropping. It is possible that this mylonite, or any splay of NE-
2, rotate or curl with depth towards parallelism with the mylonite intersected
in the shaft.

Surface, shaft and tunnel intersections were modelled in three-dimensional
space. The observations cannot be uniquely fitted with a single planar structure.
However, the undulating nature of the mylonite obvious at the surface,
confirmed by various measurements in the tunnel down to about chainage 2480
m are well aligned by a sub-planar structure that strikes 25° and dips 75°
towards the SE on average. The natural variability in mylonite orientation
makes accurate predictions of any future intersection uncertain. However,
reasonable estimates can be obtained from the derived orientation presented
here and from Figure 4-22.
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Figure 4-23. Fracture zone NE-2 at section 1602 m in the tunnel.
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Figure 4-24. Fracture zone NE-2 at section 1844 m in the tunnel
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Judgement of reliability

The reliability of the existence (width and properties) of NE-2 in a restricted
area of Aspo (surface indications) and in some sections of the tunnel is high but
the reliability of geometry and extension is rather low due to the estimated
winding extension. Estimated properties of NE-2 are valid only for tunnel and
borehole intersections.

Fracture zone EW-1

Geometry and properties

Fracture zone EW-1 can be regarded as a part of the about 300 m wide low-
magnetic zone (Aspo shear zone), trending NE, which divides Aspo into two
main blocks. EW-1 consists of at least two strands and hydraulic tests indicate
that parts of EW-1, as an hydraulic feature, has been approximated with two
main hydraulic structures with coordinates as presented in Appendix 2, Table
A2-5, and within the structure with a hydraulic conductor domain called SRD2,
see Chapter 6. The hydraulic structures are parallel, strike NE and dip 78° and
88° SE respectively.

Initially the zone was formed by early ductile/semi-ductile deformation. Local
development of mylonites and epidotic shear zones controlled the orientation
of later brittle deformation in the form of increased fracturing and brecciation.
Hydrothermal alteration (oxidation of magnetite to hematite and red-staining
of fractures) and formation of different fracture filling minerals probably had
an important sealing effect on the main part of the zone. The most conductive
parts of EW-1 seem to coincide with some narrow highly fractured sections or
single open fractures which are probably not connected along the entire zone.

According to /Munier, 19951 the ductile precursor of EW-1 was sinistral strike-
slip, the latest brittle reactivations appear to have been dextral strike-slip as
inferred from fracture geometry and slickenside lines.

Observations

The fracture zone EW-1 was early indicated by the airborne geophysical survey
/Nisca, 1987/ and the lineament interpretation /Tiren, 1987/. Ground geophysi-
cal investigation confirmed the extension of EW-1 in more detail. In the first
drilling campaign a cored borehole KAS04 (55-70 m and 175-190 m) - inclined
60° SE crossed the zone. EW-1 is also indicated in the percussion boreholes
HAS01, HAS05, HAS 18, HAS 19 and HAS20 by increased fracturing and
alteration. EW-1 is schematically visualized by in Figure 4-25.

Fracture zone EW-1 is very well documented topographically (50-100 m wide
depression in the ground extending many hundreds of metres), geophysically
(low-magnetic and low-resistivity zone 200-300 m wide), geologically
(outcrops in trench with mylonites and crushed sections) and in boreholes
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Figure 4-25. Computer graphics showing the geometry of EW-1 in relation
to the HRL. Coloured lines represent boreholes interpreted to be drilled
through the structures shown /Munier, 1995/.

(mylonites and many highly fractured and altered sections in drill cores). EW-1
is also indicated by VSP (Vertical Seismic Profiling) /Cosma, 1990/ and
borehole radar /Carlsten, 1990/.

Core borehole KA1755A (90-100 m and 195-215 m) drilled from the tunnel
(Figure 4-26) mainly supports the initial model of EW-1 as a complex fracture
zone comprising steeply dipping branches in an inhomogeneous rock mass. The
rather wide mylonites in the surface trench are found again as narrow veins in
the core but the volcanite at the surface is not found again in the core. /Stanfors
etal, 1994/

An interpretation of EW-1 based on surface geological and geophysical data
and information from core borehole KA1755A strongly supports the idea of
two main branches - with very intense fracturing, mylonitization and hydrother-
mal alteration. The rock mass between the two branches is more or less altered,
especially at the surface.

Summarized the structural interpretation of EW-1 is based on lineament
interpretation, outcrop observations and various boreholes. It has not been
possible to find a single plane that uniquely intersects the observations of
mylonite, crushed rock and water inflow in the boreholes. Using two faults, the
correlation of borehole and surface observations is better constrained.
However, additional investigations are necessary to constrain the detailed
geometry of EW-1 and its constituent components; alternative models,
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Figure 4-26. Interpretation of fracture zone EW-1. Section parallel to
borehole KAI 755A. /Stanfors et al, 1994a/.

invoking more than two faults, are possible. Using two hydraulic "planes" is
probably a too big simplification of a complex zone like EW-1.

Judgement of reliability

The reliability of the existence of EW-1 on the site scale is very high in most
of the Äspö island (topography, geophysics and boreholes).
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Reliability of properties is high where the zone is penetrated by boreholes. Due
to the estimated complicated character of EW-1 the reliability of geometry on
a more detailed scale is rather low.

Gently dipping fracture zones and fracture swarms

Geometry and properties

Two well defined gently dipping fracture zones were found in the tunnel. The
first one intersects the tunnel at chainage 220 m. It consists of anastomosing
fractures striking NW and dipping 25°SW with a spacing of less than 10 cm.
The width of the zone is 0.5 m. Parts of the zone consists of calcite-impreg-
nated breccia. Epidote and chlorite fillings are also present /Rhen et al, 1995/.

The second and most prominent gently dipping fracture zone appears at
chainage 1744 m down to 1850 m (Figure 4-27). Intense fracturing trending
NE and dipping 32°SE, subparallel to the tunnel for almost hundred metres.
The width is less than a metre with mineral fillings of epidote, chlorite and
oxide. Parts of the zone contain fault breccia which gradually decreases in
intensity to anastomosing fractures with a spacing of 10 cm or more. A minor
amount of water inflow (drops) were observed in the brecciated part of the
zone.

Except for the two gently dipping fracture zones described many other sub-
horizontal fractures occur in swarms rather than zones, much like the
subvertical NNW hydraulic conductors appear in swarms. The swarms are
visible in straight parts of the tunnel, but most detectable in the larger niche
corners. Munier and Hermansson /1994/ defined a 'fracture swarm' as a zone
with relatively high fracture frequency, but not so high as a proper 'fracture
zone', with fracture orientation essentially parallel to the orientation of the
swarm boundary.

Altogether seven subhorizontal fracture swarms have been identified in the
HRL. Three of them crosscuts the spiral part of the tunnel at the depths about
220 and 330 m in the two elevator rooms and four swarms in two groups are
intersecting the access ramp at around chainage 450 m and 1050 m. Three of
the swarms and one gently dipping fracture zone are illustrated in Figure 4-27.
Details on positions and orientation of the gentle dipping structures are
presented in Munier and Hermansson /1994/, Hermansson /1995/ and Rhen
andStanfors/1995/.

Observations

Gently dipping (<35°) fracture zones (GDF) on the surface of Aspo was
described by FTalbot andRiad, 19871 and was interpreted as superficial stress-
relief to the surface exaggerated by the retreating Quaternary ice sheets. Further
studies of the surface geology revealed the presence of three gentle thrusts on
southern Aspo striking E-W and dipping N ITalbot and Munier, 19891, all of
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Aspo Hard Rock Laboratory

Fracture model section along ramp

BocKholmon

Figure 4-27. Structural model - section along ramp.

which appeared to be associated with early gently dipping gneiss zones, thrusts
and high fault scarps. Interpretations based on seismic reflections /Ploug and
Klitten, 1988/ suggested the presence of gently dipping fracture zones with a
90-133 m spacing at depth ITalbot and Munier, 19891. Structural mapping by
/Munier and Hermansson, 19941 in the vertical elevator and ventilation shafts
did not reveal any subhorizontal zones or gently dipping gneiss zones.
However, occasional gently dipping fractures have been observed both in the
shafts and in the tunnel. On stereo plots of the complete fracture pattern there
is a clear cluster of subhorizontal fractures scattered over the whole HRL.
Radar reflections in borehole KA2048B ICarlsten, 19931 also reveal a few
subhorizontal reflections.

Judgement of reliability

The reliability of existence of gently dipping fracture zones and fracture
swarms in the tunnel is high but the reliability of extension, geometry and
properties outside the tunnel is estimated to be very low.

Minor subvertical fracture zones

Geometry and properties

Several small-scale fracture zones have been mapped underground. Most of
them trend NNE-NE but some WNW-trending zones are also observed. The
zones are generally not wider than 1 m and rarely exceed 0.5 m in width. Most
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consist of a single or up to a handful of anastomosing faults that generally
contain gouge, slickensides or mylonitic fabrics. The host rock is generally my-
lonitized near faults.

The water-bearing minor subvertical fracture zone NNW-4W is an example of
a persistent fracture zone which is confirmed in the tunnel by three intersec-
tions at 2020 m, 2120 and 2914 m (Figure 4-28) with 5-10 cm wide fractures
filled by grout in metre-wide sections of cataclastic granite /Rhen et al, 1995/.
Coordinates for the minor fracture zones judged to be hydraulically important
and possible to identify approximately to position and extent are presented in
Appendix 2, Table A2-5 as plane features.
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Figure 4-28. Fracture zone NNW-4W. Intersection in tunnel at 2120 m.
White fracture filling is calcite, grey is grouting material /Photo K. Annertz/.

Observations

A great number of fractures and narrow (decimetre to a few metres wide)
subvertical fracture zones striking approximately north have been mapped on
outcrops in Aspo. More or less extensive, they seem to branch out in an en-
echelon pattern across the island.
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Only a few of them are topographically significant but normally too narrow to
be geologically unambiguously indicated. Vertical Seismic Profiling and
borehole information support the notion of steep, mostly easterly dips. All these
fractures and fracture zones were described under the designation 'NNW-
system' in the predictions.

Combined results from tunnel mapping and drilling from the tunnel show the
characteristic pattern of the small scale structures. They mostly occur in a
complex pattern of steeply dipping fractures (fracture swarms) and some
decimetre-wide 'fracture zones' trending WNW to NE. Many of the narrow
fracture zones are connected to veins or dikes of fine-grained granite.
Especially regarding the conductive feature NNW-2 there are a number of a
few decimetre-wide fracture zones in the tunnel which seem to be possible to
correlate to indications in boreholes, crossing the central part of the spiral,
forming a hydraulically active structure trending WNW-NNW, (Figure 6-31).
The character of NNW-1 structure as 'fracture zone' is not very evident. NNW-
1 should rather be described as a 10-30 m wide swarm of mostly subvertical
conductive fractures trending WNW to N, where the WNW-NW trending
fractures are normally the most frequent and hydraulically important.
According to the structural model (Figure 4-19) fracture zone EW-3 acts as a
more or less tight barrier between the main water conductor NE-1 and the
fractures trending WNW-NW in the western part of the spiral. The highly
water-bearing fracture zone NNW-4W is more directly connected to NE-1.

During the course of the investigations for the SELECT Project, the minor
fracture zones NW-2 and NW-3 were identified /Winberg et al, 1996/.

Judgement of reliability

The reliability of the existence and their approximate frequence of the minor
zones in the tunnel is high (tunnel mapping and drilling). The reliability of
extension, geometry and properties outside the tunnel is estimated to be low.

Small scale fractures in the rock mass

Several authors /Ericsson 1987, 1988, Munier in Stanfors et al, 1993a, 1994a,
Munier, 1993a and c, La Pointe et al, 1995, Kickmaier, 1995, Mazurek et al,
1996 and Poteri, 19951 have made thorough analyses of the mapped fractures
at Aspo which are stored in the SICADA data base. The data base consists of
more than ten thousand fracture observations. Hermansson /1995/ made a
special study with the main aim of synthesizing the structural geology of water-
bearing fractures.

Regarding fracture frequency (fracture spacing) it is important to make some
comments on the different fracture data recorded during the investigations.

During pre-investigation of the Aspo target area a great number of core
boreholes were drilled. Most of them are subvertical but one (KBH02) is



131

subhorizontal. Core mapping of these boreholes recorded 'natural' fractures
defined as fractures that have parted the core. Fractures that have not parted the
core were recorded as 'sealed' fractures. Strdhle /1989/. Fractures induced by
drilling were recorded as 'breaks'.

The amount of 'natural' fractures in the surface core boreholes is calculated to
be in the order of 3.7 fractures/m for the subvertical boreholes and 3.5
fractures/m in the subhorizontal KBH02 (crush zones, >20 fractures/m,
excluded). If we exclude all sections in the core with a fracture frequency >5
fractures/m (fracture zones and increased fracturing) we get 2.2 fractures/m as
a mean value for all pre-investigation core boreholes.

To compare core mapping fracture data from surface boreholes, and tunnel
mapping data all fractures (>lm length) intersecting the tunnel axis have been
recorded.

For the upper part of the tunnel, down to a level of about -400 m, the mean
fracture frequency of natural fractures for a scan line parallel to the tunnel axis
is estimated to be in the order of 0.5 fractures/m and below the -400 m level 0.4
fractures/m.

The mean fracture frequency in the hoist shaft is calculated to be in the order
of 0.3 fractures/m along a vertical scan line.

The amount of 'natural' fractures in a drill core is normally overestimated due
to the fact that many sealed fractures are broken during drilling and handling
of the core. These fractures are sealed and tight in the tunnel. The number of
'open' fractures does not match very good between boreholes and tunnel.

According to Munier /1995/ most fractures mapped at the Aspo HRL (all
fractures >1 m in the tunnel except fractures in 'fracture zones') fall into four
main clusters (Figure 4-29). Three are steep and strike NS, NNW and WNW;
a fourth cluster is subhorizontal. Hermansson /1995/ also describes a less
pronounced NE set. The intensity of various clusters varies with the rock type.
Fractures in fine-grained granite are typically steep and strike WNW, NS. The
subhorizontal cluster is relatively weak (Figure 4-29b). The fracture array in
Aspo diorite is similar to the array in fine-grained granite but the subhorizontal
fractures are more frequent (section 1750-2000 m in the tunnel) in diorite
(Figure 4-29c). Regarding Smaland (Avro) granite, the same clusters are
present as in Aspo diorite and fine-grained granite, but the clusters striking
NNW are more intense in granite samples (Figure 4-29d). The fracture array
of greenstone samples (Figure 4-29e) consists of a single steep cluster striking
WNW, which is partly different from other rock types. Figure 4-12 illustrates
the rock distribution of depth in the tunnel.

Figure 4-30 illustrates the cluster orientation at depth. The dominating N-S
cluster down to -200 m changes to NW-(WNW) at greater depth. Fracture
orientation data from surface mapping in southern Aspo are presented in Figure
4-31 for comparison.
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a)
All mapped fractures

N

b)
Fine grained granite

N

4034 fractures 261 fractures

C) Aspo diorite d) Smaland (Avro) granite
N

2652 fractures 632 fractures

e)
Greenstone

N

277 fractures 250 fractures

Figure 4-29. Lower hemisphere, equal area projections of poles to fracture
planes contoured according to Kamb. In (a) all fractures sampled in tunnel
section 1600-2000 m are treated. The figures (b)-(e) were obtained by sub-
dividing the sample represented in (a) into groups of different rock types
/compiled from Munier and Hermans son, 1994/.
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DEPTH (m)

-100<Z<0
1379 fractures, radius = 138

-200<Z<-100 Wl ~~n^^^^ma>m IE
1346 fractures, radius = 135

-300 < Z < -200 W
2168 fractures, radius = 217

-400 < Z < -300 W1 ^ — " — r - 1 E
1401 fractures, radius = 140

-460 < Z <-400 W ( — » M g . 1 E
269 fractures, radius = 27

2573 fractures

2440 fractures

3303 fractures

2212 fractures

421 fractures

Figure 4-30. Fracture orientation at different depths in the tunnel. Rosette
diagrams for fractures with dips of 70 to 90".
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Aspo subvertical fracture set

N

3666 Fractures
282 Fractures correspond to radius

Figure 4-31. Rosette diagram for all mapped outcrop fractures with dips
70-90° in southern Aspo. /Ericsson, 1988/.

I Epidote-Quartz

Time
(Ma)

2000

Water

Figure 4-32. Tentative chronological diagram illustrating main mineral
filling episodes.
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Mapped fractures were separated into groups according to their mineralogy and
related features /Munier and Hermans son, 1994/. Fractures coated with epidote
and quartz form a single cluster of steep fractures striking NNW. The
assemblage of epidote-calcite-chlorite coats steep fractures striking NNW-
WNW and forms a single cluster which is wide and diffuse due to the small
sample size. Oxidation and red staining occurs on steep fractures striking NS,
subhorizontal fractures, and is less obvious on steep fractures striking WNW.
Calcite occurs predominantly on fracture surfaces striking WNW. Sub-
horizontal and steep fractures striking NE are less prominent. A principal
cluster of chlorite fractures is steep and strikes NS-NNE. The subhorizontal
cluster and the steep cluster that strikes WNW are weaker. The array of
fractures coated with the mineral assemblage chlorite-calcite can be represented
by four sets. Three are steep and strike NS, NNW and WNW. A fourth set is
subhorizontal. According to Mazurek et al /1996/, who investigated water-
bearing fractures in the Aspo tunnel, there is no striking relation between
fracture infills and fracture orientation.

The relative ages of mineral assemblages filling fractures have been determined
by Tullborg using intersecting relationships and their formation temperature in
Munier et al /1988/, Munier /1993c/ and Tullborg /1989/ A succession of
fracture fillings of decreasing age has been proposed and includes: quartz,
epidote, red staining, chlorite, Fe-oxy-hydroxides and calcite (Figure 4-32).
The arrays of mineralized fractures differ considerably with mineral infilling.
Younger arrays are more complex due to the superposition of new fracture sets
and reactivation of old sets /Munier, 1989, Munier, 1992, 1993c, 19951.
Repeated and sequential reactivation of the same faults has been demonstrated
by superposition of different mineral coatings, each of which displays a
characteristic set of slickenside lines ITalbot and Munier, 1989, Mazurek et al,
1996/

Fault gouge and water have been treated as fracture fillings. The relative ages
of these fractures cannot be deduced by the method applied to other mineral
fillings. Most faults with gouge contain most other minerals and apparently
have a long history of repeated and sequential reactivations. The relative
simplicity of the gouge-filled fracture array implies that only the latest
reactivations have been preserved, I Munier, 19951.

Fractures containing water have a wide range of orientations but two sets are
evident on contoured stereograms; these are steep and strike WNW (most
dominant) and NNW (Figure 4-29f). Both sets are present in the arrays of
mineralized fractures. It is therefore suggested that the present flow paths are
inherited from older structures. Some of these appear to have been repeatedly
reactivated ever since at least epidotic times.

Biased mean fracture trace lengths vary with mineralogy and range from 3.4 m
(Fe) to 4.57 (quartz) in tunnel section 000-3300 m. /Munier, 1995/ Pegmatite
veins, quartz coated fractures and fractures with fault gouge, are significantly
longer than fractures with other mineralogies at the 95% confidence level. The
shortest fractures are those coated with Fe-oxides, fluorite, chlorite and calcite.
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Mean trace length were calculated for fractures sampled in different rock types.
The difference in mean values is not significant at the 95% confidence limit.
That is, fracture trace lengths and lithology appear to be uncorrelated at the
Aspo HRL.

Due to various sampling bias it is difficult to analyse trace lengths. Here, the
difference in biased trace lengths, the relative trace lengths between subsets of
the fracture samples is addressed as it is assumed that bias affects all used
subsets equally.

Some of the main results of fracture evaluation performed by Munier /1992,
1993c and 7995/are summarized below:

8 Fractures sampled at Aspo HRL display an array that consists of four
main sets. Three sets are steep and strike WNW, NNW and NNE; a
fourth set is subhorizontal.

• The fracture arrays do not differ to a great degree between different rock
types. One exception is greenstone that essentially displays steep
fractures with WNW strikes.

" The most common fracture coatings are calcite, chlorite and a combina-
tion of both. Together, these coat 80% of the mapped fractures.

• Fractures trace lengths are log-normally distributed in all rock types.

• Fracture trace lengths do not vary with rock type.

• Fractures containing water generally have coatings enriched in epidote,
quart2: and Fe-oxides.

• Fractures with injected grout are steep, strike WNW and are generally
longer than other fractures.

An overview of all fracture zones indication and large water-bearing fractures
mapped in the tunnel is presented in Figures 4-33—35.
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Figure 4-33. Mapped fracture zones and single open large waterbearing
fractures. The fractures are mainly subvertical.
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Figure 4-34. Mapped fracture zones and single open large waterbearing
fractures. The fractures are mainly subvertical.
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fractures. The fractures are mainly subvertical.
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MECHANICAL STABILITY MODEL

Rock mechanics evaluation was performed for the Aspo HRL based on the
results from rock stress measurements in three boreholes on Aspo, the
laboratory testing on core samples and geological pre-investigations /Stille and
Olsson, 19901. During excavation of the tunnel a number of overcoring
measurements for rock stress determination were made underground. After
each excavating sequence a rock mass classification was carried out for the
latest excavated part of the tunnel. Complementary laboratory tests of rock
samples from the tunnel were also made. The report, Stille and Olsson /1996/
summarize rock mechanics experience and discuss the situation in more
general terms from the viewpoint of the specific conditions at Aspo HRL.

The mechanical stability model comprises:

• the rock stress situation
• mechanical properties
e rock mass classification

5.1 ROCK STRESS CONDITIONS

5.1.1 Results from deep surface boreholes

During the site investigation phase, stress measurements were made in surface
boreholes KAS02, KAS03 and KAS05 see Figure 5-1. KAS02 and KAS05
were drilled near-vertical, within and below the rock volume later enveloped
by the ramp loops. KAS03 is also near-vertical, but located some 500 m to the
north-west of the ramp area.

The surface borehole measurements employed both hydraulic fracturing and
overcoring. Hydraulic fracturing was used in holes KAS02 and KAS03, and
provided a total of 41 point measurements, distributed over depths down about
950 m. Hydraulic fracturing is a two-dimensional method that provides
information on stress conditions in the plane perpendicular to the borehole (i.e.
in this case horizontal stress components).

In KAS05, an early version of the three-dimensional deep-hole overcoring
method developed by the Swedish State Power Board was used. A total of 7
tests were reported from the overcoring work. Three points were located at a
depth of 195 metres and the remaining four at about 355 metres.
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Figure 5-1. Surface boreholes and locations along the ramp where stress
measurements were made /Leijon, 1995/.
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5.1.2 Results from short underground boreholes

Concurrent with the excavation of the access ramp, overcoring measurements
were made in a series of 12-18 m long, near-horizontal boreholes drilled from
suitable locations along the ramp. The main objective was to evaluate
predictions of local rock stresses made prior to excavation. An additional
objective was to provide background data required to establish stress ranges on
a site scale. The overall state of stress determines the mechanical boundary
conditions for the various experiments to be conducted at Aspo ILeijon, 19951.

Starting at a depth of 143 m, measurements were made in a total of 11
boreholes, representing 8 locations along the ramp, the deepest at 408 metres.
As indicated in Figure 5-1, two measurement locations are located in the first,
straight part of the ramp. The remaining locations are distributed along the
spiral part.

The measurements prove a dominating NW-SE orientation, which corresponds
to the prediction see Figure 5-2.

Mean
N53W

Mean
N36W

Figure 5-2. Orientation of maximum horizontal stress, from overcoring holes
in the ramp (hole averages) and hydraulic fracturing in KAS02 (test points)
/Leijon, 1995/.

The measurements made in the tunnel proved the presence of a considerably
higher stress level than was anticipated, based on the measurements made in
the deep surface boreholes. The estimated mean Ko-value (Ko is the ratio
between the maximum horizontal stress (aH) and the theoretical vertical stress
(ov)) for all boreholes, is 2.9, with the average for individual boreholes ranging
between 1.7 and 4.0. Single measurements in the individual boreholes varied
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between 1.5 and 4.0. The Ko-values at different depths are presented in Figure
5-3 IStille and Olsson, 19961.

The maximum horizontal stress component proved to be significantly higher
for the measurements made in the tunnel. The maximum horizontal stress
component measured at different depths in surface boreholes and in the tunnel
are presented in Figure 5-4.

The relationship between the highest horizontal stress and the lowest horizontal
stress is presented in Figure 5-5 for the same measurements as in the figure
above.
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Figure 5-3. Ko-values at different depths /Stille and Olsson, 1996/.

The difference between the results from rock stress measurements made from
the surface and in the tunnel can not be explained by geometrical factors, for
example that measurements in the tunnel were made too close to the tunnel.
Some differences may possibly be explained by natural variations in the rock
mass.
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Figure 5-4. Measured maximum horizontal stress /Stille and Olsson, 1996/.

It is, however, probable that a large portion of the differences is due to the two
different methods for making the measurements, i.e. overcoring and hydraulic
fracturing. A brief review of all measurements shows that hydraulic fracturing
provides significantly lower stress levels. In the pre-investigation phase the
majority of the measurements were made using hydraulic fracturing, while
overcoring was used for all measurements in the tunnel.

A more comprehensive analysis of the rock stress conditions at Aspo are
needed to give a clear explanation of the significant difference between the
rock stress magnitude measured from the surface and that measured from the
tunnel. It is recommended that such study be performed.
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• Maximum/minimum horizontai stress,
boreholes from surface

o Maximum/minimum horizontal stress,
boreholes in tunnel

Figure 5-5. Relationship between maximum and minimum horizontal stress
/Stille and Olsson, 1996/.

5.2 MECHANICAL PROPERTIES

The laboratory testing comprised uniaxial compressive strength, Young's
moduli, Poisson's ratio and an estimate of the degree of brittleness. A few
results from testing of joints were also presented in Stille and Olsson /1996/.

The tests were performed on cores selected from one single borehole. A total
of four tests were carried out for each of the four rock types.

Laboratory testing of mechanical properties is usually of less importance for
predictions of rock stability conditions in Swedish underground facilities. The
results from compressive strength testing are used to ensure that the correct
magnitude of compressive strength is applied in the rock classification system.
The testing of brittleness is important for further evaluations on the potential
for rock burst. The number of tests usually performed prior to excavation is
normally small and the result usually exhibit rather big variations.
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During the excavation period cores were drilled out in the tunnel and selected
for laboratory testing. Similar testing was carried out during the prediction
phase. The testing of joint surface parameters was, however, not performed and
is not further discussed here. A total of ten tests were generally performed for
each parameter and rock type. Only nine tests were performed for fine-grained
granite. The cores for each rock type were selected from 2-8 different
boreholes, mainly located in the first part of the tunnel. The results of the
testing are further described by Lee et al /1993/ and Delin et al / 19931.

A summary of the results from the testing performed during the pre-in-
vestigation and excavation phases is presented in Table 5-1 /Stille and Olsson,
1996/.

The variations between the results from the pre-investigation phase and those
from the excavation phase are significant. Significant variations were also
observed between tests performed during the same phase. The significant
variations may possibly be explained by the small number of tests performed
and also by natural variations in the rock mass. The samples were also collected
from different levels. Earlier experience also proved that a large number of
tests must be performed to achieve high statistical accuracy in the material.

For design of underground constructions in similar rock types in Sweden, a
large part of the laboratory testing may be replaced by general experience from
other sites. The testing should mainly be concentrated to specific rock types of
major importance for indications of, for example, spalling, slaking, rock burst
and poor rock.

For investigations and undisturbed testing of rock of poor quality drilling
techniques other than those used at the Aspo Hard Rock Laboratory are necess-
ary, like triple-barrel core drilling.

53 CLASSIFICATION OF ROCK MASS

A well established rock classification is of great importance when planning of
a new underground project. Time and cost conditions will be influenced to a
high degree by the rock quality, especially the amount of rock of poor quality
which will require to comprehensive rock support and grouting /Stille and
Olsson, 19961.

The demand for establishing an acceptable prediction for rock qualities is
extremely important for underground constructions at great depth, where the
groundwater pressure present will raise difficulties in stability and sealing
matters.
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Table 5-1. Laboratory testing of mechanical parameters. From /Stille and
Olsson, 19961. Data based on surface boreholes or tunnel boreholes.

Unconfined
compressive
strength
(MPa)

Surface boreholes
-mean
-range
No of tests

Tunnel boreholes
-mean
-range
No of tests

Young's
modulus
(Gpa)

Surface boreholes
-mean
-range
No of tests

Tunnel boreholes
-mean
-range
No of tests

Poisson's ratio

Surface boreholes
-mean
-range
No of tests

Tunnel boreholes
-mean
-range
No of tests

Brittleness

Surface boreholes
-degree of brittleness
No of tests

Tunnel boreholes
-degree of brittleness
No of tests

Greenstone

(MPa)

119
103-168

4

207
121-274

10

(GPa)

53
32-74

4

78
71-96

10

(-)

0.25
0.24-0.26

4

0.24
0.18-0.31

10

more brittle
4

brittle
10

Fine-grained
granite

(MPa)

236
152-336

4

258
103-329

9

(GPa)

65
59-70

4

77
72-80

9

(-)

0.22
0.20-0.22

4

0.23
0.21-0.25

9

less brittle
4

more brittle
9

Aspo diorite

(MPa)

184
164-217

4

171
103-210

10

(GPa)

60
54-65

4

73
65-80

10

(-)

0.23
0.20-0.25

4

0.24
0.22-0.29

10

brittle
4

more brittle
10

Smaland
(Avro) granite

(MPa)

189
147-260

4

255
197-275

10

(GPa)

62
62-63

4

74
63-79

10

(-)

0.24
0.24

4

0.23
0.20-0.26

10

brittle
4

more brittle
10
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Table 5-2. Summary of predicted and observed RMR-values along the
tunnel 431-2875 m /Stille and Olsson, 1996/. 'Prediction' was based on
surface borehole data. 'Outcome' in the table is based on tunnel mapping
data.

Class RMR-value Predicted Outcome
distribution distribution

A
B
C
D
E

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

23
50
19
3
5

28
40
28

4

The distributions of individual RMR-values are presented in Figure 5-7.

For the classification of the rock mass in the Aspo tunnel the RMR-system was
applied. This system employs five parameters describing the rock mass and is
more simple to use when the classification is based on pre-investigation data.
If any parameter is missing, it is possible to estimate the value of the missing
parameter. The Q-system is more complex and employs more parameters. The
RMR-system is usually divided into five different groups which correspond to
'very good rock' to 'very poor rock'. To get a more accurate prediction for the
Aspo tunnel the rock mass was divided into five groups which were estimated
to better apply to the different stability conditions expected to be significant
/Stille and Olsson, 1996/.

The following stability conditions were in the prediction estimated to apply to
the different rock mass classes:

Class A Instability of single blocks.

Class B Instability of single key blocks which may progress to failure of
the roof arch. Orientation of joints will determine the amount of
rock support necessary.

Class C Instability in the roof. Difficult to locate all unstable areas. Both
small and large blocks have to be supported. Large blocks are
supported by bolts and smaller blocks by shotcretes. Bolts and
shotcretes are applied systematically.

Class D General instability in walls and roof. A rock arch has to be
established to make the tunnel stable. This necessitates systematic
installation of bolts and shotcretes.

Class E As class D.
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A summary of the predicted and observed RMR-values is presented in Table
5-2. The variations in observed RMR-values along the tunnel are presented in
Figure 5-6.

To analyse the effect of major fracture zones, that can probably be identified
during the pre-investigation phase, the distribution of RMR-values in % of
tunnel length were plotted including the zones, see Figure 5-7. Figure 5-8
shows the distribution of individual RMR-values along the tunnel excluding
the parts that have been geologically defined as fracture zones wider than 5 m.
The geological definition of zones is further described by Annertz, K in Rhen
and Stanfors /1995/.

The RMR-values for different rock types were also analysed. The distributions
of RMR-values in respective rock types are shown in Figures 5-9 to 5-12.

A summary of RMR-values in the different rock types is also presented in
Table 5-3.

Figure 5-6. Distribution of RMR-values along the tunnel /Stille and Olsson,
1996/.
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Table 5-3. Summary of RMR-value in different rock types /Stille and
Olsson, 19961. Tunnel mapping data.

Greenstone Fine-grained
granite

Aspo diorite Smaland
(Avro) granite

Mean RMR-value
Interval
Standard dev.
No. of values

64
53-74
6
18

48
15-89
13
69

69
28-97
10
289

65
35-92
11
202

The predicted RMR-values for the tunnel show acceptable correspondence with
the observations made in the tunnel.

The portion of poor rock will have a determining influence on cost and time
factors for the tunnelling work. It is therefore important that the prediction of
poor rock correspond well to the outcome. For the Aspo tunnel poor rock was
predicted to 8 % while the outcome was 4 %. While establishing a prediction
of rock quality a rock classification system is commonly applied to core
samples. General experience from this is that the prediction will be somewhat
conservative, i.e. lower RMR-values will be predicted than what actually will
be found in the tunnel.

DISTRIBUTION OF INDIVIDUAL RMR-VALUES,
INCLUDING MAJOR FRACTURE ZONES

Section 0/431-2/875

RMR

Figure 5-7. Distribution of individual RMR-values in % of tunnel length,
major fracture zones included. Tunnel section 431 - 2875 m /Stille and Olsson,
1996/.
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DISTRIBUTION OF INDIVIDUAL RMR-VALUES, NOT
INCLUDING MAJOR FRACTURE ZONES

Section 0/431-2/875

RMR

Figure 5-8.. Distribution of individual RMR-values in % of tunnel length,
major fracture zones not included. Tunnel section 431 - 2875 m /Stille and
Olsson, 1996/.

RMR-VALUES IN GREENSTONE

25

2 0 {•

15 ~-

1 0 ':-••

5

RMR

Figure 5-9. RMR-values in % of tunnel length in greenstone. Tunnel section
431 - 2875 m/Stille and Olsson, 1996/
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RMR-VALUES IN FINE-GRAINED GRANITE
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6

4
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0 1 UIULJL~1

RMR

Figure 5-10. RMR-values in % of tunnel length in fine-grained granite. Tunnel
section 431 - 2875 m /Stille and Olsson, 1996/.

Experience from the Aspo tunnel prove that the rock quality is very dependent
on the rock type. Fine-grained granite, which is often fractured, exhibits both
significantly lower mean RMR-values and larger variations.

The differences between greenstone, Smaland (Avro) granite and Aspo diorite
are smaller and they also show smaller variations.

RMR-VALUES IN ASPO DiORITE

RMR

Figure 5-11. RMR-values in % of tunnel length in Aspo diorite. Tunnel section
431 - 2875 m /Stille and Olsson, 1996/



154

RMR-VALUES IN SMALAND (AVRO) GRANITE

12

10

8

6

4

uiu .Li

RMR

Figure 5-12. RMR-values in % of tunnel length in Smaland (Avro) granite.
Tunnel section 431 - 2875 m /Stille and Olsson, 1996/.

5.4 RISK OF SPALLING, SLAKING AND ROCK BURST

Since parts of the tunnel was located at a very considerable depth there was a
possible risk of rock burst. Rock burst usually occurs at great depth where rock
stresses are high, but it may also be observed at lesser depths under some
conditions. Rock stress problems with frequent rock burst are very difficult to
foresee with certainty /Stille and Olsson, 1996/.

Rock burst is an explosion-like failure in virgin rock, and depends on a number
of factors such as:

• High stresses in the rock
• Residual stresses
• Anisotropic stress conditions
9 Mechanical properties of the rock (structure, compressive strength,

brittleness)
• Fracture pattern in the rock.

To enable an evaluation of rock-burst activity to be made, some empirical
relationships were used for the prediction.

It was predicted that no rock burst to just minor rock burst should occur and if
rock burst should occur it would only be of minor intensity, like spalling and
mainly connected to greenstone. As already mentioned, much higher maximum
horizontal stresses were measured, up to around 30 MPa, from the tunnel than
in the pre-investigation (-20 MPa).



155

The laboratory testing of the rock has shown that the strength is a little higher
than was predicted. The higher horizontal stresses, that were measured, will
however increase the risk for rock burst.

An updated prediction of rock burst, based on both the higher rock strength and
the higher stress level, indicates that minor spalling may occur both in the
greenstone and Aspo diorite at depth greater than 400 m.

No rock burst was observed during the tunnelling operation. Occasional
cracking was heard after excavation and some tendency to spalling was noted.
The rock burst problem was thus less than expected from the updated predic-
tion. The result emphasises the difficulties of foreseeing rock burst activity.

5.5 ROCK SUPPORT

The rock support performed in the tunnel has comprised rock bolting, shotcrete
and grouting. The rock support work performed is presented and further
discussed below.

Bolts

Rock support with bolts comprised three different types of bolt:

• Coated Swellex length L = 3 - 4 m
OrstaCT-bolt lengthL = 3 - 4 m

• Grouted rebars, non-
tensioned without plates length L = 2.4 - 3 m

In general, Swellex bolts and grouted rebars were used as temporary support
installed during the excavating process, while the CT-bolts were used as
permanent support and installed after excavation.

Shotcrete

Shotcreting was done using both the wet mix and dry mix methods. For the part
of the tunnel where the most intensive fracture zones are located, stretching to
section 2600 m, the contractor Siab selected the wet mix method. This also
permitted the application of shotcrete containing fibres. For the rest of the
tunnel, which were excavated by a contractor Skanska, the dry mix method was
used.

Shotcrete were predominately used as permanent support installed after tunnel
excavation. In the major fracture zones, NE-3 and NE-1, intensive support with
shotcrete with fibres and bolts was applied during the excavation cycle.
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The amount of rock support work performed in the tunnel is presented in Table
5.4. Support work performed in connection with the caverns established for the
hoist and ventilation shafts is not included. The shotcreted areas refer to the
theoretical (or calculated) areas.

Rock support installed in connection with major fracture zones, defined as
being more than 5 m wide, is presented separately. Rock support in connection
with these zones has usually been applied over a larger area than the area
geologically defined as a zone. The total length of the zones is 225 m. With the
adjacent areas, where support work has been performed and obviously needed,
the total length is 350 m, which is approximately 11% of the tunnel length. As
much as 55% of all bolting and 77% of all shotcrete in the tunnel have been
performed in connection with these zones.

Table 5-4. Summary of rock support work performed.

Bolts

Shotcrete

(no)
(%)

(m2)
(%)

Tunnel
portal

56
8

120
3

Fracture
zones width

of tunnel
length)

396
55

3377
77

Remaining
tunnel

267
37

900
20

Total

718
100

4397
100

For the rock bolting it has not been possible, except for the zones, to identify
a relationship between the rock quality or rock.type and the amount of rock
bolts. Rock bolts have predominantly been installed as spot bolts in the roof
and walls in all different rock qualities and rock types.

Systematic bolting has only been performed in the most intensive parts of NE-3
and NE-1. The typical rock quality in the zones is fair and poor, i.e. Classes C,
D and E (RMR 20-60).

Shotcreting was performed predominantly in connection with the zones and in
other areas in the tunnel with RMR values less than 60. According to the
geological follow up, 32% of rock belonged to Classes C, D and E. The
predicted rock support for these classes was a general shotcreting of the roof.
However, just 8% of the tunnel length has been supported with shotcrete.

The problem of identifying a more distinct relationship between rock support
and rock quality outside the zones can partly be explained by the generally very
low support intensity in the tunnel.
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The stability conditions in the tunnel are in general good. In the dominating
part of the tunnel the stability conditions only required spot bolting of single
blocks in the roof. Large areas of the tunnel have no rock support. More
intensive rock support work has only been performed in connection with major
fracture zones.

A favourable geometry and size of tunnel, as well as the future activities in the
tunnel which will permit the installation of complementary support, have
probably influenced the amount of support installed.

In relation to the rock classification, however, the amount of rock support has
been small. However, no observation has been made during the construction
period, and first year of the operation, that indicates a low stability in the
tunnel. There is therefore no present information that indicates that the tunnel
possibly is under-supported, i.e. the tunnel has not been made with too little
support.

It is also important to point out that most of the rock support has been applied
in the major fracture zones. One of the main objectives during the pre-
investigation stage must, from a rock mechanics point of view, be to identify
major fracture zones.

5.6 GROUTING

The experience from the grouting work in the tunnel has been evaluated in
detail and the results are presented in two separate reports /Stille et al, 1993 and
1994, Gustafson and Stille, 1996/.

The difficult hydrogeological conditions for the tunnelling work, with high
water pressure and locally high transmissivities in the rock mass, made the
grouting operations very important for the tunnelling work.

At an early stage of the project there was a desire to avoid grouting operations
in the tunnel due to planned future research activities concerning hydrogeology
and groundwater chemistry. It was, however, obvious at an early stage that the
amount of grouting work would be significant. Three objectives were therefore
set up for the grouting work:

• the total allowed flow of water into the tunnel was specified at 3000
1/min (approximately 80 1 per minute per 100 m)

8 the grouting work should fulfil the demands of not jeopardizing the
stability conditions

• the grout spread around the tunnel should be limited to 10 m.

The results of the grouting work correspond well to these requirements.
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A total of 150 grouting operations were performed in the tunnel along section
0-3137 m. The grouting were predominantly performed as pregrouting, i.e.
before the excavation sequence. Regrouting, (more than one pregrouting at the
same tunnel front) was performed 50 times out of the total of 150. Regrouting
was performed mainly in the most extensively fractured zones (NE-1 and NE-
3) which represent 36 out of 50 regroutings.

The total pre-grouted length of the tunnel is approximately 841 m which
corresponds to 27%. The total length of grout fans are approximately 10%
higher, since a certain overlap is desired between grout fans.

Complementary grouting was also performed in probe holes and core boreholes
which have been drilled for the research programme. These groutings are not
further discussed here.

During the first part of the tunnel, grouting was performed with a cement-
silicate grout. During the extensive grouting work at NE-1 difficulties were
encountered in achieving required strength of the grout to withstand the water
pressure. To be able to remove the packers after a few hours grouts were used
to which calcium chloride had been added. The amount of calcium chloride
varied between 8% and 12%. Grouted volumes for different categories are
presented in Table 5-5. The distribution of grout volumes along the tunnel is
presented in Figure 5-13.

The table shows that 40% of the grouted volume was in parts of the tunnel not
being characterized as zones. In zones wider than 5 m, 44% of the grout
volume was consumed. These zones are of a size that both their position and
nature can be identified and predicted in the pre-investigation stage. Smaller
zones, less than 5 m, and the single fractures that consumed the remainder of
the grout are more difficult to localize prior to excavation. In the pre-investiga-
tion phase the hydrogeological conditions will, however, be characterized and
the presence of single fractures can be predicted. The position of single
conductive fractures is however very difficult to predict.

For construction of tunnels at shallow depth the water pressure is usually not
considered. Tunnels at great depth, with high water pressure, are exposed to
greater stability risks than other tunnels. The stability problems can result in
rapidly increased loads on tunnel support. Special attention must be given the
design of rock support in tunnels with high water pressure.
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Table 5-5. Summary of grouted volumes and drilled grout holes. (1 =
litre).

Grouted volume Total length of Grouted volume per
grout holes drilled borehole metre

(1) (m) (1/m)

Zones width <5 m
(23 no)

Zones width >5 m
(12 no, 225 m)

Remaining parts
of tunnel

Total

76 500
(16%)

205 000
(44%)

189 500
(40%)

471 000

2 400

14 400

700

23 800

32.0

14.2

27.0

19.8

GROUTING PERFORMED, SECTION 0-3600 M
FRACTURE ZONES: EW7

NE2 NNW4

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Section

Figure 5-13. Grout volumes along the tunnel.
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Figure 6-61. The logarithmic distance (Logw (D)) between conductors with a
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Data: Pressure build-up tests in probe holes in the tunnel chainage 1400-2900 m -
right wall. Test scale approximately 15 m. T: (m2/s), Distance = D: (m). The
number of features with T less than about 10'7 m2/s is probably underestimated
and makes the statistics uncertain in diagrams including such features.



262

6.4.3 Fracture characteristics of a block

In order to visualize a possible image of the fracture network at the Aspo site, a
Discrete Fracture Network (DFN) model was used /Hermanson, 1996/. The
observed fracture directions in the TBM tunnel are shown in Figure 6-62 and two
DFN realisations are shown in Figures 6-63 and 6-64. The fracture orientations
of the fractures in the DFN model were boot-strapped directly from the observed
data as it v/as difficult to fit any orientation model to the data set.

EQUAL-AREA PROJECTION
CInput Data]

EQUAL-AREA PROJECTION
[ I t D a t a ]

H •• - .

AH fractures Fracture set 1

EQUAL-AREA
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M

\

• - Pol

PROJECTION
Data]

N

. ,-.v
S

es

E

EQUAL-AREA PROJECTION
tInput Data]

Fracture set 2 Fracture sol b

Figure 6-62. Fractures in the TBM tunnel. Pole diagram for all fractures
according to observations and fracture sets according to identified sets
/Hermanson, 1996/
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Analysis of the fracture traces in the tunnel indicted that the fracture size
(=effective radius (R)), defined as the radius of a circular fracture with the area of
the given fracture) had a log-normal distribution. The arithmetic mean of R was
6 m and the standard deviation of R was 3 m. (In order to use these data in the log-
normal distribution the data has to be transformed to statistics for Log (R) (see
/Hermanson, 1996/). La Point /1995/ found the same size distribution as above by
analysing the conductive traces in the tunnel. Uchida et al /1994/ estimated the
mean fracture size to be 13.7 m and the standard deviation to be 12.7 m, based on
fracture mapping of outcrops at Aspo. Poteri/1996/ used a part of the drilled and
blasted tunnel at the Aspo HRL and estimated the mean to be about 2.3 m and the
standard deviation to be about 1 m. Dershowitz et al /1996/ also used part of the
drilled and blasted tunnel at the Aspo HRL and estimated the mean to be about 3.7
m and the standard deviation to be about 2 m.

Hermanson /1996/ estimated the volumetric fracture density (P32) to be 0.48 m"1.
The location model used was Enhanced Beacher and the fracture termination
percentage was set at 38%. As it was assumed that 10% of the fractures were
conductive, based on evaluation of the observations of the fractures in the tunnel,
P32 was set at 0.048 m"1 for conductive fractures and at 0.432 m"1 for non-conduct-
ive fractures (see the texts in Figures 6-63 and 6-64 for further details). The
mapping in the tunnel was made for fracture traces longer than about 1 m. If
fracture traces down to dm size are available and used in the calculations P32 may
increase considerably.

In order to study the statistics of the areal fracture density (P21) and the linear
fracture density (P]0) a tunnel and a number of boreholes were implemented in the
DFN model.

Another set of realisations was also made with the same fracture intensity as in the
drilled and blasted tunnel, but otherwise the same input data as for the model
based on TBM data. The results are shown in Table 6-25. The values of P21 for the
drilled and blasted tunnel in Table 6-25 are close to the observed mean values for
Smaland granite and Aspo diorite in the drilled and blasted tunnel. The areal
fracture density (P21) and the linear fracture density (Plo) for the water-conducting
fractures were not estimated as the sample in the model was so small. However,
as the water-bearing fractures tend to be steep and strike NW to NNW, P]0 should
become about 10 times less than the values in Table 6-25, but relatively somewhat
greater for boreholes 2, 6 and 7 and less for 1 in Table 6-25.

The observed fracture density in the drilled and blasted tunnel is probably to some
extent overestimated due to some of the mapped fractures being induced by the
blasting. The observed fracture density in the TBM tunnel is on the other hand
possibly to some extent underestimated because of the difficulties in identifying
fractures, at least small ones. It is also found that values of P10 in the cored
boreholes are much greater than those in Table 6-25. This is probably due to
drilling and handling of the core creating some new fractures, but also the fact that
small fractures, not mapped or seen on the tunnel wall, are most likely included
in borehole P10.
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EGUAL-fiREft PROJECTION

Mean = 11.7 * 1.58
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I-enstJi <m>

Blue: Water-conducting fracture
Black : All other fractures
Trace lenght: Traces on the faces of the cube
Pole diagram : All fractures

Figure 6-63. Discrete Fracture Network (DFN) model. Realisation 1. Fracture
size, intensity and spatial model for all fractures are based on data from the TBM
tunnel. Fracture orientation for the non-conductive fractures are based on data
from the TBM tunnel. 10% of all fractures are assumed to be conductive fractures,
based on the mapped water-conducting fractures at tunnel chainage 1400-3600
m. Fracture orientations for the conductive fractures are based on data on the
mapped water-conducting fractures at the tunnel chainage 1400-3600 m. The
figure above shows non-conductive (black) and water-conducting (blue) fractures.
The fracture statistics of trace length on the faces of the cube and a pole diagram
of the generated fractures are also shown /Hermanson, 1996/.
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Figure 6-64. Discrete Fracture Network (DFN) model. Realisation 2. Fracture
size, intensity and spatial model for all fractures are based on data from the TBM
tunnel. Fracture orientation for the non-conductive fractures are based on data
from the TBM tunnel. 10% of all fractures are assumed to be conductive fractures,
based on the mapped water-conducting fractures at tunnel chainage 1400-3600
m. Fracture orientations for the conductive fractures are based on data on the
mapped water-conducting fractures at tunnel chainage 1400-3600 m. The figure
above shows non-conductive (black) and water-conducting (blue) fractures. The
fracture statistics of trace length on the faces of the cube and a pole diagram of
the generated fractures are also shown /Hermanson, 1996/.
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Table 6-25. Areal fracture density (P21) and the linear fracture density for
(P,o) calculated from simulated sampling of a tunnel and 7 boreholes. Aspo
coordinate system. Length = sampling length. TBM = TBM tunnel data.
DBT= Drilled and blasted tunnel data. The model is based on mapped
fracture traces longer than about 1 m.

Borehole
/Tunnel

Bh 1
Bh2
Bh3
Bh4
Bh5
Bh6
Bh7

Trend

n

0
90
0
0
180
90
270

Inclination

o

90
0
0
45
45
45
45

Length

(m)

50
50
50
70.7
70.7
70.7
70.7

TBM
Pio
(m"1)

0.28
0.36
0.30
0.31
0.31
0.30
0.37

TBM DBT

P21 Pio
(m-1) (m"1)

0.46
0.58
0.47
0.52
0.49
0.46
0.58

DBT

P21
(m-1)

Tunnel 90 8 50 0.44 0.66

6.4.4 Water pressure outside the tunnel wall

At approximately every fourth round, two 20-m long probe holes were drilled
about 4 m from the tunnel face, one in the left wall and one in the right wall. The
main purpose of the probe holes was to estimate the hydraulic properties of the
rock but the boreholes were also used for pressure measurements. Generally the
borehole trend was around 20° from the tunnel line in the horizontal plane and
with an inclination of approximately 10°. The packer was generally mounted
about 5 m into the borehole (see Figure 6-53). During drilling the inflow of water
(flow rate and position in the borehole) and the rock composition were estimated.
In order to estimate the pressure distribution around the tunnel it was necessary to
estimate a representative point of application. The flow rate distribution along the
borehole and the borehole direction relative the tunnel centre line was used to
estimate the point of application (see Rhen et al/1997b/for details). The estimated
radial distance from the tunnel centre line to the point of application was around
10 m, that is about 7 m outside the tunnel wall. The packer position was about 2
m outside the tunnel wall.

The "undisturbed" pressure ahead of the tunnel face was estimated from the
evaluation of the pressure build-up tests. The pressure in the probe holes were
thereafter measured approximately twice a year. Figure 6-65 shows the
"undisturbed" pressure and the pressure measured in February 1995. As can be
seen in both figures the spread is quite high. The reason is the high degree of
heterogeneity in the rock mass (see Figure 6-53). The figures also show that the
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average pressure has decreased by about 40%. If the pressures from February 1995
are compared with the pressures, measured more or less directly after the tunnel
face passed the bottom of the probe hole, the difference is much smaller. These
pressures are just somewhat higher than the pressures measured February 1995.
It has been found that on average the pressures are slowly decreasing, even though
there are examples of pressure increases /Rhen (ed), 1995/.

Figures 6-66 to 6-67 show the statistics for the pressure or the relative pressure
(pressure divided by the hydrostatic head) for four sections of tunnel, 0-700 m,
700-1400 m (below the Baltic Sea), 1400-2300 m (first tunnel spiral) and 2300-
3600 m (second tunnel spiral). As can be seen in Figure 6-66 the pressure ahead
of the tunnel face was generally about 60% of hydrostatic pressure in the spiral,
but below the sea it was nearly hydrostatic. These were the pressures encountered
during the pre-grouting of the tunnel. The pressure conditions outside the tunnel
1995 (see Figure 6-67) show that the pressure was generally about 40% of
hydrostatic pressure in the spiral, but below the sea it was around 75%.

The pressure observations were also divided into two groups. Observations in
reinforced rock mass and not-reinforced rock mass (see Figure 6-68). As can be
seen in the figure the pressures in the reinforced rock mass were about 50% higher
than the pressures in the non-reinforced rock mass.
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Figure 6-65. Relative water pressure outside the tunnel wall. Data: tunnel
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Top : Pressure ahead of the tunnel face (2-16 m) measured during excavation.
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Figure 6-66. Water pressure outside the tunnel wall. Data: tunnel chainage
0-3600 m. Pressure ahead of the tunnel face (2-16 m) measured during
excavation. Z = the level of the borehole below sea level, p = 1000 kg/ms.
Top : Pressure. Standard deviation and confidence limits for mean.
Bottom: Relative pressure. Standard deviation and confidence limits for mean.
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Figure 6-67. Water pressure outside the tunnel wall. Data: tunnel chainage
0-3600 m. Pressure measured on February 1995. Z = the level of the borehole
below sea level, p = 1000 kg/m3.
Top : Pressure. Standard deviation and confidence limits for mean.
Bottom: Relative pressure. Standard deviation and confidence limits for mean.
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6.5 MODELS ON DETAILED SCALE - LITHOLOGICAL UNITS

6.5.1 General

The model comprises of the following geometrical concept:

• Hydraulic rock mass domains.

The detailed scale comprises a description of the expected hydraulic conductivity
(K) for each lithological unit. The purpose is to provide a generic description of
the hydraulic characteristics of lithological units within the site scale.

6.5.2 Lithologicail units

The statistics shown in Figure 6-69 are based on all injection tests with 3 m
packer spacing made in boreholes on Aspo. The detailed statistics are shown in
Appendix A2. As can be seen in the figure the most conductive lithological unit,
excluding mylonite, is fine-grained granite. The mylonite sample is more or less
from one borehole, KAS04, intersecting one of the larger fracture zones. The
sample is thus possibly not representative.

6.5.3 Characteristics as seen on the tunnel wall

Wet area in the tunnel

The wet area of the tunnel was estimated for each rock type, see Table 6-26. The
wet areas were estimated during the documentation for all objects except when the
inflow was clearly identified as inflow spread over a part of a fracture length (Lw).
In such a case the area was set to Lw • 0.1 m. As can be seen in Table 6-26 fine-
grained granite appears to be the wettest, which mainly is due to the more intense
fracturing of the rock unit compared with the others. The value for greenstone and
pegmatite are somewhat uncertain as the area in the tunnel of these two rock units
is relatively small, see Table 6-27.

It may be noted that the mapped wet tunnel area is much smaller for the TBM-
tunnel than for the drilled and blasted tunnel, but the inflow rate is comparable to
that of the drilled and blasted tunnel.

Mapped inflow by rock type

The mapped inflow by rock type is shown in Table 6-28 and by using the total
areas of each rock type and the values in Table 6-28 the inflow per square metre
of rock type can be calculated as shown in Table 6-29. As can be seen, greenstone
and pegmatite have the lowest mapped inflow per square metre. (Pegmatite may
not be representative because its sparse appearance in the tunnel.)
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Aspo diorite and Smaland granite seem to be fairly equally represented, although
Aspo diorite seems on average to have a smaller inflow. Fine-grained granite has
both higher and lower inflow rates than Smaland granite and Aspo diorite for the
tunnel sections shown, but its average inflow is the greatest.
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.! [11 ; ; ; ' ; :••:•/.':; v K (m /s ) ;. • . ; :
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mean - 1 standard deviation mean + 1 standard deviation

confidence limits (95 %) for mean

Figure 6-69. Statistics for the main lithological units on Aspo. Data: injection
tests with 3 m packer spacing in KAS02-08.
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Table 6-26. Mapped wet area by rock type. (% value: Wet area by rock type/total area
by rock type)/Rhen (ed), 1995/.

Fine-grained granite
Smaland granite
Aspo-diorite
Greenstone
Pegmatite

Total

700-
(m2)

280.2
154.5
276.4

14.1
0.0

725.2

1475
(%)

13.5
5.5
5.7
6.1
0.0

7.2

1475-2265
(m2)

105.1
65.1

134.3
28.0
0.2

332.6

(%)

6.3
2.6
2.3
3.3
0.3

3.1

2265-2875
(m2)

88.2
141.6
84.4
7.4
0.0

321.6

(%)

15.0
12.6
3.2
7.0
0.0

7.2

2875-3600
(m2)

2.1
1.0

73.1
2.5
0.0

78.7

(%)

0.3
0.1
0.9
0.8
0.0

0.8

700-3600
(m2)

475.6
362.2
568.2

52.0
0.2

1458.2

(%)

9.5
4.7
2.7
3.5
0.1

4.1

Table 6-27. Mapped total area by rock type. (% value: Area by rock type/total mapped
tunnel area) /Rhen (ed), 19951.

700-1475
(m2)

Fine-grained granite2070.4
Smaland granite
Aspo-diorite
Greenstone
Pegmatite

Total

2810.1
4884.0

232.1
43.7

10040.3

(%

20.6
28.0
48.7

2.3
0.4

100

1475-2265
) (m2)

1660.1
2480.4
5861.8

837.4
58.9

10898.6

15.2
22.8
53.8

7.7
0.5

100

2265-2875
) (m2)

588.0
1127.7
2631.9

104.9
29.3

4481.8

(

13
25
58

2
0,

.1

.2

.7

.3

.7

100

2875-3600
) (m2)

702.5
1357.9
7727.4

315.2
4.8

10107.8

(*

7.0
13.4
76.4

3.1
0.1

100

700-3600
>) (m2)

5021.0
7776.1

21105.1
1489.6
136.7

3552852

(%)

14.1
21.9
59.4
4.2
0.4

100

Table 6-28. Mapped inflow to the tunnel by rock type /Rhen (ed), 19951.

700-1475 m
(1/min) (%)

Fine-grained granite 208.
Smaland granite
Aspo diorite
Greenstone
Pegmatite

Total

72.5
184.
5.75

0

469.76

44.3
15.4
39.1

1.2
0

1475-2265 m
(1/min)

11.02
52.65

60.2
0.66

0

100 124.53

(%)

8.8
42.3
48.3

0.6
0

100

Tunnel chainage
2265-2874.6 m
(1/min)

7.48
17.27
9.15
0.72

0

34.62

(%)

21.6
50.0
26.4 1

2.0
0

2875-3600 m
(1/min)

0.06
2.3

10.2
5.68

0

100 118.24

0.1
1.9

93.2
4.8

0

100

700-3600 m
(1/min)

226.56
144.72
363.55

12.81
0

747.15

(%)

36.0
22.6
40.3

1.1
0

100
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Table 6-29. Mapped inflow to the tunnel by rock type and in proportion to the total
area of the rock type /Rhen (ed), 19951.

Tunnel chainage
700-1475 m 1475-2265 m 2265-2874.6 m 2875-3600 m 700-3600 m
l/(min«m2) l/(min«m2) l/(min«m2) l/(min»m2) I/(min«m2)
x»10 3 x'10"3 x»10 3 x - 1 0 3 x - 1 0 3

Fine-grained granite
Smaland granite
Aspo diorite
Greenstone
Pegmatite

Total

100.4
25.8
37.7
24.8

0

46.8

6.6
21.2
10.3
0.8

0

11.4

12.8
15.3
3.5
6.9

0

7.7

0.1
12.4
12.7
17.9

0

12.0

45.1
21.9
16.5
8.6

0

21.2

Mapped inflow by leakage objects

The mapped leakage into the tunnel was separated into fracture "zones",
"fractures" and "rock contacts" and diffuse leakage which could not be related to
the first three objects. The last object was called "rock" in Table 6-30. This table
shows the total mapped inflow from these four types of leaking object. As can be
seen leakage related to rock contacts was very small. The major part of the inflow
is from "fractures", but it is only just greater than "rock" and "zone".

Table 6-30. Mapped flow into the tunnel separated on objects "Rock",
"Contact", "Fracture" and "Zone". (Zone includes all objects with the
identification code ZI, that is fracture zones and increased fracturing.) /Rhen
(ed), 1995/

Object

Rock
Contact
Fracture
Zone

Total

700-1475 m
(1/min)

71.4
0

123.9
274.4

469.7

15
0

26
59

100

1475-2265 m
(I/min)

46
0

39.3
39.2

124.5

(%)

37
0

32
31

100

Tunnel section
2265-2874.6 m
(1/min)

8.3
0.3

14
12

34.6

<%)

24
1

40
35

100

2874.6-3600
(1/min)

15.96
0.0

79.27
23.01

118.24

(%

13.
0

67
19.

100

m

}

5

5

700-3600 m
(1/min)

141.3
0.3

256.5
352.3

750.2

(%>

19
(0.04)
34
47

100
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Trace length of water-conducting fractures

The trace length of fractures in the tunnel was documented during the construction
of the tunnel. The length of the wetted part of a water-conducting fracture was also
estimated if possible. The median length of the wetted part of a water-conducting
fracture was about 0.3-1.5 m compared with the total trace length of the water-
conducting fracture, which was 4-5 m /Rhen et al, 1993a,b, 1994a and 1995/.
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HYDROCHEMISTRY

7.1 INTRODUCTION

The hydrochemical data were collected during the pre-investigation phase of
the Aspo site characterization as described in /Wikberg et al, 1991, and Smellie
and Laaksoharju, 1992/. During the course of the tunnel excavation more data
has been obtained from the underground tunnel probe holes. Monitoring of the
hydrochemistry in the packed off boreholes at Aspo, of the Baltic sea and in the
1700 m deep borehole at Laxemar have provided additional data and knowl-
edge, which is used to present and update the model of the hydrochemistry of
the Aspo area. The description is made for the natural conditions on Aspo and
its surroundings. The situation caused by the inflow to and pumping from the
tunnel is described in Rhen et al /1997/ where the predictions made prior to
construction are assessed by the data collected during the construction phase.
These data obtained from the tunnel are of course useful both for evaluating the
natural conditions as well as the disturbed conditions. The situation after tunnel
construction is also presented.

During the entire Aspo project, starting with the site investigations in 1987 and
finishing with the end of the tunnel construction work in 1995, hydrochemical
data have been evaluated in many different aspects and with many different
purposes:

•> The hydrochemistry of wells drilled in Kalmar County was compiled and
statistically evaluated by Liedholm /19871.

• Chemical sampling and analyses of water from percussion drilled holes
at Avro, Aspo and Laxemar was reported by Laaksoharju /1988/

• Laaksoharju and Nilsson /1989/ made the description of the hydro-
chemistry of the Aspo island based on the first deep drill holes at Aspo
and Laxemar. Data from the next deep drilling programme was reported
by Nilsson /1989/

9 Fracture filling minerals and their relation to the hydrochemistry was
investigated and evaluated by Tullborg /1989/ and Tullborg et al/1991/.
A systematic evaluation of carbon, oxygen and sulphur isotope data was
made as a pilot test of the KLX01 borehole at Laxemar /Wallin, 1990/.
These methods were later used for careful examination of fracture
mineralogy in the tunnel /Wallin, 1992, Landstrom and Tullborg, 1993/

9 Monitoring of the hydrochemistry in borehole sections permanently
isolated by packers was started as soon as the boreholes had been drilled



278

and investigated. The first compilation of these data was made by
Nilsson /1991/.

During the tunnel construction phase the monitoring data were reported
together with the data from groundwater flow measurements in the same
sections isolated by packers /Ittner et al, 1991, Andersson, et al, 1992,
Ittner, 1992 and Ittner 1994/. Ittner and Gustafsson /1994/ compiled all
the data from groundwater flow measurements and hydrochemical
sampling in the surface boreholes.

Data from all tunnel boreholes were reported by Nilsson /1995/.
Successively during the tunnel construction phase the data were
evaluated for tunnel sections 700-1475 m, 1475-2265 m, 2265- 2874 m
/Wikberg and Gustafsson, 1993, Wikberg et al, 1993, Wikberg et al,
1994/. Tunnel section 0-700 m was reported together with the hydrogeo-
logical and geological data /Stanfors et al, 1992/ An evaluation of the
hydrochemistry during the entire tunnel construction phase was made by
Laaksoharju and Skarman /1995/.

Integrated reporting of the investigations and modelling of Aspo was
made by the principal investigators in 1988, 1989 and 1991 /Gustafson
etal, 1988, 1989, Wikberg et al, 1991/. A final conceptual modelling of
the hydrochemistry of the pre-investigation phase in relation to the
existing hydrological and geological conditions was made by Smellie and
Laaksoharju /1992/.

The prediction of detailed conditions to be found in the tunnel was
reported in advance of the tunnel construction work /Gustafson et al,
1991/. Methods to be used as tools for the prediction work were assessed
by Laaksoharju /1990/. A further more comprehensive assessment was
made during the tunnel construction phase /Wikberg et al, 1993 and
1994/.

USDOE scientists carried out a joint project together with SKB scientists
to combine stable and radiogenic isotopes of both the groundwater and
fracture fillings to evaluate the origin and residence time of the ground-
water /Wallin and Peterman, 1994/. The most useful combination of
methods was carbon-13, oxygen-18 and strontium-87 of calcites and
groundwater.

Hydrochemical modelling in general was an issue of particular interest
to many of the foreign organizations taking part in the Aspo HRL project.
Modelling tasks were discussed at a workshop in 1994 /Banwart, 1994/
and the results presented at a second workshop one year later
/Laaksoharju and Wallin, 1997/. The hydrochemical investigations in the
deep KLX02 borehole at Laxemar /Laaksoharju et al, 1995/ have
provided an important complement to the Aspo data.
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During a three year period from March 1991 to February 1994 a block
scale redox experiment was conducted in a minor fracture zone in the
entrance tunnel to Aspo. The project which took place at a vertical depth
of 70 metres gave much information about the shallow groundwater
hydrochemistry in addition to the planned examination of redox
properties. The project has been summarized by Banwart (ed), /1995/.
The results of the investigations were compiled by Banwart et al/1995/.

Microbial sulphate reduction was observed in the tunnel section between
Halo and Aspo. Since this process is important for copper canister
stability, the evaluation of the observations were organized as a separate
project /Laaksoharju (ed), 1995/.

12 TOOLS FOR EVALUATING GROUNDWATER PROCESSES
AND HISTORY

Traditional hydrochemical evaluation is carried out by experts in the disciplines
of geochemistry and isotope hydrology. Correlation diagrams (cross plots) are
the most commonly used method for the purpose of understanding the system.
In a second stage thermodynamic equilibrium modelling is employed to
describe the processes which have caused the observed conditions. The
modelling work at Aspo was started along this line, but it was observed that a
different approach was more relevant.

The hydrochemical evaluation of Aspo indicated at an early stage that mixing
was the dominating process behind the observed conditions. There are two
main causes for the mixing. One is the disturbance caused by the borehole by
short-circuiting the different water conducting fracture systems, the other one
is the mixing which has taken place in the past due to varying hydraulic driving
forces which made the groundwater flow along different paths. In the
evaluation work, the mixing caused by the borehole is considered a disturbance
which is taken into account and corrected for. The remaining mixing propor-
tions of different water types is then described as the result of varying
groundwater flow conditions.

Simple two component mixing and mass balance calculations were made by
/Laaksoharju, 1990, Banwart et al, 1992 and Smellie and Laaksoharju, 19921,
The main aim was to differentiate between the influences of mixing and
water/rock reactions by using a single variable such as chlorine as a conserva-
tive (non-reactive) tracer. These methods had limitations because the Aspo
groundwater system involved several end-members, where e.g. the chloride
could have different sources, see Section 7.2.3. The end-members were strictly
defined during the tunnel construction phase, but they were identified already
during the pre-investigations. Groundwaters which had a similar chloride
concentration could have a quite different oxygen-18 signature and bromide
concentration which implied that they contained proportions of at least four
types with different origins AViberg et al, 1991, Smellie and Laaksoharju,
1992/
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7.2.1 Multivariate Mixing and Mass balance calculations (M3)

The origin and evolution of the groundwater is described and the effect from
mixing and reactions can be examined separately, using a new method named
Multivariate Mixing and Mass balance calculations (abbreviated to M3).

The full sequence starts with a univariate analyses with the purpose of
describing the depth dependence of the main parameters, followed by the
Principal Component Analyses, reference water and end-member identification
and finally the mixing and mass balance calculations. The aim of the Principal
Component Analyses is to sort the data into different classes or water types.
The extreme points, see Figure 7-1, are selected as reference waters. All other
waters are then described as a mixing of the selected reference waters. The
mass balance calculations are used to define the magnitude of reactions which
have shifted the groundwater composition.

The M3 calculations contain the following steps:

1 A standard multivariate technique, called Principal Component Analysis
(PCA) is used for cluster analyses of the data by using the major
components Cl, Ca, Na, Mg, K, SO4 and HCO3 in combination with the
isotopes 8D, 618O and 3H. The PCA aims to describe as much of the
information from the ten variables as possible. The Principal Compo-
nents are calculated as linear combinations of all chemical components
in a way to minimize the difference (error) between the model and the
data.

The first principal component is applied to the initial data. The variation
not accounted for by the first principal component is described by the
second principal component and so on. For the Aspo hydrochemistry data
the first three principal components were calculated and analysed. It
turned out that the first two components did describe the system well
enough, whereas the third component mainly described the disturbance
caused by drilling and pumping in one single deep borehole at Laxemar,
KLX02, see Section 7.5.2. For the first two principal components an x,
y scatter plot can be drawn. The x is the equation for the first principal
component and y the equation for the second principal component. The
plot is named the M3 plot and is used to visualise the clustering of the
data as well as to identify extreme waters.

2 Extreme waters are called end-members and reference waters. A
reference water is a well-sampled groundwater which resembles an
assumed or modelled end-member e.g. Glacial meltwater (see Figure 7-
la and b) Lines are drawn between the reference waters so a polygon is
formed. If well selected the reference waters can describe the observa-
tions inside the polygon. All observations are compared to the chosen
reference water compositions.
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Figure 7-1. Different steps in the M3 modelling; a) principal component
analysis is used to obtain the maximum resolution of the data set, b) selection
of end-members and reference waters - the other groundwaters are compared
to these, c) mixing calculations - portions of meteoric water are shown in the
figure, d) mass balance calculations - the sources and sinks of eg. Carbonate
are shown which cannot be accounted for by mixing. The groundwater samples
in Figure a, b and c have been colour coded based on the Cl-content into
saline, brackish and non-saline groundwater.

Mixing calculations are done to calculate the portions of the reference
waters or the end-members in each observation. The calculated mixing
portion can be used to evaluate the origin of the groundwater i.e. how
large a proportion originates from the Baltic Sea etc. The mixing portions
are proportional to the trigonometrical distance to the selected reference
waters or end-members in the M3 plot (see Figure 7-Id).

Mass balance calculations are used to define the sources and sinks for
different elements which deviate from the ideal mixing concentrations
which are calculated from the known proportions and concentrations of
the reference waters (see Figure 7-ld). No deviation between the



282

measured and calculated value indicates that mixing can explain the
element behaviour. A source or sink is due to reactions. The evolution of
the groundwater can be tracked and the effects of reactions are quantita-
tively described.

It is important to note that the M3 modelling is always relative to the selected
reference waters or end-members. The boundary conditions of the modelling
can be changed depending on the selection of reference waters or end-
members. E.g. the now selected reference water "Glacial" is 50% glacial melt
water (end-member) and 50% undefined meteoric water.

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

7.2.2 Principal component analysis

The Principal Component Analysis (PCA) method /Pearson, 19011 is generally
used to classify and simplify data and to identify the most important variables
in a data set IChatfield and Collins, 19891. The technique, which is a linear
mathematical transformation of the selected variables, is used to describe the
water composition in an optimal way.

Factor analyses is precessor to the Principal Component Analyses. The
correlation matrix of the factor analyses resembles the weighting factors of the
constituent involved in the principal component analyses, cf. Figure 7-2.

In order to graphically represent the data, a two dimensional plane is oriented
to obtain the largest possible resolution. The equations used to express the two
dimensional plane are the Principal Components (first and second).

In Figure 7-2, as in all other figures where the PCA results are presented, the
two components are normalized to the average weight point of all data. This
means that the numerical values calculated for the two components are
different from the values presented in the figure. All data points are neverthe-
less located at the same position relative to all the other points.

The weights of the different variables in the principal component equations are
determined by the importance (variability) of each variable. The higher the
information content the greater the weight. For the first principal component
sodium, calcium, chloride and sulphate have the greatest weights. For the
second principal component oxygen-18 and deuterium together with potassium
and magnesium have the greatest weights. The reason is that chloride, calcium,
sodium and sulphate are the major constituents which have no solubility limits
and are congruent, i.e. increase and decrease simultaneously even if they are
not linearly correlated. Oxygen-18 and deuterium are also totally conservative
but do not correlate with the major constituents. Magnesium and potassium are
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indicators of marine input and do not correlate with the major constituents
either.

The advantage of the Principal Component Analyses is that all variables can be
treated simultaneously and that no preconceptions need be made. All analyses
are made on strictly mathematical bases.

7.2.3 Reference water and end-member identification

Groundwaters which are judged to be representative but have an extreme
composition are called reference waters. Reference waters are the ones which
constitute the corners in Figure 7-2. The reference waters have compositions
which resemble specific end-member compositions. An end-member is a
modelled water which is believed to be the original source of the reference
water.

The reference waters and the identified end-members are labelled in Figure
7-2. They were selected so that most of the sampled Aspo site data can be
described. The selected reference waters and end-members are:

• Brine reference water is found at the deepest location of the borehole
KLX02, with a chloride concentration of 47000 mg/1. Characteristic of
the brine, except for the high salinity (above sea water) is the non-
meteoric values of deuterium and oxygen-18. No end-member is
identified since the long-term groundwater/rock interaction can result in
concentrated salt solutions with extreme isotopic composition /Blomqvist
et al, 1995/.

- Glacial reference water has been determined as a glacial water based on
stable isotope values which indicate cold climate recharge (618O = -15.8
%o and 52H = -124.8 %o) in combination with an apparent 14C age of
31 365 years ISmellie and Laaksoharju, 19921. This type of water is
found in Aspo KAS03/depth 129-134 m. The water type is believed to
have been injected into the basement during the melting and retreating of
a continental ice sheet. The glacial reference water has a 50% proportion
of the glacial end-member, and 50% of other meteoric and sea water, and
50% of other meteoric and sea water.

8 The Glacial melt-water end-member is a modelled glacial meltwater
composition where the stable isotope values (618O = -21 %o and 62H =
-158 %o) were based on measured values (818O) in the calcite fracture
fillings from different geological formations in Sweden. Some of the
fracture fillings were assumed to be subglacial formations ITullborg and
Larson, 19841. Tests using many possible water compositions for the
glacial water confirmed that the selected composition gave the best fit
with the measured 618O content in the reference water. The chlorine
content of this water was set to be zero although it may well be that the
subglacial water can be enriched in salinity when the permafrost freezes
the initially dilute subglacial water.
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Figure 7-2. Principal Component plot based on the major components and
stable isotopes and tritium values from the Aspo and Laxemar ground-waters.
The most extreme groundwaters which are well sampled and with an
analytically established composition are called reference waters. A line is
drawn between the reference waters so a pentagon is formed. The weight for
the individual elements is given in the equations for the first and second
principal component respectively. These two principal components together
account for 72% of the variability, of the data. An end-member is a modelled
water composition which is assumed to be the original groundwater composi-
tion of the reference water. The numerical values are normalized, see Section
7.2.2.
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• A possible Subglacial water end-member is shown in the PCA {Figure
7-2). The subglacial water composition probably changed with time
during repeated freezing and melting of the continental ice sheet. The
need for a sub-glacial end-member might also indicate that the ground-
water system is more complex than the selected reference-waters/end-
members are able to describe, see Section 7.5.3. Errors/uncertainties in
the M3 calculations cannot either be totally ruled out.

• Baltic Sea reference water represents modern Baltic Sea water, sampled
close to Aspo.

• The end-member is Litorina Sea water with a chlorine concentration of
6 100 mg/1 which is based on analyses of micro fossils from the marine
sediments in southern Finland IKankainen, 19861. Similar determinations
in the south part of Baltic Sea gave concentrations up to 14 000 mg/1 Cl
IWinn et al, 19881. Influx tests were performed in which different
possible Litorina Sea water concentrations were tested. The former
concentration of 6 100 mg/1 gave the best fit with the measured chlorine
and 5H18O content in the groundwater. Thus the salinity of the Litorina
Sea was higher (by a factor of almost two) than the selected sea reference
water composition which is 3 760 mg/1. It should be pointed out that
there is always a higher salinity in the south part of the Baltic Sea
compared to the northern parts.

• The Altered marine reference water represents Baltic Sea water
affected by bacterial sulphate reduction ILaaksoharju ed., 19951. This
water type is obtained in the HRL tunnel below the marine sediments.

• The end-member of the Altered marine water is the extracted sediment
pore water ILandstrom et al, 19941. The pore water composition
resembled more modern Baltic sea water than Litorina sea water. In
addition the groundwater flow calculations indicated that the modern sea
can affect the sediments. Based on this knowledge the modern isotope
values were retained in the modelling.

• The Meteoric reference water represents a dilute (Cl = 5 mg/1) non-
saline water found in HBH02: 7.5 m, with a modern oxygen, deuterium
and tritium isotopic signatures of -10%o, -77%o and 20 TU respectively.

9 I960 precipitation water end-member with a typical chemical composi-
tion of an infiltrating meteoric water and with a high tritium content,
presently 100 TU after 5-6 halt litres.

The important characteristics of the reference waters and end-members are
listed in Table 7-1.
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Table 7-1. End-members identified in the Aspo groundwater system.

End-member/
Reference water

Glacial melt-water
Sub-glacial water
Litorina Sea
Sediment pore water
1960 precipitate

Glacial reference water
Baltic Sea reference water
Altered marine reference

water
Meteoric reference water

618O %c
SMOW

-21
-21
_5
-7
-11

-15.8
-5.9

-7.3
-10.2

SMOW

-158
-158
-35
-61
-80

-124.8
-53.3

-60.3
-77.1

CI
mg/1

0
11000
6100
3400
0

1120
3760

4490
5

Tritium
TU

0
0
0
0
100*

0.1
42

17
22

SO4

mg/1

0
1500
500
53
0

31
325

112
13

the amount of tritium 1996 (after 4-5 halflife periods).

7.2.4 Accuracy of the multivariate mixing mass balance calculations

An extensive confidence-building exercise on the Aspo site data was performed
with the Multivariate Mixing and Mass balance, M3, method. /Laaksoharju
and Skdrman, 1995, and Laaksoharju and Wallin, 1997/.

Chloride and 18O are the only truly conservative (non-reactive) constituents. A
perfect model would therefore be able to describe their behaviour completely.
A test was performed in which the ability of the M3 model to predict the
chloride concentration and 6I8O of the Aspo site groundwaters was compared
with more frequently used traditional linear regression. In the univariate model
the chlorine content was used as a conservative tracer to predict the 818O
values. The calculations were then repeated using §]8O as a conservative tracer
to predict the chloride content. The results show that the multivariate method
is always better than the univariate methods by a factor of two. The only case
in which the univariate methods gave a better result was for 18O predictions in
the non-saline groundwater /Laaksoharju and Wallin, 1997/, which represent
only the uppermost 100 m depth.

A back propagation test was also made to check the consistency of the mixing
calculations;. Preset proportions of the different reference waters, e.g. 10%
Baltic Sea water, 18% altered marine water, 9% meteoric water, 47% glacial
water and 16% brine water, were used to calculate a groundwater composition.
The composition was then evaluated by the principal component analyses. No
reactions were allowed to change the composition. The results gave a
difference of 10.5% on an average. However, the largest difference was
obtained for waters which are largely modified by reactions; meteoric water
and altered marin water.
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The standard code NETPATH /Plummer et al, 1991/ can be used to compute
the mixing proportions of two or more end-members as well as net geo-
chemical reactions that can account for the observed groundwater composition.
M3 can be used for the same purpose except that M3 reports sinks and sources
for different elements not accounted for by mixing. In the M3 approach the
mixing is regarded as the dominating process which changes the water
composition at site scale. In NETPATH, depending on the number of chosen
phases, reactions are generally regarded as the dominating process.

7.3 GENERAL HYDROCHEMISTRY OF THE ASPG-LAXE-
MARAREA

General trends of the analytical groundwater data, x y scatter plots for the Aspo
site data (Aspo, Avro, Laxemar, Redox zone, HRL tunnel, Baltic Sea,
precipitation and sea bed sediments) are shown in Figures 7-3 to 7-6 for Cl,
Na, Ca, HCO3, Mg, K, SO4, tritium, deuterium and 18O plotted against Cl and
depth. The locations of the sampled boreholes in the area are shown in Figures
2-3 and 2-4 and the locations of sampling holes in the tunnel are shown in
Figures 7-40 and 7-41. The data is also presented in Appendix 3.

Figures 7-3 to 7-6 show that the salinity described by chlorine increases with
depth although non-saline waters occur at Laxemar down to a depth of 900 m.
At Aspo, the saline water exists at shallow depths especially in the samples
from the HRL tunnel. The other groundwater constituents such as Na, Ca, SO4

and stable isotopes such as deuterium and oxygen-18 seem to increase with the
salinity. K, Mg, HCO3 and tritium seem to decrease with increasing salinity.
The first impression is that the groundwater system is fairly simple and its
evolution can be described by a non-saline and saline evolution path.
Surprisingly the two known groundwater conservative tracers (Cl and 18O) do
not correlate when Cl <10 000 mg/L {Figure 7-4) which indicates a more
complex system than first assumed. In addition a more complex system is
depicted when plotting the Cl, Na, K, Ca, Mg, HCO3 and SO4 against depth
{Figures 7-3 to 7-6). The distribution of groundwater chemistry is very
heterogeneous when the Aspo site is considered as a whole. If only the
conducting fracture zones are considered i.e. where the majority of water
samples have been taken, then the groundwaters tend to have a more uniform
composition because they obtain their character through mixing along fairly
rapid conductive flow paths. Thus, knowing that most of the samples have been
taken from water-conducting fractures, the undisturbed system may be even
more complex, than the data imply.

Figure 7-3 represents the chloride concentration as a function of depths for
groundwaters collected in the Aspo area. The upper part of the figure, a,
represents the different locations where the samples were collected whereas the
lower part of the figure, b, represents the same data divided into three classes
of concentration, freshwater with a chloride concentration below 1000 mg/1,
brackish water with a concentration between 1000 and 5000 mg/1, and saline
water with a chloride concentration above 5000 mg/1. A careful comparison of
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a and b in Figure 7-3 reveals a distinct difference between the Aspo and the
Laxemar data. The Laxemar data are classified as freshwater down to a depth
of about 800 m whereas the Aspo groundwaters are brackish or saline from a
depths of less than 100 m. This difference is thought to be result of recharge
and discharge conditions at Laxemar and seawater intrusion at Aspo taking
place after the latest glaciation, see Section 7.4.

Figure 7-4 and 7-5 presents the main constituents relative the chloride
concentration and depth. Sodium and Calcium are almost linearly correlated to
the chloride concentration, whereas Potassium, Magnesium, Bicarbonate and
Sulphate are not correlated. Potassium, Magnesium and Bicarbonate have a
maximum concentration in the boundary between brackish and saline water.

The reason is partly the effect of present day and ancient Baltic Sea water
intrusion in combination with biological activity, see Section 7.6.2.
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Figure 7-6 presents the tritium, deuterium and oxygen-18 isotope data relative
the chloride concentration and depth. Non of these are linearly correlated with
chloride and there is a wider spread in the brackish than in the fresh or saline
water, which indicates that the brackish water is probably the most complex
mixing system, see Sections 7.5 and 7.6.

There are remaining uncertainties to how representative the single borehole
KLX02 is to the saline-fresh water interface at Laxemar. The long open
borehole section in KLX02 makes it a fast path for near surface water to reach
deep fracture systems, see Section 7.6.2.

Figure 7-7 shows the complex mixing system of the brackish water indicating
that both seawater and glacial water can be dominating proportions in the
brackish water type. As expected, the saline water can also be largely
influenced by seawater, whereas the freshwater has a quite distinct meteoric
origin.

The pH values vary in a relative narrow range, see Figure 7-8. There are only
two observations with a value above 8.5. The vast majority lies between pH 7
and 8.5. pH values below 7 are mostly related to waters where biological
processes have affected the composition. The relatively low pH values of the
deep groundwaters is likely due to the high salinity /Toulhout, 1992/.

Eh values were measured only during the pre-investigations. In Figure 7-9 the
Eh values are calculated for all data points where pH and ferrous iron
concentrations are reliable. The calculations are made by the formula suggested
by Grenthe et al/1992/, Eh = 835 mV - 57 mV (3 pH + log [Fe2+]) at 15°C.

In Figure 7-10 the data points are coded as a function of depth. As expected the
two deepest groups are lying on a mixing line between brine and glacial water.
The implications of this fact are discussed in Section 7.6.2. There are reasons
to believe that the simple two component mixing system is much more
complex. It should also be noted that the 700 - 1000 m depth interval data
plotting close to the meteoric reference water are from the KLX02 borehole.
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Figure 7-7. Principal Component plot showing the subdivision of the
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posed colour coding of the observations, i.e. the red colour, shows samples
containing more than 5 000 mg/l Cl. The numerical values are normalized, see
Section 7.2.2.
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In the PCA plots the non-saline waters consist of a [Na-Ca-K:HCO3-SO4-Cl]
or a [Ca-Na-K:HCO3-SO4-Cl] water and changing to a [Na-Ca-K:Cl-HCO j-
SO4-] water near the surface (0-100 m). The brackish groundwater consists of
a [Na-Ca-K:SO4-HCO3] water at a depth of 100-350 m. The saline groundwater
found generally at a depth of 350-1700 m consists of a [Na-Ca-K:Cl-SO4-
HCO3] or a [Ca-Na-K:Cl-SO4-HCO3] type of water. The groundwaters are
moderately alkaline, pH values from 7.6-9, and reducing, with calculated Eh
of-100 to -300 mV values. The measured Eh values showed readings similar
to the calculated ones. These were only made during the pre-investigastions.

The way in which the flow and mixing affect the non-saline, brackish and
saline groundwaters is illustrated using the results from the M3 mixing
calculations (Figures 7-11—7-15). The calculated influx portions of the
different reference waters have been interpolated by Kriging /Henley, 1981,
Fortner, 19921.

Figure 7-11 illustrates the proportions of brine reference water in the plane of
the two first principal components. The saline water might contain less than
20% of brine due to the the high salinity of the brine reference water, 48,000
mg/1 of chloride. Per definition therefore the proportion of brine in a brackish
water must be less than 10%.

Figure 7-12 illustrates the proportion of glacial reference water in the plane of
the first and second principal components. It should be noticed that there are
many brackish and saline water points within the 60-80% proportion of glacial
water. It is important to reallize that this does not imply that the proportion of
glacial melt water is 60-80%. The proportion of real glacial melt water in the
glacial reference water is roughly 50%, see Section 7.2.2 and Section 7.7.1, and
thus the proportion of glacial melt water in the 60-80% glacial reference water
is 30-40%.

The influences of the Baltic Sea water, the altered marine water and the
meteoric water affect a smaller part of the plane than the glacial and the brine
waters. There is an important area formed between the Litorina sea and Galcial
end members together with meteoric water, see Section 7.7.1, where the water
is brackish, Cl = 1000 - 5000 mg/1, but where the mixing proportions can vary
substantially.

The M3 model was used to calculate a possible I4C age of the groundwater
(Figure 7-16). From a few measured 14C ages the calculated mixing portions
are used to predict values for observations lacking measurements. The results
should only be used as an indication of a relative age rather than as a precise
age determination. The reason for a high 14C age (25 600 - 32 000 years) for the
glacial water is that the age probably reflects the precipitation rather than the
melting age.

Since the water is a mixture, different isotopes and elements give different
histories of the water and also different ages. 36C1 measurements give an age of
several million years in a water where tritium measurements indicate
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proportions of water which have penetrated from the surface in less than 40
years

/Laaksoharju and Wallin, 1997/. In the same way the I4C age indicates only a
possible age range for the carbon source.
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Figure 7-11. Principal Component plot with a superimposed grey coding
showing the mixing portions of brine reference water in relation to the non-
saline, brackish and saline groundwater. The numerical values are normalized,
see Section 7.2.2.
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see Section 7.2.2.



301

j Principal
| Component 2

2 t

-2 -

Brine
O

Glacial melt water

Glacial

1960s |
Precipitation]

Baltic Sea

Litorina Sea; *

t , Altered!
f, marine!

Sediment ;
ipore waterj

-A -i -2 -1

Principal Component 1

CI (mg/1)

j >5000,
• saline

—. 1000 to 5000,
brackish

< 1000,
non saline

n

o Sample
Meteoric! •* End-member

Baltic Sea
mixing portion

. vj 80 to 100%
1 60 to 80%

40 to 60%
20 to 40%
0 to 20%

Component 1 = - 0.25 [Na] - 0.08 [K] - 0.23 ICa] - 0.05 iMg] + 0.11 [HCO31
- 0.24 [CI] - 0.23 [SO4] + 0.08 13H] - 0.03 I2H] + 0.01118O]

Component 2 = - 0.04 [Na] - 0.23 [K] + 0.05 [Ca] - 0.24 [Mg] - 0.16 |HCO3]
+ 0.02 [CI + 0.02 ISOJ - 0.10 |3H] - 0.2712H] - 0.29 I18O]

Figure 7-13. Principal Component plot with a superimposed grey coding
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normalized, see Section 7.2.2.
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the measured observations. The numerical values are normalized, see Section
7.2.2.
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7.4 THE GROUND WATER HISTORY

The origin and sources of the different water types at the Aspo site reflect many
events such as pre-glacial, glacial and postglacial in combination with
water/rock interaction. The deglaciation and subsequent land rise are probably
the most important recent events in the Aspo groundwater history.

The Baltic Shield as a part o Northern Europe has been affected by a number
of glaciations during the Quaternary Period (2.4 Ma) /Ehlers, 1996/. Geological
evidence show that these glacial events had a great impact on the spatial
distribution of soil types and erosion of the surface of the bedrock. The heavy
ice load caused extensive isostatic movements of the basement, hence it also
changed the hydrogeological system which had a large influence on the
groundwater flow paths and groundwater chemistry.

The last three major glacial events during the Quaternary Period are Elster,
Saale and Weichsel, where the Weichsel is the latest glacial event. It reached
its maximum approximately at about 18 000 to 20 000 years ago /Ehlers, 1996/.
The cyclic behaviour in the climate during the Quaternary Period imply that
different groundwaters in the basement must have been modified and even
replaced several times. The extreme cold climate during the glacial events in
the high latitudes form waters with typical low isotopic (2H and 18O) signatures,
whereas the milder interglacials display a different isotopic pattern. Hence, the
wide range in isotopic signatures give us a very useful tool in order to
understand the meteoric water input, glacial meltwater and other end-members
involved in the groundwater formation during this period. The different scale
of the glacial events and different hydrogeological situations may have caused
differences in penetration depth of for example glacial melt water, and hence
there may be remnant waters still found in the basement from the early events
as well. Most probably the events after the last glaciation is dominating.
Bearing this in mind we present a working hypothesis and a conceptual model
for the groundwater system at the Aspo site. This model mainly focus on the
last glacial event and especially on the post-glacial development of the Baltic
Shield and the Aspo area. Figure 7-17 shows the coast line of Sweden at the
different stages at the Baltic Sea during its shifting between fresh-water lakes
and brackish seas since the last glaciation.
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Figure 7-17. The different evolutionary stages of the Baltic Sea after the most
recent glaciation and a picture of the previous highest coastline. The pictures
were produced from SKB's Geographic Information System. /SKB, 1995/
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Figure 7-18. A post-glacial scenario at Laxemar and Aspo. Possible flow
lines, non-saline, brackish and saline water interfaces are shown. Injection of
Glacial melt-water into the basement.

When the continental ice was melting and retreating, glacial melt-water was
injected in to the basement, (Figure 7-18). The depth to which the meltwater
reached is largely unknown. Groundwater flow models suggest that under
hydraulic gradients caused by a thick ice cover the meltwater could be pressed
to a depths of more than 1000 m/Svensson, 1996/. Whether or not this has been
the case is beyond present knowledge. It is important to note that a deep saline
groundwater with a relatively high density can act as a barrier which may
prevent less dense shallow water from penetrating the deeper regions. It is also
uncertain whether or not there has been a water pressure below the ice of such
a magnitude as the thickness of the ice cap.
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Figure 7-19. A post-glacial scenario at Laxemar and Aspo. Possible flow
lines, density-driven turnover, non-saline, brackish and saline water interfaces
are shown. Baltic Ice Lake stage.

The first stage of the Baltic Sea, known as the Baltic Ice Lake, started to form
about 13 000 years ago. 10000 B P the Baltic Ice Lake still covered the Aspo
area (Figure 7-19). The fresh water probably did not affect the glacial water in
the basement since there was no hydraulic hydraulic head difference when the
island was under water. Far to the west the Laxemar area rose above the water
level.
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Figure 7-20. A post-glacial scenario at Laxemar and Aspo. Possible flow
lines, density-driven turnover, non-saline, brackish and saline water interfaces
are shown. Yoldia Sea stage.

During the next phase the Yoldia Sea (10000-9000 B P) covered the island.
The brackish-marine water could have affected the more conductive upper parts
of the basement to some extent by density-driven turnover (buoyancy flow), as
shown in Figure 7-20. The Yoldia sea stage was short compared to the other
stages and the influence on the groundwater system could have been
insignificant. As implied in Figure 7-19 any effect of the Yoldia stage would
have differentiated the situation at Aspo from the situation at Laxemar, giving
a fresh-saline water interface at the shoreline at Laxemar.
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Figure 7-21. A post-glacial scenario at Laxemar and Aspo. Possible flow
lines, density-driven turnover, non-saline, brackish and saline water interfaces
are shown. Ancylus Lake stage.

The Ancylus Lake (9000-7000 B P), which was a freshwater lake, probably did
not affect the water in the basement of Aspo. At Laxemar the recharge and
discharge controlled by the topography affected the areas above the water level
(Figure 7-21).
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Figure 7-22. A possible post-glacial scenario at Laxemar andAspo. Possible
flow lines, density-driven turnover, non-saline, brackish and saline water
interfaces are shown. Litorina Sea stage.

The next stage was the Litorina (7000-2000 B P) Sea which most likely
provided saline waters which reached salt content expressed as Cl = 7 000 mg/1
(818O = -4.5%o, 8D = -38%o) Ipers. com. Tullborg, 1995 - calculation based on
Kankainen, 19861. Density-driven turnover is believed to be an important
process during this period. The glacial water was replaced and mixed with the
sea water (Figure 7-22). In the Baltic Shield area the highly saline coastal
groundwaters are only found below the highest shoreline of the postglacial
Litorina Sea since the density-driven turnover was probably an important
process during this stage. Previous works IFrape and Fritz, 1987, Gascoyne,
1987, Nurmi et al, 1986, Fontes et al, 1989, Wallin, 19901 showed that
groundwater in the crystalline basement on the Canadian and Baltic shields
may have been formed or affected by marine water intrusions.



312

m

-1000 !

Aspo

Present time

Brackish

Saline
i

0 1
i i i 1 1 r~

2 3 4 5 6 7 10 km

Baltic Sea •

Figure 7-23. A possible post-glacial scenario at Laxemar and Aspo. Possible
flow lines, density-driven turnover, non-saline, brackish and saline water
interfaces are shown. Present day situation. The approximate location of the
deep borehole KLX02 is indicated by an arrow on this picture.

The Aspo area rose above the sea level some 4000 B P). A meteoric water
aquifer started to form which created hydraulic head differences and started to
wash the sea water out of the more shallow parts of the basement (Figure 7-
23). Regional flow from the mainland could have started to affect the water
composition. The saline waters at depth were probably not affected by the post-
glacial events (Figure 7-21). Traces of deglaciation in more shallow
groundwaters should be detectable in the groundwater composition.

The isotopes, both radiogenic and stable, were used to evaluate the pre-history
of the groundwater. Due to the scarcity of the data from pre-investigations it
was not possible to predict the isotopic signatures of the groundwater. During
the construction phase /Wallin and Peterman, 1994/ the knowledge of end-
member signatures and background levels have increased. The combination of
several isotopic methods has provided the means to tackle the history of the
groundwater in a systematic way. So far the events occurring after the latest
glaciation have been resolved and these data have been of the outmost
importance for the identification of the end-members used to construct Model
96.
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An illustration of the models based on the data from pre-investigations and the
data from the tunnel construction phase are given in Figure 7-24. The
corresponding salinity distribution is presented in Figure 7-25 and 7-26. The
differences in salinity distribution are due to the effects caused by the tunnel
drawdown. The biological and redox conditions are not presented since they are
considered to be evenly distributed in the rock mass.

The Model 96, developed during the construction phase, is more developed and
quantitative than Model 90 from the pre-investigation phase. In Figure 7-24 the
presentation is made in such a way that the models can be compared, but it
must be realized that the figure only illustrates parts of the models. Model 90
groups the groundwater observations into four classes based on principal
component analyses. The Model 96 defines the end-members, reference waters
and mixing proportions of the reference waters. In Figure 7-24 the dominating
reference waters are qualitatively related to the statistically defined classes of
the previous model.

A consistent picture was obtained by 2H, 3H, 180,13C, 14C, 87Sr, 34S and 36C1 ana-
lyses which were made on different occasions during tunnel construction. There
are a few additional isotopic methods, 36Ar/40Ar and 85Kr which might be useful
for differentiating between the effects of the latest and previous glaciations. So
far these methods have not been employed on Aspo groundwater samples.
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Figure 7-24. Illustration of Model 90 based on data from the pre-
investigations and Model 96 which also involves the data collected during the
tunnel construction phase. Model 90 defines 4 four classes based on statistical
treatment of the data, whereas Model 96 is based on identified end-members
and selected reference waters and the mixing proportions of these waters (see
Section 7.2.3).
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Figure 7-25. The salinity distribution presented as the chloride concentration
under the undisturbed conditions prior to excavation. The sampling locations
are marked in the figure. (Total salinity = 1.7 times the chloride
concentration).
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Aspo: Monitoring Phase
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Figure 7-26. The salinity distribution presented as the chloride concentration
under the disturbed conditions after construction. The sampling locations are
marked in the figure. (Total salinity = 1.7 times the chloride concentration).
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7.5 REDOX CONDITIONS

Redox conditions are important for the safety assessment of a nuclear waste
repository /SKB, 1995/. The observed redox potential (Eh) and the redox
buffering constituents in the groundwater are extremely sensitive to
disturbances caused by sampling and analyses. The redox buffer is to a large
extent provided by the fracture filling minerals in contact with the groundwater
and by the biological processes /Banwart (ed.), 19951.

Great efforts have been made to investigate and solve the issue of deep
groundwater redox conditions /Grenthe etal, 1992/. The present understanding
is that the ferrous and ferric iron minerals generally govern the redox
properties. This is also the case for data from the investigations at Aspo.
However, occasionally other systems are thought to dominate, e.g. the uranium
system in an Uranium mineralization /Ahonen et al, 1992/. Regardless of
which system controls the Eh it has been clearly demonstrated that the deep
groundwaters in granitic rocks are generally reducing.

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

Eh measurements are made using three types of electrode, gold , platinum and
glassy carbon. Only the sampling procedure denoted complete chemical
characterization, see Report 4 /Rhen et al, 1997/, included the proper Eh
measurements during the pre-investigations. The measurements were continued
for a period of several days (weeks) until the readings levelled out at roughly
the same value for all three electrodes. This is the reported Eh value. During
sampling in the tunnel no Eh or dissolved oxygen contents were measured,
except for those in the redox experiment /Banwart et al, 1995/

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

The Eh value is coupled to the pH value. An empirical relation is a decrease of
60 mV with an increase of one pH unit. At pH 7 the Eh values are mostly
between -100 and -300 mV. Plots of the Eh-pH data from the pre-investigation
phase and from a few observations in the tunnel are shown in Figure 7-27. At
these low Elh-levels uranium exists in a reduced (+JTV) form and is extremely
insoluble.

7.2 7.4 7.6 7.

Figure 7-27. Eh versus pHfor the data obtained from the pre-investigation
phase (squares) and from the construction phase (Circles). The uncertainty in
Eh is estimated to be ±50 mV and the uncertainty in pH is ±0.1 pH unit. The
figure includes the calculated Eh for the equilibrium between UO2 and
dissolved UO2

2' at a concentration of10 ppb.

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

7.6 THE SALINE GROUNDWATERS OF THE ASPQ-LAXEMAR
AREA

7.6.1 General features of the saline groundwaters

Saline groundwaters, Cl >5000 mg/1, (Figure 7-6) are obtained from the deeper
part of Laxemar (>1100 m), Aspo (>350 m) and the HRL tunnel (>100 m).
Saline groundwaters have been described in detail by Smellie and Laaksoharju
/I992/, Laaksoharju etal/1995/, Laaksoharju and Skdrman /1995/ and also
Louvat et at, Peterman and Wallin, Trotignon et al, Wallin and Peterman, in
Laaksoharju and Wallin /1997/.

The depth of the saline groundwaters is controlled by the prevailing hydrogeo-
logical conditions. The hydraulic head in combination with heterogenous
spatial distribution of the conductive fractures determines the position of the
interface between saline and brackish water. Laxemar, which is on the
mainland, has a relatively high water table resulting in an interface at large
depth (1100 m) between saline and brackish waters. On Aspo island, whose
topography is flat, the water table is lower and the interface can exist at
shallower depths (350 m). Under the Baltic Sea saline groundwater may be
unaffected by any hydraulic forces since the Litorina Sea stage. Here the saline
groundwater can exist at close to a 100 m depth. The depth at which the saline
groundwater is encountered depends on the history of the groundwater, see
Section 7.4, and on the topography and density.

The saline groundwater is characterized by a sodium chloride rich variety at
depths of 100-600 m and a calcium chloride variety at depths greater than 600
m. At 100-600 m depths a complex mixing pattern includes several reference
waters. Possible regional flow in combination with near stagnant conditions
are believed to dominate at the deeper (>600 m) regimes.

7.6.2 Saline groundwaters with a brine component

Chemical composition

The deep (600-850 m) saline groundwaters at Aspo has a brine component. At
800 metres at Laxemar (KLX02), chlorinity increases dramatically by almost
three orders of magnitude (to approximately 16,000 mg/1) over a distance of
250 m (depth of 1150 m). Chlorinity continues to increase with depth (to
47,200 mg/1) displaying inflection points at approximately 1350 m and 1000
m, see Figure 7-30. Hydraulic tests showed that the transmissivity decreased
with depth at the Laxemar borehole. The working hypothesis is that the brine
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water represents a hydraulically and geochemically isolated system such that
highly saline groundwaters exist in a near-stagnant environment ILaaksoharju
et al, 19951. These calcium chloride dominated brines represent deep regional
groundwaters where long residence times and water/rock interactions have
played a dominant role in creating their composition.

40Ar/36Ar

Evidence of water/rock interaction at great depth is suggested from 40Ar/36Ar
ratio measurements. The isotope 40Ar is enriched (from feldspar breakdown) by
a factor of four (compared with atmospheric input) in the highly saline
groundwaters ISmellie, 19961.

618O and 82H

The stable isotope data (618O =-10.4 to -8.9%o (SMOW); 62H = -60.2 to
-44.9%o (SMOW)) from the deep saline groundwaters show significant
deviation from the meteoric water line. The trend towards increasing salinity
can reflect a greater dependency on water/rock reactions in combination with
minimal influence from past marine and glacial melt fluctuations at great depth.
The long contact time with rock may have modified the l8O values from the
meteoric water line /Alley, 1993/ {Figure 7-28).

• Non saline

Brackish

• Saline

-140

-20 -18 -16 -14 -12 -10 -8 -2

Figure 7-28. d 18O versus deuterium for the Aspo and Laxemar groundwaters.
The long contact time with the rock may have shifted the mO-deuterium
signature to above the meteoric water line. The data point below the meteoric
water line indicates a cold climate recharge.
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36,a

The high apparent age is supported by the measured 36C1 values which indica-
ted the water has been isolated from the atmosphere for 1.5 M years ILouvat et
al, in Laaksoharju and Wallin, 19971.

Cl/Br

By comparing the Aspo site groundwater Cl'/Br" ratio with marine and
sedimentary ratios it was suggested that the brine correspond to an evoluted sea
water which has been concentrated by evaporation to the precipitation stage of
halite. The 5 I8O signature (Figure 7-29) and chloride contents of the saline
samples coming from the deepest intervals of the Laxemar boreholes, could
then be explained by a sedimentary primary brine in the Aspo deep
groundwater ILouvat et al, 19971. Preliminary noble gas analyses show that the
deep groundwaters give an Xe signature which indicates a possible recharge
temperature of 25°C which in turn suggests much warmer climatic conditions
than the present-day ones ISmellie, 19961, which could support the sedimentary
primary brine assumption.
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Figure 7-29. The glacial component shoves a distinctive negative deviation
in 32H contents which culminates at a depth of 1100 m (± 200 m) at Laxemar.
Borehole (KLX02),

Srand887Sr

Dissolved Sr (0.5 mg/L) in the fresh-water layer has a 687Sr value of +9.9%o
whereas a sample of saline water from the interval of 1420 to 1705 m contains
449 mg/L Sr with a 587Sr of +12.9%o. Throughout the deep Laxemar borehole
the strontium concentration increases congruently with the chlorinity /Wallin
and Peterman, 1997/(see Figure 7-30). This is strongly indicating a long-term
interaction between the water and clay minerals.
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634S

The 634S isotopic composition of sulphur in dissolved sulphate also reflects the
compositional stratification of this groundwater system with 634S values of
+10%o in the deep saline and +19%o in the fresh layer.

Brine evolution: diffusion-mixing-processes

The age determination and the other isotope investigations indicate that the
brine exists in a stagnant environment. This in turn implies that the brines are
not affected to any large extent by advective flow and mixing, and in that case
diffusion is the only process by which the salt could have been transported.
The diffusion was calculated using Fick's second law, and the diffusivity of
chloride in water. The assumption for initial conditions was that there was a
sharp boundary between a saline and a fresh water. Cl diffusion calculations for
lOOKa, IMa and 5Ma are shown in Figure 7-31 together with the measured
chlorine concentration at depths of 800-1600 m at KLX02. The figure shows
that the 1 Ma model plot is relatively close to the measured chlorine concentra-
tion which is within relative agreement with the measure 36C1 value of 1.5 Ma.
The measured chlorine values show deviations from the diffusion line which
may indicate disturbance by mixing.

0.1 1 10 100 1000 10000 100000

Concentration, mg/l of Chloride and Strontium

Figure 7-30. Strontium and chloride concentrations in borehole KLX02.
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Figure 7-31. Results from the diffusion modelling of the deep groundwater
at Laxemar. Chlorine diffusion models for WOK, IMa and 5Ma are compared
with the measured chlorine concentration in borehole KLX02.

A test was conducted to find out whether mixing or diffusion is the dominating
process /Laaksoharju and Wallin, 1997/. The results from the two calculations
show that diffusion has been masked by mixing processes during the last 1.5
Ma. However, it is likely that the drilling and sampling activities in the
borehole has resulted in mixing. If this is the only reason for the mixing cannot
be concluded today.

Mixing processes, which could have disturbed the brine, might also have taken
place due to penetration of glacial water. The penetration depth of the glacial
water is difficult to estimate, since the boundary conditions are impossible to
define exactly. Assuming that the hydraulic gradient is established by a 3 km
thick ice cap, this could drive the meltwater to depths of several kilometres
/Svensson, 1996/. The high density of the brine may in any case have restricted
the mixing layer to the upper part of the interface between saline and non-saline
groundwaters seen in KLX02.

Disturbance: from borehole activities is also seen in the tritium data which
indicates a significant content of surface derived water down to 1420 m. At this
level (1420 m) the presence of 26 TU (i.e. in excess of present-day recharge at
22 TU) suggests that, after excluding the possibility of in-situ production, one
of the mixing end-members may be "old" tritium rich meteoric waters infilling
during the period 1958-1965. This water may have been drawn into the



325

borehole at various levels during drilling and other activities. The hydraulic
testing and the 6 month maintenance pumping prior to groundwater sampling
lowered the groundwater level by 4 m in borehole KLX01 situated almost one
kilometre away /S Follin, 1996/. Effects in the different sections of KLX02 are
not known. However, it must be kept in mind that the water sampled from the
borehole when it was newly drilled never exceeded 0.3 TU. Thus it is evident
that the high tritium content is caused by borehole activities.

In conclusion it is most likely that the deep brine below 1100 m depth has been
stable for a long time and can be considered stagnant in the time scale of a
waste repository, 100 000 years. The origin of the brine can be either an
evaporite or long-term leaching of the rock. Regardless of which, it has been
isolated from meteoric input for more than 1 million years. Whether or not the
brine is part of a slow regional transport system cannot be judged today.

7.6.3 Saline groundwaters with a glacial component

Regardless of the fact that the salinity increases by depth, there is a distinct
influence of glacial (cold climate) groundwater at depths. The cold climate
water might have been injected during the last glaciation but might also be a
remnant from previous glaciations.

SS8O and 62U

The glacial component is shown as a distinctive negative deviation in the 618O
and 62H contents of the groundwaters. Saline groundwaters, sampled from the
deep (1705 m) borehole KLX02, contain a glacial component which culminates
at a depth of 1100 m (±200 m) (Figure 7-29). At Aspo the glacial component
in the saline groundwater is found at variable depths (100-850 m).

Ca and SO4

When the melting started dilute and possibly aggressive glacial melt-water
could have oxidized the sulphide in the glacial soil debris. The M3 calculations
show a sink for Ca (Figure 7-32) and a source for sulphate (Figure 7-33) which
is believed to be associated with the influx of glacial water associated with
calcite precipitation. Losses can also be due to ion-exchange reactions.
However, the isotopic character of the sub-glacial water is such that it must be
developed during the course of the latest glaciation or be a remnant of previous
glaciations. It is not caused by the melting of the latest glaciation. This might
indicate that there is a missing end-member with a high sulphate and low
calcium concentration. Such a saline water could be resulting from repeated
freezing and melting of a permafrost which created stagnant conditions with no
groundwater flow below parts of the continental ice replaced by dynamic
conditions.
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Figure 7-32. Principal Component plot used to illustrate the sinks of calcium
which are believed to be associated with the mixing of glacial water. The
mixing is shown progressively for 20%, 20-40%, 40-60%, 60-80% and 80-
100%. The numerical values are normalized, see Section 7.2.2.
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Figure 7-33. Principal Component plot used to illustrate the sources of SO4

which are believed to be associated with the mixing of glacial water. The
mixing is shown progressively for 0-20%, 20-40%, 40-60%, 60-80% and 80-
100%. The numerical values are normalized, see Section 7.2.2.
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7,6.4 Saline groundwaters with a marine component

General Chemistry

The saline waters at Aspo (350 - 600 m) and during construction of the HRL
tunnel (>100 m) were sampled from a hydrogeologically more dynamic system
than the deeper Aspo and Laxemar (brine) systems. The dominating
groundwater type is a sodium chloride water. The measured Cl concentration
for these saline groundwaters is 5000-12300 mg/1. A general feature of the
saline groundwaters sampled in the tunnel is that the location (i.e. under sea or
under land) and depth determine the origin. Under the sea at a moderate depth
influx of marine waters was observed. Observations at larger depths show that
these are dominated more by older water types such as glacial and brine water
/Laaksoharju and Skdrman, 1995/.

The results from the influx of a marine component on the saline groundwaters
can be seen as a source for Mg (Figure 7-34). The interpretation is that this
may be a result of a Litorina Sea influx. The salinity of Litorina Sea water was
a factor of two higher than modern Baltic Sea water. The Mg content
correspond well to a Litorina origin. This was further supported by the chlorine
content which is similar to the Litorina Sea water.

7.7 BRACKISH GROUNDWATER AT ASPO AND LAXEMAR

7.7.1 General features of the brackish groundwater

Brackish groundwaters (Figure 7-6) are obtained generally at a depth of 100-
350 m at Aspo and along the HRL tunnel. At Laxemar the brackish water is
found down to a depth of 1000 m. The difference in depth at which the
brackish water is found is due to the prevailing hydraulic conditions.

The brackish groundwater is of Na-Ca, C1-SO4 type. The water is a result of a
complex mixing pattern that includes all the reference waters in varying
proportions. The brackish groundwaters represent a mixing regime where a
regional and local flow system, long-term, slow chemical reactions
(dissolution, precipitation, sorption, redox reactions, gas generation and
consumption) and short-term, fast reactions (ion exchange, precipitation,
dissolution, redox reactions and sorption) take place /Alley, 1993/.
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Figure 7-34. Principal Component plot used to illustrate the sources ofMg
which are believed to be associated with the mixing of marine water possibly
Litorina Sea water. The mixing of the Litorina Sea is shown as an area of
influence which is based on the predicted I4C age (see Figure 7-16) related to
the Litorina stage. The possible influx percentages of the Litorina Sea are
shown in steps of100%, 50% and 0%. The numerical values are normalized,
see Section 7.2.2.
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7.7.2 Multi-component mixing of brackish groundwater

Most of the brackish groundwaters were sampled from the HRL tunnel at
tunnel chainage 0-1500 m (0-200 m below sea level). The emphasis in this
section is therefore on the groundwaters sampled from the HRL tunnel.

The groundwater chemistry reflects the dynamics in the system which is driven
by changing hydraulic heads due to the construction of the HRL tunnel. The
groundwater observations were therefore sorted according to where and when
the sampling was conducted. The data has been divided into experimental days,
where day 0 (1990-10-14) indicates the start of the tunnel construction, day 150
represents 1991-03-13, day 350 (1991-09-29), day 550 (1992-04-16), day 750
(1992-11-02), day 950 (1993-05-21), day 1150 (1993-12-07) and day 1350
represents the date 1994-06-25. A sample collected closest to the actual
experimental day (e.g. day 150) was selected to represent that experimental
day. A comprehensive presentation of the results is made in Laaksoharju and
Skarman /1995/.

On experimental days 150, 350, 550 and 750 of the HRL tunnel construction
meteoric water and glacial water dominated the inflow to tunnel section below
the sea. On day 950 altered marine water started to dominate at tunnel chainage
1200-1480 m, a tunnel section under land but in contact with the Baltic Sea
through the NE-la and EW-3a fracture zones. On day 1150 Baltic Sea water
and altered marine water started to dominate at tunnel section 2110-2240 m
which is located under the sea. On day 1350 this domination was replaced by
meteoric water, although Baltic Sea water was still an important component.
At greater depths (>300 m) and tunnel chainages (>2400 m) the dominating
water type was a cold climate (glacial) water in combination with brine. A
general feature of the tunnel water is that the location (i.e. under sea, under
land) and depth determines the dominating water type and changes in the
mixing proportions with time. Observations under the sea at a moderate depth
(<300 m) show modern Baltic Sea water or altered marine water with time.
Observations below land at a moderate depth show meteoric water. Observa-
tions at greater depths show that these are dominated more by older water
types. These mixing calculations showed a general agreement with the
hydrogeological modelling /Laaksoharju and Skarman, 1995/

Dominating water types in the HRL tunnel over time, viewed from the side,
are shown in (Figure 7-35). It is important to note that in many tunnel sections
the difference between the calculated mixing portions are small (i.e. 26% Baltic
Sea water and 25% shallow water). Kriging was used to interpolate between the
observation, points. Greater accuracy was obtained close to the sampling point.

In Figure 7-35 the reference waters has been changed compared to the
references in previous PCA figures. The saline reference water is now repre-
sented by the most saline water of Aspo (KAS02 860 m) and the glacial
reference water is the same as the glacial end member. The difference in the
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Figure 7-35. Influx of the dominating water in the HRL tunnel seen from the side on day 1350 (1994-06-25) of the tunnel
construction.
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Figure 7-36. PCA plot, cf. Figure 7-2, of the groundwater data of the Aspo-
Laxemar area. Red line indicates the reference waters used to calculate the
mixing proportions presented in Figure 7-35. These reference waters are also
used to present the dominating groundwater in Figure 2-14.

data treatment is seen in Figure 7-36 where the new reference waters are
connected with the red line.

The presentation above is thought to give a better view of the dominating water
types along the tunnel than what is obtainer by the use of the reference waters
from the PCA plots.
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7.8 NON-SALINE GROUND WATER AT ASPO

7.8.1 General features of the non-saline groundwaters

Non-saline groundwaters (Figure 7-7) are usually obtained at a depth of less
than 100 m at Aspo and the HRL tunnel. At Laxemar the non-saline water is
found down to a depth of 850 m. The difference in the depth location of the
brackish water is due to different prevailing hydraulic conditions at Laxemar
compared with Aspo, see Section 7.6.2.

The non-saline groundwater is characterised by a Na-HCO-, or a Ca-HCO-, rich
groundwater. The water is a result of an influx of a meteoric water which is
mixed in a complex pattern with brackish water. The non-saline groundwaters
belong to the shallow bedrock where local flow systems exist and fast
reactions (ion exchange, precipitation, dissolution, redox reactions and
sorption) dominate /Alley, 1993/.

Most of the data comes from the Redox Zone in the HRL tunnel /Banwart ed,
1995/. The investigations were focussed on the redox conditions and how these
were developing. On March 13, 1991 tunnel construction in the HRL tunnel
intersected a sub-vertical, hydraulically-conductive fracture zone (Redox Zone)
at tunnel section 513 metres and at a depth of 70 metres. This provided an
opportunity to study geochemical changes resulting from non-saline water
inflow into a crystalline bedrock aquifer as anticipated during construction and
operation of a deep repository. For a period of three years the inflow to the
tunnel and discharge from boreholes drilled into the fracture zone from the
tunnel were monitored to observe if dissolved oxygen was transported from the
surface into the groundwater under the intense hydraulic disturbance created by
the tunnel construction work.

3H, surface water break-through

As predicted by model calculations prior to the start of the experiment, dilute,
non-saline (<10 mg/1, Cl) water from the surface displaced the native brackish
(5000 mg/1, Cl) water of the fracture zone. A sharp dilution front,
corresponding to 80% dilution of the native groundwater, indicated the arrival
of non-saline groundwater to the tunnel after 3 weeks. Although a slight oxygen
breakthrough was observed a few weeks after the non-saline water
breakthrough, the fracture zone rapidly returned to anoxic conditions /Banwart
et al, 1995/ By using tritium and deuterium as conservative tracers the
recharge of the Redox Zone was calculated to be 4050 mVyear with a
groundwater residence time of 8 months /Banwart (ed.), 1995/ The influx of
modern precipitation water is seen as a sink for the tritium content with respect
to the reference water content in (Figure 7-37). The meteoric reference water
contains (59 TU) which reflects precipitation dating from the 1960s (100 TU).
This fact gives a view of the residence time in the undisturbed conditions
prevailing before tunnel construction. The effect of the influx of meteoric water
affects both brackish and saline groundwaters. There is evidence of extensive
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lateral flow between the recharge areas and the discharge point in the access
tunnel.
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Figure 7-37. Influx of modern precipitation water is seen as a source for the
tritium content with respect to the reference water content. The effect of the
mixing of meteoric water is shown in the background. The mixing is shown
progressively for 0-20%, 20-40%, 40-60%, 60-80% and 80-100%. The weight
for the different elements is shown in the equations for the first and second
Principal Component respectively.
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HCO3

Major element hydrochemistry and carbon and oxygen stable isotope data
indicated large inputs of HCO3 and biogenic CO (g^ Elevated CO
concentrations in the groundwater (6050 to 15037 ppm) exceed atmospheric
concentrations by one or two orders of magnitude. High TOC values (up to 20
mg/L) and the 813C isotope values of the HCO3 (-16 to -14%e PDB) and CO2

(-14 to -25%o) confirm a large uniform organic carbon source as one end-
member for the carbon system. Methane (1030 to 4070 ppm) in the fracture
zone and the shallow boreholes with 6BC values between -39.8 and -50.8%o
strongly support a biogenic source for this gas. The build up of the bicarbonate
reservoir most likely takes place in the lower saturated part of the shallow
groundwater (below 30 m). The effect of this process is seen as a source of
HCO3 in (Figure 7-38).

The input of organic carbon with shallow groundwater provides a possible
energy and carbon source for anaerobic respiration. The accelerated input of
organic carbon added a net reducing capacity to the groundwater which, in turn,
prevented oxygen penetration. Reduction of iron (HI) minerals to iron (II) in
solution is an anaerobic process found to be the successor to the aerobic
respiration of organic matter observed in the block scale redox experiment. The
process takes place when the amount of organic matter is larger than the
amount of dissolved oxygen. This is roughly the case at >10 mg/1 total organic
content. A detailed description of the iron reduction is given in the reporting of
the redox project /Banwart et al, 1995/. Inorganic oxygen reduction was
expected, but biological consumption of oxygen was found. Other processes
which can be a source for HCO3 are calcite dissolution, iron and manganese
and sulphate reduction. Sinks for HCO3 are often associated with calcite
precipitation.

SO4

The sulphate concentration increased, possibly by desorption from fracture
minerals or from an influx from a lateral flow including a glacial or marine
component (Figure 7-34). The possible release of sulphate may have been due
to adsorption competition with the large amounts of bicarbonate that
accumulated in the groundwater during anaerobic respiration. Proposed
microbial processes during lateral flow include anaerobic respiration coupled
with a reduction of iron hydroxide, methanogenesis, precipitation of calcite and
secondary ferrous minerals /Banwart et al, 1995, Banwart (ed.) 19951.
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Figure 7-38. Anaerobic respiration coupled to organic decomposition is
believed to be the major source ofHCO3. The effect of the mixing of meteoric
water is shown in the background. The mixing is shown progressively for
0-20%, 20-40%, 40-60%, 60-80% and 80-100%. The weight for the different
elements is shown in the equations for the first and second Principal
Component respectively. The numerical values are normalized, see Section
7.2.2.
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Na and Ca

Associated Na-Ca ion-exchange was modelled in the Redox Zone IViani and
Bruton, 19941. This was supported by the M3 modelling which shows that a
Na/Ca ion exchange may occur not only in the Redox zone but also at the Aspo
site. The interpretation is that these processes occur in fracture systems
containing clay minerals. The sinks and sources of anions and cations described
above could be a result of surface complexation as suggested by /Bruton and
Viani 1997/.

Variably charged solids such as oxyhydroxides of Fe can serve as sources and
sinks of anions and cations through surface complexation. Surface
complexation reactions on hydrous ferric oxides involve sorption of both
cations and anions. The masses of sorbent required to exert a significant impact
on fluid chemistry through sorption/desorption reactions seem to be reasonable
when compared with the occurrence of hydrous ferric oxides at Aspo. Thus, it
is possible that small changes in fluid chemistry can cause significant releases
of cations or anions into the fluid phase or, alternatively, result in an uptake of
aqueous species onto hydrous ferric oxides surfaces.

S34S

The 634S values from dissolved SO4
2" in shallow groundwater are available

from the Redox zone boreholes (KR0012B, KR0013B and KR0015B). The
isotope signatures varied between +21 to +\l%o, indicating a mixed sulphur
source. One possibility is leaching of the Litorina-stage marine sediments by
meteoric water. The water residing at the site at the beginning of the
experiment had slightly higher chloride values (KA0483A = 4890 mg/1, Cl)
than modern Baltic Sea water (2500-4000 mg/1, Cl) and may therefore have
been older intrusions of saline waters such as Litorina Sea water (Figure 7-39).

Sr

Several samples of precipitation were also analysed by means of 687Sr, showing
low concentrations of Sr in the range of 0.001 to 0.003 mg/L (687Sr values +1.7
to +7.5). These values indicate the ion exchange model presented by Viani and
Bruton /1994/is consistent with the concentration behaviour of 687Sr and Sr.
They suggested that smectite may be the principal exchanger within this zone.

7.8.2 Calcite fracture fillings

Calcite fracture fillings exhibit a wide range in 613C of between -15 and -6%o
indicating a mixing of two different carbon sources. Oxygen isotope data from
the calcite fracture fillings show a range between +10.6 and +23.5%o and part
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Figure 7-39. Principal Component plot used to illustrate the measured S34S
values from dissolved SO4

2' in non-saline groundwater which may be
associated with leaching of Litorina-stage marine sediments by meteoric water.
The numerical values are normalized, see Section 7.2.2.

of the calcite may be in equilibrium with the water observed today in the
fracture zone. 14C analyses on the HCO3 show a variation of between 61.4 and
91.8 pmC (per cent modern carbon) and organic carbon (fulvic acids) range
between 91.8 and 98.1 pmC. The average in-mixing of modern carbon in the
bicarbonate observed in the fracture zone corresponds to a residence time of
550 years. This is in agreement with the estimated rate of organic matter
degradation which is expected to be about 100 to 500 years in such a system.
The lower percentage of modern carbon observed in the bicarbonate may
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therefore be due to a dissolution of older calcite in the upper unsaturated zone
of the groundwater with respect to calcite or a result of mixing of shallow
waters with different ages /Wallin and Peterman, 1997/.

7.9 HYDROCHEMISTRY OF MAJOR FRACTURE ZONES

The hydrochemistry of the major fracture zones has been carefully evaluated
by Laaksoharju and Skdrman /1995/ for the entire tunnel construction phase.
The evaluation was based on the results of the Principal Component Analyses,
together with mixing and mass balance calculations (M3). The location of the
fracture zones which have been evaluated are shown in Figure 7-40. All
sampling points are shown in a vertical section along the tunnel in Figure 7-41.
A summary of the results is presented in Figures 7-42 to 7-48 where the
dominating reference waters are visualized along the tunnel at different time
intervals. The time intervals are 200 days. Observations which are 100 days off
are included, e.g. samples collected between days 650 and 850 are included in
the time step 750 days. Appendix 3 shows the proportion of each reference
water at the different time steps and the hydrochemistry in sampling points
associated with the different fracture zones at the different time intervals as
well as the proportions of the reference waters. Briefly the hard facts are:

Redox zone (KR0012)

Experimental days 150-1350: Cl = 695-1330-500 mg/L, HCO3 = 198-245-325
(mg/L) and pH = 7.8-7.7-7.3 units. The chloride concentration increased
initially from 675 to 1330 mg/1 and decreased to 500 mg/1. At the same time
steps the bicarbonate concentration went graduate from 198 to 245 to 325 mg/1
and pH 7.8 - 7.7 - 7.3. For a detailed description see Appendix 3.
Dominating groundwater types are: [Cl-Na-HCO3-Ca-SO4-K]; [Cl-Na-Ca-
HCO3-SO4-K]; [Cl-Na-HCO3-SO4-Ca-K] .

The dominating influx is from meteoric water (73-64-82%).

No indications of sulphate-reducing bacteria.

NE-4a, 4b (SA813B, SA850B)

Experimental days 350-1350: Cl = 5440-3450-3272 mg/L, HCO3 = 170-481-
302 (mg/L) and pH = 7.7-7.3-1..0 units.

Dominating groundwater types are: [Cl-Na-Ca-HCO3-SO4-K]; [Cl-Na-HCO3-
Ca-SO4-K]; [Cl-Na-Ca-HCO3-SO4-K].
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Figure 7-40. Location of the hydrochemically evaluated fracture zones. The
locations correspond to the intersections in the tunnel.
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Figure 7-421 Dominating influx to the tunnel 150 days after the start of tunnel
excavation. 1991-03-13.



343

DOMINATING
WATER TYPB

ni&rxoe

Meteoric

Baltic Sea
1

Glacial j j

Brine j j

EstimafedWATBK
TNFlXrWRATE
From Fracture Zones
given within bradectg

% = Percentage of
Total Influx

0 = Sampling point

HE-2o /
(0.0D3 /
•SOU*)

(S-0)

5600 6900 0000 5100 B20O 0300 04D0 B6O0 00BO UVOO 0300 flBOO 70DO 7100 7200 7S0D
*-| T~'
7400 7600

-i 1 r ~
7Q00 7700 7B00

ElUimtcd WATER
INFLOW RATE
Fivm Fraciitrc Zones
given wilhnibrmteis
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Figure 7-47. Dominating influx to the tunnel 1150 days after the start of
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The dominating influx is from Altered marine water (23-42-46%).

Indication of sulphate-reducing bacteria.

NE-3b, 3c (SA0976B, SA1062B, SA958B)

Experimental days 350-1350: Cl - 5590-5320-3641 mg/L, HCO3 = 500-531-
274 (mg/L) and pH = 12-13-1.0 units.

Dominating groundwater types are: [Cl-Na-Ca-HCO3-SO4-K]; [Cl-Na-Ca-
HCO3-SO4-K]; Cl-Na-Ca-SO4-HCO3-K].

The dominating influx is from Altered marine water (42-40-42%).

Indication of sulphate-reducing bacteria.

NE-la, 1b (SA1342B, HA1327B, SA1229A)

Experimental days 550-1350: Cl = 4730-4211-3928 mg/L, HCO3 = 170-426-
336 (mg/L) and pH = 7.3-7.0-7.0 units.

Dominating groundwater types are: [Cl-Na-Ca-HCO3-SO4-K].

The dominating influx is from Altered marine water (23-44-44%).

Indication of sulphate-reducing bacteria.

EW-3a (SA1420A)

Experimental days 750-1350: Cl = 3930-3420-3053 mg/L, HCO3 = 170-215-
206 (mg/L) and pH = 7.6-7.3-7.2 units.

Dominating groundwater types is: [Cl-Na-Ca-SO4-HCO3-K].

The dominating influx is from Altered marine water (20-39-43%).

No indication of sulphate reduction.

NE2a-l (SA1614B)

Experimental days 750-1350: Cl = 5160-6207-5176 mg/L, HCO3 = 37-32-109
(mg/L) and pH = 7.4-7.6-7.2 units.

Dominating groundwater types is: [Cl-Na-Ca-SO4-HCO3-K].
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The dominating influx is from Glacial water (65-51-30%).

No indication of sulphate reduction.

NE2a-2 (SA1828B)

Experimental days 750-1350: Cl = 5200-6010-5123 mg/L, HCO3 = 43-48-111
(mg/L) and pH = 7.4-7.3-7.2 units.

Dominating groundwater types is: [Cl-Na-Ca-SO4-HCO3-K].

The dominating influx is from Glacial water (45-33-19%).

No indication of sulphate reduction.

NE2a-3 (SA2583A)

Experimental days 1150-1350: Cl = 6647-6896 mg/L, HCO3 = 13-44 (mg/L)
and pH = 7.5-7.9 units.

Dominating groundwater types is: [Cl-Na-CaSO4-HCO3-K].

The dominating influx is from Glacial water (47-45%).

No indication of sulphate reduction.

NNW-4H2O-1 (SA2074A)

Experimental days 950-1350: Cl = 5283-4276 mg/L, HCO3 = 47-94 (mg/L) and
pH = 7.0-7.3 units.

Dominating groundwater types is: [Cl-Na-Ca-SO4-HCO3-K].

The dominating influx is from Shallow water (30-30%).

No indication of sulphate reduction.

NNW-4H2O-2 (SA2109B, SA2142A, SA2175B)

Experimental days 950-1350: Cl = 4480-3880-5442 mg/L, HCO3 = 67-127-127
(mg/L) and pH = 8.1-7.4-7.8 units.

Dominating groundwater type is: [Cl-Na-Ca-SO4-HCO3-K].

The dominating influx is from Shallow water (38-27%).
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No indication of sulphate reduction.

NNW-4H2O-3 (KA3191F)

Experimental day 1350: Cl = 7410 mg/L, HCO3 = 29 (mg/L) and pH = 7.3
units.

Dominating groundwater type is: [Cl-Na-Ca-SO4-HCO3-K].

The dominating influx is from Glacial water (45%).

No indication of sulphate reduction.

7.10 HYDROCHEMISTRY IN A LOW CONDUCTIVITY-ROCK
MASS

A pilot study was conducted to sample and analyse the water of low-
conductivity rock. The samples were taken from boreholes KA1639A and
KA1750A. In addition to the water samples core samples were also prepared
and analysed. The entire pilot study is presented by Wikstrom and Bjorklund
/1994/. The hydrochemical data from the study is shortly presented in Table 7-2
and also reported in Nilsson /1995/.

The experiences are:

8 The development and testing of equipment and methodology for
sampling water with extremely low flow were successful. Minor changes
in the procedure have been suggested.

• Only one of the tested analytical methods turned out to be practically
(and economically) feasible for the trace element analyses. The high
salinity caused serious problems for most of the methods. The successful
technique was ICP-MS with a modified nebulizer. AAS and INAA
methods failed.

• The results of analyses gave no clear indications of differences regarding
rock type or hydraulic conductivity.
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Table 7-2. The composition of groundwater in low-conductivity and
highly-conductive rock masses of Aspo in both Aspo diorite and
greenstone. Concentrations are given in mg/1 or for element X(x)* in ug/1.
A represents chloride interval 6200-6600 mg/1 and B 3900-4300 mg/1.
(Samples from boreholes KA1639A and KA1750A).

Constituent

flow ml/ min
Na(A)
Na(B)
Ca(A)
Ca(B)

Mg(A)
Mg(B)
HCO3 (A)
HCO3 (B)
C1(A)

C1(B)
Br(A)
Br(B)
SO4 (A)
SO4 (B)

Sr(A)
Sr(B)
Fe(A)
Fe(B)
Mo (A)*

Mo (B)*
U(A)*
U(B)*
La (A)*
La (B)*

Aspo
Highcond.

600
2030
1720
1700
620

77
142
40
260
6400

4100
34
18
435
243

26
10
0.44
2.4
50

10
0.6
2
0.7
0.3

diorite
Lowcond.

30
1990

1680

72

34

6200

38

444

27

0.32

71

0.07

0.56

Green-stone
Highly-cond.

11

1610

650

128

252

3920

16

225

9

2.3

7

3

0.45

Low-cond.

2.5
2080
1640
1720
750

68
43
24
17
6600

4200
45
26
450
125

30
14
0.05
0.05
79

17
0.53
0.06
0.76
0.26
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7.11 BIOLOGICAL PROCESSES

The microbes themselves do not create new reactions, but they catalyse
reactions which would otherwise not take place, e.g. the reduction of sulphate
to sulphide and dissolution and reduction of ferric iron minerals. At Aspo the
biological processes turned out to be even more important than the chemical
interaction between the groundwater and the minerals. The microbial processes
always involve redox reactions. They mostly also produce (or consume) carbon
dioxide and thus affect both the calcite and redox systems /Pedersen and
Karlsson, 1995/. Because of the unexpected effects of the biological processes
the observed bicarbonate, sulphate and iron concentrations were different from
those predicted. This was especially noticeable in the tunnel sections passing
below the sea, where the water percolating through the seabed sediments
transported large quantities of organic matter into the rock.

The biological processes which have affected the hydrochemistry of Aspo are:

• Sulphate reduction taking place most predominantly in the tunnel section
passing below the sea, but also occasionally at depth in the tunnel spiral.
A major effort to evaluate the conditions around the sulphate reduction
has pointed towards the salinity interval of 4000-6000 mg/1 as optimum
for the process. Also a high content of organic material (> 10 mg/1) seems
to favour the biological sulphate reduction. It has in a few cases been
observed to give bicarbonate concentrations of above 1000 mg/1 with a
corresponding decrease of sulphate from above 500 mg/1 to less than 100
mg/1. No corresponding high concentrations of sulphide have been
observed. The sulphate reduction is reported in detail by /Laaksoharju
(ed), 1995/.

• Reduction of iron(III) minerals to iron(II) in solution is an anaerobic
process similar to the sulphate reduction. This process was found to be
the successor to the aerobic respiration of organic matter which was
observed in the redox zone. A detailed description of the iron reduction
is given in the report on the redox project IBanwart et al, 1995/.

• The block scale redox experiment focused on the reduction of dissolved
oxygen in the infiltrating surface water to assess the risk for breakthrough
of oxidizing surface water into a repository during construction and oper-
ation. Inorganic oxygen reduction was expected, but biological
consumption was found. The process takes place when the amount of
organic matter is larger than the amount of dissolved oxygen. This is
roughly the case at > 10 mg/1 total organic content. The conclusion is that
oxidizing surface water should not be expected in a repository, regardless
of the time of construction and operation IBanwart (ed), 1995/



355

8 GROUNDWATER FLOW AND TRANSPORT
OF SOLUTES

8.1 INTRODUCTION

The flow field below Aspo has been modelled by SKB using the computer code
PHOENICS /Spalding/, and in Section 8.2 an overview of the flow situation in
the regional scale and below Aspo island is given based on simulations made
1997.

Up to 1995 only a few attempts have been made at the Aspo HRL to estimate
transport properties in the rock mass. Section 8.3 contains a brief presentation
of these results together with some data from other sites compiled in Andersson
/1995/ in order to give possible values or ranges for some of the transport
parameters.

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

The LPT2 test was performed on a large test scale, several 100 m, and several
hydraulic conductor domains were tested. As a connectivity test it was useful
but the evaluation of the transport properties was more difficult. A number of
modelling groups used the data from the LPT2 test and tried to simulate the
transport, but found it difficult to find a 'unique' solution concerning the
transport parameters. The modelling work is summarized in Gustafson and
Strom / 19951 and reported in detail in Rhen et al /1992/, Hautojdrvi /1994/,
Taivassalo et al /1994/, Billaux et al/ 1994/ Noyer and Fillion /1994/,
Barthelemy et al /1994/ Holton and Milicky /1996/ Gylling et al /1994/
Kobayashiet al/1994/ Igarashiet al/1994/and Uchida et al/1994/.

The simulations by others than SKB of the tunnel drawdown have up to autumn
1997 been presented in Uchida et al /1997/ Holton and Milicky /1997/,
Meszdros /1996/ Tanaka et al/1996/. The first simulations made by SKB of
the tunnel drawdown are presented in Svensson /1991/ In Lofinan and
Taivassalo /1995/ a few concepts were tested on how to model the pressure and
salinity fields around Aspo Island the last 3000 years. One conclusion was that
a dual-porosity approach seemed useful but there was no salinity data available
that was considered to represent the matrix blocks and that could be used for
consistency check.
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8.2 FLOW FIELD BELOW AND AROUND ASPO ISLAND

8.2.1 Purpose with the flow modelling

The expected interface between the fresh water and the saline water is quite
irregular due to the heterogeneity of the rock mass. This was shown in
Svensson /1988/and is briefly presented in Section 8.2.4.

Late 1996 a regional groundwater flow model was set up based on Model 96
and some of the results are presented in Section 8.2.5. The purpose was to make
a 3D regional model useful for calculating the natural (undisturbed) groundwa-
ter flow and the groundwater flow with the Aspo HRL present. Density driven
flow dependent of the salinity of the groundwater was to be included. The
intension with the model was also that the regional model should be used for
calculating the boundary conditions for a site model. The detailed results are
presented in Svensson /1997a/.

The site model was made to get a better resolution of the flow field below
Aspo that should be useful for the evaluation of the groundwater chemistry,
modelling pressures and flows in the rock mass outside the tunnel for planning
of future experiments and, finally, with the intention that the model should be
used for calculating the boundary conditions for a local detailed laboratory
model. The site model was finalized summer 1997 and the results were
reported in Svensson /1997b/. Some of the results are presented in Section
8.2.6.

For all models a stochastic continuum approach was chosen and the code used
was PHOENICS.

8.2.2 Concepts and data

Process description

The flow was based on the following equations:

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

The dispersion used was proportional to the local Darcy velocity. The
simulations were steady state simulations. See Chapter 3 for details of how the
the relations above were treated in PHOENICS.
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Geometric framework and parameters

Regional model

The model covers an area of 10-10 km2 and down to a depth of 3 km. The
model consists of 360 000 cells and the cells are 100 m cubes below a depth of
100 m. Above 100 m depth in the model the height of the cells decreases and
the uppermost cells follow the topography on land as well as the topography of
the sea bottom, see Figure 8-1. BFC (Body Fitted Coordinates) net is used. The
regional hydraulic conductor domains and hydraulic rock mass domains are
defined according to Appendix 2 and Chapter 6.

Site scale model

The model covers an area of 1.8-1.8 km2 and down to a depth of 1 km. The
model consists of 445 500 cells and the cells are 20 m cubes below a depth of
100 m. Above 100 m depth in the model the height of the cells decreases and
the uppermost cells follow the topography on land as well as the topography of
the sea bottom, see Figure 8-1. BFC (Body Fitted Coordinates) net is used. The
site scale hydraulic conductor domains and hydraulic rock mass domains are
defined according to Appendix 2 and Chapter 6.

Material properties

The material properties assigned to the bedrock before calibration has started
are described in Appendix 2 and Chapter 6. Transmissivities of the hydraulic
conductor domains are constant for each domain and hydraulic rock mass
domains are described as a stochastic continuum. The hydraulic conductor
domains described in the site scale model in this report were simplified in the
regional scale due to the large cells in the regional model.

Regional model

Properties for the hydraulic rock mass domains are based on the hydraulic tests
in 100 m test scale as shown in Appendix 2 and Chapter 6.

The uppermost four cells (down to about 15 m below ground surface) in the
model are given constant hydraulic conductivities with higher values than the
geometric mean hydraulic conductivity for the rest of the model. This is made
in order to make the sub-program treating the unsaturated zone to work
properly. It may be interpreted as if there is a higher hydraulic conductivity of
the soil cover and the uppermost part of the bedrock, but also that a possible
overland flow (in the uppermost cell) should be incorporated in the model in
order to give a correct run-off for the modelled area.
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R e g i o n a l m o d e l : 10 - 1 0 - 3 km

ASPO

Site scale model: 1.8 • 1.8-1 km
ASPO

Figure 8-1. Top: Finite-volume net close to surface for the regional model.
View from south-east with Aspd in the centre. (Vertical scale is magnified
about 15 times). /Svensson, 1997a/.
Bottom: Finite-volume net close to surface for the site scale model. View from
south-east with Aspd in the centre. (Vertical scale is magnified about 7 times).
/Svensson, 1997b/.
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Two of the main streams are also simulated by assigning high hydraulic
conductivity (1 m/s) for the uppermost cells in the position where the streams
are.

Site scale model

Properties for the hydraulic rock mass domains are based on the hydraulic tests
in 3 m test scale, which are scaled to target scale 20 m. The model properties
are shown in Appendix 2 and Chapter 6. The uppermost five cells (down to
about 10 m below ground surface) in the model are given constant hydraulic
conductivities somewhat higher than the geometric mean hydraulic conductiv-
ity for the uppermost part of the domains. This is made in order to make the
sub-program treating the unsaturated zone to work properly.

Below the Baltic a clay layer of a few metres thickness is normally found. This
was modelled by placing a 3 m thick layer with a hydraulic conductivity of 10"9

m/s 5 m below the sea bed.

Spatial assignment method

Regional model

Zonation was chosen as the assignment method for the hydraulic rock mass
domains, see Appendix 2 and Chapter 6 for details. No correlation between the
hydraulic conductivities of the cells are assumed. Each hydraulic conductor
domain was assigned a constant transmissivity. One realisation of the hydraulic
conductivities is shown in Figure 8-2.

Site scale model

Zonation was chosen as the assignment method for the hydraulic rock mass
domains, see Appendix 2 and Chapter 6 for details. No correlation between the
hydraulic conductivities for the cells are assumed. Each hydraulic conductor
domain was assigned a constant transmissivity.

Large drawdown and the algorithm for the unsaturated zone, see Chapter 3,
were found to generate isolated water columns above cells with very low
hydraulic conductivity. This was considered not realistic, and therefore a
minimum vertical hydraulic conductivity of 5-10"9 m/s was used for the cells
above the tunnel spiral down to a depth of 140 m. One realisation of the
hydraulic conductivities is shown in Figure 8-3.
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Plotted hydraulic conductivity field: 2.5 E-7 - 5 E-5 m/s

West

North

West

Depth: 450 m

East

2500 (m)

Figure 8-2. Illustration of the hydraulic conductivity field for the regional
model. Plotted hydraulic conductivity interval: 2.5d0'7-5.0-10'5 m/s. /Svensson,
1997a/. Top: Perspective view. Bottom: Horizontal section at a depth of 450
m.
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Plotted hydraulic conductivity field: E-7 - E-4 m/s

West

ASPO

ASPO

Depth: 450 m

500 (m)

^

Figure 8-3. Illustration of the hydraulic conductivity field for the site scale
model. Plotted hydraulic conductivity interval: 10'7-10'4 m/s. /Svensson,
1997b/. Top: Perspective view. Bottom: Horizontal section at a depth of 450
m.
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Boundary conditions

Upper boundary:

Net precipitation (P-E, P: Precipitation, E: Evapotranspiration) on the upper
boundary v/as set 200 mm per year for the regional model and 100 for the mm
per year for the site scale model for the upper surface not covered by the sea.
Calculated net groundwater recharge locally depends on elevation of topogra-
phy and the elevation of the water table, see the algorithm for the unsaturated
zone presented in Chapter 3. 200 mm per year correspond approximatly to the
mean run-off for the area around Aspo, as mentioned in Chaper 6. In the site
scale model it was needed to decrease the (P-E) to 100 mm per year in order to
get a fresh water lense to the depth during naural conditions that approximately
corresponded to the measured values.

The sea surface was modelled as constant pressure. In the regional and site
scale models the salinity of the Baltic Sea is assumed to be 0.6 %. Precipitation
is assumed to have a salinity of 0 %.

Side boundary:

Regional model: Boundaries facing the Baltic (eastern and part of the southern
boundary) are assigned hydrostatic pressure and two linear functions for the
increase of salinity by depth, based on measurements of natural conditions at
Laxemar and Aspo. Zero flux conditions for water and salinity for other
boundaries.

Site model: Boundary conditions from regional model except for the uppermost
100 m in the model where zero flux conditions were used due to the difference
in resolution of the regional and site scale computational nets .

Lower boundary:

Regional model: Zero flux conditions.

Site model: Boundary conditions from regional model.

Internal boundaries:

Tunnel: Flow rates into the tunnel assigned to hydraulic conductor domains
intersecting the tunnel for two tunnel face positions; 2875 and 3600 m.
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8.2.3 Calibration

Regional model

The four top cells were given the following hydraulic conductivities, uniformly
applied on and sea, from surface downwards: 2-1O"3, 8-10"4, 5-10'6 and 1-10"6

m/s. Local calibration of the hydraulic conductivity of the area around Aspo
(1.4-1.2 km2) was applied in order to be able to approximately reproduce the
drawdown by Aspo HRL. The top four layers were multiplied with 0.3 and the
cells below these with 0.5. This is in line with the properties given for Aspo in
relation to the regional model!

Site scale model

Four test cases were used: Natural (undisturbed) conditions, pumping test
LPT2 (pumping of borehole KAS06) and the drawdown by the Aspo HRL
when the tunnel was at chainage 2875 and 3600 m. The last case, "3600 m",
was only used to test that the drawdowns would be approximately as for "2875
m". Calibration was made to match the measured piezometric levels for all
cases and the salinity of the groundwater for natural conditions by adjusting the
transmissivities and the arithmetic mean of LogI0(K), ( K: hydraulic conductiv-
ity) by trial and error approach.

Two major disagreements with the model presented in Chapter 6 and Appendix
2 were found. The transmissivity of NNW-7 and NE-2 should be more than 10
times more transmissive according to the calibration. The rock mass south of
Aspo was too conductive and therefore the hydraulic conductivity of SRD4 was
decreased. In Tables 8-1 to 8-3 the calibration results are shown.

The measured salinity in 22 borehole sections were generally higher close to
surface but lower below 500 m depth, compared to the calculated values in the
calibrated model. The water table for the natural conditions and when the
tunnel was at chainage 2875 m compares rather well with the measured as
shown in Figure 6-27 and Figure 8-12.

The correction of the hydraulic rock mass domains on Aspo is as expected, see
Chapter 6. The correction of SRD4 is not surprisingly as the rock mass below
the Baltic is highly fractured and some of the tests in the probeholes outside the
wide hydraulic conductor domains may have been more representative for the
conductor domain than the rock mass domain. There are also comparatively
few tests along the part of the tunnel below the Baltic compared to the rest of
the site.

Sensitivity tests for drawdown with the tunnel face at chainage 2875 m were
made by multiplying the transmissivities for the hydraulic conductor domains
with 0.5 and 2 and two other cases by multiplying the hydraulic conductivities
for all the cells of the hydraulic rock mass domains with 0.5 and 2. Two other
cases for the undisturbed conditions were made by multiplying the net
precipitation 100 mm per year (P-E) with 0.5 and 2. The results indicate that
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the mean error of the piezometric levels or depth of the fresh water lense (mean
of (measured value-calculated value)) becomes larger for the cases above.
However, one of the realisations for the calibrated model had an error that was
slightly less than the 0.5 case for the hydraulic conductivity, see Svensson
/1997b/. It was concluded in Svensson /1997b/'that the depth of the fresh water
lense and the undisturbed water table is sensitive to P-E.

Table 8-1. Modified properties by calibration of the site Scale hydraulic
Conductor Domains (SCD). T =Transmissivity, Calibration = Modifica-
tion according to Svensson /1997b/, Model 96 =Values according to Chapter
6 in this r epor t

Group
of
domains

EW-3
NE-2
NE-1
NNW-1
NNW-2
NNW-7
NNW-8

T
Calibration

(m2/s)
•lO"5

1.2
0.8
30
3.0
1.0
8.0
0.1

T
Model 96

(m2/s)
•io-5

1.7
0.012
22
0.86
2.4
0.75
0.8

8.2.4 Saline interface is irregular due to the heterogeneity of the rock

Svensson/1988/ made a generic study which shows the interaction between the
fresh water recharge and the saline water in a coastal region. The only variable
that is changed is the magnitude of the heterogeneity, that is the number of low
and high values of hydraulic conductivity values changes but the mean value
is the same. As can be seen in the Figure 8-4, the flow pattern becomes more
channelized as the magnitude of the heterogeneity of increases. It is interesting
to note that more saline water can be found above water of lower salinity, that
is a heavier water can be found above a lighter water. It is therefore not
surprising if the salinity varies considerably within a broad zone near a coast
consisting of crystalline rock and with a saline sea.
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Table 8-2. Modified properties by calibration of the Site scale hydraulic
Rock mass Domain (SRD). K = Hydraulic conductivity, scale = target scale
= cell size in numerical model, m = arithmetic mean of Log,0(K), Calibra-
tion = Modification according to Svensson /1997b/, Model 96 = Scaled
values according to Chapter 6 in this report.

Group
of
domains

SRD1
SRD2
SRD3
SRD4

Depth
range

(m)

0-600
0-600
0-600
0-600

Scale

(m)

20
20
20
20

m(Logl0(K))
Calibration

Log10(m/s)

-7.8
-7.1
-8.7
-7.6

m(Logl0(K))
Model 96

Logi0(m/s)

-8.1
-7.18
-8.83
-6.36

Table 8-3. Modified properties by calibration of the uppermost cells in
the numerical model. K = Hydraulic conductivity, scale = target scale =
cell size in numerical model, m = arithmetic mean of Log10(K), Calibra-
tion= Modification according to Svensson /1997b/, Model 96= Scaled values
according to Chapter 6 in this report.

Depth
below
surface
(m)

K K
Calibration Model 96

{mis) (m/s)

0-0.5
0.5-1.5
1.5-3.0
3.0-5.0
5.0-10.0

HO"3

HO"3

5-10"4

HO"5

3-10"7

see
see
see
see
see

Table 8-2
Table 8-2
Table 8-2
Table 8-2
Table 8-2
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500 m

g::",:x
100 mm/year

Inflow boundary

Porosity = 5E-5
Hydraulic conductivity 8E-7 m/s
Dispersion coefficient =5E-5 m2/s

i S=0.1%

! I
! i
i !

0.9%

S=0.1%-
0.3 —

0.5% 0.7% 0.9%

S=0.1% 0.3 0.5 0.7 0.9

-Qgz

sd = 0

sd = 1

sd = 2

sd = 4

Flow scale : 1.05 m*/(m2«year)

S = Salinity
sd = Standard deviation for ln(K)
K = Hydraulic conductivity

Figure 8-4. Sensitivity of flow patterns and salinity distribution due to the
magnitude of the heterogeneity of hydraulic conductivity. /After Svensson,
1988/.



367

8.2.5 Regional model

Recharge- and discharge areas

The flow in the uppermost cells are shown in Figure 8-5 and the two streams
in the area can easily be seen in the figure. The water tables for natural
conditions (undisturbed by tunnel) and with Aspo HRL is shown in Figure 8-6.
The notable change of the elevation of the water table is on Aspo island.

The groundwater flow field close to the surface and at approximately 500 m
depth is illustrated in Figures 8-7 and 8-8. The horizontal flow component is
shown in Figure 8-7 for depths 5 m and 450 m. The flow rate is considerably
lower at 450 m depth compared to 5 m depth but the flow pattern has great
similarities for the two depths on the mainland. A difference between 5 m and
450 m depth is that below the islands and peninsulas the flow rate is low
compared to the mainland at 450 m depth. Some of the regional hydraulic
conductor domains are indicated by higher flow rates in the figure for depth
450 m.

The recharge- and discharge pattern is also illustrated by the vertical flow
component shown as isolines, for downwards and upwards flow, in Figure 8-8
for depths 30 m and 500 m. As can be seen for depth 30 m, and in Figure 6-2
showing the topography, the recharge areas are in the situated on the hills and
the discharge areas are found in the valleys, as expected. The general pattern
of downwards and upwards flow is also seen for depth of 500 m, but the flow
rate is much smaller.

With the Aspo HRL present the flow pattern at 450 m depth changes
considerably below Aspo island, see Figure 8-9.

Salinity distribution

East-west and north-south vertical sections through the model are shown in
Figures 8-10 and 8-11. The sections intersects the centre of the tunnel spiral.
As can be seen in the figures there is fresh water (0.1% salinity iso-line) down
to about 850 to 950 m, where the boreholes KLX 02 is situated, and about 300
m below Aspo under natural conditions. One can also see that the water from
the Laxemar area is discharging mainly close to the coastline.

The flow into the Aspo HRL tunnel changes the distribution of the salinity
mainly below Aspo, see Figures 8-10 and 8-11. Upconing of saline water can
be seen in the figures.
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Flow and saturated areas at ground level

Water table less
than 0.5 m from
ground level
marked as
saturated areas
(shaded areas)

Figure 8-5,. Regional scale groundwater flow model. Natural conditions.
Flow and saturated areas at ground level. Areas with the water table less than
0.5 mfrom ground surface are considered saturated and in the figure marked
as shaded areas. The rivers in the area are were the Darcy velocities are the
highest. Darcy velocity scale: Vector length 12 mm = 10~3 mis. /Svensson,
1997a/.
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Undisturbed conditions

AM-: MAR

- ': ,ir{ i * . . " ; •• • —
r~Z'••*:.. .*•? • ' / " •%-••••<

#%% •L»"J.'/t.j i" "_• J • • -

Drawdown by the tunnel

GR u

0

d

.LEMEL
Ml,1 1 J

8
2
3
5
6
8
9
11
13
14
16
17
19
20
22

GR.W.LEVEL
mi

33
-44
-38
1-32ft26

I.J-20
-14
-8

4

P !&
Q22

2500 (m)

Figure 8-6. Regional scale groundwater flow model. Water table (metre
above mean sea level). /Svensson, 1997a/. Top: Natural conditions. Bottom:
Drawdown due to inflow to Aspd HRL.
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Undisturbed conditions

Horizontal flow at
5 m depth.

1 E-6 ( m/s)

Horizontal flow at
450 m depth.

2 E-8 (m/s)

Figure 8-7. Regional scale groundwater flow model. Natural conditions.
/Svensson, 1997a/. Top: Horizontal flow at 5 m depth. Bottom: Horizontal flow
at 450 m depth.
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Undisturbed conditions

Vertical flow at
30 m depth.

Blue. Downwards flow
Red: Upwards flow

Isolinevalues:
100 and 200 mm/y

rrr
o

Vertical flow at
500 m depth.

Blue. Downwards flow
Red: Upwards flow

Isolinevalues:
20 and 40 mm/y

2500 (m)

Figure 8-8. Regional scale groundwater flow model. Natural conditions. Blue
colour indicates downwards and red upwards flow /Svensson, 1997a/. Top:
Vertical flow at 30 m depth. Bottom: Vertical flow at 500 m depth.
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Drawdown by the tunnel

Horizontal flow at
450 m depth.

Figure 8-9. Regional scale groundwater flow model. Drawdown due to inflow
to Aspo HRL. /Svensson, 1997a/. Horizontal flow at 450 m depth.
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LAXEMAR
West KLX02 KLX01

Undisturbed conditions

ASPO

Fluxes: 2 E-8 ( m/s)

West

Drawdown by the tunnel

LAXEMAR
KLX02 KLX01

Fluxes: 2 E-7 { m/s)

ASPO
East

2500 (m)

Figure 8-10. Regional scale groundwater flow model. West-East vertical
sections through Aspd HRL. Salinity fields in %. Top: Natural conditions.
Bottom: Drawdown due to inflow to Aspd HRL. (Note: Flow field from surface
down to 100 m depth is not shown). /Svensson, 1997a/.
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South

Fluxes:

Undisturbed conditions

ASPO
North

2 E-8 ( m/s)

Drawdown by the tunnel

ASPO
North

Figure 8-11. Regional scale groundwater flow model. North-South vertical
sections through Aspd HRL. Salinity fields in %. Top: Natural conditions.
Bottom: Drawdown due to inflow to Aspd HRL. (Note: Flow field from surface
down to 100 m depth is not shown). /Svensson, 1997a/.
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8.2.6 Site scale model

Recharge- and discharge pattern

The water tables for natural conditions (undisturbed by tunnel) and with Aspo
HRL is shown in Figure 8-12. As can be seen in the figure the largest
drawdown takes place in the hydraulic conductor domains, as expected.

The groundwater flow field close to the surface, at approximately 100 m and
450 m depth is illustrated in Figures 8-13 to 8-15 for natural conditions and
with Aspo HRL present in Figures 8-16 to 8-18. The horizontal flow
component is shown in Figure 8-13 for depths 4 m and 100 m. As can be seen
in this figure, and also Figure 8-15, the flow rate decreases with depth. In the
plot for 4 m depth one can see where the discharge to valleys and wet lands
takes place and in the plot for 100 m depth the hydraulic conductor domains are
indicated by somewhat larger flows.

The recharge- and discharge pattern is also illustrated by the vertical flow
component shown as isolines, for downwards and upwards flow, in Figures 8-
14 and 8-15 for depths 30 m and 500. The recharge and discharge pattern is
rather diffuse at 5 m depth but at 100 and 450 m depth much of the vertical
flow takes place in the hydraulic conductor domains.

The flow pattern, mainly on southern Aspo, changes considerably with the
Aspo HRL present, see Figures 8-16 to 8-18. Much of the flow is concentrated
to the hydraulic conductor domains, except for close to the surface. The flow
rates around the tunnel system is also larger than for the natural conditions.

Salinity distribution

East-west and north-south vertical sections through the model are shown in
Figures 8-19 and 8-20. The sections intersects the centre of the tunnel spiral.
As can be seen in the figures the maximum depth of the fresh water lense
(0.1% salinity iso-line) is about 300 m below Aspo under natural conditions.

The flow into the Aspo HRL tunnel changes the distribution of the salinity
mainly below Aspo. Upconing of saline water can be seen in the figures.
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Undisturbed conditions

Drawdown by the tunnel

IILJ
500 (in)

ASPO

GFt U LEUEL
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0 1 0
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l .B
1.3
i . ?
2.0
2.3
2 .?
3.B
3.3
3.7
4.0
4.3
4.7

L
U

ASPO

Figure 8-12. Site scale groundwater flow model. Water table (metre above
mean sea level). /Svensson, 1997b/. Top: Natural conditions. Bottom:
Drawdown due to inflow to Aspd HRL.
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Undisturbed conditions

Fluxes:

ASPO

Horizontal flow at
4 m depth.

1 E-6 ( m/s)

Fluxes:

ASPO

Horizontal flow at
100 m depth.

5 E-8 ( m/s)

500 (m)

Figure 8-13. Site scale groundwater flow model. Natural conditions.
/Svensson, 1997b/. Top: Horizontal flow at 4 m depth. Bottom: Horizontal flow
at 100 m depth. Darcy velocity scale: Vector length 10 mm = 5-10'8 m/s.
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Undisturbed conditions

ASPO

Vertical flow at
5 m depth.

Blue. Downwards flow
Red: Upwards flow

isolinevafues:
50 and 100 mm/y

ASPO

Vertical flow at
100 m depth.

Blue. Downwards flowj
Red: Upwards flow !

isoSinevalues:
25 and 50 mm/y j

,. J

soo (m)

Figure 8-14. Site scale groundwater flow model. Natural conditions. Blue
colour indicates downwards and red upwards flow /Svensson, 1997b/. Top:
Vertical flow at 5 m depth. Bottom: Vertical flow at 100 m depth.
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Undisturbed conditions

\.

ASPO

Horizontal flow at
450 m depth.

1 E-8 (m/s)

Fluxes:

ASPO

Vertical flow at
450 m depth.

Blue. Downwards flow
Red: Upwards flow

Isolinevalues:
3 and 10 mm/y

i . , : . . < i : i

500 (m)

Figure 8-15. Site scale groundwater flow model. Natural conditions. Blue
colour indicates downwards and red upwards flow /Svensson, 1997b/. Top:
Horizontal flow at 450 m depth. Bottom: Vertical flow at 450 m depth.
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Drawdown by the tunnel

Fiuxes:

ASPO

Horizontal flow at
4 m depth.

1 E-6 ( m/s)

500 (m)

Fluxes:

ASPO

Horizontal flow at
100 m depth.

1 E-6 ( m/s)

-a, S \«

Figure 8-16. Site scale groundwater flow model. Drawdown due to inflow to
Aspo HRL. /Svensson, 1997b/. Top: Horizontal flow at 4 m depth. Bottom:
Horizontal flow at 100 m depth.
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Drawdown by the tunnel

\ . PI -,.

ASPO

Vertical flow at
5 m depth.

Blue. Downwards flow
Red: Upwards flow

Isolinevalues:
100 and 200 mm/y

ASPO

Vertical flow at
100 m depth.

Blue. Downwards flow
Red: Upwards flow

Isolinevalues:
100 and 200 mm/y

500 (m)

Figure 8-17. Site scale groundwater flow model. Drawdown due to inflow to
Aspd HRL. Blue colour indicates downwards and red upwards flow /Svensson,
1997b/. Top: Vertical flow at 5 m depth. Bottom: Vertical flow at 100 m depth.
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Drawdown by the tunnel

Fluxes:

ASPO

Horizontal flow at
450 m depth.

5E-7 (m/s)

or *

ASPO

Vertical flow at
450 m depth.

Blue. Downwards flow
Red: Upwards flow

Isolinevalues:
400 and 800 mm/y

i

500 (m)

Figure 8-18. Site scale groundwater flow model. Drawdown due to inflow to
Aspd HRL. Blue colour indicates downwards and red upwards flow /Svensson,
1997b/. Top: Horizontal flow at 450 m depth. Bottom: Vertical flow at 400 m
depth.
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Undisturbed conditions

Drawdown by the tunnel

Figure 8-19. Site scale groundwater flow model. West-East vertical sections
through Aspd HRL.Salinity fields in %. Top: Natural conditions. Bottom:
Drawdown due to inflow to Aspd HRL. (Note: Flow field from surface down
to 20 m depth is not shown). /Svensson, 1997b/.
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Undisturbed conditions

South

Fluxes:

South

2 E-8 ( m/s)

Drawdown by the tunnel

Fluxes: 5 E-7 ( m/s)

500 (m)

Figure 8-20. Site scale groundwater flow model. North-South vertical
sections through Aspd HRL. Salinity fields in %. Top: Natural conditions.
Bottom: Drawdown due to inflow to Aspd HRL. (Note: Flow field from surface
down to 20 m depth is not shown). /Svensson, 1997b/.
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Box analysis of the fluxes

In Svensson /1997b/the water and salinity fluxes over the boundaries of large
control volume, more or less corresponding to the site model, and a smaller
with dimension 600 • 400 • 400 m3 were calculated. In Table 8-4 the results for
the smaller box is shown. The tables illustrates the magnitudes in the fluxes.

The fluxes and salinity distribution in the present site scale model is also
illustrated for depth level 450 m in Figures 8-21 to 8-23 and Tables 8-5 to 8-6.
Figures 8-21 and 8-22 show the fluxes through the cell walls for each
computation cell and the magnitude or the flux-vector (called RES-Flux in the
figures and tables) computed as the vector sum of the cell wall fluxes. The
deterministic hydraulic conductor domains are indicated in the figures by
higher fluxes. The absolute values of the fluxes in Figures 8-21 and 8-22 are
also illustrated in a probability distribution plot in Figure 8-23 and some
characteristic values for the fluxes are shown in Table 8-5 and 8-6.

According to the calculations the average salinity of the water flowing into the
tunnel is 0.69 %, with a variation from 0.11% (NNW-1 crossing tunnel section
1745-1883 m) to 3.04% (NNW-1 crossing tunnel section 3179- 3426 m) for the
different hydraulic conductor domains. The electrical conductivity of the water
flowing into each tunnel section, limited by the dams in the tunnel, have been
measured a few times /Rhen et al, 1995/. Values from April and November
1995 showed a salinity of about 0.77 % for tunnel section 1745-1883 m, 0.6%
(min value for the tunnel spiral) for tunnel section 2028-2178 m, 1.5% (max
value along the entire tunnel) for tunnel section 2699-2840 m and 1.2% for
tunnel section 3179-3411 m. The values indicate that the model can still be
improved.
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Table 8-4. Box analysis of the fluxes over the boundaries of a box with the
Aspo coordinates X: 1840 to 2440 m, Y: 7100 to 7500 m and Z: -600 to -200
m. / Svensson, 1997b/. Positive flux: flux in the positive coordinate
direction. "Flux" in the table is the sum of the cell fluxes over one of the
sides in the box.
X: positive direction towards East in Aspo coordinate system.
Y: positive direction towards North in Aspo coordinate system.
Z: positive direction is upwards in Aspo coordinate system.

Boundary

NATURAL

West
East
South
North
Bottom
Top

ASPO HRL

West
East
South
North
Bottom
Top

Net flux

(l/s)

Positive
flux

(l/s)

CONDITIONS

-4.0E-4
6.9E-3
9.0E-3
-8.0E-4
-1.0E-3
1.0E-3

0.69
-1.71
1.26

-1.77
2.31
-2.87

3.0E-3
7.0E-3
9.8E-3
6.0E-3
1.0E-3
2.0E-2

0.69
0
1.39
0.15
2.53
0.13

Negative
flux

(l/s)

3.4E-3
1.0E-4
8.0E-4
6.8E-3
2.0E-3
1.9E-2

0
1.71
0.13
1.92
0.22
3.0

Max
Darcy
velocity
(m/s)

4E-10
1E-9
2E-9
8E-10
2E-10
3E-9

9E-8
7E-11
2E-7
6E-8
3E-7
8E-8

Min
Darcy
velocity
{mis)

-2E-9
-9E-11
-2E-10
-2E-9
-4E-10
-1E-9

-2E-13
-1E-7
-6E-8
-2E-7
-8E-8
-1E-7

Salt
flux

(g/s)

0.19
0.47
0.69
0.18
-0.15
0.12

2.19
-7.98
9.95

-14.08
76.71
-14.75
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Flux x (u) m/s Flux y (v) m/s
Positive in

direction (m/si

• 1E7-1EB
• 1E8-1E7
• 1E9-1E6
03 1E10-1E8
["] 1E11-1E10
;_' 1E12-1E11

1E13-1E12
1E14-1E13
1E15-1614
1E16-1E16

Negative in
direction (mis)

-1E-16--1E-16
-1E-15--1E-14
-1E-14--1E-13
-1E-13--1E-12

i , -1E-12--1E-11
Q -1E-11 --1E-10
g ] -1E-10--1E-9
Jj j -1E-9--1E-8
B -1E-8--1E-7
• -1E-7--1E-6

Flux z (w) m/s RES Flux xyz (u, v, w) m/s

!

. ' • ' . ' ' i , I'd JZUZZ
0 100 200 300 400 500 (m)

Figure 8-21. Darcy fluxes at a depth of 450 m. Natural conditions. /Svensson,
1997b/.
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Flux x (u) m/s Flux y (v) m/s
Positive in

direction (m/s)

• 1E7-1E6
• 1E8-1E7
• 1E9-1EB
• 1E10-1E9
f J 1E11-1E10
- - 1E12-1E11

1E13-1E12
1E14-1E13
1E15-1E14
1E16-1E15

Negative in
direction (mis)

8--1E-15
5--1E-14
4--1E-13

--1E-12
2--1E-11

--1E-10
- -1E-B

--1E-8
--1E-7
--1E-6

Flux z (w) m/s RES Flux xyz (u, v, w) m/s

i i.
0 100 200 300 400 500 (m)

Figure 8-22. Darcy fluxes at a depth of 450 m. Drawdown by the Aspd HRL-
tunnel face at 3600 m. /Svensson, 1997b/.



389

iili
WiWM
Fi, tSdifiA
=>ssaiii-80ii

«•=£>•= sirs

i¥:9*ii\u
mlri'aM-
Uiiu'i'M-

'Hi

y

Itjp

/

II

/
/

W'%

/
//

/
f

III
ft 11 111 j |^
iW\W;¥M.

WXmsM
'.'••iV&ivtM
S: I ! i g S . i ;:20

• ! : ' i : ' ' & . • i -i ••

!^?;Kl;! iV
i U ; ? ;f * b i i :

1fi i : i

-Iff

<6*

5 Ml

•*

/

> i | ; : .

oi :- 3 : ' ! ?-

i::i)''i|:ife9-

iimiNsdJ

iuimim

/
/ /

J/
y

III:;

tVi '!i ) i :99;9 :

li.'is(i i:80:i
ii :i! iii i i ^ i f ' i -ii 'i; 'i; ii

i i i i£i i: ^ \'

f

/

* i : i i i 0

3 ! i i-? i :'• - 6

•? ': Iff1: 10*'

; ! : ; i

>

\9?

i 80

/ y
f

/

/

iP : 11 l\M': •! ' 9 5 i
i i: i i:W!; iBOii

:•! !i \ $:•[ ; 5 0 i

lu;^:;^-!
• •; s S i ; . , ; 5 t
iH : iQ.: ! : : .: r

:: ;•: ;i :
 ;:i •;:;.: 1 1 y

f

A
A-

; f12 .-i.t i-itp:! -9 : :-8 i )•

RE|!!(Uiv,w) j ;(JT ŝ);.

Figure 8-23. Statistics of the absolute value of Darcy fluxes at a depth of
450 m, shown in Figures 8-21 and 8-22. Top: Natural conditions. Bottom:
Drawdown by the Aspd HRL-tunnel face at 3600 m. /Svensson, 1997b/.
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v (r iwjnt i

Natural conditions Complete tunnel

0 100 200 300 400 500 (m)

Salinity

0.0-0 2
0.2-0 4
0.4 - 0 6
0.6 - 0 8
0.8 -1 0
1.0-1 2
1.2-14
1.4-1 6
1.6-1 8

| 1.8-20
Tl 2.0-2 2
LJ 2.2-2 4
E3 2.4-26
11 2.6-2 8
H 2.8-3 0
• 3.0-3 2
• 3.2-34
• 3.4-3 6
HI 3.6-3 8
• 3.8-4 0
• 4.0-4 2
• 4.2-44
§ | 4.4-46
@ 4.6-48
• 4.8-5 0

Figure 8-24. Salinity distribution at a depth of 450 mfor natural conditions
and with complete tunnel. /Svensson, 1997b/.

Table 8-5. Statistics of the absolute values of the fluxes at a depth of 450 m.

Case Component (X) Mean (X) Median (X) Min (X) Max (X) sLoglfl(X)
(mis) (m/s) (m/s) (m/s)

Natural conditions

Complete tunnel

Au

Av
Aw

RES (u, v,

Au

Av

Aw

RES (u, v,

w)

w)

9.7E-13
8.7E-13
1.2E-12
4.7E-12

3.8E-10
4.6E-10
5.4E-10
2.3E-09

6.8E-13
5.8E-13
1.1E-12
2.9E-12

2.8E-10
2.7E-10
2.8E-10
1.4E-09

6.2E-16
1.6E-16
2.1E-16
4.3E-15

1.4E-13
4.8E-14
1.1E-13
1.1E-12

1.4E-09
1.5E-09
4.5E-10
1.6E-09

5.8E-07
6.3E-07
5.0E-07
6.9E-07

1.19
1.25
0.92
1.01

1.15
1.27
1.42
1.15
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Table 8-6. Statistics of salinity at a depth of 450 m.

Case Component (X) Mean (X) Median (X) Min (X) Max (X) sLog10 (X)

Natural conditions Salinity 0.78 0.78 0.66 0.85 0.04

Complete tunnel Salinity 1.38 0.73 0.05 4.54 1.36

Transport

The transport time from deeper level up to surface is illustrated in Figures 8-25
to 8-26. Kinemetric porosity was assigned to elements according to Section 8.3
and the particles were tracked for 100 years. As illustrated in the figures about
15 % of the particles will reach surface in 100 years if the particles are released
at a depth of 450 m. If the particles are released at 550 m depth none will reach
the surface in 100 years, while about 50 % will reach the surface if the particles
are placed at a depth of 350 m. The sensitivity to the initial depth is mainly due
to the density stratification.

The salinity and flow field is also illustrated for a few hydraulic conductor
domains in Svensson /1997b/. Those figures illustrate that both the salinity and
flux field can be rather complex. One example is shown in Figure 8-27.
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Figure 8-2S. Transport time. Big blue particles are close to ground surface,
while smaller ones are at deeper levels. Top: Initial positions of particles.
Bottom: Positions of particles after 100 years for an initial depth of 350 m.
/Svensson, 1997b/.
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Figure 8-26. Transport time. Big blue particles are close to ground surface,
while smaller ones are at deeper levels. Top: Positions of particles after 100
years for an initial depth of 450 m. Bottom: Positions of particles after 100
years for an initial depth of 550 m. /Svensson, 1997b/.
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M t.6

North
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Drawdown by the complete tunnel Salinity in %
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5.2

Figure 8-27. Flow and salinity distribution in hydraulic conductor domain
NNW-lfor depth interval -200 to -600 m. View from West. Salinity in %. (The
red part of the domain outside the box only illustrates the plane). Top: Natural
conditions. Bottom: Complete tunnel. /Svensson, 1997b/.
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83 TRANSPORT PARAMETERS

8.3.1 Background

A few tests have been performed at the Aspo HRL with the objective to
estimate the transport properties of the rock. These tests are described below
briefly.

At the Aspo HRL a Long-Term-Pumping test (called LPT2) was performed on
the southern part of Aspo in 1990 /Rhen et al 1992/. During this test tracers
were injected into a number of boreholes with the main purpose of testing the
connectivity of the conductive system. The dilution in the injection sections
was monitored and the arrival of the tracers was monitored in the pumped
borehole.

During the construction of the tunnel a simple tracer test was performed in
hydraulic conductor NE-1 /Rhen and Stanfors 1993, Stanfors et al 1992/ The
purpose was to obtain some indications of the kinematic porosity before the
tunnel penetrated the hydraulic conductor NE-1.

Extensive investigations were performed in a conductive structure intersecting
the tunnel at approximately tunnel section 500 m, at about 70 m depth below
Halo /Gustafsson et al, 1994; Banwart et al 1995/ As a part of these investiga-
tions, hydro tests and a tracer test were performed in the conductive structure.

A project called Tracer Understanding Experiment (TRUE) was started in 1995
and the first tracer test was performed in late 1995 /Winberg (ed), 1996/. The
tests were performed in a rock of fairly low conductivity.

The evaluations in the reports above were based on analytical methods
assuming radial or linear flow. Some of the results presented in these reports
have been plotted below. The results from the Aspo HRL presented in the
figures below are based on the radial flow assumption, as it is considered
to be somewhat more realistic concerning the flow field for these cases. The
transport aperture and kinematic porosity were evaluated as below:

Q w p
eT = -7 -T (8-1)

TX • ( r 2 - r )

eT = Transport aperture (m)
Qw = Discharge from fracture zone (m3/s)
r = Distance to point of tracer injection (m)
rw = Radius of borehole (m)
t0 = Mean travel time for the tracer (s)
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ne =eT/ bT (8-2)

K =T/ bT (8-3)

bT = Approximate zone width assumed to be representative
for evaluated T (m)

K = Effective hydraulic conductivity (m/s)
T = Transmissivity (m2/s)

To put the data from Aspo in a general perspective data from a compilation
from the literature on tracer tests in fractured rocks presented by Andersson
/1995/ are shown. The evaluation methods used were analytical and/or
numerical and the evaluated parameters are given as a single value or range for
each parameter. In the figures below the range for evaluated parameters is
shown as a rectangle or line and the arithmetic mean value of the range is
shown as an open circle or open triangle. The tests presented in the figures
below were performed in crystalline rock and are reported to have been
performed in fracture zones, densely fractured rock or a single fracture (see
Figures 8-29, 8-30 and 8-31).

As can be seen in the figures the variability is generally large. The reason is
probably due to different conditions at different sites but probably also due to
the evaluation methods used. The equations below should be considered as
approximative relations that can be used for scoping calculations if no
conditions specific to the site are known.

8.3.2 Kinematic porosity and transport aperture

Crystalline rock is generally fractured and the groundwater flows mainly in the
larger fractures because of the low permeability of the matrix between the
larger fractures. A strict distinction between fractures and matrix cannot be
made as fractures down to micro fractures between or through the mineral
grains can be found. However, as larger fractures are generally assumed to be
the fractures that are hydraulically well-connected and also most transmissive,
a useful concept for advective flow is to divide the rock mass into (large)
fractures and matrix. For advective transport on the detailed scale (1-10 m) and
larger it is the kinematic porosity of the fractures on these scales that is of
interest.

As it is difficult to obtain site-specific values of the kinematic porosity (ne) and
the transport aperture (eT) it is useful if these can be correlated to other
parameters such as transmissivity (T) and hydraulic conductivity (K). The
rationale for expressing ne as a function of K and eT as a function of T is the
relationship between the fracture aperture and equivalent hydraulic conductiv-
ity for a system of parallel and continuous fractures, in which the hydraulic
conductivity of the matrix (K^) is neglected IMarsily, 19861:
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K — e • XC • — • T • —
— f — f '—b f CF b f CF

e e 2 p g F
7- • -7777 * 77- (8-4)
bf 12 u CF

bf = Mean distance between fractures (m)
CF = Correction coefficient for flow regime (-)
e = Fracture aperture (m)
F = Open fracture surface area / total fracture surface area (-)
g = Acceleration of gravity (m2/s)
Kf = Intrinsic fracture hydraulic conductivity (m/s)
Tf = Fracture transmissivity (m2/s)
u = The dynamic viscosity of the fluid (Pa s)
p = Fluid density (kg/m3)

For laminar flow CF = 1.

The kinematic porosity can be estimated using a simplified model of a fracture
system consisting of matrix blocks of equal size shaped like plates or cubes
(see Figure 8-28). It is assumed that the fracture aperture between the blocks
and the block size are both constant The relationship between permeability (k)
based on the cubic law, total fracture porosity (n), kinematic porosity (ne),
fracture width (e) and block size (b f) is shown in Table 8-8. It is further
assumed that fracture width is much smaller than the block size and that the
flow direction is parallel to fracture planes for the plates or one of fracture
planes separating the cubes. If the blocks are shaped like matches the values
will be equal to or between the values for plates and cubes in Table 8-8.
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Table 8-8. Permeability and porosity of simplified models of the fracture
systems illustrated in Figure 8-28. Assumption: e « b f .
bf: distance between joints (m), e: fracture aperture (m), n: total porosity,
ne: kinematic porosity, k: permeability (m2).

n nc k(n, e) k(ne, e) k(n, bf) k(ne, bf)
(-) (-) (m2) (m2) (m2) (m2)

plates e/bf e/bf e2-n/12 e2-ne/12 n3-b2/12 n3-b2/12

cubes 3e/bf 2e/bf e2-n/18 e2-ne/12 n3-b2/162 n3-b2/48

ILJ)
1 i1 8

/ ^

y /.y
[••

r ( /i

i

j i

MATCHES MATCHES CUBES

Figure 8-28. A simplified model of a fracture system consisting of matrix
blocks of equal size shaped either as plates, matches or cubes. /After van Golft-
Racht 1982/.

For a multi-fracture random distribution, the permeability can be expressed as
/van Golft-Racht 1982/:

k = n3/(29.9-(P21)2)

From Table 8-8 the relationship below can be set up:

ne = (k) l /3-(l/b f)
2/3-C,

(8-5)

(8-6)

where the constant Q is about 2.3-3.6. If the hydraulic conductivity (K) is put
into Equation 8-6 instead of k the constant C, will become about 0.01-0.02,
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assuming F=CF~1 and water temperature 10°C. It may be seen from Equation
8-6 that if the permeability increases at the same time as the distances between
the fractures decrease, the increase in the kinematic porosity relative to the
permeability will be somewhat greater than (k)I/3. For bf = 20- 0.01 m (1/ bf)

2/3

becomes about 0.1-22 and C2 in Equation 8-7 will be in the range:

bf C z

(m) (s/m)

20 1.6-10-3-2.5-10-3

10 2.5-10-3-4-10"3

2 7.4-10-3-1.2-10-2

1 1.2-10'2- 1.9-10"2

0.1 5.4-10-2-8.6-10":

0.01 2.5-10-]-4-10-r i

ne = (K)1/3-C2 (8-7)

As shown in Chapter 6, bf for the more or less intact rock mass can possibly be
within the range 2-20 m (1/ P10 in Table 6-25, 100-10 % of the fractures
conducting water), thereby putting C2 in range 0.01-0.001. The values for ne in
Winberg (ed) /1996/ indicate C2 values around 0.01, which compares rather
well with the bf in the table above as the two features tested are considered to
be one or a few fractures over a test length of a few metres. The evaluated
kinematic porosity from the tests in NE-1, NNW-2 and the Red ox zone indicate
C2 values around 0.1 to 0.6. NE-1 is a highly fractured zone about 30 m wide.
The Redox zone is about one metre wide and highly fractured. NNW-2 is
interpreted as being 10-30 m wide and with a higher fracture frequency
compared with the surrounding rock.

The limited data above indicate that an increase in the hydraulic conductivity
should be coupled to an increase in the fracture frequency. This seems
reasonable. Figure 8-29 shows a plot of the limited data from the Aspo HRL.
In Figure 8-29 the kinematic porosity (ne) is plotted as a function of the
hydraulic conductivity (K) and Equation 8-8 shows the linear approximation
between Log10 (K) and Log]0(ne).

ne =34.87-K0-753 (8-8)

Equation 8-8 was tested numerical site model presented in Section 8.2.6. The
arithmetic mean kinematic porosity was calculated to 0.006. However, in some
very conductive cells the kinematic porosity became large. Assuming that the
kinematic porosity for a cell never can be larger than 0.05 gives a arithmetic
mean kinematic porosity of 0.004 in the site model. (The hydraulic conductivity
field was based on the implemented hydraulic conductor domains and the
hydraulic rock mass domains).
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Figure 8-29, Kinematic porosity versus hydraulic conductivity. Data from the
Aspo HRL. In the figure the range for evaluated parameters is shown as a line
and the arithmetic mean value of the range is shown as an open triangle. The
tests presented in the figures below were performed in crystalline rock and are
reported to have been performed in fracture zones, densely fractured rock or
a single or a few fractures. The line is based on a least-square fit of the points
indicated by circles and triangles. The highest value is based on the tests in
NE-1, the two lowest values from the first tests in the TRUE project and the
other two is related to the LPT2 test and the test in the Redox zone. The K
value is estimated from a judged zone width and the evaluated transmissivity.

The transport aperture (eT) may be defined as the total width needed for the
total flow, thus an effective value of the sum of a number of fracture apertures,
see Equation 8-1. If it assumed that the flow takes place in a number of sub-
parallel fractures (flow in two dimensions) the following relationships can be
set up. If the flow takes place in a number of sub-parallel fractures (flow in two
dimensions) the transmissivity can be estimated at/Earlougher R C, 1977 A

(8-9)

Tfl = Transmissivity of fracture i
T = Transmissivity

(m2/s)
(m2/s)
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Using Equation 8-4, Equation 8-9 can be transformed into Equation 8-10 in
which C3 is approximately 0.63- 106at a water temperature of 10°C:

T = E C3 • e(
3 (8-10)

If n fractures dominating the flow have approximately the same apertures the
transport aperture can be expressed as Equation 8-11 in which C4 is approxi-
mately 1.2 -10"2 :

'•(1/nf3- C4 (8-11)

eT = n-q = (T)1/3 • (n)2/3 • C4 (8-12)

eT = Transport aperture (m)
n = Number of fractures

If the number of fractures increases with the transmissivity (T) the transport
aperture increases by a factor of more than (T)i/3 according to Equation 8-12.
If the number of fractures increase from 1 with T=10"10 m2/s to 40 with T=10"4

m2/s the transport aperture will increase by approximately (T)1/2:

T
(m2/s)

lO"10

l o-io

lo - 4

10"4

1Q-4

1 0-4

n
(-)

1
10
1
10
40
100

eT
(m)

5.6-10"6

2.6-10"5

5.6-10"4

2.6-103

6.5-103

1.2-10"2

By using the mean travel time for a non-sorbing tracer and an assumption of the
flow dimension it is possible to estimate the mean total fracture width needed
for the transport, here called the transport aperture (e-p), by considering the mass
balance, see Equation 8-1.

In Figure 8-29 the transport aperture (eT) is plotted as a function of trans-
missivity (T). Equation 8-13 shows the linear approximation between Logm (T)
andLog,0(eT).

eT = 1.428-T0'523 (8-13)

e-r = Transport aperture (m)
T = Transmissivity (m2/s)
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If the transmissivity and the transport aperture have been evaluated an
approximate estimate of the number of dominating flowing fractures can be
estimated from Equation 8-12 and 8-13.

Equation 8-12 and 8-13 give the approximate number of fractures for a given
transmissivity.

N = 1300 • (Ta52M/3)3/2 - 1300 - T028 (8-14)

The high transmissivity (T) values in Figure 8-30 represent data for NE-1, a
fracture zone at Finsjon in Sweden and URL in Canada. The fracture zone with
T around 4- 10'6 m2/s is situated at Finsjon and the fracture zones with T around
1 • 10"6 m2/s are situated at Stripa in Sweden and Chalk River in Canada. The
range for the calculated transport aperture was very large for the Stripa case
according to Andersson /1995/. The other Aspo zones are NNW-2, the Redox
zone and the feature A and B in Winterg (ed) /1996/. As can be seen in Figure
8-23 the transport aperture will increase by about (T)1/2 indicating an increasing
number of fractures as the transmissivity increases.

It should be remembered that values shown in Figures 8-29 and 8-30 and
Equations 8-8, 8-13 and 8-14 represent some mean values that should be
associated with increasing volumes (scales) as K or T are increasing. Locally
the transport aperture may be quite large. According to Chapter 4 centimetre
wide fractures in fracture zone NNW-4 were observed in the tunnel. The
variability shown in these figures also indicates that the equation should be
seen as approximate relations.
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Figure 8-30. Transport aperture versus transmissivity. Data from Andersson
/1995/ and the Aspd HRL. In the figure the range for evaluated parameters is
shown as a line and the arithmetic mean value of the range is shown as an
open circle. The tests presented in the figures below were performed in
crystalline rock and are reported to have been performed in fracture zones,
densely fractured rock or a single or a few fractures. The line is based on a
least-square fit of the points indicated by circles and triangles.

8.3.3 Matrix porosity

The porosity of rock samples from the Aspo HRL has been determined using
a number of different methods. Hg injection porosimetry, water saturation
(imbibition) followed by drying the samples and, finally, He gas expansion
technique. The results are compiled in Mazurek et al/1996/. A few results from
the report are presented below.

Fresh and undeformed rocks

Fine-grained granite has the lowest porosity (averages: 0.23-0.27 % by
volume), followed by Smaland granite (0.17-0.38 % by volume) and Aspo
diorite (0.40-0.45 % by volume).
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Foliated rocks and mylonites

Three samples had approximately the same porosities as the fresh and
undeformed rocks. However, analyses using some methods indicated low
porosities (< 0.08 % by volume), and core impregnations show that the
mylonites, due to their low grain-size and full recrystallization, have lower
porosities than undeformed rocks.

Cataclasites

The porosity distribution in epidotic cataclasites is highly inhomogeneous (0.5-
2.5 % by volume).

Hydrothermally altered rocks

The average porosity (0.43 % by volume) is slightly higher than that of fresh
rock. Excluding a sample of weakly altered fine-grained granite the average
porosity is 0.63 % by volume.

8.3.4 Dispersivity

As pointed out in Chapter 3 dispersivity is a factor that takes into account the
heterogeneity of the velocity field within a volume in which the hydraulic
conductivity and effective porosity are assumed to be constant. In Figure 8-31
the evaluated longitudinal dispersivity ( a j is plotted as a function of the spatial
scale (s). The spatial scale indicates the linear distance between the injection
point and the sampling point. Equation 8-15 shows the linear approximation
between Log10 (s) and Log10(aL).

aL = 0.053-s1'219 (8-15)

aL = Longitudinal dispersivity (m)
s = Spatial scale (m)
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Figure 8-31. Dispersivity versus test scale. Data from Andersson /1995/ and
the Aspd HRL. In the figure the range of the evaluated parameters is shown as
a line or a rectangle and the arithmetic mean value of the range is shown as
an open circle. The tests presented in the figures below were performed in
crystalline rock and are reported to have been performed in fracture zones,
densely fractured rock or a single or a few fractures. The line is based on a
least-square fit of the points indicated by circles and triangles.
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CONCLUDING REMARKS

General comments on the characterization of the rock mass

The contents of a model is always dependent on the intended use of the model.
The areal extent, different types and the level of detail of investigations are thus
closely linked to the objectives. However, the way the models are built up is
also dependent on site specific conditions that are found during the investiga-
tions. Due to this the regional model is normally less detailed than the site scale
model. Related to this are the "effective" properties considered important for
a certain scale and how to estimate the "effective" properties in another scale.
The transformation of "effective" properties from one scale to another is a
problem which requires further attention.

It is important to clearly state the purpose of the model, the processes that are
considered to be governing the situation that is to be studied and the concepts
used. The conceptual model is the systematic description of the approaches and
assumptions that are needed for models made for a certain scale. Having such
description it will be easier to understand the limitations of the models and the
data presented.

Integration between the different disciplines in both planning of investigations
and evalution of main features is considered important for developing a
consistent model and execution of investigations of good quality.

Below a few comments are outlined which are related to some of the possible
future developments of the present models.

Characterization of the rock mass around Aspo HRL

The models in this report cover regional scale to detailed scale but the main
focus in the report is the site scale models.

Geology

It is judged that the position and main orientation of the sub-vertical fracture
zones near Aspo HRL are well known. The frequency and orientation of minor
zones is partly known but their extent is less well known. The minor zones
must be treated as a stochastic variable until detailed investigations from the
tunnel can give a basis for describing some of them deterministically. The
database of the small scale fracturing, the mapped fracture minerals and main
fracture orientations is judged to be of good quality but less good regarding
fracture spacing and fracture length. The discontinuity model can be improved
if a better knowledge regarding the, possibly more or less continous spectrum,
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of discontinuity spacing and discontinuity radius/extent can be achived. For
example fracture frequency obsevations in boreholes and tunnels differ but to
a large extent this is probably a matter of the scale of the observations.

Data on is how the properties within the rock change along a (major) fracture
zone are limited. Better knowledge could improve the ability to localize
tunnels.

Mechanical stability

The measured rock stress orientation is judged to be reliable. The stress levels
presented in this report show great variability possibly due to a large natural
variability. Work has already started to get a better understanding of the
observed variability.

The evaluation of fracture surface properties involves major difficulties both
in predicting and documenting the selected parameters. Fracture surface
properties are, however, an important factor for the stability conditions in an
underground construction.

Hydrogeology

It is important to perform tests on different scales systematically in the
boreholes, both for scale relationships but also to gain flexibility in the
interpretation of how to divide the rock mass into hydraulic conductor domains
and hydraulic rock mass domains. It is also important to perform large-scale
interference tests for modelling purposes, and to provide data for interpreting
the hydraulic connectivity between the major fracture zones (or with the
nomenclature in Chapter 6, hydraulic conductor domains).

The Aspo site is heterogenous and anisotropic on a large scale. That makes the
investigations and evaluation work more extensive and difficult.

So far no spatial correlation model for hydraulic conductivity has been used in
the groundwater flow simulations. Data has shown a large nugget effect in the
variogram models and because of this a generated hydraulic conductivity field
becomes essentially stochastic without any major correlation. However, there
is probably some spatial correlation within the hydraulic rock mass domains
due to the probable existence of a number of permeable features which are
larger than the cell size in the present groundwater flow models.

A phenomenon related to the spatial correlation model is the fact that the
arithmetic mean and standard deviation of Log10 (hydraulic conductivity)
measured from a borehole section or entire borehole depends on the length of
each test interval in the borehole and the test time. The evaluation made shows
that the probability distributions of the (effective) hydraulic conductivity varies
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with test scale. So far an empirical relationship has been used for transforma-
tion of the mean and the standard deviation between geometrical scales.

In conclusion, continued efforts should be made to try to find a methodology
to define a reasonably good spatial correlation model for the hydraulic
properties that can include the effects of anisotropy and scale dependency.

Hydrochemistry

The hydrochemical situation at Aspo suggests that a variety of groundwater
regimes have been dominating for longer or shorter time periods since the latest
glaciation due to land uplift and evolution of the Baltic sea. Glacial melt water,
old and modern sea water and meteoric water, are mixed in different propor-
tions with deep old saline water.

The evaluation of the hydrochemistry of Aspo resulted in a new development
of a modelling tool called M3. The approach of M3 is to evaluate the effects of
mixing as the dominating process behind the observed conditions. Chemical
reactions and other processes affecting the chemical composition are consid-
ered to be of secondary importance. Further improvements of the tool is needed
to further assess areas of its application.

The spatial variability of the groundwater composition is based on only a few
points. The reason is that groundwater sampling normally is made in high
transmissive borehole sections for technical and economical reasons. Attempts
will be made to further develop and refine the sampling methodology and
techniques as well as improving the understanding of differences between the
low conductive and high conductive rock mass.

Redox conditions and also the general chemical conditions are important to
define in a long term perspective. Currant work is starting from the fairly good
understanding of the development of the conditions at Aspo since the latest
glaciation and possibly also up to the next glaciation. Emphasis will be made
to get a thorough understanding of the possible changes up to the next ten
thousand years.

Microbial processes have been investigated and evaluated. For a thorough
understanding of all aspects of relevance further work is needed.

Transport of solutes

Groundwater flow models for calculations of flow paths in the rock mass can
be compared to the geochemical groundwater mixing and mass balance
modelling to provide useful information on flow paths and transport times.
However, there is still much work to be done to improve the integration
between models on groundwater flow, groundwater chemistry and transport of
solutes. A task related to this issue was 1997 initiated as part of the work that
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is performed within the Aspo Task Force, with participants from several
international organisations /Rhen et al, 1997/.

Tracer tests are useful for checking the connectivity within and between
hydraulic conductor domains. At a relatively small scale, about 50-100 m, it
seems possible to get rough estimates of the flow porosity and dispersivity
within a hydraulic conductor domain. At larger scales it is difficult to evaluate
the transport properties but the tests can still be useful for defining hydraulic
connectivity.
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APPENDIX 1

NOMENCLATURE AND CLASSIFICATION
ON FRACTURES AND FRACTURE ZONES



A1.1 NOMENCLATURE: DISCONTINUITY
DOMAINS. FRACTURE ZONE - FRACTURE
SWARMS - INCREASED FRACTURING

The nomenclature and classification according to Bdckblom /1989/ treats
aspects for use of nomenclature for site investigations and addresses how
geological, geophysical, geohydrological results should be named. A special
section is devoted to the uniqueness and completeness of investigations.

According to Bdckblom /1989/a fracture zone is a fracture zone - if only and
only - if geological field evidence supports zones with the characteristics that
the intensity of natural fractures is at least two times higher than in
surrounding rock. Completely disintegrated and/or chemically altered rock is
included in the definition of fracture zone.

The definition of fracture zone can be expanded by additional characteristics.
A fracture zone can thus be 'a hydraulically conductive fracture zone' or a
'non-conductive fracture zone'.

During mapping in the tunnel it was found that this definition would, however,
designate most fine-grained granites as fracture zones. Thus, it was necessary
to add a tectonic/kinematic constraint to the definition of 'fracture zone' such
as shearing, faulting and clay alteration. Sections in the tunnel with >5
fractures/m, with no obvious tectonic/kinematic influence were mapped as
zones with 'increased fracturing'.

The term fracture swarm has also been used and is defined as a zone with
relatively high fracture frequency, but not so high as a proper fracture zone
IWikberg et al, 19911 with fractures essentially parallel to the orientation of the
swarm boundary IHermanson, 19951.

The term 'major fracture zone' was used for a feature more than about 5 m
wide and extending several hundred metres. Features less than about 5 m and
more than 0.1 m wide and of lesser extent were called 'minor fracture zones'.

Persistent, several metres long fractures mostly steep and estimated to be
significant hydraulic conductors were called 'single open fractures'.

Classification : Discontinuity domains, level of reliability

A fracture zone is a more or less two-dimensional feature. Its extension and
direction is 'certain' after investigations or measurements in several points.
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To define a 'level of reliability' three separate definitions were used.

Possible is the lowest level of confidence. By additional studies the level of
reliability can be raised to Probable or Certain.

Three basic cases were considered:

A Fracture zones expressed at surface, Table Al-1.
B Fracture zones not expressed at surface, Table Al-2.
C Fracture zones expressed at surface and in borehole(s) and/or under-

ground caverns (tunnel(s) shaft(s), raise (s), Table Al-3.

Table Al-1 is applied to the early phase of investigations and in regions where
drilling/tunnelling is not carried through.

Table Al-2 is applied to zones not observed at surface, whereas Table Al-3
should be applied to zones that have both surface and sub-surface expressions.

Increased fracture intensity in Tables Al-1, Al-2 and Al-3 is defined as a
section where the intensity of natural fractures is at least two times greater
than in surrounding rock.

Table Al-1. Zones observed at surface.

Reliability Observation*

Possible Geophysical anomaly with extensiveness or increased
fracture intensity in one outcrop.

Probable Zone with increased fracture intensity in at least two
outcrops reasonably close, or geophysical anomaly
with increased fracture intensity in one outcrop.

Certain Zone with unique characteristics between at least two
fractured outcrops or exposed zone of increased
fracture intensity.

* Statements on dip shall be substantiated by field evidence (i.e. dip measurements on
exposed zone or geophysical measurements like VLF)
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Table Al-2. Zones not observed at surface.

Reliability Observation

Possible Increased fracture intensity in a section of a core,
interpolation between at least two boreholes with
sections of increased fracture intensity.

Probable Interpolated fracture zone with some additional unique
characteristics observed (geophysical, hydrogeological,
geological or geochemical) in two boreholes.

Sections with increased fracture intensity in one
borehole and one tunnel and with some additional
unique characteristics observed.

Certain Fracture zone with unique characteristics in three or
more holes or fracture zone in two boreholes with
(seismic or radar) connection in between.

Sections with increased fracture intensity in two
tunnels and with some additional unique characteris-
tics observed.

Table Al-3. Zones observed at surface and in sub-surface.

Reliability Observation

Possible Lineament from surface investigations and geophysical
anomaly (radar) in borehole.

Probable Zone with increased fracture intensity at one outcrop
interpolated with sections of increased fracture inten-
sity in at least one borehole (tunnel) or other unique
characteristics interpolated with section of increased
fracture intensity in at least one borehole (tunnel)
reasonably close.

Certain Fracture zone at surface with observed direction of dip
at surface and unique characteristics in at least two
boreholes or tunnels.
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A2.1 REGIONAL SCALE MODEL

Shore displacement.
Coordinates for hydraulic conductor domains.
Hydraulic conductivity of hydraulic rock mass domains -100 m scale.
Hydraulic conductivity presented for boreholes -10 m scale (Avro).

Explanation to Tables

Zonation

Upper level : Vertical depth to upper part of interval.

Lower level : Vertical depth to lower part of interval

(m)

(m)

Data for individual boreholes

Upper level : Vertical depth to upper part of interval. (m)

Lower level : Vertical depth to lower part of interval. (m)

: Explo( arithmetic mean of Log10 (K)) (K: m/s)

: Exp10 ( median of Log10 (K)) (K: m/s)

: Standard deviation of Log10 (K)) (K: m/s)

Mean

Median

sLoglO K

Conf.lim.(xx%)

X coordinate

Y coordinate

ET

"rock"
hydraulic
2)

: Confidence limit for mean at confidence level xx

: Northing in the Aspo coordinate system (m)

: Easting in the Aspo coordinate system (m)

: No data available

: Data based on samples outside the deterministic
conductor domains ("zones" in Appendix

:Data based on samples interpreted to represent the
deterministic hydraulic conductor domains.
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Figure A2-1. Plan over boreholes. Aspd coordinate system for lower left comer infigure:( Easting= -300, Northing- 5500), (m).
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Table A2-1. Shore-displacement curve for Oskarshamn (Interpreted
from figure 5-7 in Bjork and Svensson 119921). (years in 14Cyears T1/2 =
5568).

Time
(year BP)

0
-8000
-8250
-8500
-9000

-9200
-9350
-9500
-9600
-9900

10100
10300
10301
10950
11050

11900
12150

Level
(m, RH70)

0.00
15.31
15.66
16.71
19.49

20.88
27.84
25.06
18.45
25.06

27.15
34.45
58.47
69.61
73.78

87.70
98.14
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Table A2-2. Structural model of the regional area. Coordinates of identified major structures.
Coordinates correspond to start and end positions, crossings with other structures and direction
changes. Coordinates given in the Aspo System.

Fracture zone
id.no.

X-coordinate
(m)

Y-coordinate
(m)

Crossing

SFZ01

SFZ02

SFZ03

SFZ04

SFZ05

13380
12910
12380
12000
11620
10950

14250

12910
11760
10640

9760
8905

8310
7285
5335

4690
3620

2640

8785
8310
8210
8120
8070
8080
8080
8085
8020
7900
7930
8000

3520
4690
5285
5570
6670
7160
7860

2880
3620
4300
5140
5285
5595
6000
6810
6975
7340
7930

3190
•1475

760
2620
4760
8550

1095
1475
1830
2050
2190
2380
2570
3025
3571
3740
3950
4140

4140
2570
1950
1330
1120
2670
2690
3000
3710
5200
5800
8330

5240
3740
3050

-590
200

1095

5310
3950
2670
1000
-480
760

2165
3520
3810
4520
5800

Start
SFZ02

SFZ15
SFZ10
End

Start
SFZ01

SFZ03

SFZ04
SFZ05
End

Start
SFZ02
SFZ06

SFZ14
SFZ13
SFZ07

SFZ12, SFZ10

SFZ05
End

Start
SFZ02

SFZ14, End

Start
SFZ02

SFZ07, SFZ12

SFZ10
SFZ11

SFZ03, End
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Table A2-2. continued.

Fracture zone
id.no.

X-coordinate
(m)

Y-coordinate
(m)

Crossing

SFZ06

SFZ07 (EW-1 on Aspo)*

SFZ08

SFZ09

SFZ10

SFZ11

SFZ12(NE-1)*

SFZ13

SFZ14

8210
8830
9140
9360
9450
9740
9920

10230

2545
5285
6525
6950
7380
8080

3095
2260
2190
1240

1570
2260
2525
4640

1260
2190
2525
6810
7000
8020
9740

11620
13000

7160
7000
6975
6165

5285
7070
7160
8020

9140
8500
8070

6525
7860
8070
8500

-1950
-760

-50
715

2285
4285
5595
8330

-3570
-480
905

1215
1665
2690

-70
2380
2785
6545

1165
2380
2810
7240

2670
2785
2810
3520
3550
3710
4285
4760
5050

2640
3550
3810
7570

-480
2420
2640
3710

-50
1230
1120

905
1095
2670
1230

SFZ03, Start

SFZ13

SFZ15
SFZ10

End

Start
SFZ05
SFZ14

SFZ03, End

Start
SFZ09
SFZ10
End

Start
SFZ08
SFZ10
End

Start
SFZ08
SFZ09
SFZ05
SFZ11
SFZ03,SFZ12
SFZ06
SFZ01
End

Start, SFZ12
SFZ10
SFZ05
End

Start, SFZ05, SFZO'

SFZ11
SFZ03,SFZ10, End

Start, SFZ06
SFZ14
SFZ03, End

Start, SFZ07
SFZ04
SFZ03
SFZ13,End

Designation of corresponding fracture zone in the structural model of the inner Aspo area.
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Fracture zone
id.no.

X-coordinate
(m)

Y-coordinate
(m)

Crossing

SFZ15 9450
12000
13430

2285
2620
2810

Start, SFZ06
SFZ01
End

Table A2-3. Hydraulic conductivity of rock mass domains. Regional area.
Data: SGU wells and Aspo HRL data. Test scale approximately 100m
down to lower level -600 m and approximately 300 m below -600 m.
("rock"and "zones").

Upper level

0

-200

-400

-600

0

Luvier level

-200

^00

•600

-2000

-2000

Sample size

264

30

9

11

314

Mean

1.3E-07

2.0E-07

2.6E-07

4.7E-08

1.3E-O7

Median

1.3E-O7

2.2E-07

1.5E-07

3.2E-0S

1.3E-07

s(LoglOK)

0.96

0.65

0.79

0.72

0.93

Conf.lim.(»7.5 %)

1.7E-07

3.5E-07

I.OE-06

1.4E-07

1.7E-O7

Conf.lim.(2.5 %)

1.0E-07

1.1E-07

6.7E-08

1.6E-08

1.1E-07

Mean + st.iiev

1.2E-06

8.9E-07

1.6E-06

2.4E-07

l.IE-06

Mean - st.(iev

1.4E-08

4.4E-08

4.3E-08

9.IE-09

1.6E-08

Table A2-4. Hydraulic conductivity presented for boreholes. Avro area.
Test scale 10 m. ("rock" and "zones").

Borehole

KAV 1)1

KAV 03

KAV 01 *

KAV 03

Upper level

20

10

-ower level

71(1

230

Sample size

69

22

91

Mean

3.8E-O9

3.2E-07

1.IE-II8

Median

4.9E-09

2.2E-07

I.3E-08

s(Login K)

1.59

1.39

1.75

Cira(.lim.(97.S*)

9.0E-09

I.3E-O6

2.5E-08

Cnnf. Mm. (2.5*)

1.5E-O9

7.8E-O8

4.7E-09

Mem t sl.dev

I.4E-07

8.OE-D6

6.2E-07

Mean • sl.Jev

9 .6E- I1

I.3E-O8

2.0E-10
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Figure A2-2. Normal probability plots for LoglO(K) based on data from
KAVOl and KAV03 shown in Table A2-4. Avro area. Test scale 10 m.
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Figure A2-4. Distribution of hydraulic conductivity in KAV03. Test scale 10
m.
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A2.2 SITE SCALE MODEL (Aspo and KLX01)

Coordinates hydraulic conductor domain.
Hydraulic properties of hydraulic conductor domain.
Hydraulic conductivity of rock mass domains -100 m scale.
Hydraulic conductivity presented for boreholes -30 m scale.
Hydraulic conductivity of rock mass domains -30 m scale.
Hydraulic conductivity presented for boreholes -3 m scale.
Hydraulic conductivity of rock mass domains -3 m scale.
Hydraulic conductivity of lithological units -3 m scale.
Hydraulic conductivity presented for probe holes, tunnel section 1400-3600,
15 m scale.
Data used for scaling of the effective hydraulic conductivity.
Water flow into the tunnel.
Salinity of water flowing into the tunnel.
Salinity of the ground water before excavation of the Aspo HRL tunnel.
RMR and Ed for tunnel section 1400-3600 m.

Explanation to Tables

Zonation

Upper level : Vertical depth to upper part of interval. (m)

Lower level : Vertical depth to lower part of interval (m)

Data for individual boreholes

Upper level : Length along borehole to upper part of interval, (m)

Lower level : Length along borehole to lower part of interval, (m)

Mean : Exp10 ( arithmetic mean of Logi0 (K)) (K: m/s)

Median : Explo( median of Log10 (K)) (K: m/s)

sLoglOK : Standard deviation of Log10 (K)) (K: m/s)

Conf.lim.(xx%) : Confidence limit for mean at confidence level xx
If sample size < 7 the confidence limit for mean has not been
plotted as the limits are considered uncertain.

X coordinate : Northing in the Aspo coordinate system. (m)

Y coordinate : Easting in the Aspo coordinate system. (m)

ET : No data available.
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"rock" : Data based on samples outside the deterministic hydraulic
conductor domains ("zones" in Table A2-5).

"zones" :Data based on samples interpreted to represent the
deterministic hydraulic conductor domains, shown in Table A2-5.

0 100 200 300 400 500 (m)

Figure A2-5. Plan over boreholes. Aspd coordinate system for lower left
corner in figure: ( Easting=1000, Northing=6250), (m).
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Table A2-5. Location of hydraulic conductors. The hydraulic conductors are in this table
approximated to planes. Assumed extension of each plane is discussed in Table A2-6. Coordinates
for zones are given in the local Aspo-system. w = water bearing structure, p = predicted structure
/Wikberg et al, 1991/. r = revised structure /Stanfors et al, 1994/. n= new structure. The conductors
are illustrated in Figure 6-31 and part of them schematically outlined in Figure 4-19 and 4-27.

Zone X-coordinate
(m)

Y-coordinate
(m)

Z
(masl)

EW-lr

EW-lr

EW-3r

EW-7r

NE-L

NE-lr

NE-2r

NE-3r

NE-3r

NE-4r

NE-4r

NW-1_

NNW-U

88°SE

78°SE

79°S

81°SE

70°NW

75°NW

77°SE

80°NW

70°NW

71°SE

78°SE

30°NE

(vertical)

7482.0
7698.3
7575.4

7433.6
7649.8
7500.0

7093.0
7143.1
7010.0

6418.9
6504.7
6428.2

6807.6
7005.9
7135.2

6807.6
7005.9
7081.0

7038.5
7540.7
7250.0

6495.5
6650.7
6610.0

6499.7
6654.9
6650.0

6443.0
6569.3
6440.0

6448.8
6596.9
6480.0

7882.0
7510.3
7934.5

7538.9
7151.9

1811.5
2197.1
2000.0

1838.7
2224.3
2110.9

2047.7
2289.2
2166.5

2023.7
2343.8
2200.0

1967.2
2350.7
2054.6

1967.2
2350.7
2082.6

1829.9
2194.8
2083.3

1984.3
2253.1
2094.7

1983.1
2251.9
2076.0

2016.6
2300.2
2197.9

2010.3
2283.1
2169.6

1257.6
1600.0
1790.0

2039.4
2218.6

0
0
-327.4

0
0
-369.5

0
0
-542.2

0
0
-231.8

0
0
-689.1

0
0
-708.4

0
0
-349.4

0
0
-233.2

0
0
-221.9

0
0
-224.5

0
0
-232.2

0
0
-246.6



Table A2-5. continued.
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Zone

(vertical)

(vertical)

85°NE

(vertical)

(vertical)

85°NE

(vertical)

X-coordinate
(m)

7484.1
7106.1

7025.4
6812.9

7391.8
7184.0
7300.0

7394.1
6421.1

7058.1
6529.1

7492.2
7129.2
7299.3

8060
7570
8060
7570

Y-coordinate
(m)

2134.6
2300.2

2143.6
2136.9

2275.3
2301.7
2325.5

1962.8
2020.8

2298.7
2373.7

1967.6
2135.7
2074.7

1540
2030
1540
2030

Z
(masl)

0
0
-436.7

0
0
-185

-300
-300
-700
-700

NNW-2wr

NNW-3U

NNW-6*,

NNW-7^

NNW-S

Table A2-6. Deterministic hydraulic structures to be used for ground water flow modelling. If the
extension is not known of a zone at deeper levels and/or outside Aspo the zone is assumed to
terminate at the model boundaries or at zones outside Aspo, if nothing else is said in the comments
of the extension on the zone.

Zone Comments on extension of the zone

EW-lNr This conductor explains some of the hydraulic responses in the upper part of KAS04
during some of the interference tests . The conductor is assumed to be in contact with
NNW-8. Possibly there are several conductors causing the connectivity between KAS03
and KAS04 but so far it has not been possible to resolve these. The rock mass between
EW-1N and EW-1S is partly low conductive perpendicular to these conductor.

EW-1 Sr This conductor explains some of the hydraulic responses in the E-W direction that was
seen during the construction of the Aspo HRL. The conductors NNW-1, NNW-2 and
NNW-4 are assumed to be in contact with EW-1S.

EW-3r The conductor is assumed to stop at NE-1 and SFZ14.

EW-7r The conductor is assumed to penetrate into and terminate at NE-4 to the west.

NE-1, In Table A2-5 two dips are given which more or less gives the boundaries of the
conductor at approximately Z = 180 m. The direction may be approximated with the
average values of X, Y and Z for NE-1, 70°NW and NE-1, 75°NW.

NE-2r The conductor is assumed to intersect all NNW structures but terminate at EW-1, 78°SE
and EW-3.
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Table A2-6. continued.

NE-3r In Table A2-5 two dips are given which more or less gives the boundaries of the
conductor at approximately Z= -140 m. The direction may be approximated with the
average values of X, Y and Z for NB-3, 80°NW and NE-3, 70°NW.

NE-4r In Table A2-5 two dips are given which more or less gives the boundaries of the
conductor at approximately Z = 110 m. The direction may be approximated with the
average values of X, Y and Z for NE-4, 71 °SE and NE-4, 78°SE.

NW-l^p The conductor is assumed to terminate to the south at EW-1N, 88°SE. This zone explains
some of the hydraulic responses during some of the interference tests performed in
KAS03. Possibly there are several conductors causing the connectivity between KAS03
and the percussion boreholes west of KAS03, but so far it has not been possible to
resolve these. The conductor should be considered as possible.

NNW-1^ The conductor is assumed to terminate at EW-3 and EW-1S, 78°SE.

NNW-2OT The conductor is assumed to intersect EW-3 and terminates at NE-1 and EW-1S, 78°SE.
The zone is in good contact with NE-1.

NNW-3^ The horizontal extension is assumed to limited by the coordinates given in Table A2-5.
The extension towards the depth is badly known. The conductor should be considered
as possible.

NNW-4W The conductor intersects EW-3 and NE-2 and terminate at NE-1 and EW-1, 78 °SE. The
zone is in good contact with NE-lr.

NNW-5^ The conductor intersect EW-3, NE-1, NE-2 and NE-3. The horizontal extension is
limited to the north by the coordinates in Table A2-5 and to the south the conductor
terminates at NE-4. The conductor should be considered as possible.

NNW-6^ The conductor is assumed to intersect NE-1, NE-3 and NE-4 and terminate at NE-1 and
EW-7. The conductor should be considered as possible.

NNW-7m, The conductor is considered possible and is assumed to terminate at EW-3 and EW- IS,
78°SE. The conductor is assumed to intersect the elevator shaft at level -185 m.

NNW-8,^ New conductor not shown on figures. This conductor explains some of the hydraulic
responses during some of the interference tests in KAS03. The conductor is considered
possible and terminates at EW-1N, 88°SE and about 600 m to the North of EW-1N .
The conductor intersects or is close to KAS03. Possibly there are several conductors
causing the connectivity between KAS03 and KAS04 but so far it has not been possible
to resolve these. The extension is assumed to be approximately within the coordinates
given in Table A2-5.
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Table A2-7. Interpreted hydrological properties of hydraulic conductors. Width estimated from
mapping in the tunnel and interpreted intersections with boreholes. The value given should be
considered as an approximative value. Transmissivity = T, Storativity = S, Flow porosity = n,,.
Uncertain values or based on expert judgement within parenthesis. The widths of the zones are
uncertain. Most likly the widths varies along the zones. See also Table A2-8.

Zone

EW-lNr

EW-1S,

EW-3r

Width
(m)

(30)

(30)

15

T
(m2/s)
x lO 5

n,. Comments

x-10"

EW-3, (15)

EW-7r (10)

NE-lr 30

NE-2r 5

NE-3r 50

NE-4r 40

NW-llvp (10)

NNW-1^ (20)

NNW-2^ (20)

NNW-3^ (20)

NNW-4wr 10

NNW-5^ (20)

NNW-6wp (20)

NNW-7M1 (20)

OT (20)

0.05

(1.4)

2.6

0.5

0.2

Z = 0 to -300 m. There are tests in KAS06 and
in the tunnel that indicate values approximately
as the given. There are geological indications
that the core of the zone should be low conduc-
tive, at least partly. The transmissivity given is
therefore assumed to represent the outer part of
the zone.
Z < -300 m. Injection tests in KAS07 indicate
low transmissivity where EW-3 is interpreted to
intersect KAS07.

0.7 Evaluation of a simple tracer test gave a range
(depending on the concept for the flow field) of
flow porosity of 0.06 % - 2.2 %. The evaluation
of spread of the grout around the tunnel gave a
range of flow porosity of 0.07 % - 1 %. /Rhen
and Stanfors, 1993/.

The zone is possibly more transmissive at levels
higher than Z -250 m.

0.34 Evaluation of LPT2 gave a range (depending on
the concept for the flow field) of the flow
porosity of 0.02 % - 0.1 %. /Rhen et al,. 1992/

* See Table A2-8.
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Table A2-8. Transmissivity of hydraulic conductor domains based on
results from hydraulic tests and interpreted intersections of the Aspo HRL
tunnel and boreholes. The Aspo area. The hydraulic conductor domains
are approximated as planar features generally reaching the surface. See
also Table A2-7. (Due to calibration of a groundwater flow model some of
the properties were changed in the model, see Chapter 8).

Zone

(-)

EW-IN

EW-IS

EW-3

EW-7

NE-1

NE-2

NE-3

NE-4

NNW-1

NNW-2

NNW-4

NNW-5

NNW-7

NNW-8

NW-1

Sample size

(-)

4

4

4

3

16

12

9

8

7

4

8

3

5

3

3

Mean

(Irf/s)

5.2E-07

1.2E-05

1.7E-05

1.5E-05

2.2E-04

1.2E-07

3.2E-04

3.1E-05

8.6E-06

2.4E-05

6.5E-05

4.0E-06

7.5E-06

8.4E-06

4.1E-07

Median

(rriVs)

1.5E-06

2.2E-05

2.4E-05

6.8E-05

3.0E-04

4.1E-07

2.9E-04

3.0E-05

1.1E-05

5.6E-05

1.5E-04

2.0E-06

4.8E-06

l.OE-05

1.7E-07

s(LoglOT)

(-)

1.60

1.17

0.54

1.27

0.51

2.14

0.46

0.79

0.82

1.06

1.50

0.84

0.87

0.13

1.08

Con£!im.(97.5 %

(mVs)

1.8E-04

8.8E-04

1.2E-04

2.1E-02

4.2E-04

2.8E-06

7.2E-04

1.4E-04

4.9E-05

4.4E-03

1.2E-03

4.9E-04

8.9E-05

1.8E-05

2.0E-04

Con£lim.(2.5 %)

(irf/s)

1.5E-09

1.7E-07

2.4E-06

1.0E-08

1.2E-04

5.3E-09

1.4E-04

6.8E-06

1.5E-06

1.3E-07

3.6E-06

3.3E-08

6.3E-07

4.1E-06

8.4E-10

Mean + st.dev

(Irf/S)

2.1E-05

1.8E-04

5.9E-O5

2.7E-04

7.2E-04

1.7E-05

9.2E-04

1.9E-04

5.6E-05

2.7E-04

2.1E-03

2.8E-05

5.5E-05

1.1E-05

5.0E-06

Mean - st.dev

(m2/s)

1.3E-O8

8.1E-07

5.0E-06

7.8E-07

6.9E-05

8.8E-10

1.1E-04

5.0E-06

1.3E-06

2.IE-06

2.1E-06

5.9E-07

1.0E-06

6.3E-06

3.4E-08
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Table A2-9., Statistics of transraissivity of hydraulic conductors shown in
Table A2-8. Zonation. Aspo area.

Upper level

0

-100

-200

-300

-400

-500

-600

-700

0

Lnv,er level

-100

-200

-300

-400

-500

-600

-700

-800

-500

Sample size

18

28

19

16

10

ET

ET

ET

91

Mean

4.9E-06

9.9E-05

1.3E-O5

1.8E-O6

1.0E-05

ET

ET

ET

1.4E-05

Median

1.IE-05

1.8E-O4

1.1E-05

1.0E-05

1.8E-O5

ET

ET

ET

3.1E-O5

s(LnglOT)

1.36

0.93

1.26

2.36

1.20

ET

ET

ET

1.55

Conf.lira.(97.5 %)

2.3E-05

2.3E-O4

5.4E-05

3.3E-OS

7.2E-05

ET

ET

ET

2.9E-05

Cunf.lim.(2.5 %)

1.0E-06

4.3E-05

3.3E-06

9.9E-08

1.4E-06

ET

ET

ET

6.5E-06

Mean + sl.dev

I.1E-04

8.4E-04

2.4E-04

4.2E-04

1.6E-O4

ET

ET

ET

4.9E-04

Mean - si .dev

2.1E-O7

1.2E-05

7.4E-07

7.8E-O9

6.4E-07

ET

ET

ET

3.9E-07

Transmissivity (m'/s)
•E-12 1E-11 1E-10 1E-9 1E-6 1E-7 1E-6 1E-5 1E-4 1E-3 1E-2

»F! t 11 Mini t i >rnr

£2-
to
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-200

-300
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-600
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-800

-900

-1000

Figure A2-6. Distribution of transmissivities of hydraulic conductors shown
in Table A2-8. Aspo area.
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Figure A2-7. Statistics of transmissivity of hydraulic conductors shown in
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Table A2-10. Hydraulic conductivity of rock mass domains. Aspo island.
Test scale 50-200 m. Zonation."rock"and "zones". Tests in NE-1 and south
of Aspo are not included in the data used.

Upper level

0

-200

-400

-600

0

Lower level

-200

-400

-600

-1000

-1000

Sample size

36

25

8

3

72

Mean

2.2E-08

1.4E-07

2.3E-07

I.4E-07

6.0E-08

Median

3.3E-O8

1.3E-07

1.3E-07

8.6E-08

7.4E-08

s (LoglO K)

1.09

0.62

0.83

1.07

1.00

Cnnf.lim.(i)7.5 » )

5.2E-O8

2.5E-O7

I.1E-06

6.4E-05

1.0E-07

Conf.lim.(2.5 '«.)

9.6E-09

7.9E-08

4.8E-08

3.1E-I0

3.5E-O8

Mean + sl.dev

2.8E-07

5.8E-I17

I.6E-06

1.7E-06

5.9E-07

Mean - sl.dev

1.8E-09

3.4E-08

3.5E-O8

1.2E-08

6.0E-09

Table A2-11. Hydraulic conductivity of rock mass domains. Aspo island.
Test scale 50-200 m. Zonation. "rock". Tests in NE-1 and south of Aspo
are not included in the data used.

Upper level

0

-200

-400

-600

0

Lower level

-200

-400

-600

-1000

-1000

Sample size

22

12

2

I

37

Mean

2.8E-08

7.9E-08

1.0E-07

1.6E-O8

4.1E-08

Median

2.6E-08

9.1E-08

1.0E-07

1.6E-O8

5.8E-08

s(LoglO K)

1.09

0.58

0.24

0.(X>

0.92

Conf.lim.(97.5 %)

8.4E-08

1.8E-07

1.6E-O5

ET

8.3E-O8

Conf.lim.(2.5 *)

9.IE-09

3.4E-O8

6.4E-10

ET

2.0E-08

Mean + st.dcv

3.4E-07

3.OE-O7

1.7E-07

1.6E-O8

3.4E-07

Mean - sl.dcv

2.2E-09

2.1E-O8

5.7E-08

1.6E-08

4.9E-09
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Figure A2-8. Normal probability plots for LoglO(K) based on data from Aspd
island shown in Table A2-10. "rock"and "zones". Tests in NE-1 and south of
Aspd are not included in the data used. Test scale 50-200 m.
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Figure A2-9. Statistics of hydraulic conductivity shown in Table A2-10.
Zonation. Aspd island. Test scale 50-200 m. "rock"and "zones". Tests in NE-1
and south of Aspd are not included in the data used.
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n = sample size

mean "1
mean - 1 standard deviation mean + 1 standard deviation

t t
confidence limits (95 %) for mean

Figure A2-10. Statistics of hydraulic conductivity shown in Table A2-11.
Zonation. Aspo island. Test scale 50-200 m. "rock". Tests in NE-1 and south
ofAspo are not included in the data used.
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Table A2-12. Hydraulic conductivity presented for boreholes. Aspo and
Laxemar areas. Test scale 30 m.

Borehole

KLX01

KAS02

KAS03

Upper level

KB

11)2

103

Uiwcr icvcl

7(12.11

812

733

Sample size

20

24

21

Mean

1.2E-09

5.6E-1I)

1.2E-I1S

Mcdiiin

9.8E-1O

4. IE-10

1.3E-O8

slLoglO K)

1.81)

1.44

1.34

Conf.Iim.(97.5 %)

8.I)E-(I9

2.3E-09

4.9E-08

Conf.lim.(2.5 %)

I.7E-10

1.4E-10

3.OE-O9

Mean +sl.dcv

7.3E-«8

1.5E-O8

2.6E-H7

Mean - u.dcv

I.8E-11

2.0E-11

5.6E-HI
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Figure A2-11. Normal probability plots for LoglO(K) based on data from
KLX01, KAS02 and KAS03 shown in Table A2-12. Test scale 30 m.
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Table A2-13. Hydraulic conductivity of rock mass domains. Aspo and
Laxemar areas. Test scale 30 m. Zonation. (KLX01, KAS02, 03).

Upper level

0

-100

-200

-300

^00

-500

-600

-700

-100

Lower level

•100

-200

-300

-400

-500

-600

-700

-800

-800

Sample size

0

12

9

9

12

9

9

5

65

Mean

ET

2.7E-09

2.3E-09

1.9E-09

1.8E-09

3.1E-10

1.7E-O8

2.8E-10

1.9E-09

Median

ET

2.2E-09

4.5E-09

5.8E-09

5.7E-09

3.0E-11

2.8E-08

1.1E-10

3.5E-09

s(Li)glOK)

ET

1.37

1.44

1.70

1.86

1.73

1.35

1.74

1.61

Qinf.lim.(97.5 %)

ET

2.0E-08

3.0E-08

3.8E-08

2.8E-08

6.5E-09

1.8E-07

4.0E-08

4.7E-09

Conf.lim.(2.5 %)

ET

3.7E-1O

1.8E-10

9.3E-11

1.2E-10

1.4E-11

1.6E-09

2.0E-12

7.5E-10

Mean + sl.dev

ET

6.4E-08

6.4E-08

9.5E-08

1.3E-O7

1.6E-O8

3.7E-O7

1.5E-O8

7.7E-08

Mean - st.dev

ET

I.2E-I0

8.5E-I1

3.8E-11

2.5E-11

5.7E-12

7.6E-10

5.2E-12

4.6E-11
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Table A2-1.4. Hydraulic conductivity of rock mass domains. Aspo area.
Test scale 30 m. Zonation. (KAS02, 03).

Upper level

0

-KX)

-200

-300

-400

-500

-600

-700

-100

Lo\\er level

-KX)

-200

-300

-400

-500

-600

-700

-800

-800

Sample size

0

8

6

6

8

6

6

5

45

Mean

ET

2.2E-09

2.6E-09

1.2E-08

I.4E-09

8.5E-10

I.5E-08

2.8E-I0

2.3E-09

Median

ET

2.1E-09

3.IE-09

1.5E-08

5.7E-09

2. IE-10

1.5E-O8

1.1E-10

4.5E-09

s(LoglOK)

ET

1.25

1.14

1.46

1.66

1.86

1.68

1.74

1.53

Conf.lim.(97.5 %)

ET

2.4E-08

4.0E-08

3.9E-07

3.5E-08

7.6E-08

8.9E-(J7

4.0E-08

6.8E-09

Conf.lim.(2.5 %)

ET

2.0E-10

1.6E-10

3.4E-10

5.7E-I1

9.5E-12

2.6E-10

2.0E-12

8.1E-10

Mean + st.dev

ET

3.8E-O8

3.5E-O8

3.3E-O7

6.5E-O8

6.1E-08

7.3E-07

I.5E-08

8.0E-08

Mean - sl.dev

ET

1.2E-10

1.9E-I0

4.0E-I0

3.1E-I1

1.2E-I1

3.2E-10

5.2E-12

6.8E-11
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Figure A2-12. Statistics of hydraulic conductivity shown in Table A2-13.
Zonation. Aspd and Laxemar areas. Test scale 30 m.
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Figure A2-15. Distribution of hydraulic conductivity in KAS03. Test scale 30
m.

Table A2-15. Hydraulic conductivity presented for boreholes. Aspo and
Laxemar areas. Test scale 3 m.

Borchofc

KAS02

KAS03

KAS04

KAS05

KAS06

KAS07

KAS08

KLX01

Upperlevcl

102

103

133

157

105

106

106

106

Lower level

801

550

457

541

591

592

580

691

Sampfc sb£

235

150

108

128

162

163

158

198

Mean

1.8E-10

2.9E-09

1.7E-08

3.1E-10

2.1E-09

1.0E-09

6.6E-10

3.5E-10

Meiltin

1.1E-10

1.7E-09

7.6E-09

3.8E-11

6.0E-10

1.6E-10

2.1E-10

1.9E-10

s(LoglOK)

1.28

1.48

1.77

1.93

1.96

1.65

2.08

1.12

Ginf. lim. (97 5 «)

2.6E-10

5.0E-09

3.7E-O8

6.7E-10

4.2E-09

1.8E-O9

1.4E-09

5.0E-10

Oinf. lim. (2.5 %)

1.2E-10

1.7E-09

7.9E-09

1.4E-10

1.0E-09

5.6E-1O

3.1E-10

2.4E-10

Mean +sl.dcv

3.5E-09

8.7E-08

1.0E-06

2.6E-08

1.9E-07

4.6E-08

7.9E-08

4.6E-09

Mcan-.sl.dcv

9.4E-I2

9.6E-M

2.9E-H)

3.7E-I2

2.3E-11

2.2E-11

5.5E-12

2.6E-11
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Figure A2-16. Normal probability plots for LoglO(K) based on data from
KLXOl and KAS02-08. Test scale 3 m.
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Table A2-16. Hydraulic conductivity of rock mass domains. Site scale
area. Test scale 3 m. Zonation. KLXOl-all data - "rock" and "zones".

Upper level

0

-100

-200

-300

-400

-500

-600

-700

0

Low5r level

-100

-200

-300

-4C0

-500

-600

-700

-800

-800

Sample size

4

35

35

33

33

34

24

0

198

Mean

5.4E-10

3.7E-1O

3.2E-10

2.4E-I0

2.2E-I0

2.7E-10

1.5E-09

ET

3.5E-1O

Median

2.5E-10

2.0E-10

1.9E-10

1.6E-10

8.8E-1I

2.3E-1O

6.8E-10

ET

1.9E-10

s(LoglO K)

0.83

1.34

1.19

0.77

1.41

0.59

1.14

ET

1.12

Cnnf.lim.(97.5 W

1.1E-08

1.1E-09

8.2E-10

4.4E-I0

6.8E-10

4.4E-10

4.6E-09

ET

5.0E-10

Conf.lim.(2.5 %)

2.6E-1I

1.3E-10

I.2E-10

1.3E-10

6.8E-1I

1.7E-10

5.0E-10

ET

2.4E-10

Mean + si .dev

3.6E-09

8.OE-O9

4.9E-09

I.4E-09

5.6E-09

1.1E-09

2.1E-08

ET

4.6E-09

Mean - s[ .dev

8.0E-11

1.7E-I1

2.0E-I1

4.0E-11

8.4E-12

7.IE-11

1.IE-10

ET

2.6E-11

Table A2-17. Hydraulic conductivity of rock mass domains. Site scale
area. Test scale 3 m. Zonalion. KAS03-"rock"and "zones".

Upper level

0

-100

-200

-300

-400

-500

-600

-700

0

Lovwr level

-100

-200

-300

-400

-500

-600

-700

-800

-800

Sample size

2

34

33

35

34

12

0

0

150

Mean

3.8E-I1

1.9E-09

1.5E-09

8.8E-09

5.0E-09

1.0E-09

ET

ET

2.9E-09

Median

3.8E-11

1.3E-09

1.8E-09

1.9E-08

1.8E-09

5.4E-10

ET

ET

1.7E-09

s(LoglOK)

0.33

1.34

1.66

1.34

1.52

1.25

ET

ET

1.48

Conf.lim.(97.5 %>

3.8E-08

5.5E-09

5.8E-09

2.6E-08

1.7E-08

6.5E-09

ET

ET

5.0E-09

Conf. lim. (2.5 %)

3.9E-14

6.3E-10

3.9E-10

3.1E-09

I.5E-09

1.7E-10

ET

ET

1.7E-09

Mean tst.dev

8.3E-1I

4.1E-08

6.8E-08

1.9E-07

1.6E-07

1.8E-08

ET

ET

8.7E-08

Mean • si .dev

1.8E-11

8.5E-I1

3.3E-11

4.0E-I0

1.5E-J0

5.8E-1I

ET

ET

9.6E-1I
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Table A2-18. Hydraulic conductivity of rock mass domains. Site scale
area. Test scale 3 m. Zonation. KAS03-"rock". (Due to calibration of a
groundwater flow model some of the properties were changed in the
model, see Chapter 8).

Upper level

0

-100

-200

-300

-400

-500

-600

-700

0

Lower level

-100

-200

-300

-400

-500

-600

-7C0

-BOO

-800

Sample size

2

29

29

27

27

12

0

0

126

Mean

3.8E-11

I.1E-O9

9.9E-10

3.1E-O9

4.5E-O9

1.0E-09

ET

ET

1.7E-09

Median

3.8E-11

1.1E-09

1.8E-09

3.1E-09

1.2E-09

5.4E-10

ET

ET

1.1E-O9

s (Log 10 K)

0.33

1.23

1.50

1.00

1.45

1.25

ET

ET

1.33

Cnnr.lim.(97.5 %)

3.8E-O8

3.3E-O9

3.7E-O9

7.8E-09

1.7E-O8

6.5E-O9

ET

ET

2.9E-O9

Conf. lim. (2.S *)

3.9E-I4

3.8E-IO

2.7E-I0

1.3E-O9

1.2E-09

1.7E-10

ET

ET

1.0E-09

Mean +.st.dcv

8.3E-11

1.9E-O8

3.2E-O8

3.2E-O8

1.3E-O7

1.8E-O8

ET

ET

3.6E-08

Mean • Kl.dcv

1.8E-11

6.5E-11

3.1E-II

3.IE-I0

l.(iE-10

5.8E-11

ET

ET

8.IE-11

Table A2-19. Hydraulic conductivity of rock mass domains. Site scale
area. Test scale 3 m. Zonation. KAS03-"zones".

Upper level

0

•100

-200

-300

-400

-500

-600

-700

0

Lower level

-100

-200

-300

-400

-500

-600

-700

-800

-800

Sample size

0

5

4

8

7

0

0

0

24

Mean

ET

3.7E-08

3.0E-08

2.9E-07

7.4E-09

ET

ET

ET

4.4E-08

Median

ET

5.4E-08

1.6E-07

1.5E-07

7.5E-09

ET

ET

ET

5.1E-08

s(LoglO K)

ET

1.31

2.36

1.27

1.86

ET

ET

ET

1.68

Conf.lim.{97.5 %)

ET

1.6E-06

1.7E-04

3.3E-O6

3.SE-07

ET

ET

ET

2.3E-07

Conf.]im.(2.5 %)

ET

8.7E-10

5.3E-12

2.5E-08

1.4E-10

ET

ET

ET

8.6E-09

Mean + st.(iev

ET

7.6E-07

7.0E-06

5.4E-06

5.3E-07

ET

ET

ET

2.1E-06

Mean • sl.dev

ET

1.8E-09

1.3E-10

1.5E-0S

1.0E-10

ET

ET

ET

9.2E-10
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Table A2-20. Hydraulic conductivity of rock mass domains. Site scale
area. Test scale 3 m. Zonation. KAS04-"rock"and "zones".

Upper level

0

-100

-200

-300

•400

-500

-600

-700

0

Lovwr level

-100

-200

-300

-400

-500

-600

-700

-800

-800

Sample size

0

38

40

30

0

0

0

0

108

Mean

ET

8.4E-09

2.8E-08

2.2E-08

ET

ET

ET

ET

1.7E-08

Median

ET

3.6E-O9

3.OE-O8

7.6E-09

ET

ET

ET

ET

7.6E-09

s(LoglOK)

ET

2.09

1.60

1.51

ET

ET

ET

ET

1.77

Conf.lim.(97.5 %)

ET

4.1E-08

9.1E-08

8.1E-08

ET

ET

ET

ET

3.7E-08

Conf.lim.(2.5 %)

ET

1.7E-09

8.6E-09

6.0E-09

ET

ET

ET

ET

7.9E-09

Mean + st.tiev

ET

1.0E-06

1.1E-06

7.2E-07

ET

ET

ET

ET

1.0E-06

Mean - st .tlev

ET

6.8E-I1

7.0E-10

6.8E-I0

ET

ET

ET

ET

2.9E-I0

Table A2-21. Hydraulic conductivity of rock mass domains. Site scale area.
Test scale 3 m. Zonation. KAS04-"rock". (Due to calibration of a
groundwater flow model some of the properties were changed in the
model, see Chapter 8).

Upper level

0

-100

-200

-300

^00

-500

-600

-700

0

Louer level

-100

-200

-300

-400

-500

-600

-700

-800

-800

Sample size

0

29

29

30

0

0

0

0

88

Mean

ET

1.3E-08

1.2E-08

2.2E-08

ET

ET

ET

ET

1.5E-08

Median

ET

3.7E-09

8.6E-09

7.6E-09

ET

ET

ET

ET

5.8E-09

s(LuglOK)

ET

2.35

1.43

1.51

ET

ET

ET

ET

1.79

Conf.lim.(97.5 7»)

ET

9.8E-08

4.2E-08

8.1E-08

ET

ET

ET

ET

3.6E-O8

Conf.lim.(2.5 Vi

ET

1.6E-09

3.4E-09

6.0E-09

ET

ET

ET

ET

6.2E-O9

Mean + st.dev

ET

2.8E-O6

3.2E-O7

7.2E-07

ET

ET

ET

ET

9.3E-07

Mean - st.ilev

ET

5.6E-11

4.4E-10

6.8E-10

ET

ET

ET

ET

2.4E-I0
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Table A2-22. Hydraulic conductivity of rock mass domains. Site scale
area. Test scale 3 m. Zoeation. KAS04-"zoees".

Upper level

0

-100

-2(X)

-300

-400

-500

-600

-700

0

Lower level

-100

-200

-300

-400

-500

-600

-700

-800

-800

Sample size

0

9

11

0

0

0

0

0

20

Mean

ET

2.3E-09

2.6E-07

ET

ET

ET

ET

ET

3.1E-08

Median

ET

3.6E-09

3.2E-O7

ET

ET

ET

ET

ET

1.2E-08

s (L i . g lOK)

ET

0.71

1.69

ET

ET

ET

ET

ET

1.68

Conf.lim.(97.5 «)

ET

8.2E-09

3.6E-06

ET

ET

ET

ET

ET

I.9E-07

Qinf.lim.(2.5 »)

ET

6.5E-10

1.9E-08

ET

ET

ET

ET

ET

5.1E-09

Mean + st.dev

ET

1.2E-08

1.3E-O5

ET

ET

ET

ET

ET

1.5E-06

Mean - st.tlev

ET

4.5E-K1

5.3E-09

ET

ET

ET

ET

ET

6.5E-10

Table A2-23. Hydraulic conductivity of rock mass domains. Site scale
area. Test scale 3 m. Zonation. KAS02, 05-G8-"rock"and "zones".

Upper level

0

-KX)

-2a>

-3a>

-4ai

-5a>

-600

-700

0

Lower level

-100

-200

-300

-400

-500

-6a>

-700

-800

-sal

Sample sixe

20

170

188

190

170

43

34

30

845

Mean

1.3E-O9

5.9E-10

4.2E-10

4.8E-10

1.6E-09

5.9E-11

3.4E-10

1.2E-10

5.4E-10

Median

5.0E-10

1.8E-10

8.9E-11

1.2E-10

2.0E-10

6.1E-11

1.8E-10

1.5E-10

1.3E-10

s(LoglOK)

1.74

1.79

1.72

1.85

2.08

0.95

1.02

0.53

1.79

Conf.lim.(97.S %)

8.2E-09

1.1E-09

7.3E-10

8.8E-10

3.4E-09

1.2E-10

7.9E-10

1.9E-10

7. IE-10

Cimf.liin.(2.5 7r>)

1.9E-I0

3.2E-10

2.4E-10

2.6E-10

8.0E-10

3.0E-11

1.5E-10

7.8E-11

4.1E-10

Mean + st.iiev

7.0E-OS

3.7E-08

2.2E-08

3.4E-08

2.OE-O7

5.3E-I0

3.6E-09

4.IE-10

3.3E-08

Mean • st.dev

2.3E-11

9.6E-12

8.0E-12

6.8E-12

1.4E-11

6.6E-12

3.3E-11

3.6E-11

8.7E-12
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Table A2-24. Hydraulic conductivity of rock mass domains . Site scale
area. Test scale 3 m. Zonation. KAS02,05-08-"rock". (Due to calibration
of a groundwater flow model some of the properties were changed in the
model, see Chapter 8).

Upper level

0

-100

-200

-300

^too

-500

-600

-700

0

Lower level

-100

-200

-300

-Am

-500

-500

-700

-800

-800

Sample size

20

155

185

160

132

43

34

30

759

Mean

1.3E-09

3.2E-10

3.7E-10

3.8E-1O

4.9E-10

5.9E-11

3.4E-10

1.2E-10

3.4E-10

Median

5.0E-10

1.2E-10

8.8E-11

1.0E-10

1.2E-10

6.1E-11

1.8E-10

1.5E-10

1.IE-10

s(LuglOK)

1.74

1.58

1.67

1.78

1.80

0.95

1.02

0.53

1.63

Cunf.lim.(97.5 '*)

8.2E-09

5.7E-10

6.4E-10

7.1E-10

I.OE-09

1.2E-10

7.9E-10

1.9E-10

4.4E-10

Conf.lim.(2.5 %)

I.9E-10

I.8E-10

2.1E-10

2.0E-10

2.4E-10

3.0E-1I

1.5E-10

7.8E-11

2.6E-10

Mean + sl.dev

7.0E-0S

1.2E-08

1.7E-08

2.3E-08

3.1E-08

5.3E-1O

3.6E-09

4.1E-I0

1.4E-08

Mean - sulev

2.3E-1I

8.5E-12

7.8E-12

6.2E-12

7.8E-12

6.6E-12

3.3E-I1

3.6E-I1

7.9E-I2

Table A2-25. Hydraulic conductivity of rock mass domains . Site scale
area. Test scale 3 m. Zonation. KAS02, 05-08-"zones".

Upper level

0

-100

-200

-300

-4O0

-500

-600

-700

-100

Louer level

-100

-200

-300

-400

-500

-600

-700

-SCO

-500

Sample size

0

15

3

30

38

0

0

0

86

Mean

ET

3.0E-07

1.1E-06

1.8E-O9

1.1E-07

ET

ET

ET

3.4E-08

Median

ET

9.4E-07

9.5E-07

4.4E-10

2.1E-07

ET

ET

ET

5.9E-08

s(LoglOK)

ET

1.62

0.71

2.11

1.96

ET

ET

ET

2.14

Conf.lim.(97.5 %)

ET

2.4E-06

6.6E-05

1.1E-08

4.8E-07

ET

ET

ET

9.7E-08

Conf.lim.(2.5 %)

ET

3.9E-08

I.9E-08

2.9E-10

2.5E-08

ET

ET

ET

I.2E-08

Mean + st.dev

ET

1.3E-05

5.8E-06

2.3E-07

9.9E-06

ET

ET

ET

4.6E-06

Mean - st.dev

ET

7.3E-09

2.2E-07

1.4E-11

1.2E-09

ET

ET

ET

2.5E-10
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Figure A2-17. Distribution of hydraulic conductivity in KLXOl "rock" and
"zones ". Test scale 3 m.
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Figure A2-18. Statistics of hydraulic conductivity in KLXOl "rock" and
"zones". Zonation. Test scale 3 m.
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Figure A2-19. Distribution of hydraulic conductivity in KAS03. Test scale 3
m."rock"and "zones".
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Figure A2-20. Statistics of hydraulic conductivity in KAS03. Zonation. Test
scale 3 m. "rock"and "zones".
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Figure A2-21. Distribution of hydraulic conductivity in KAS04. Test scale 3
m."rock"and "zones".
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Figure A2-22. Statistics of hydraulic conductivity in KAS04. Zonation. Test
scale 3 m. "rock"and "zones".
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Figure A2-23. Distribution of hydraulic conductivity in KAS02, 05-08. Test
scale 3 m. "rock"and "zones".
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Figure A2-25. Statistics of hydraulic conductivity in KAS02, 05-08.
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Table A2-26. Hydraulic conductivity of lithological units .
Test scale 3 m. KLX01, KAS02-08.

Rocktypc

Fine-grained granite

Sma land-granite

Aspo-diorite

Greenstone

Myionite

Sample si/.e

180

287

531

86

19

Mean

4.8E-09

1.2E-09

4.4E-10

9.8E-10

2.4E-08

Median

2.8E-09

6.2E-10

1.2E-10

3.0E-10

5.2E-08

s (Login K)

1.99

1.72

1.71

1.57

2.57

Conf.lim.(97.5 %)

9.3E-09

1.8E-09

6.1E-10

2.1E-09

4.2E-07

C<inr.lim.(2.5 %)

2.4E-09

7.3E-10

3.1E-10

4.5E-10

1.4E-09

Mcan + sl.dcv

4.7E-07

6.1E-O8

2.3E-O8

3.6E-08

9.0E-06

Mean - sl.dcv

4.9E-1I

2.2E-11

8.5E-I2

2.7E-1I

6.6E-11
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Table A2-27. Hydraulic conductivity of "rock", "zones" and "rock and
zones" based on tests performed in probeholes in tunnel section 1400-3600
m. Test scale approximately IS m.

Statistics of hydrogeological parameters from tests in probeholes. Zones = deterministic zones.

Sample

Kzcoa

Ktt

Krocfc

Kzona

Kw

Kny*

Kzonfl

Upper chainage

(m)

1400

1400

1400

1400

1400

1400

2370

2370

2370

Lo\ser cftainage

(m)

3600

3600

3600

2370

2370

2370

3600

3600

3600

Sample size

156

32

188

85

21

106

71

11

82

Mean

(nvs)

1.5E-09

7.8E-08

2.9E-09

3.1E-09

3.SE-07

7.9E-09

6.1E-10

4.5E-09

8.0E-10

Mad an

(nVs)

2.5E-09

1.3E-07

5.0E-09

4.4E-09

4.1E-07

7.5E-09

9.1E-10

1.8E-08

1.4E-09

s(Log10K)

2.09

1.92

2.16

1.89

1.51

1.99

2.27

2.07

2.25

Conf. lim. 97.5 %

(rrts)

3.2E-09

3.9E-07

5.9E-09

7.9E-09

1.7E-06

1.9E-08

2.1E-09

1.1E-07

2.5E-09

Conf. tim. 2.5 %

(nVs)

6.9E-10

1.6E-08

1.4E-09

1.2E-09

7.1E-08

3.3E-09

1.8E-10

1.8E-10

2.6E-10

Mean +s

(m/s)

1.8E-07

6.5E-C6

4.2E-07

2.4E-07

1.1E-05

7.7E-07

1.1E-07

5.3E-07

1.4E-07

Mean-s

(nVs)

1.2E-11

9.4E-10

2.0E-11

4.0E-11

1.1E-08

8.0E-11

3.3E-12

3.9E-11

4.5E-12
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Figure A2-27. Normal probability plots for LoglO(K) based on tests
performed in probeholes in tunnel section 1400-3600 m for data shown in
Table A2-27. Test scale approximately 15 m.
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Figure A2-28. Normal probability plots for LoglO(K) based on tests
performed in probeholes in tunnel section 1400-2370 m (approximately one
spiral turn) for data shown in Table A2-27. Test scale approximately 15 m.
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Figure A2-29. Normal probability plots for LoglO(K) based on tests
performed in probeholes in tunnel section 2370-3600 m for data shown in
Table A2-27. Test scale approximately 15 m.
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Table A2-28. Transmissivities for different directions of the probe holes
in tunnel section 1400-3600 m. The strike of a plane perpendicular to the
probe holes (in the Aspo coordinate system) was the base for assigning
transmissivity to the sectors, see Figure 6-50.
Length of test section ~ 15 m.
Log Ave Ttot = arithmetic mean of log,0 Ttot.
Ave Ttot = ExPl0(Log Ave Ttot).
s(Log10T) = standard deviation of Log,0Tto(.
Up Quart and Low Quart = Upper and lower quartiles of the T-values in
each section.
n = total number of values in a sector.

Sector
0-20

20-40
40-60
60-80

80-100
100-120
120-140

140-160
160-180
180-200

200-220
220-240
240-260

260-280
280-300
300-320

320-340
340-360

Sector
0-20

20-40

40-60
60-80

80-100

100-120
120-140
140-160

160-180
180-200
200-220

220-240
240-260
260-280

280-300
300-320
320-340

340-360

Centre of sector
10

30

50

70

90

110

130

150

170

190

210

230

250

270

290

310

330

350

Centre of sector
10

30

50

70

90

110

130

150

170

190

210

230

250

270

290

310

330

350

Log Ave Ttot
-7.16

-8.69
-8.47
-8.16

-7.19
-6.80
-6.08

-7.04
-7.91
-7.16

-8.69
-8.47
-8.16

-7.19
-6.80
-6.08

-7.04
-7.91

Log Up Quart
-5.72
-7.55
-7.12
-6.94
-5.55

-5.10
-4.96
-5.51

-6.19
-5.72
-7.55

-7.12
-6.94
-5.55

-5.10
-4.96
-5.51

-6.19

Ave Ttot
6.9E-08

2.0E-09
3.4&09
6.9&09

6.5&08
1.6&07
8.2&07

9.1E-08
1.2E-08
6.9&08

2.0&09
3.4&09
6.9E-09

6.5&08
1.6&07
8.2&07

9.1E-08
1.2E-08

Up Quart
1.9E-06
2.8&08

7.6&08
1.1E-07
2.8&06

7.9&06
1.1 &05
3.1 &06

6.4E-07
1.9E-06
2.8&08

7.6&08
1.1 &07
2.8E-06

7.9E-06
1.1E-05
3.1E-06

6.4&07

s(Log10T)
1.99

2.06
2.43
2.01

2.07
1.68
1.94

2.13
2.03
1.99

2.06
2.43
2.01

2.07
1.68
1.94

2.13
2.03

Log Low quart
-8.28

-11.00

-11.00
-9.63
-8.75

-7.85
-6.96
-8.32

-9.00
-8.28
-11.00

-11.00
-9.63
-8.75

-7.85
-6.96
-8.32

-9.00

n
50

18

9

17

37

7

27

29

6

50

18

9

17

37

7

27

29

6

Low quart
5.3E-09
1.0E-11
1.0E-11
2.4E-10
1.8&09

1.4&08
1.1 &07
4.8E-09

9.9&10
5.3E-09
1.0E-11

1.0E-11
2.4E-10
1.8E-09

1.4E-08
1.1E-07
4.8&09

9.9E-10
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MM372G

MA20 8G

MA06i

0 100 200 (m)

Figure A2-30. Plan over dams in the tunnel. The number in the name of the
weir is the section in the tunnel where the dam is situated.
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Table A2-30. (Next page ) Water flow into the tunnel. Monthly mean
values. See When etal/1995/for details concerning the flow measurements.
Maxxxx: Weir No.
Shaft 213: Flow section 0-213 m below sea surface.
Shaft 333: Flow section 220-333 m below sea surface.
Shaft 450: Flow section 340-450 m below sea surface.
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TH : 0-220 m
TV : 0-220 m
TW:
TB :

MAfSSS MA2587

TH : 340-450 m
TV : 220-450 m
TW: 0-450 m
TE :

MA3384

Figure A2-31. Water flow into the shaft to the measurement sections.
Monthly mean values, summer 1995. See Rhen et al /I995/ (PR 25-95-28)
for details concerning the flow measurements.
RAS01:
RAS02:
RAS03:
TV, TC, TE:
main tunnel.

TV = ventialtion shaft-in
TW = Ventilation shaft-out
TH = Elevator shaft
Short tunnel sections connecting the shafts with the shaft-

Figure A2-32. Water flow into the tunnel- tranformed into depth intervals.
Monthly mean values. See Table A2-31 and Rhen et al/1995/(PR 25-95-28)
for details concerning the flow measurements.
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Table 2-31. Suggested transformation of flow measurements in the
shafts into depth intervals based on Table 2-3 in Appendix 2:4 in Rhen
et al /1995/ (PR 25-95-28).
Flow rate measured at MA1659G = Al
Flow rate measured at MA2587G = A2
Flow rate measured at MA3384G = A3

Depth intevai

(m)

0-220
220-340
340-450

based on Table 2-1, Appendix 2:4 in Rhen et al /1995/.

Flow rate

Al +0.15 A3
A2 + 0.7 A3
A3 »0.15

Estimate*
for Nov. 1995
(1/min)

75.1
16.6
2.1

Flow rate
per m
(m3/(s»m))
•10-"

5.7
2.3
0.32
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Salinity of the water at the weirs

A few times water samples have been taken at the weirs. The composition
is shown in Table 3-32. The salinity (S) of the water can be estimated at:

S = 4.67 • 10 -3

0.741
C

[g/l]

C = electrical conductivity of the water [mS/m]

Table A2-32. Water

Weir

(No.)

MA682G

MA1030G

MA1232G

MA1372G

samples taken

Measurement Date
Section
Tunnel
(m)

0-682

682- 1030

1030- 1232

1232- 1372

930722
930729
930804
950201
950227
950314
950403

930723
930729
930804
950201
950227
950314
950403
951106
951108
951110
951120
951204

930722
930729
930804
950201
950227
950314
950403

930722
930729
930804
950201
950227
950314
950403

at the weirs.

Electrical
Conductivity

(mS/m)

780
810
790
811
714
800
790

1080
1100
1100
1047
1003
1020
1020
969
956
971
967
965

1040
1040
1020
1018
992
980
980

1160
1160
1160
1113
1101
1100
1080

pH

8.0
8.0
8.0
8.0

8.0

7.1
7.5
7.6
7.5

7.6
7.5

7.3
7.4
7.6
7.5

7.6
7.5

7.6
7.5
7.7
7.5

7.7
7.6

Cl

(mg/1)

2850
2843
2801

3850
3329
3836

3379
3366

3545
3517
3531

7177
3152

4105
4077
4070

3613
3613
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Weir

(No.)

Measurement
Section
Tunnel
(m)

Date Electrical
Conductivity

(mS/m)

pH Cl

(mg/1)

MA1584G 1372-1584

"MA1740G" 1370-1740

MA1745G 1584 - 1745

MA1883G 1745-1883

MA2028G 1883-2028

MA2178G 2028-2178

MA2357G 2178-2357

MA2496G 2357-2496

MA2699G 2496-2699

930722
930729
930804
950201
950227
950314
950403

930729

930722
950227
950314
950403

930722
930804
950201
950227
950314
950403

930722
930729
930804
950201
950227
950314
950403

950201
950227
950314
950403

950201
950227
950314
950403

950227
950314
950403

950201
950227
950314
950403

988
1000
980
966
931
940
900

1420

1300
1559
1600
1580

1520
1510
1336
1268
1220
1220

1020
1020
1260
923
858
880
890

975
941
920
920

1453
1431
1420
1380

1661
1640
1640

1659
1703
1740
1740

7.8
7.8
7.8
7.6

7.9
7.8

7.6

7.7

7.6
7.5

7.6
7.6
7.5

7.7

7.9
7.9
7.7
7.9

7.8

7.5

7.8
7.7

7.4

7.8
7.7

7.4

6.9

7.6
7.4

3304
3396
3411

3031
2969

5077

4644

5669
5776

5467
5119

3467
3481
4545

3044
3053

4939
4932

5804

6360
6330
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Weir

(No.)

Measurement
Section
Tunnel
(m)

Date Electrical
Conductivity

(mS/m)

pH Cl

(mg/1)

MA2840G 2699-2840

MA2994G 2840-2994

MA3384G 340-450

MA3411G 3179-3411

MA3426G 3426-3600

950201
950227
950314
950403

950201
950227
950314
950403

951106
951108
951110
951120
951204

951106
951108
951110
951120
951204

951106
951108
951110
951120
951204

2000
2000
2250
2400

1744
1707
1720
1740

1601
1584
1596
1560
1540

1929
1882
1898
1867
1887

1609
1627
1649
1717
1801

6.8

7.6

6.8

7.5

8707
8977
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Table A2-33. Salinity of the ground water - present day conditions before excavation
of the Aspo HRL tunnel.

KLX01
KLX01
KLX01
KLX01
KLX01
KLX01
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KLX02
KAS02

KAS03

KAS04

KAS06

SECUP
(m)

272
456
680
830
910
999

9
31
81

131
181
231
281
331
381
431
481
531
581
631
681
731
781
831
881
931
981

1031
1081
1131
1181
1231
1281
1331
1381
1431
1481
1531
1581
1631
202
308
314
463
530
802
860
129
196
248
347
453
609
690
860
226
334
440
204
304
389
439

SECLOW
(m)

277
461
702
841
921

1078
31
81

131
181
231
281
331
381
431
481
531
581
631
681
731
781
831
881
931
981

1031
1081
1131
1181
1231
1281
1331
1381
1431
1481
1531
1581
1631
1681
215
344
319
468
535
924
924
134
223
251
374
480
623

1002
1002
235
343
481
277
377
406
602

DEPTH
(m)

274.5
458.5
691
835.5
915.5

1038.5
20
56

106
156
206
256
306
356
406
456
506
556
606
656
706
756
806
856
906
956

1006
1056
1106
1156
1206
1256
1306
1356
1406
1456
1506
1556
1606
1656
205
315
305
455
522
860
880
125
200
240
350
452
610
833
913
185
277
376
200
284
331
432

Cl
(mg/dm3)

2000
1700
4700
9200

11100
12600

149
146
140
123
109
82.5
63.8
45
34.5
28
26.5
26.2
25.5
28
28.3
28
34
60

175
1080
3780
9910

13600
16000
16800
18500
21500
29100
33100
39700
43300
43500
44800
47200

3840
5300
5340
5450
6370

11000
11100
1230
2900
3000
5180
4600
5880
8100

12300
530

3030
5900
3630
5680
5970
6150

S
(g/dm3)

3.4
2.89
7.99

15.64
18.87
21.42
0.2533
0.2482
0.238
0.2091
0.1853
0.14025
0.10846
0.0765
0.05865
0.0476
0.04505
0.04454
0.04335
0.0476
0.04811
0.0476
0.0578
0.102
0.2975
1.836
6.426

16.847
23.12
27.2
28.56
31.45
36.55
49.47
56.27
67.49
73.61
73.95
76.16
80.24
6.528
9.01
9.078
9.265

10.829
18.7
18.87
2.091
4.93
5.1
8.806
7.82
9.996

13.77
20.91
0.901
5.151

10.03
6.171
9.656

10.149
10.455
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0
0
A
•

Rock

Increased fracturing

Fracture zones

Rock, increased fracturing and fracture zones

Figure A2-33. Normal probability plots for RMR for tunnel section 1400-
3600 m. RMR values for tunnel sections (approximately 4 m) classified in
the classes "Rock", "Increased fracturing" and "Fracture zones"
according to the geological documentation of the tunnel.
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0
0
A
•

Rock

Increased fracturing

Fracture zones

Rock, increased fracturing and fracture zones

Figure A2-34. Normal probability plots for deformation modulus (Ed) for
tunnel section 1400-3600 m. Ed estimated from RMR in Figure A2-33 based
on equation shown in Chapter 6.
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A3.1 INFLUX OF DIFFERENT WATER TYPES INTO
THE HRL TUNNEL WITH TIME

The influx in percentage terms of the Baltic Sea, Modified Baltic Sea, Shallow, Glacial
and Deep Saline waters into the HRL tunnel is shown as a cross-section and from
above over time. The data has been divided into experimental days where day 0
(1990-10-14) indicates the start of the tunnel construction, day 150 represents 1991-
03-13, day 350 (1991-09-29), day 550 (1992-04-16), day 750 (1992-11-02) day 950
(1993-05-21), day 1150 (1993-12-07) and day 1350 represents 1994-06-25. Kriging
/Henley, 1981; Fortner, 1992/was used to interpolate between the observed data
points. The boundary conditions used in the Kriging calculations for eg, Baltic Sea
water was 0% at land surface and 100% at sea surface. The boundary conditions at
500 m depth were from the calculated mixing ratios in KAS02:533. The Baltic Sea
water portion at this depth was 0%. For the mixing ratios, a sample collected closest
to the actual experimental day was selected to represent that experimental day with
a tolerance of ±100 days. In order to minimise possible methodology errors the mixing
portions have been divided in steps of 20%.
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Figure A3-1. Influx of Baltic Sea water, experimental day 150 (1991-03-13).
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A3-2. /n/Zux of Baltic Sea water, experimental day 350 (1991-09-29).
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Figure A3-3. Influx of Baltic Sea water, experimental day 550 (1992-04-16).
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Figure A3-4. Influx of Baltic Sea water, experimental day 750 (1992-11-02).
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Figure A3-14. Influx of Glacial water, experimental day 1350 (1994-06-25).
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Figure A3-19. Influx of Modified Baltic Sea water, experimental day 950 (1993-05-
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Figure A3-21. Influx of Modified Baltic Sea water, experimental day 1350 (1994-
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Figure A3-22. Influx of Deep Saline water, experimental day 150 (1991-03-13).
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Figure A3-23. Influx of Deep Saline water, experimental day 350 (1991-09-29).
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Figure A3-24. Influx of Deep Saline water, experimental day 550 (1992-04-16).
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Figure A3-25. Influx of Deep Saline water, experimental day 750 (1992-11-02),
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Figure A3-26. Influx of Deep Saline water, experimental day 950 (1993-05-21).
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Figure A3-27. Influx of Deep Saline water, experimental day 1150 (1993-12-07).
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Figure A3-28. Influx of Deep Saline water, experimental day 1350 (1994-06-25).
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Figure A3-29. Influx of Shallow water, experimental day 150 (1991-03-13).
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Figure A3-30. Influx of Shallow water, experimental day 350 (1991-09-29).
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Figure A3-31. Influx of Shallow water, experimental day 550 (1992-04-16).
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Figure A3-32. Influx of Shallow water, experimental day 750 (1992-11-02).
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Figure A3-33. Influx of Shallow water, experimental day 950 (1993-05-21).
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Figure A3-34. Influx of Shallow water, experimental day 1150 (1993-12-07).
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A3.2 GROUNDWATER CHEMISTRY IN FRACTURE
ZONES

The chemical composition of the groundwater, the saturation index of calcite and
carbon dioxide, indication of sulphate reduction, in the different fracture zones (EW-
3a, NE-4a,4b, NE-la,lb, NE2a-l, NE2a-2, NE2a-3, NE-3b,3c, NNW-4H2O-1,
NNW-4H2O-2,NNW-4H2O-3) and in the Redox zone over time are listed. In fracture
zones with no groundwater sampling boreholes, the boreholes ±100 m from the actual
fracture zone were set to represent that fracture zone. If two borehole observations
fall inside the range the observation closest to the fracture zone was selected. When
the results are interpolated in space (±100 days) the accuracy decreases.
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