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PREFACE 

During the period from 1977-1986 SKB (Swedish Nuclear Fuel and Waste 
Management Co) performed surface and borehole investigations of 14 study 
sites for the purpose of assessing their suitability for a repository of spent 
nuclear fuel. The next phase in the SKB site selection programme will be to 
perform detailed characterization, including characterization from shafts 
and/or tunnels, of two or three sites. The detailed investigations will continue 
over several years to provide all the data needed for a licensing application to 
build a repository. Such an application is foreseen to be given to the 
authorities around the year 2003. 

It is presently not clear if anyone of the study sites will be selected as a site 
for detailed characterization. Other sites with geological and/or socio­
economical characteristics judged more favourable may very well be selected. 
However, as a part of the background documentation needed for the site 
selection studies to come, summary reports will be prepared for most study 
sites. These reports will include scope of activities, main results, uncertainties 
and need of complementary investigations. 

This report concerns the Kamlunge study site. The report has been written by 
the following authors; Kaj Ahlborn and Sven Tiren (scope of activities and 
geologic model), Jan-Erik Andersson (geohydrological model), Thomas Ittner 
(groundwater chemistry), Peter Andersson (solute transport) and Christer 
Ljunggren (rock mechanics). 
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1 

1. ASSESSMENT OF THE KAMLUNGE STUDY SITE 

This chapter summarizes characteristics and uncertainties of the Kamlunge 
study site, Figure 1. Based on these descriptions the needs for complementary 
site characterization studies are outlined. 

KAMLU NGE S it e Characterization 
Location of Lhe Kamlu nge Site 

Q.., Nor r bollens 
r::.t() lan 0 10 20 30 km 
~ 

Kamlunge site 

National border -- Municipality 
0 100 200 km 

Figure 1. Location of the Kamlunge study site. 

1.1 Main characteristics and uncertainties 

Rock type distribution 

The Kamlunge study site is situated in a region characterized by 
metamorphic rocks of magmatic and sedimentary origin. Apart from some 
younger dykes, the rocks in this region are between 1565-2700 Ma (million 
years old). The older rock in this region is represented by Archean granite 
gneiss, which is also a part of the oldest bedrock sequence in Sweden. 

Two types of metasedimentary rocks occur in the Kamlunge study site, 
quartzitic gneiss and biotite gneiss. These are the oldest rocks within the site, 
1900-2500 Ma. Other main rock types are Lina granite, granodiorite-diorite 
and amphibolite. These five rock types occur in separate large bodies 
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irregularly intermixed with each other. Based on their occurrence in the drill 
cores Lina granite with associated pegmatites is the dominating rock type, 
constituting ( 40 % ) of all drill cores. The proportions of the other rock types 
are: biotite gneiss (26 % ), quartzitic gneiss (14 % ), diorite-granodiorite (13%) 
and amphibolite (7 % ). In addition, a small ultra basic rock body consisting 
essentially of hornblende and pyroxene is found in two boreholes. The 
orientation of the layering in the quartzitic gneiss and in the biotite gneiss, as 
well as the schistosity in the rocks have a predominant northeasterly strike 
and a steep dip towards the northwest. 

The Lina granite is 1560-1800 Ma, greyish red and fine to medium-grained. 
The granite dominates in the southern parts of the site. The main minerals are 
quartz, potash-feldspar, plagioclase and biotite. The biotite gneiss is usually 
greyish-black and fine to medium-grained. The main minerals are quartz, 
biotite and plagioclase. The rock has a distinct schistosity with a preferred 
orientation of biotite. Sulphides occur sparsely, as disseminated pyrite or as 
fracture fillings. 

The quartzitic gneiss is grey and fine-grained. The main minerals are quartz, 
potash feldspar, plagioclase and biotite. The rock type occurs in 100 m wide 
sections in the drill cores and is banded or massive with irregular coarse­
grained quarts-feldspar streaks. 

The granodiorite is light brown with 2-5 cm large plagioclase grains in a 
matrix rich in biotite. This gives the rock type a porphyric appearance. The 
main minerals are biotite, plagioclase and amphibole. It is often schistosed 
and is locally folded. During the geological mapping no differentiation was 
made between granodiorite and diorite, although small bodies of diorite have 
been reported. 

Amphibolite occurs as small bodies. The rock is dark grey and the main 
minerals are amphibole, biotite and plagioclase. 

The overall fracture frequency is low in the Kamlunge site. Depending on 
rock types, scan-line surveys on outcrops and fracture mapping of drill cores 
show mean fracture frequencies between 1.1-1.3 fr/m and 3.6-4.7 fr/m, 
respectively. 

One cause for the higher fracture frequency in the drill cores, compared with 
fractures in outcrops, is probably a high frequency of horizontal sheet 
fractures in the upper part of the bedrock. These fractures are commonly 
observed in vertical rock exposures, but they are not recorded in the scan-line 
surveys. The occurrence of such fractures in the upper part of the bedrock is 
also indicated by the strong decrease in fracture frequency with depth in the 
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borehole cores. In the upper 100 m the mean fracture frequency is 5.5 fr/m, 
while below 200 m the frequency is 2.5 fr/m. 

The scan-line survey shows a strong dominance of fractures trending WNW 
(N70W). Another, but far less expressed, fracture group are fractures trending 
ENE (N70E). Sealed fractures are mainly trending north-south. 

Uncertainties: Rock types representing a wide petrographic spectrum, 
including a large variation in ages, are present at the site. This makes 
Kamlunge the most heterogenous of all SKB study sites with respect to rock 
types. The great variability of rock types most likely influence the 
groundwater flow system, the groundwater chemistry and the rock 
mechanical properties. Because of the complicated distribution of rock types 
no 3D model of rock type distribution has been made. 

Fracture zones 

Interpreted fracture zones at Kamlunge are primarily based on results from 
ground geophysical surveys anomalies (electrical and seismic methods), 
subsequently tested by shallow percussion boreholes and deep cored 
boreholes. 

All together seven steeply dipping zones and one horizontal fracture zones 
have been identified within the study site. Common trends of the steeply 
dipping fracture zones are NW and NE. The width of the fracture zones 
varies from 1 to 14 m, with a mean width of 6 m. Spacings between zones 
varies between 500 to 1500 m. 

The steeply dipping zones are often weathered and contain brecciated and 
crushed rock. Core losses when drilling through the zones are common. 
Common fracture minerals are chlorite, calcite, laumontite, smectite and 
various iron oxides. 

The horizontal fracture zone, Zone Hl, is identified in four cored boreholes 
at a depth of 550 m. The zone is permeable to water and its width varies 
between 4 and 14 m. It is less crushed and weathered compared to the 
steeply dipping fracture zones. 

Uncertainties: Most interpreted fracture zones within the Kamlunge site are 
uncertain. Only three out of the eight interpreted zones are classified as 
"certain" or "probable" zones (c.f. SKB-nomenclature of fracture zones, 
Backblom, 1989). Other five fracture zones are uncertain because they have 
not been drilled to test their existence. They were included in the model 
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based on topographical or geophysical indications only and they might be 

dismissed if tested by drilling or by excavated trenches. 

At the same time there are several fractured sections in the boreholes that 

have not been assigned to any specific fracture zone. Since many of these 

sections occur in the upper 100 m, and since no indication of a fracture zone 

was found in the overlying outcrops, it is probable that at least some of these 

sections represent subhorizontal fracture zones. 

Hydrology 

The Kamlunge site is located on a topographical plateau with steep slopes 

towards the surrounding low-land. There is a difference in altitude of about 

100 m between the plateau and the surrounding valleys. On the plateau the 

groundwater table is rather flat. 

The strong topographical relief implies that the shallow groundwater flow is 

directed from the plateau towards the surrounding valleys. The plateau thus 

constitutes a major recharge area for groundwater. Minor, local discharge 

areas on the plateau are found in low-lying parts, covered by peat bogs. 

Uncertainties: The strong topographical relief implies little doubt in the 

orientation of the shallow groundwater flow system, and where the major 

discharge areas are located. However, no data exist regarding the influence of 

a regional flow system at greater depths, especially below Zone HI. 

Hydraulic units 

The main hydraulic units included in the conceptual model of the Kamlunge 

site are the rock mass and the local fracture zones. The horizontal Zone Hl, 

at 550 m depth, is treated as a separate unit. 

Uncertainties: As discussed above the large variation in rock types implies 

that it is probably too simplistic to use "rock mass" as the only hydraulic unit 

for the "sound rock", i.e. the bedrock excluding the fracture zones. There are 

also obvious uncertainties with the assigned hydraulic properties of the 

fracture zones as most of them have not been drilled and hydraulically tested. 

Hydraulic conductivity 

The average hydraulic conductivity of the rock mass is low, about 10-11 m/s 

at 500 m depth. The number of measurements in the fracture zones is very 

few but indicates an almost linear decrease of hydraulic conductivity with 
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depth and a conductivity of about 10-9 m/s at 500 m depth. The applied 
conductivity-depth relationships for the rock mass and the fracture zones 
implies that only small differences exist for the two units down to I 00 m. At 
this depth both the fracture zones and the rock mass are assumed to have a 
hydraulic conductivity of about 5-10-9 m/s. The hydraulic conductivity of the 
horizontal zone is assumed to be 10-s m/s. 

The conductive fracture frequency in the rock mass at Kamlunge is estimated 
to about 0.04 - 0.06 fr/m, based on all tested 25 m sections. 

Uncertainties: The derived hydraulic conductivity functions versus depth for 
the different hydraulic units are uncertain, partly due to the uncertainties 
involved in the separation of data into fracture zones or rock mass, and partly 
due to the analysis technique based on regression analysis. For example, the 
few tested sections in interpreted fracture zones make any derived hydraulic 
conductivity function for this unit inherently uncertain. Another example is 
the uncertainties involved in the regression analysis which implies that an 
equally possible interpretation is that the upper 100-200 m of the bedrock has 
higher conductivity than the deeper bedrock and that no significant depth 
trend exists, neither in the upper or in the lower parts of the bedrock. 

Groundwater flow rates at repository depth 

The existence of a hydraulically conductive horizontal fracture zone at 550 m 
depth implies that a repository should preferably be located at least 100 m 
below such a zone.J::[owever, since no data were available regarding geologic 
and hydraulic conditioris,3,t that depth, a depth of 450 m were chosen to 
represent repository depth in the model calculations. 

Two cases were modelled. In the first case the rock mass and the local 
fracture zones were treated as separate isotropic continua, but the horizontal 
zone was not included. The second case was identical to the first case, except 
that the horizontal zone was included. A decrease of hydraulic conductivity 
of the rock mass and fracture zones (except the horizontal zone) with depth 
was assumed for both cases. The horizontal zone was modelled as a separate 
hydraulic unit with constant properties. 

The calculated groundwater flow rates at 450 m depth ranged between 15-30 
ml/m2/year in the first case and between 20-60 ml/m2/year in the second case. 
Immediately below the horizontal zone, at 570 m depth, the corresponding 
flow rates were 8-20 ml/m2/year and 4-10 ml/m2/year, respectively. The effect 
of the horizontal zone was thus to increase the groundwater flux above the 
zone and decrease the flux below the zone. 
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Uncertainties: The modelling was made using the assumption of a porous 

media composed of two overlapping continua (rock mass and fracture zones) 

together with a third continuum (the horizontal zone). This generalization 

implies a large uncertainty in the groundwater flow calculations. The 

modelling shows that Zone Hl has a large influence on the groundwater 

flow. In the modelling it is assumed that the zone continues laterally until it 

meets the vertical regional fracture zones bounding the Kamlungekolen 

plateau. However, the lateral extension of the zone is not known outside the 

drilled area. Another uncertainty is whether additional horizontal fracture 

zones exist or not. 

Solute transport 

No specific models of solute transport at the Kamlunge site exist. There are 

only a few model simulations of groundwater travel times from a repository 

at 450 m depth. The reported travel times vary from 250 to 94 000 years in 

the local scale model where fracture zones are included. In the regional 

model, not including fracture zones, travel times are considerably longer, 

from 2 000 to 200 000 years. This demonstrates the importance of hydraulic 

structures, especially the horizontal fracture zone, for the solute transport at 

Kamlunge. 

Uncertainties: The boundary conditions are of great importance for the solute 

transport. In the Kamlunge model, no sensitivity analysis have been made of 

the impact of different boundary conditions. Also, the existence, location and 

connectivity of fracture zones are important for the solute transport. These 

factors have not been varied to any extent. Lastly, to determine the actual 

fluid velocity through the Kamlunge site, knowledge of the kinematic 

porosity is important and no such data exist from the site. 

Groundwater chemistry 

A total of three boreholes and seven borehole sections have been sampled at 

Kamlunge. The samples indicate groundwater of varying ages, but with no 

depth dependence. The general groundwater chemistry indicate an environ­

ment common in Swedish crystalline bedrock. The groundwater are generally 

of a reducing character. None of the sampled sections was considered 

representative for the depth sampled. 

Uncertainties: The groundwater chemistry conditions in general in the site is 

as a main uncertainty, as none of the sampled sections were considered 

representative for the depth sampled. The redox measurements are especially 

uncertain. In fact, the spatial variation of the groundwater chemistry is 

essentially unknown. 
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Another uncertainty involves the existence of saline groundwater at depth, as 
indicated by borehole resistivity logging in the lowermost part of some 
boreholes. The groundwater sampling programme failed to obtain any such 
water. 

Rock mechanics 

The rock mechanical investigations at Kamlunge only includes measurements 
of thermal parameters on core samples. These measurements showed a wide 
variation in thermal properties for the bedrock, reflecting the various rock 
types. 

1.2 Suggestions for complementary studies 

Conceptual geologic models 

As discussed earlier the large variation in rock types at the Kamlunge study 
site probably influence the groundwater flow system, the groundwater 
chemistry and the radionuclide transport properties. The large variation in 
mechanical and thermal characteristics of the various rock types probably 
also influence the thermomechanical response of the rock mass to the heat 
generated from a repository. The distribution in 3D of the various rock types 
at Kamlunge should therefore be reinterpreted, using existing geological and 
geophysical maps as well as existing core logs and geophysical logs. As a 
complement to these data borehole radar surveys are suggested. 

The existence of additional horizontal fracture zones should be investigated 
possibly by an integrated programme consisting of a renewed 
geologic/tectonic interpretation, borehole radar measurements, borehole VSP 
(vertical seismic profiling) measurements and hydraulic interference tests. 
The latter applies especially for possible horizontal fracture zones down to 
the maximum depth of "standard" percussion drilling (ea 150 m). 

There exist some geophysical anomalies at the Kamlunge site that are 
questionable whether they represent fracture zones or not (e.g. the 
northeasterly extension of Zone 1). To resolve these questions excavation of 
trenches across these anomalies should be considered, thus providing a direct 
possibility for bedrock mapping. 

Data from the Kamlunge study site is available down to about 600 m depth. 
However, as discussed earlier the hydraulic and mechanical influence of the 
horizontal fracture Zone Hl at 550 m depth implies that the preferable 
repository depth is at least 650 m. Since no data exist for the preferred 
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repository bedrock there is an obvious need to investigate the bedrock at 
greater depths. This will involve a large drilling and testing programme 

including new boreholes, and deepening of existing ones, down to 1000 m 

depth. 

Conceptual geohydrological models and data sampling 

A first step to improve the conceptual hydraulic model at Kamlunge is to 

identify the types of conceptual models which might be utilized in the 
modelling, e.g. continuum models, fracture network models or stochastic 

continuum (parametric and non-parametric) models. This process should be 
based on experiences from the SKB-91 study and the Aspo Laboratory. 
Depending on the selected model(s) additional data sampling might be 
necessary. 

The results of the regional groundwater flow model in the Kamlunge area 

should be tested by sensitivity analyses to determine the overall groundwater 

flow circulation on a regional scale. The primary goal of this investigation is 

to establish an improved conceptual model of the regional groundwater flow, 

aiming at identifying regional hydrological factors that have a major 

influence on the local flow system. This should include testing of the 
influence of fracture zones, especially horizontal ones, on the regional 

groundwater flow system. Furthermore, the sensitivity of the boundary 
conditions should be tested, including the upper boundary condition, on the 

groundwater flow conditions in the local area. 

The regional study will require drilling of at least one deep borehole in the 

regional area. In this borehole combined logging of temperature and salinity, 

together with a spinner survey, should be performed both during natural and 
pumping conditions to measure the vertical flow under open borehole 
conditions and to identify water conductive structures in the borehole. Sub­

sequently, tracer dilution measurements could be carried out to measure the 

natural flow through the borehole. In addition, head measurements and water 

sampling should be carried out in isolated borehole sections. 

The boundary conditions of the local model, including the upper boundary 

condition, should be further investigated. Improved definition of the location 

and type of the outer boundary conditions of the local model is required. This 

task implies renewed geological and hydrogeological characterization of 
fracture zones, together with the investigations and conceptualization of the 

regional groundwater flow pattern outlined above. 

The hydraulic properties of different rock types should be investigated. This 
could probably be made using existing data from hydraulic tests together 
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with a new geological model, as suggested above. The study should also 
include new analyses of depth dependence of the hydraulic conductivity of 
different rock types, together with alternative analyses (models) of the 
hydraulic conductivity data, taking account of the variance of the measured 
data. 

Improved definition and identification of major hydraulic conductors, such as 
fracture zones, including their location, extension and hydraulic properties 
and depth dependence is needed. As discussed above, each fracture zone 
should possibly be modelled as a separate hydraulic unit. An improved 
geometric and hydraulic characterization is especially important for the 
horizontal Zone HI because of its hydraulic importance. The groundwater 
flow modelling suggests a decrease in groundwater flow below the zone. 
Similar to the regional flow study the modelling results should be tested by 
tracer dilution measurements carried out above, within and below the 
horizontal zone. In addition, the tracer dilution measurements should also 
include hydraulic head measurements and water sampling in isolated borehole 
sections. 

As a final test of the validity of the (revised) conceptual model of the 
Kamlunge site, a long-term pumping test should be carried out in one of the 
deep boreholes, centrally located within the site. Observations of drawdown 
should be made in all available observation boreholes within the site. The 
observed drawdowns should be compared with predicted ones. The pumping 
test should be combined with tracer and dilution tests by injecting tracers in 
some of the nearest observation sections before the test. Observations of 
changes of the water chemistry during pumping should also be made. 

Groundwater chemical conditions 

Since the available hydrochemical data is not representative there is a need 
for new samples. This should primarily be made in new boreholes. The new 
sampling rounds should be designed to meet three objectives: to characterize 
the groundwater chemistry at depth, to assist in the interpretation of regional 
hydrology, and to assist in the interpretation of local hydrology. 

Although the available chemistry data from Kamlunge has been evaluated 
thoroughly, except the analyses from one shallow percussion borehole, there 
might be possible to gain some further hints about hydrological conditions by 
complementary evaluation of existing data. Firstly, one may attempt to 
compare the general chemistry characteristics of the different sections for all 
the boreholes. This would show to what extent the sampled sections can be 
categorized into distinct groups, and thereby possibly provide clues that can 
be used to interpret the geohydrology. Secondly, it may be worthwhile to do 
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a careful examination of the time series of the chemistry data from some of 

the different sampled sections. The changes in the chemical composition in a 

particular section during the sampling period, may in some cases reflect 

changes in mixing conditions. It is possible that such additional analysis 

would help in the interpretation of where local or regional flow conditions 

prevails. 

Within the discussed seven sampled sections it would be of special interest to 

study the origin of the groundwater in the very low part of borehole KKM13, 

556-564 m. The surface characteristics of the water in the horizontal Zone 

Hl makes it interesting to evaluate its origin. 

The large variability of rock types makes Kamlunge a good site for studies 

regarding the interaction between groundwater chemistry, bedrock chemistry 

and fracture minerals. For example, an increase in the sulfate concentration 

were observed in groundwater collected from an amphibolite. Also the 

influence of rock type on the oxidation-reduction potential is a near related 

research field of importance, which may be studied. 

Solute transport 

To improve the knowledge of the solute transport conditions at the Kamlunge 

site, the following factors are the most important; 1) investigation of the deep 

groundwater system (what boundary conditions would be appropriate for a 

local site model predicting flow and transport?) and, 2) investigation of 

geometry and connectivity of conductive structures if such exist (what are the 

major flow paths that need to be considered in a model?). Once these facts 

are established, the point of next greatest importance would be determination 

of hydraulic conductivity distribution including possible depth dependence. 

The major practical steps to achieve such improvement are listed under the 

heading "Conceptual geohydrological models" in this chapter. 

Sorption coefficients including estimates of sorptive surface, and reaction 

coefficients are of next greatest importance to improve the knowledge of 

nuclide transport in both the conductive fractures and in bedrock blocks. In­

situ tests to determine effective sorption coefficients, effective area and 

importance of matrix diffusion should be carried out. 

Of least importance to solute transport in a safety analysis is knowledge of 

pure parameters of transport, the effective porosity and the dispersivity, 

which only change the timing of nuclide mass arrival in the biosphere. 

Uncertainty in these parameters would likely be overshadowed by 

uncertainties in the boundary conditions, structures, conductivity distribution 

and sorptivity of nuclides. 
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Rock Mechanics 

The rock at the Kamlunge study site has only been investigated for 
its thermal properties. However, as discussed earlier the heterogenous 
bedrock will probably affect the overall thermomechanical performance of 
the site when applying a heat load from a repository. To provide a basis for 
thermomechanical modelling and for overall mechanical assessment of the 
site it is therefore recommended that at least a few very basic mechanical 
parameters are determined for each rock type, such as the uniaxial 
compressive strength, the tensile strength, Young's modulus and the 
Poisson' s ratio. 

It also strongly recommended to investigate the stress state from the surface 
down to maximum borehole depth. It is especially important to investigate 
the stress state in connection to Zone Hl. 
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Geological investigations of study sites in the Swedish programme for 

disposal of spent nuclear fuel has until 1990 involved a total of 14 sites. For 

some of these sites, investigations has been limited to surface studies and/or 

only one deep borehole. Relatively extensive investigations have been carried 

out at eight sites. The investigations in these later sites have involved an 

extensive programme of surface geophysical surveys and geological mapping 

and several deep boreholes down to 700-1000 m depth. 

Over the years the scope of the investigations at the study sites has gradually 

extended due to a steady increasing demand of data for performance 

assessments. The amount of data available from the later investigated sites 

are therefore greater compared to the earlier sites. 

One of the investigated sites is Kamlunge. This study site was investigated 

during the years 1981 -1983 with the main objective to provide site-specific 

data for the performance assessments for the KBS-3 report (SKBF/KBS, 

1983). The purpose of this report was to demonstrate that a safe repository 

for spent nuclear fuel can be located in Sweden. 

When the scope of site investigations at Kamlunge was established it was 

considered most important to address those factors that have appreciable 

potential for rendering the site relatively unfavorable. Key factors in this 

respect are the groundwater flow system and the chemical conditions of the 

deep groundwater. In addition, the investigations should be able to define the 

available area of "sound rock" for a repository at about 500 m depth. 

To obtain the data needed to evaluate the importance of these key factors at 

Kamlunge, the site investigations had the following main objectives: 

* Identify and characterize major and minor fracture zones, dykes and other 

lithological inhomogeneities. 
* Identify and characterize "homogeneous" rock blocks. 

* Determine groundwater heads, groundwater recharge and discharge areas 

and groundwater divides. 
* Determine the chemical constituents and redox conditions of 

groundwater. 
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Selection of the Kamlunge study site 

The Kamlunge study site is located in the southeastern part of Norrbotten 
county, Kalix municipality, about 65 km NE of Lulea, Figure 2. The site is 
located on a plateau, Kamlungekolen, which rises 100 m above the surroun­
ding valleys. The size of the plateau is approx. 16 km2• The size of the study 
site is 2.5 x 3 km. However, most surveys have been made within an area of 
2.5 x 2 km, located in the central part of the site (Figure 5). 

Kamlunge was selected as a result of the 1981 year reconnaissance studies 
(unpublished). These studies included air-photo interpretation, geological 
reconnaissance mapping and geophysical profile measurements. These 
preliminary studies showed that Kamlungekolen is well exposed, with low 
fracture frequency in outcrops and with few fracture zones. 

To confirm favourable conditions, a 67 4 m deep borehole was drilled during 
the summer of 1981 in the central part of the Kamlunge site. Although 
several rock types were encountered, the degree of fracturing in the cores 
was low. The result of the borehole investigation was regarded favourable 
and a decision to initiate a complete site investigations was taken in the 
spring of 1982. 

In summary, the Kamlunge site was selected due to the following conditions: 

* Regional fracture zones delimit a 16 km2 large plateau. 
* The plateau consists of well exposed bedrock, which facilitates geological 

studies. 
* Low frequency of fractures in outcrops. 
* A low frequency of fracture zones, interpreted from aerial photographs and 

geophysical profile measurements. 
* Easy accessible and favorable land ownership (Domanverket). 

Two conditions were considered potentially unfavourable, the heterogenous 
bedrock of the Kamlungekolen and the high hydraulic gradient between the 
plateau and the surrounding valleys. However, since hydraulic measurements 
in the reconnaissance borehole did not indicate any variability in hydraulic 
conductivity with respect to rock types, and since generic modelling showed 
that the increased hydraulic gradient had only a small effect at 500 m depth, 
it was decided to complete the site investigations. 
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2.3 Investigation periods 

The time schedule for the main activities are shown in Figure 2. The main 
period of site characterization took place between 1982-1983. With the 
exception of some minor research project and some tests of methods and 
instruments, there has been no further activities in the site. 

KAMLUNGE Sit e Characterization 
Local ion and Main Activities 

~ 
0 ~ km 
w............J 

Location or the Kamiuoge site Land ownership 
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Sur race investigallone 
Subsur face in vesligations 

Final Report 
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<SKBF/ KBS TR 84-061 
Tube wave measurements 
(SKB A.R 85· l4) 

1980 1981 

-

1982 1983 1984 1985 

~ -
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0 

0 

Evaluation Report: SKBF/ KBS TR 83-54 

Figure 2. Location of the Kamlunge study site. Administrative borders and 
land ownership are shown. Main activities refer to the KBS-3 
studies. Other activities refer to activities after the KBS-3 report. 

3. SCOPE OF ACTIVITIES 

3.1 Reconnaissance 

The Kamlunge site was selected in 1981 as a result of reconnaissance studies 
in the counties of Vasterbotten and Norrbotten (unpublished). The 
reconnaissance phase included studies of geological and geophysical maps, 
literature review, lineament interpretation based on aerial photos and 
topographical maps and brief field checks. These checks included 
observation/estimates regarding rock types and degree of rock exposure, as 
well as degree of fracturing and other tectonic characteristics. 
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The counties of Vasterbotten and Norrbotten have for a long period been 
subjected to extensive mineral prospecting activities. To facilitate these 
activities the Geological Survey of Sweden (SGU) produced modern 
geological and geophysical maps which cover most parts of the counties. For 
the Kamlunge study site unpublished airborne magnetic and radiometric maps 
were available, as well as a preliminary and unpublished geological map. 

3.2 Surface investigations - regional area 

Geology 

The regional geologic setting are described in several Swedish and Finnish 
large-scale geologic maps and publications (e.g. Odman, 1957, Kresten et al., 
1977, Lundqvist, 1979, Pertunen, 1980, Simonen, 1980 and Welin et al., 
1970. A modern geologic overview is presented by Lundqvist, 1991). In 
addition, there exist a large and mainly unpublished geological database for 
the region that has been produced during ore prospecting activities. The 
regional geological map of the Kamlunge study site and its surroundings 
(Figures 3 and 11) has been made in connection with such activities. 
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Figure 3. Regional geologic and tectonic studies. Left - area investigated 
for lineament analysis. Right - extent of the regional geologic 
map together with the areal extent of the Kamlunge site. 
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Lineaments 

Lineaments were interpreted (Albino et al., 1983a) from aerial photos and 
topographical maps of an 625 km2 area, Figure 3. 

Hydrology 

Based on data from SMIIl:s stations the hyd.rometerological conditions of the 
Kamlunge region was compiled (Danielsson, 1983). This compilation 
included temperature, precipitation, evaporation, water run-off, and gross 
water budget. The report by Danielsson also include a map of the ground­
water level at Kamlungekolen and its closest surroundings. The areal extent 
of the map is shown in Figure 4. 

KAMLUNGE Site Characterization 
Hydrogeology - Surface investigations 
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0 I t 3 1cm 

Reported 83·06· 01 

Figure 4. Extent of groundwater level map. 

Regional geophysical profiles 

, Local map o! ground 
water levels 
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Reports : SKBFIKBS AR 83-31 

Regional ground geophysical profiles consisting of magnetic, VLF and 
slingram measurements were made in four profiles (Albino et al., 1983a). 
Three of the profiles were oriented E-W, one was oriented NW-SE (Figure 
5). The objective was to identify regional fracture zones and lithological 
boundaries and to provide some estimates regarding their character (mainly 
dip and width). The total length of these profiles is 38 km. 
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Figure 5. Extent of ground geophysical measurements. 

3.3 Surface investigations - Kamlunge site 

Geology 

The geological survey of the Kamlunge site included mapping of rock types 
and scan-line fracture studies at 48 localities within the site. The size of the 
geological surface mapping was 6 km2

• Petrographical studies and chemical 
whole-rock analyses were made on all together 10 samples (Albino et al., 
1983a) representing five rock types. 

Geophysical surface surveys 

Detailed geophysical surveys were made within a 5 km2 large square, Figure 
5, located in the central part of the site (Albino et al., 1983a). The objective 
was to map lithological boundaries and to identify fracture zones. The 
surveys were made in a grid system with a separation of 40 m between 
survey lines and 20 m between measurement points. The orientation of the 
measurement lines was close to E-W. The methods included the following 
(see Figure 5): 
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- protonmagnetometer 
- slingram 18 Khz 
- resistivity (gradient method) 
- induced polarization 

In addition, 8 profiles of seismic refraction measurements were made, Figure 

5. These profiles have a total length of 4 km. 

The quality of all geophysical data was judged good and consequently the 

results was used with confidence to identify fracture zones and, to some 

extent, rock type boundaries. 

3.4 Percussion boreholes 

Percussion drilling were drilled to investigate possible fracture zones 

interpreted from geophysical measurements and from lineament studies. In 

addition, the percussion boreholes were used for measurements of the 

groundwater level, for hydraulic interference tests and for providing flushing 

water for the cored drilling. In total 22 percussion boreholes were drilled 

with borehole lengths varying between 50-182 m, see Table 1. 

Identification of fracture zones intersected by the percussion boreholes were 

partly made from anomalies in drilling rates and from locations of major 

groundwater inflows. Data regarding these factors are found in Albino et al. 

(1983a) and Nilsson (1983). 

A map showing the locations of the percussion boreholes is presented in 

Figure 6. The figure also presents activities, including time-tables, in these 

boreholes. 

Borehole geophysical logging 

More than half of the percussion boreholes in the Kamlunge site was logged 

geophysically with the following methods; natural gamma radiation, and 

single point resistance. For borehole HKM09 no gamma log was made and 

for boreholes HKM 04,ll,13,15,17,19,21 and 22 no geophysical logging 

what so ever was made. Borehole deviation data are available from boreholes 

HKM 01,02,05,06, 08,10,14,18. 

Borehole HKM20, which was drilled to investigate the character of the 

interpreted regional fracture zone in the valley west of the Kamlungekolen, 

was measured with the gamma log, SP-log, normal and lateral resistivity 

logs, temperature log and borehole fluid resistivity log. 
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Table 1. Percussion boreholes at the Kamlunge site. Water capacity refers 
to total capacity for the borehole. Zero water capacity refer to a 
"dry borehole" or only insignificant inflow. Major inflow refer to 
location of individual strong inflows (borehole lengths). Mainly 
from Nilsson (1983). 

No Direction/Dip Length/Depth Water capacity Major inflow 
(HKM) (m) 1/h (m) 

01 S60E /55 100 /82 6000 72 
02 N60W /55 107 /88 3000 46,83 
03 S60E /55 100 /82 6000 18,33,62,85 
04 N60W /55 100 /82 1800 13 
05 N65W /55 106 /87 0 
06 S65E /55 115 /94 3000 20,98 
07 N50E /55 115 /94 300 61,81 
08 S50W /55 120 /98 350 
09 s /55 120 /98 0 
10 N45W /55 100 /82 9000 76 
11 S45E /55 120 /98 0 
12 S30W /55 100 /82 900 20 
13 /55 100 /100 720 4 
14 S55E /55 100 /82 1500 34 
15 /90 50 /50 60 
16 /90 50 /50 600 13 
17 /90 50 /50 0 
18 /90 100 /100 120 
19 S65E /55 100 /82 180 86 
20 /90 174 / 30000 84-174 
21 /90 100 /100 780 31 
22 /90 60 /60 1800 

The geophysical logging data were only to a minor extent used for identifi­
cation and geometrical character of fracture zones. They have not been 
reported but are stored in the SKB database Geotab. 

Hydraulic tests/measurements 

The percussion boreholes were used to monitor the variations in the 
groundwater table for the period Nov. 1982 - April 1983 (Danielsson, 1983). 
For most boreholes this was made in open holes. However, in 8 percussion 
boreholes a packer was installed about 10 m below the groundwater level. 
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Figure 6. Location and activity periods of percussion boreholes. Borehole 
HKM20 is located outside the site in the regional fracture zone 
bounding the site to the west. 

This made it possible to monitor variations both in the groundwater table in 
the upper part of the bedrock and the groundwater head in the deeper part. 
An interference test was also performed using percussion boreholes to 
evaluate the hydraulic characteristics of Zone 2. Pumping hole was HKM2 l 
and observation boreholes were HKM0l-04. The total time for the test, 
including the recovery phase, was 39 days. The result of the test is reported 
by Andersson and Hansson (1986). 

3.5 Cored boreholes 

A total number of 16 cored boreholes have been drilled at the Kamlunge site 
(Figure 7) down to a maximum vertical depth of 670 m. All boreholes except 
one are drilled inclined, 60 degrees from the horizontal. The borehole lengths 
varies between 104-70 l m (Table 2). The main objectives was: 

- to test and improve the preliminary tectonic model obtained from the 
surface investigations, 

- to obtain data of the hydraulic characteristics of different hydraulic units 
(rock mass, rock types and fracture zones), and 

- to obtain groundwater samples from different depths. 
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Table 2. Cored boreholes at the Kamlunge site. 

No Direction/Dip Length Depth 
(KKM) (m) (m) 

01 N /85 674,0 670 
02 S65E /60 701,3 566 
03 S28N /60 700,2 583 
04 N70E /60 700,1 577 
05 S30E /60 251,4 210 
06 S30E /60 104,5 89 
07 N65W /60 249,0 208 
08 N90E /60 251,3 208 
09 S30E /60 449,3 366 
10 N50W /60 287,0 205 
11 S60E /60 700,4 546 
12 S70E /60 801,9 636 
13 S70E /60 703,1 582 
14 S20W /60 700,2 579 
15 S60E /60 251,2 210 
16 N60W /60 252,6 211 

To fulfil these objectives most of the boreholes were directed to intersect 
interpreted fracture zones or dykes at depth (Albino et al., 1983a, Ahlborn et 
al., 1983). A map showing the locations of cored boreholes is presented in 
Figure 7. The drilling periods is shown in Figure 8. Detailed break-downs of 
activities in each borehole are presented in Appendix A. 

3.6 Core logging and petrophysical measurements 

The drill cores were mapped with respect to rock types, fractures and fracture 
minerals. In total, the drill cores from Kamlunge amounts to 7777 m. The 
core mapping data, except for descriptions of rock types, was stored on discs 
using a computerized system (Almen et al., 1983). Detailed print-outs in a 
scale of roughly l :40 is available in three borehole reports (Albino et al, 
1983b, 1983c and 1983d). Generalized results concerning fracture frequency 
and rock types are presented in scales of l :5 000 and 1 :2 000 (Albino et al., 
1983a). The data files (now transferred to the SKB database GEOTAB) 
include data on: 



22 

- rock type 
- intersection angle between lithological contact and core axis 
- type of fracture (sealed, fresh or coated) 
- intersection angle between fracture and core axis 
- fractured section (more than 10 fr/m) 
- crushed section 
- core loss 
- fracture mineral 
- short comment 
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Figure 7. Location of cored boreholes at the Kamlunge site. 

Core samples for petrophysical measurements (in total 121 samples) were 
taken at regular intervals below 200 m depth from the boreholes 
KKM02,03,04,09,11,12,13,14 (Sehlstedt, 1984a). The samples were 
measured with respect to: 

- density 
- magnetic susceptibility 
- remanent magnetization 
- resistivity 
- induced polarization 
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In addition, 60 samples were measured with respect to porosity. The density 
values were determined by weighing the sample in water and in air. Porosity 
values were obtained by weighing fully saturated samples and then re­
weighing the samples after drying in an hot oven. A description of the 
methods used is presented by Oqvist and Jamtlid (1984). 

Thermal properties (thermal conductivity, diffusivity and heat capacity) was 
determined using the "transient hot strip" method (Gustavsson et al., 1979) on 
15 core samples from 300-700 m depth in borehole KKM0l (Ahlborn and 
Karawacki, 1983). 

3.7 Geophysical logging 

The following "standard" set of geophysical logs were used in the cored 
boreholes at Kamlunge (see Figure 8 and Appendix A): 

- borehole deviation 
- natural gamma radiation 
- point resistance 
- resistivity, normal 1.6 m 
- resistivity, lateral 1.65 m 
- spontaneous potential 
- temperature 
- resistivity (salinity) of borehole water 

In addition, several boreholes were logged with a prototype geochemical log 
for determining the redox-conditions of the deep groundwater. Due to 
suspected measurements errors these data have not been published nor stored 
in the SKB database. Two borehole (KKM02 and KKM09) were also 
measured with an induced polarization log. 

The results from the geophysical logging are reported in the scale l: 5000 
(Lindholm et aL, 1983). The geophysical loggings made in each of the cored 
borehole are presented in Appendix A. 

3.8 Hydraulic tests and monitoring 

Water injection tests 

The hydraulic conductivity of the bedrock has been determined by single 
hole water injection tests in packed-off sections in the cored boreholes. The 
majority of these measurements were made in 25 m sections throughout the 
boreholes from 10-30 m below the ground surface down to c. 10 m from the 
bottom of the boreholes. In total, 230 sections with a length of 25 m were 
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tested, c.f. Table 5. To obtain detailed information in crushed and fractured 
parts of the bedrock totally 98 measurements in 10 and 5 m section length 
were made. Furthermore, borehole KKM02 were tested between 300 m and 
648 m borehole length in 2 m sections to obtain data on the conductive 
fracture frequency. These data are unpublished but available from the SKB 
database GEOT AB. In addition, 42 single packer tests were made to measure 
the average hydraulic conductivity from the packer to the bottom of the 
borehole. 

Most tests were transient constant head injection tests. An exception is the 
steady state injection tests in 2 m sections performed in borehole KKM02 
(Appendix A) for calculating the conductive fracture frequency. The results 
from the injection tests are presented in Danielsson (] 983) and in Ahlborn et 
al. (1983). The activity periods for the hydraulic tests are presented in Figure 
8. Scope of water injection tests in the different boreholes is presented in 
Appendix A. 
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Figure 8. Activity periods - drilling, core logging, geophysical logging, 
petrophysical and thermal properties on samples from the cored 
boreholes hydraulic tests and monitoring. 



25 

Groundwater head measuremenls 

The location of the groundwater table was measured during Nov. 1982 -
April 1983 in the cored boreholes. The groundwater head in 25 m sections in 
the deeper parts of the bedrock was estimated from the pressure recovery 
phase of the water injection tests. In two boreholes, KKM03 and KKM12, 
piezometric measurements were also made in five isolated sections in each 
borehole for 20 and 60 days, respectively. 

3.9 Groundwater sampling 

Groundwater sampling was made in borehole KKM03 (two sampled 
sections), KKM08 (one sampled section) and KKM13 (four sampled 
sections). The sampling was made from 2.7 m long sections sealed-off by 
rubber packers. The sampling procedure normally included 14 days of 
sampling from each section. The chemical characteristics of the groundwater 
sampled in these sections are presented by Laurent (1983) and in Wikberg et 
al. (1983) and Smellie et al. (1985). Locations of sampled sections and 
chemical characteristics are discussed in Chapter 7. Activity periods and 
reporting of the groundwater sampling programme is presented in Figure 9. 
In addition, some groundwater samples were also obtained from the 
percussion borehole HKM20 (Laurent, 1983). 
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Figure 9. Activity periods - groundwater sampling in the cored boreholes. 



26 

3.10 Studies in the Kamlunge site since KBS-3 

After the main investigations for the KBS-3 report were terminated in 1983, 
two boreholes KKM02 and KKMll were during 1985 used for testing of a 
geophysical instrument, tube-wave (Stenberg and Olsson, 1984 ). With the 
exception of that study SKB has commissioned no other surface nor borehole 
studies at the Kamlunge study site. The boreholes has however been used on 
some occasions by the Lulea University of Technology for temperature 
measurements and for testing of equipment for rock stress measurements. 
These measurements have not been published. 

Studies regarding uranium mobilization in different geochemical environ­
ments have been made on cores from borehole KKM03 (Smellie, 1984). One 
of these cores has subsequently been used to study the influence of oxidizing 
groundwater on the redox conditions in a single fracture and in the 
surrounding bedrock (Smellie et al., 1989). The studies made at the 
Kamlunge study site on contract from SKB are shown in Figure 10. 
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Figure 10. Studies at Kamlunge after KBS-3. 
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4. STORAGE OF INFORMATION IN THE SKB DAT ABASE 

Data from surface surveys 

With the exception of the refraction seismic survey, all geophysical surface 
measurements are stored in the SKB database GEOT AB. The database also 
includes data from the fracture survey. Other "surface data", such as 
geological maps, lineament interpretations, depth of overburden, hydro­
meterological data and groundwater level maps, are not stored. 

Data from borehole surveys/tests 

Most data from the geological and geophysical surveys, hydrological tests 
and water sampling in the cored boreholes are stored in GEOT AB. This 
includes borehole geometrical data (coordinates, length, dip, deviation etc), 
core logging, "standard" geophysical logs, petrophysical measurements and 
single hole hydraulic packer tests. Also stored are chemical analyses of 
sampled groundwater from the cored boreholes, as well as from the 
percussion borehole HKM20. 

For the percussion boreholes the database includes geometrical data, 
geophysical logs, borehole deviation measurements, groundwater level 
monitoring and interference tests. A description of stored data from surveys 
in each borehole are presented in Appendix A (under the heading GEOT AB 
in Figures A2-A14). 

The following borehole measurements/sampling/analysis are not stored in the 
database: 

Percussion boreholes. No drilling rates or data regarding drilling debris are 
stored. Furthermore, the data base does not contain any information regarding 
the locations of major inflows and total water capacities. 

Geological analyses. No chemical analysis of whole rock samples nor 
analyses of fracture minerals is stored. This also applies to data concerning 
mineralogical compositions (thin sections). 

Geophysical measurements. The database does not include thermal 
parameters measured on core samples. This also applies to results from the 
tube-wave survey. 
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5.1 

GEOLOGIC MODELS 

Regional geologic models 

Geology 
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The region surrounding Kamlunge is characterized by metamorphic rocks of 

Precambrian age. The region has been relatively stable for long periods of 

geological time. The oldest rock in the region is basement Archean granite 

gneiss. In Finland and further north in Sweden, similar basement rocks reveal 

ages ranging from 2600-2800 Ma (Welin et al., 1971; Perttunen, 1980). 

Overlying and disconformable with the Archean basement are the younger 

Svecokarelian rock groups. The Svecokarelian is initially represented by 

metasediments and metavolcanics. These are followed by the Haparanda 

series of deep intrusives comprising granodiorite and gabbro which have been 

dated by Rb-Sr to circa 1840 Ma (Welin et al., 1971). The earlier 

metasediments and metavolcanics are thus considered to be within the range 

of 1900-2500 Ma. Metamorphism in the region culminated during the 

Svecokarelian epoch at approximately 1800 Ma resulting in widespread 

migmatization. Coeval with metamorphism, and forming large-scale 

intrusions in the region, is the Lina granite which indicated a range of Rb-Sr 

ages from 1565-1800 Ma (Welin et al., 1971). The youngest rock types are 

ultrabasic dikes with a probable age of 1140 million years (Kresten et al., 

1977). Descriptions of rock types and geological evolution in the N orrbotten 

County are published by Odman (1957) and Lundqvist (1991). 

The Kalix NV map-sheet, within which the Kamlunge site is located, has not 

been geologically mapped by the geological survey in modern time. 

Compilation of existing data, together with minor mapping activities, have 

however been made as a part of the regional ore prospecting activities. The 

geological map of the region, Figure 11, has been produced as a part of those 

activities. No geologic profile showing the vertical distribution of different 

rock bodies exist for the Kamlunge region. 

Lineaments 

The Kamlunge region is characterized by extensive and well marked NW­

trending lineaments, Figure 12, oriented parallel to the dominant 

southeasterly direction of the ice-movement. The spacing between these 

lineaments varies between 1-3 km. Lakes and rivers largely follow this 

direction. Lineaments also occur trending NNE (NlOE) and NE (N30E). 

The plateau, Kamlungekolen, is bounded towards the west by an extensive 

and NW trending lineament (Figure 12). The soil depth is large in the valley 
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constituting the lineament as shown by seismic measurements and one 
percussion borehole (HKM20). At the location of the borehole, which is not 
the deepest part of the valley according to the seismic interpretation, the soil 
depth is 72 m. The percussion borehole shows that the underlying bedrock is 
fractured and highly permeable to water. The estimated groundwater yield 
was 30 000 1/h (Nilsson, 1983). The width of the fracture zone is uncertain, 
the seismic data suggests several low-velocity zones over a total width of 550 
m (Albino et al., 1983a). In the reports the fracture zone is assumed to have 
a steep dip. Steep dips are also assumed for the regional fracture zones 
interpreted to limit Kamlungekolen towards the north and east. 

No tectonic 3D model of brittle and plastic deformation have been made for 
the region surrounding the Kamlunge site. 
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Figure 11. Distribution of rock types in the Kamlunge region (from 
Albino et al., 1983a). 
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Figure 12. Lineaments in the Kamlunge region interpreted from 
topographical maps in scale 1 :50 000 and geophysical profile 
measurements. 

5.2 Geological characteristics of the Kam.lunge site 

Rock types 

Several rock types occur in the Kamlunge site, Figure 13. Judging from their 
relative occurrence in the drill cores, the dominating rock type is the reddish 
Lina granite with associated pegmatites, which constitute 40 % of the total 
length of all drill cores. Diorite-granodiorite constitute 13 %, while biotite 
gneiss constitute 26 %, quartzitic gneiss 14 % and amphibolite 7 %. In 
addition, an ultrabasic rock body, consisting essentially of hornblende and 
pyroxene, was found in two boreholes (54 m in KKM09 and 12 m in 
KKM12). The orientation of the layering in the gneisses, as well as the 
schistosity, show a predominance of a northeasterly strike and a steep dip 
towards the northwest. 

The Lina granite is a greyish red and fine to medium-grained rock type. 
Transitions to pegmatite and thereby coarser grain size take place gradually. 
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The granite is 1560-1800 Ma (Welin et al., 1971) and dominates in the 
southern parts of the site. The main minerals are quartz, potash-feldspar, 
plagioclase and biotite. 

The biotite gneiss is usually greyish-black and fine to medium-grained. The 
main minerals are quartz, biotite and plagioclase. Thin bands of skarn are 
often found in the biotite gneiss. The rock has a distinct schistosity, which 
consist of parallel-orientated mica flakes. Bands rich in quartz and feldspar 
alternating with mica-rich bands also occur. Sulphides occur sparsely prima­
rily as pyrite in the form of small mineral enrichments or fracture fillings. 

The quartzitic gneiss is grey and fine-grained. The colour varies with the 
biotite content. The main minerals are quartz, potash feldspar, plagioclase and 
biotite. The rock type occurs in several 100 m wide belts and is usually 
unevenly grained, banded or massive with irregular course-grained quartz­
feldspar streaks. 

The granodiorite to diorite series constitute a series of intermediary and basic 
rock types belonging to the Haparanda series (ea 1880 Ma, Lundqvist, 1991). 
The granodiorite is light brown with 2-5 cm large plagioclase grains in a 
matrix rich in biotite. This gives the rock type a porphyric appearance. The 
main minerals are biotite, plagioclase and amphibole. Magnetite is an acces­
sory mineral, its presence revealed by measurements of magnetic parameters. 
The rock type is therefore outlined in part on the magnetic map. Granodiorite 
and diorite is often schistose and has been folded in places. Diorite is 
subordinated in terms of volume and occurs as isolated lenses. The rock type 
consists mainly of amphibole and plagioclase, often with grains of magnetite. 

Amphibolite occurs in the form of small bodies in the gneisses. The rock 
type is dark grey and the main minerals are amphibole, biotite and 
plagioclase. The schistosity increases with increasing biotite content. 

Fractures 

Orientations and characteristics of fractures have been mapped on outcrops 
along scan-lines. This fracture mapping method mainly measures steeply 
dipping fractures, why flat-lying fractures are strongly underestimated. The 
observed horizontal fractures in vertical rock exposures at Kamlunge are 
therefore strongly biased in the scan-line data. 
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Figure 13. Bedrock map of the Kamlunge site. 

The results of the fracture survey shows a strong dominance of fractures 
trending WNW (N70W), i.e. more or less perpendicular to the schistosity. To 
a minor extent there is also a dominance of ENE (N70E) trending fractures. 
Sealed fractures are mainly trending north-south. 

The fracture frequency in the gneisses is 1.3 fr/m, while the dioritic, 
granodioritic and granitic rock types have a fracture frequency of 1. 1 fr/m 
(for fractures longer than 0.5 m). 

Results from the core mapping show that the average fracture frequency, in 
the upper 100 m of all drill cores, is 5.5 fr/m. The fracture frequency 
decreases with depth until 200 m. From 200 m and down to 700 m the 
average fracture frequency is more or less constant, about 2.5 fr/m. 
The location of sections with high fracture frequency in each of the cored 
boreholes are presented in Appendix B. 

The average fracture frequency for various rock types, irrespective of depth 
in the drill cores, is lowest for biotite gneiss, 3.6 fr/m, followed by Lina 
granite 3.9 fr/m, quartzitic gneiss 4.0 fr/m, granodiorite with 4.1 fr/m and 
amphibolite with 4.7 fr/m. The highest fracture frequency, 10.0 fr/m, is 
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recorded for the ultrabasic rock type found in boreholes KKM09 and 
KKM12. 

One reason for the higher fracture frequency of the drill cores when 
compared with the outcrop measurements is the underestimation of horizontal 
fractures in the outcrop mapping. This is also indicated by the strong 
decrease in fracture frequency with depth in the borehole cores. Another 
reason for a higher fracture frequency in the borehole cores is the fact that all 
fractures in the drill cores are recorded, regardless of length, whereas the 
outcrop mapping does not include fractures shorter then 0.5 m. 

Common fracture minerals in the drill cores are chlorite, calcite and 
laumontite. Iron oxides are present in the form of hematite and goethite. In 
some altered sections the clay minerals illite, montmorillonite and smectite 
have been found. A few occurrences of sulphide minerals, mainly galena and 
pyrite, have also been mapped. 

5.3 Fracture zones 

Possible locations of fracture zones have been interpreted from aerial 
photographs (scale 1 :20 000), detailed contoured topographical map, 
geological mapping and geophysical ground measurements. In general, this 
interpretation was regarded reliable due to the thin or absence of overburden 
which facilitates lineament interpretation. There are also no conductive clays 
in the overburden which at other sites have disturbed the electrical 
geophysical surveys. 

In the central part of the site interpreted lineaments/geophysical anomalies 
were tested by shallow percussion boreholes to determine the existence and 
characteristics, including dip, of fracture zones. The result of the drilling 
programme was however, for several of the tested fracture zones, somewhat 
uncertain, as the highest groundwater inflows in many boreholes was not 
related to the interpreted fracture zones. According to Albino et al. (1983a) 
the high inflows might instead be an effect of a water conductive horizontal 
sheet fractures. 

The water capacity in the percussion boreholes varies widely. The highest 
capacity is 9000 1/h, excluding borehole HKM20 which is located outside the 
site. Many boreholes are completely dry. In general, the percussion boreholes 
yield rather small water capacities. Excluding borehole HKM20, the median 
capacity is 720 1/h and the mean capacity 1300 1/h. 
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After the geometrical characte1istics of the fracture zones in the upper part of 
the bedrock were determined, cored boreholes were directed to intersect the 
zones at deeper levels. In this way information regarding the continuation of 
the fracture zones was obtained, as well as quantitative data regarding 
geologic characteristics and hydraulic properties of fracture zones at deeper 
levels. 

The surface and borehole studies resulted in the identification of seven 
steeply dipping zones and one horizontal zone within the study site (c.f. 
Appendix C). These zones have been examined by means of cored boreholes 
in a total of 14 different locations. The width of the fracture zones varies 
from l to 14 m, with a mean width of 6 m. Spacings between fracture zones 
varies between 500-1500 m. 

The steeply dipping zones are often weathered and contain brecciated and 
crushed rock. Core losses, when drilling through the zones, are common. 
Commonly occurring fracture minerals are chlorite, calcite, laumontite, 
smectite and various iron oxides. 

The horizontal fracture zone, Zone HI, is interpreted to occur in four 
boreholes at a depth of 550 m. In three of these the zone was tested 
hydraulically showing that the zone is permeable to water. Its width varies 
between 4 and 14 m. It is less crushed and weathered than the steeply 
inclined fracture zones. In two boreholes, KKM0l and KKM13, the zone is 
fractured and reddened through alteration and precipitation of the iron 
mineral hematite. Chlorite formed after hematite is present. The other two 
boreholes, KKM02 and KKM14, show only a moderate increase in fracture 
frequency at this level. The lateral extent of this zone has not been 
established, but it is not found in KKM12, for example (Figures 14 and 16). 

The locations of interpreted fracture zones at the ground surface are shown in 
Figure 14, while the locations at 450 m depth is shown in Figure 15. The 
fracture zones are usually steep, the dip varying between 70° and vertical. 
North-south and east-west cross-sections are shown in Figure 16. The 
interpreted locations of each fracture zone in individual boreholes are 
presented in Appendix B. 

A summary of all interpreted fracture zones, together with some.of their 
properties, are presented in Table 3. Descriptions of each interpreted fracture 
zone are presented in Appendix C. This includes general geological 
characteristics for each zone, as well as basis for interpretation and reliability 
(c.f. Backblom, 1989). 
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Figure 17. Interpreted fracture zones at the ground surface. 

5.4 Validity of models 

Rock type distribution 

The well exposed bedrock at the Kamlunge site facilitates and reduces 
uncertainties in the geological mapping. It is therefore most likely that the 
geological map presented for the Kamlunge study site (Albino et al., 1983a) 
well represent the rock type distribution at the ground level. 

Data regarding surficial distribution of rock types is also found on the 
magnetic and electrical maps. Towards depth, the core logs and the geo­
physical logs provide an good description of the rock type distribution. In 
spite of these data sets, no attempts have been made to compile the 
geological data into a 3D geological model of rock type distribution, 
probably because of the complicated rock distribution. 
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Table 3. Geometrical data, hydraulic conductivities and fracture frequencies 

for interpreted fracture zones, Kamlunge study site. 

Fracture Position in Strike/Dip Width Fracture K-value 

zone borehole (m) (degrees) (m) freq.(fr/m) (rn/s) 

1 N40E/90* 3* 

2 KKM05 ( 47- 53) N55E/70W 5 32 no data 

KKM06 ( 86- 94) N55E/70W 6 41 no data 
KKM12 (195-210) N55E/70W 12 27 2-10-7 

KKM03 (313-317) N55E/70W 4 12 7.10- 11 

KKM09 ( 414-425) N55E/70W 9 19 2-10-9 

3 KKM12 ( 52- 60) N25E/70W 7 15 4.10-9 

KKM08 ( 63- 69) N25E/70W 4 19 no data 
KKM 11 (324-335) N25E/70W 10 9 no data 

KKM03 (441-450) N25E/70W 1 22 3· 108 

4 KKM03 (504-517) N45W/80W 4 5 4. 10-ll 

5 N45W/60E* 4* 

6 N45W/85E* 3* 

7 N55E/75W* 3* 

Hl KKMOl (544-560) Horizontal 14 4 no data 
KKM14 (667-673) Horizontal 5 8 6· 10-9 

KKM13 (669-674) Horizontal 4 19 1-10-8 

KKM02 (676-684) Horizontal 7 8 4.10-9 

·calculated from geophysical information 

Interpreted fracture zones 

A description of each fracture zone is presented in Appendix C. This includes 

on what grounds the fracture zone has been interpreted, including an 

judgment regarding the reliability in the interpretation, mainly based on the 

nomenclature suggested by Backblom (1989). Also intersections with 

interpreted fracture zones and boreholes are presented, including main 
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geologic and tectonic characteristics in the cores or, for the percussion 
boreholes, amount of groundwater inflows. 

Three levels of reliability regarding the existence of each fracture zone are 
identified (from low to high reliability), possible, probable and certain. As 
seen in Table 4 there are four fracture zones that are "certain" or "probable" 
and four zones that only should be regarded as "possible" implying a large 
uncertainty in the interpretation of fracture zones. 

Table 4. Reliability of interpreted fracture zones mainly according to the 
nomenclature of Backblom (1989). 

Fracture zone Reliability 

Zone 1 Possible 
Zone 2 Certain 
Zone 3 Certain 
Zone 4 Possible 
Zone 5 Possible 
Zone 6 Possible 
Zone 7 Possible 
Zone Hl Probable 

The main reason for the low reliability for many of the interpreted fracture 
zones at Kamlunge is simply that no boreholes have been drilled to test their 
existence. In the case where borehole have been drilled through the fracture 
zones there are in all cases fractured and altered bedrock at the interpreted 
location of the zones, leaving little doubt that these sections really represent 
fracture zones. 

Regarding the question of additional zones there is several indications in the 
cores and in the geophysical logs that such zones exists. One example is a 15 
m section of crushed bedrock at 40 m depth in borehole KKM 11. Since no 
lineament nor geophysical anomalies exist in the borehole surroundings it is 
likely that this section represent a subhorizontal zone. Also at other localities 
the well exposed bedrock at the Kamlunge site and the detailed geophysical 
surveys makes the existence of undetected steeply dipping zones unlikely. 
Instead, it is more likely that those shallow and fractured borehole sections 
represent additional subhorizontal or gently dipping fracture zones. 
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Figure 15. Interpreted fracture zones at 450 m depth. 
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6. GEOHYDROLOGICAL MODELS 

6.1 Available data and numerical model 

The geoinformation used for hydraulic modelling at Kamlunge consist of the 
conceptual model of fracture zones, distribution of rock types in outcrops and 
in drill cores, hydrological and meteorological data, contour maps of the 
groundwater table, hydraulic conductivity data (both from single hole tests 
and one interference test in the upper part of the bedrock) and estimated 
piezometric head values in sections along some of the boreholes. All 
background data are presented in Ahlborn et a1. (1983). The results from the 
interference test are presented by Andersson and Hansson (1986). 

Table 5 presents the number of single hole water injection tests performed in 
the Kamlunge site. To provide an estimate on "investigation density" also the 
number of tests per km2 of the local model domain (3.3 km2) is presented. In 
total, 13 cored boreholes were tested hydraulically (cf. Appendix A). In one 
borehole (KKM08) only single-packer tests were carried out. The total 
borehole length covered by continuous double-packer tests (25 m sections) at 
Kamlunge is 5 750 m. 

The geohydrological modelling at Kamlunge is presented by Carlsson et al. 
(1983 ). Steady-state groundwater flow calculations were performed using a 
three-dimensional model code based on the Finite Element Method described 
by Thunvik and Braester (1980) and Grundfelt (1983). The basic assumption 
in the type of model code used is that the bedrock can be represented by 
either one single continuum (porous media) or by several overlapping 
continua, e.g. rock mass and fracture zones. Modelling was performed both 
on a regional and local scale. 

Model geometry and boundary conditions were obtained using geological and 
geophysical interpretations of fracture zones, hydrological data and 
groundwater table maps. The material properties, i.e. hydraulic conductivity, 
were derived from the single hole water injection tests and from the 
interference test. The hydrometeorological data were used in assessing the 
relevance of the model results. 
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Table 5. Number of borehole sections tested with different length 
together with number of tests per km2 of the local model 

domain in the Kamlunge site. 

Number of 
sections 

230 
7 

91 
176 
42 

546 

Section 
length (m) 

25 
10 
5 
2 

26-651 

6.2 Regional model 

No of tests/km2 

70 
2 

27 
53 
13 

165 

Modelled domain and boundary conditions 

Test type 

double-packer 
double-packer 
double-packer 
double-packer 
single-packer 

all sections 

A contour map of the regional (mean) groundwater table in the Kamlunge 

area is shown in Figure 17. The Kamlunge site is located on the top of a 

topographical plateau with relatively steep slopes towards the surrounding 

low-land. On the top of the plateau the topography of the groundwater table 

is rather flat but slopes steeply on the hill-sides. The top of the plateau 

mainly constitutes a recharge area for groundwater. Major discharge areas are 

found around the plateau area in lakes and streams, Figure 17. 

The regional model domain is about 34 km2 and comprises the whole plateau 

and the surrounding valleys, Figure 18. However, no regional influence 

beyond the surrounding valleys was considered, which implies that the 

regional model de facto should be regarded as an extended local model. 

The groundwater table ranges from about 160 m above the sea level at the 

summit of the plateau to about 40-60 m in the surrounding valleys. A 

digitized contour map of the groundwater table, used as the upper boundary 

condition (zero prescribed head), is shown in Figure 18. A vertical section 

(A-A') of the groundwater table across the regional domain is also shown. 

The vertical outer boundaries of the regional domain were treated as non­

flow boundaries. They are located close to the steep hydraulic gradients along 

the plateau sides. A non-flow boundary condition was also applied at the 

lower boundary of the modelled domain at 1500 m depth. The total number 

of elements in the mesh of the regional model was 1884, distributed in 
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Figure 17. Regional groundwater table map in the Kamlunge area. 
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twelve layers extending down to a depth of 1500 m. The element mesh 

contained 8868 nodal points. The density of elements was higher in areas 

with steep gradients than in the relatively flat areas on the plateau. 

Hydraulic units 

The regional model only considered the bulk conductivity of the bedrock, 

thus no separation was made between fracture zones and rock mass. 

Hydraulic conductivity 

For the regional modelling a hydraulic conductivity function, based on a 

preliminary regression analysis of data from 25 m sections according to 

Eqn. (6.1), was applied to the rock mass. The regression curve is based on a 

power function of the following form: 

(z > 0) (6.1) 

where Ke is effective hydraulic conductivity, z is vertical depth below ground 

surface and A and b are constants. The effective hydraulic conductivity of the 

different hydraulic units was calculated from geometric means of all 

measured data in 100 m depth intervals, assuming a 3D flow geometry for 

the rock mass. 

The hydraulic conductivity function applied to the rock mass in the regional 

model is shown in Table 6. The values on the constants A and b in Table 6 

differ somewhat from the corresponding values in the local modelling (Table 

8). This is because the conductivity function in the regional model was based 

on a preliminary analysis with fewer data. 

Table 6. Constants A and b in Eqn. (6.1) representing the hydraulic 

conductivity function applied in the regional model at Kamlunge. 

From Carlsson et al. ( 1983). 

Model Rock mass 
A b 

Regional 0.0014 2.93 
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Results 

The distribution of the groundwater potentials was calculated in four 
horizontal planes at different depths. The calculations show that the 
topography of the hydraulic gradients is smoothed out with depth. For 
example, the local elevation of the groundwater table in the southern part of 
the regional area (Figure 18) totally disappeared at a depth of 750 m. The 
groundwater potentials and flow field were also calculated in six vertical 
cross sections. A similar pattern to that discussed above was obtained in 
these cases. 

Not surprisingly, the steep gradient (about 10 %) of the groundwater table at 
the steep slopes of the plateau causes the strongest influence on the overall 
groundwater flow pattern. 

Relevance of results 

The value of the results of the regional modelling is limited. This is partly 
due to the fact that no fracture zones were included in the model, and partly 
because no regional influence beyond Kamlungekolens plateau was 
considered. 

6.3 Local model 

Modelled domain and boundary conditions 

A detailed contour map of the (mean) groundwater table in the Kamlunge 
site, including the local model domain, is shown in Figure 19. The 
topography of the groundwater table in the local domain is relatively flat, 
ranging from about 135 m to 165 m above the sea level. The major part of 
the local area mainly constitutes a recharge area for groundwater. Local, 
minor discharge areas are found in low-lying parts within the area. The 
shallow groundwater flow is primarily directed from the top of the plateau 
towards the plateau sides. 

The groundwater table was used as the upper boundary condition (zero 
prescribed head). The description of the groundwater table in the local model 
domain was derived from the digitized regional groundwater table map 
(Figure 18). The outer boundaries of the local domain are shown in Figure 
20. They were treated as vertical boundaries with prescribed head in the 
modelling. Each nodal point at these boundaries were assigned the calculated 
head from the regional model at the corresponding coordinates. At the lower 
boundary of the modelled domain a non-flow boundary condition was applied 
at 1500 m depth. 
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Two cases were modelled in the local domain. The cases were identical 
except for the horizontal fracture zone included in the second case. Both 
model meshes have the same areal distribution of elements except for one 
additional element layer representing the horizontal zone in the latter case. 
Since the topography of the groundwater level in the local model domain is 
rather flat, the elements were relatively evenly distributed over the domain. 

The total number of elements in the first mesh was 2064, distributed in eight 
layers extending down to a depth of 1500 m with 8868 nodal points. The 
second mesh contains 2322 elements in nine layers with totally 10055 nodal 
points. The horizontal zone was represented by a 10 m thick element layer. 
The other fracture zones were modelled with one row of elements. 

Hydraulic units 

The main hydraulic units included in the model are 1) the rock mass 
(excluding all interpreted fracture zones), 2) local fracture zones (excluding 
the horizontal zone) and 3) the horizontal zone. No subdivision of the rock 
mass in different rock types was made. The surface locations and the width 
and strike of the interpreted and modelled fracture zones are presented in 
Figure 20 and Table 7, respectively. The intersections between boreholes and 
fracture zones are described in Table 3. As can be seen in Table 7 the 
majority of the fracture zones were modelled slightly wider than the 
interpreted widths due to numerical considerations. 

Table 7. Interpreted and modelled fracture zone properties in the Kamlunge 
site. After Carlsson et al., (1983 ). 

Fracture Interpreted Modelled 
zone width (m) dip(0 ) width (m) dip(0 ) 

1 3 90 5 90 
2 4-12 70NW 8 70NW 
3 1-10 70NW 5 70NW 
4 4 80SW 5 80SW 
5 4 60NE 5 60NE 
6 3 85NE 5 85NE 
7 3 75NE 5 75NE 
H 1 4-14 0 10 0 
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Hydraulic conductivity 

Hydraulic conductivity functions versus depth were assigned to the hydraulic 
units defined in the model. Figure 21 shows all measured hydraulic 
conductivity data from the 25 m test sections versus depth in the Kamlunge 
site, both for the rock mass and the fracture zones. For these tests sections 
the lower measurement limit for the water injection tests corresponds to a 
hydraulic conductivity of 10·11 m/s. 

Regression curves based on Eqn. 6.1 of effective hydraulic conductivity 
versus depth were made for the hydraulic units using all measured sections in 
the rock mass and fracture zones. The effective hydraulic conductivity of the 
different hydraulic units was calculated from geometric means of all 
measured data in 100 m depth intervals, assuming a 3D flow geometry for 
the rock mass and a 2D flow geometry for the fracture zones. 

In the regression analysis of the fracture zones, the horizontal zone (H 1) was 
not included. Hydraulic conductivity values at or below the lower measure­
ment limit were assigned the actual value of this limit. 

KAMLUNGE Site Characterization 
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Table 8 shows the derived constants A and bin Eqn. (6.1) from the 
regression analysis, expressing the hydraulic conductivity versus depth 
functions for the different hydraulic units together with the number of data 
used (n) and the regression coefficients (r2). 

The measured hydraulic conductivity of the horizontal fracture zone (H 1) 
ranges between 0.4-1 · 10-8 m/s from single-packer tests in three boreholes. 

The interference test in the upper c. 100 m of the bedrock in the Kamlunge 
site indicated an average hydraulic conductivity of about 2-10-6 m/s 
(Andersson and Hansson, 1986). Although this value is uncertain due to 
technical problems during the test it differs significantly from the mean value 
of the hydraulic conductivity of the local fracture zones in this depth interval 
obtained from the regression analysis, see Figure 21. 

Table 8. Constants A and b in Eqn. (6.1), number of data (n) and 
regression coefficients (r2) for the different hydraulic units in the 
Kamlunge study site. From Carlsson et al., (1983). 

Hydraulic unit 

Rock mass 

Local fracture zones 

A 

0.00791 

4.0-10-7 

b 

3.17 

1.02 

n 

227 

8 

r2 

0.54 

0.10 

The conductive fracture frequency (CFF) in the rock mass at Kamlunge was 
estimated by Osnes et al. ( 1991) by a probabilistic model using hydraulic 
conductivity data from all 25 m sections in the rock mass. The estimated 
range of CFF was 0.04-0.06 fr/m. 

Model cases 

Two cases were modelled on a local scale of the Kamlunge site in the KBS-3 
study (Carlsson et al., 1983). In the first case the rock mass and local fracture 
zones (excluding the horizontal zone) were modelled as overlapping continua. 
In the second case also the horizontal zone was included. This zone was 
modelled as a separate hydraulic unit at 555-565 m depth extending over the 
entire domain. The zone was assigned a constant hydraulic conductivity of 
K=l · 10-8 m/s. This corresponds to a contrast in hydraulic conductivity of 
about 800 times between the zone and the surrounding rock mass. The 
hydraulic conductivity functions applied for the rock mass and local fracture 
zones in both model cases are shown in Table 9. 
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Table 9. Constants A and bin Eqn. (6.1) representing the hydraulic 
conductivity functions applied to the rock mass and fracture zones 
in both model cases in the Karnlunge site. From Carlsson et al. 
(1983). 

Model 

Local 

Results 

Rock mass 
A b 

0.00141 2.93 

Fracture zones 
A b 

1.2-10-6 1.16 

The distribution of the groundwater potentials and groundwater flow rates in 
the rock mass was calculated in three horizontal planes at different depths for 
both model cases. These calculations show that the hydraulic gradient 
decreases with depth and that the horizontal components of the gradient is 
lowered by the presence of the horizontal fracture zone. 

The groundwater flux was calculated at 450 m, 550 m and 570 m depth, i.e. 
105 m above, 5 m above and 5 m below the horizontal zone, respectively. 
The distribution of the groundwater flux in the rock mass at 450 m depth 
with the horizontal zone included in the model is shown in Figure 22. The 
calculated ranges and representative values of the flow rates in the rock mass 
at these depths with and without the horizontal zone are shown in Table 10. 

Table 10. Calculated groundwater flow rates (ranges and representative 
values) in the rock mass at different depths for the two model 
cases in the Kamlunge site. (From Carlsson et al., 1983). 

Depth(m) 

450 
550 
570 

Groundwater flow rate (ml/m2/year) 
Without hor. zone With hor. zone 

Range Repr. value Range Repr. value 

15-30 
8-15 
8-20 

20 
10 
10 

20-60 
15-30 
4-10 

50 
25 
6 

Table 10 clearly shows that the presence of the horizontal zone increases the 
calculated groundwater flux above the zone with a factor of 2.5. Corre-
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spondingly, the presence of the zone decreases the flux below the zone with 
a factor of 2. 

KAMLUNGE Site Characterization 
Groundwater Flow at Potential Repository Depth (450 m> 

' ' 
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Figure 22. Groundwater flow at 450 m depth in the rock mass with the 
horizontal zone included (see text). 

Relevance of results 

The relevance of the numerical model was assessed from calculations of 
groundwater recharge and mass balance for the individual finite elements. 
The groundwater recharge at Kamlunge was estimated by Carlsson et al., 
(1983) from the regional and local model runs. The recharge rate was 
calculated as the total recharge across the top surface of the modelled domain 
divided by the area of the top surface. 

The calculated recharge rates were about 20 mm/year and 1-2 mm/year, 
respectively, for the regional and the two local model runs. The recharge 
areas were estimated to about 14.5 and 1.7 km2

, respectively. The effect of 
the horizontal zone (and other fracture zones) on the recharge rate was small. 

As pointed out by Larsson and Markstrom (1988) the calculated recharge 
rates mainly reflect the groundwater conditions and the hydraulic properties 
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of the uppermost part of the bedrock including fracture zones and may have 

little influence on the groundwater flow conditions at repository depths. Thus, 

groundwater recharge calculations may be of limited use as a factor to assess 

the relevance of the model. 

The mass balance was calculated for each element in the mesh to check the 

numerical quality of the solution. According to Carlsson et al. (1983) the 

proportion of elements deviating from mass conservation by less than 1 % 

was 32 % and 27-28 % in the regional and local model runs, respectively. 

The proportion of elements deviating between 10-100 % was 20 and 21 %, 

respectively. 

No comparison between observed and modelled groundwater potentials along 

the boreholes was made in the hydraulic modelling of the Kamlunge site. 

6.4 Validity of models 

The model results from the Kamlunge area can be assessed by examining 

some of the specific assumptions made by the conceptualization of the 

models in relation to existing geological and hydrogeological conditions 

within the area. 

Boundary conditions 

Regional model 

The groundwater flow and head conditions at the outer vertical boundaries of 

the regional model were assumed. Since non-flow boundaries were located 

close to the steep gradients along the plateau sides the groundwater near the 

boundaries is forced upward in the confined model box in contrast to the 

natural flow along the sides (Carlsson et al., 1983). 

Furthermore, the regional groundwater table map is more or less an image of 

the topographical map which makes the upper boundary condition, i.e. the 

groundwater table, uncertain. It is however difficult to assess the uncertainties 

in the assumed boundary conditions and the effects of these in the local 

model domain without making sensitivity studies. 

Local model 

The outer vertical boundaries of the local model domain were treated as 

prescribed head boundaries, derived from the calculated heads in the regional 

model. Since the sensitivity of the latter heads to the actual boundary 

conditions in the regional model was not studied, the relevance of this 
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assumption can not safely be assessed. Furthermore, the selection of the 
location of the outer boundaries of the local model domain is not described. 

Hydraulic units 

Regional model 

The effects of not including fracture zones (including the horizontal zone) on 
the groundwater flow conditions in the regional area were not studied. 

Local model 

The division of the bedrock in the Kamlunge site in rock mass and local 
fracture zones should be considered as preliminary and uncertain. 
Furthermore, no subdivision of the rock mass into different rock type units 
has been made. 

The great variability in geologic and hydraulic character of fracture zones 
may imply that each fracture zone should be regarded as an individual 
hydraulic unit, see below. However, due to the lack of data all fracture zones 
at Kamlunge (except the horizontal zone) were statistically treated as one 
hydraulic unit (c.f. Figure 21). 

Hydraulic conductivity 

The derived hydraulic conductivity versus depth functions of the rock mass, 
used in both the regional and local model, are uncertain due to the large 
scatter of the data, Figure 21. The averaging process also subdues extreme 
(high) values. Also the results of the statistical analyses of the hydraulic 
properties of the fracture zones are highly uncertain, particularly for the 
upper part of the bedrock. 

For the Kamlunge site several mathematical functions were tested by the 
regression analysis of the hydraulic conductivity data, i.e. linear, power, 
logarithmic and exponential functions. The power function, which was found 
to give the best correlation, was selected in the regression analysis. As can be 
seen from Table 8, the correlation coefficients are generally rather low for 
the derived conductivity functions. 

Results 

The calculated head and groundwater flow distributions at a potential 
repository depth in the crystalline rock should be regarded as average values 
in an equivalent formation composed of two overlapping continua (rock mass 
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and fracture zones) within the bounded domain. The results of such models 

are rather insensitive to the hydraulic conductivity functions applied to the 

hydraulic structures (Larsson and Markstrom, 1988). 

The possibility of regional groundwater flow from topographically elevated 

areas beyond the modelled regional area has not been considered. For 

example, such a flow might be significant in the bedrock below the 

horizontal zone. 

7. GROUNDWATER CHEMISTRY 

7.1 Scope and reliability of samples 

The groundwater chemistry data available form the Kamlunge study site was 

obtained during the KBS-3 investigations of 1981-1983. The results, 

including sampling methods, are presented by Laurent (1983), Wikberg et al. 

(1983) and Allard et al. (1983). Three boreholes were sampled, KKM03, 

KKM08 and KKM13. The sampled depths for each borehole is presented in 

Tables 11-14. Some groundwater samples were also obtained from the 

percussion borehole HKM20 located in the regional fracture zone bounding 

the Kamlungekolen plateau to the west. Since no evaluation of the 

representativity of these samples has been reported they are not included in 

this report. The data are however stored in the SKB database GEOTAB. 

The results of the investigations are discussed and interpreted in detail for 

each sampled horizon by Smellie et al. (1985) by considering chemistry, 

geology and hydrology. Measurements of hydraulic conductivity and 

piezometric pressures in each borehole were used along with results from site 

specific groundwater flow modelling in an attempt to put each sampled 

section in relation to local groundwater flow conditions. By considering the 

various sources of contamination it was concluded that non of the seven 

sampled horizons was truly representative for the depth sampled. 

In the following sections some of the most important results of the chemical 

analyses from the KBS-3 investigations will be presented and commented on 

briefly. A division is made into general chemistry, redox-sensitive 

parameters, uranium chemistry and environmental isotopes. Such a division is 

somewhat arbitrary, and obviously some of the parameters overlap. Where 

not specifically referenced, the comments made are generally based on the 

extensive data analysis carried out by Smellie et al. (1985). 
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7.2 Results 

General chemistry 

The general chemical composition of the samples from the different 
boreholes is shown in Table 11. The compositions indicates the presence of 
different water types as near-surface groundwater and intermediate to deep 
old groundwater. The major-ion chemistry generally show calcium as the 
dominating cation, while the anions are dominated to varying degrees by 
bicarbonate and sulphate/chloride, respectively. The two bottom sections in 
KKM13, as well as all sections in KKM03 and KKM08, are considered to be 
representative for a shallow groundwater with low concentrations of all 
dissolved species except for bicarbonate. Two sections deviates from this 
general pattern, and showing a major-ion composition characteristic for an 
older water. These sections occur in borehole KKM13 at depths of 197 m 
and 432 m and show significant higher concentrations for almost every 
measured species than for all other sampled horizons at Kamlunge. Both 
sections show chemical compositions that are characteristic for intermediate 
groundwater. 

Table 11. General chemistry parameters at Kamlunge. 

Sampled Depth pH Conduc- Na+ Ca2+ Mg2+ K+ Hco-3 ci-
borehole tivity 

m mS/m mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 

KKM03 106 7.9 12 5.7 13 2.8 1.3 65 3 
KKM03 376 8.4 13 5.0 13 3.2 1.8 66 3 

KKM08 198 6.3 4 0.8 2.1 0.6 0.2 7 1 

KKM13 197 8.4 56 18 99 0.6 1.6 15 5 
KKM13 432 8.6 108 23 232 3.3 6.2 19 20 
KKM13 556 6.9 6 1.4 3.5 0.9 1.0 8 5 
KKM13 564 7.0 6 1.0 3.0 0.5 0.7 9 1 

There are no general trends with depth considering pH, electrical conductivity 
or the major-ion chemistry at the Kamlunge site. The odd phenomenon to 
have a shallow groundwater type (KKM 13 at 556 m and 564 m) on a larger 
depth than more shallower sections (KKM13 at 197 m and 432 m) is 
probably due to the horizontal fracture zone that are penetrated by the 
lowermost part of borehole KKM13. 

so 2-
4 

mg/1 

4 
6 

5 

240 
520 

5 
6 
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Redox-sensitive parameters 

A summary of some of the redox-sensitive parameters is presented in Table 
12. Of the samples collected in this study three out of six are reducing, as 

indicated by negative Eh-values. There are no apparent trends with depth in 
any of the redox parameters. However, large negative Eh-values are 
encountered at depth in KKM03 and KKM13. An exception is positive Eh 
values measured in the horizontal zone at the bottom of borehole KKM13. 

Redox parameters are especially sensitive to contamination by oxygen during 
sampling, by high pumping rates and drilling fluid residue. The samples in 
Table 12 were not filtered immediately after sampling, and this is likely to 
have yielded erroneously high Fe(III)-values (Nordstrom and Puigdomenech, 
1986). Thus, iron can not be expected to fully reflect redox conditions in this 
case, although the mere presence of Fe(II) indicate reducing conditions. 
Wikberg et al. ( 1983) show that Eh calculations based on the iron system 
does not explained the measured Eh values. 

Table 12. Redox parameters at Kamlunge. 

Sampled Depth Eh Fe(II) Fe-tot S(-II) 02 NO3--N NH4+-N 

borehole m mV mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 

KKM03 106 +100 0.04 0.28 <0.01 0.48 0.006 0.016 
KKM03 376 -150 0.86 1.0 <0.01 0.07 0.008 0.012 

KKM08 198 +270 2.8 4 <0.01 1.11 0.002 0.008 

KKM13 197 -70 0.51 0.48 0.03 0.07 0.041 0.016 
KKM13 432 -100 0.72 0.83 0.02 0.10 0.009 0.008 
KKM13 556 +50 6.8 8.1 <0.01 0.09 0.006 0.012 
KKM13 564 +30 8.2 7.9 <0.01 0.10 0.006 0.012 

Smellie ( 1983) concluded after a controlled field experiment in borehole 
KKM08, 238 m, that changes in the groundwater sampling pump flow rate 
resulted in significant variations in the physico-chemical parameters. High 

pump rate resulted in an increase in oxygen and low pump rate resulted in a 
groundwater of truly reducing character. 
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Uranium geochemistry 

The measurements of uranium content and the activity ratio 234U/238U were 
performed in two different ways. Some samples were performed by high­
resolution alpha spectrometry, while other measurements were performed by 
delayed neutron activation (DNA). The former method eventually became 
part of the hydrochemical programme. 

As can be seen from Table 13, and which also is concluded by Smellie et al. 
(1985), there is a tendency to find relatively high uranium contents closer to 
the surface and relatively low concentrations in the deeper sections. The 
uranium isotope contents indicate widespread disequilibrium in the 
groundwater. The isotope ratios in KKM03 and KKM13, upper part, are 
relatively high, indicating that the groundwater have had long residence times 
in contact with the bedrock. 

Table 13. Uranium geochemistry at Kamlunge. 

Sampled Depth u u 234u;23su 

borehole m ppb* ppb** act. ratio 

KKM03 106 24.3 11.94 2.8 
KKM03 376 16.2 5.51 3.2 

KKM08 198 0.04 2.4 

KKM13 197 5.2 2.1 
KKM13 432 10.2 1.8 
KKM13 556 0.09 0.6 1.8 
KKM13 564 0.04 1.8 

'Analysis by high resolution alpha spectrometry. 
**Analysis by delayed neutron activation (DNA). 

Highly altered rock from fracture zones and samples from macroscopical 
fresh rock were sampled in borehole KKM03 for studies of the uranium 
decay series mu - 234U - 230Th. The fresh and unfractured rock generally 
appear to be at or near isotopic equilibrium. Samples from the highly 
conductive fracture zones (Zone 1 and Zone 2) general indicate depletions of 
mu and 234U originating from the interactions of groundwater still marginally 
oxidizing, even at depths of 444 m. The investigated bedrock environment 
(100-600 m) is generally reducing, however, there is some evidence to 
indicate that rock/water interaction processes leading to the removal of total 
uranium has resulted from the presence of less reducing groundwater in 
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large-scale fracture zones, hydraulical connected to the ground surface 
(Smellie, 1984). 

Environmental isotopes 

A summary of some of the analyses of the environmental isotopes from the 
KBS-3 investigations are presented in Table 14. No isotope data are 
available. The old age of KKM 13, upper sections, is supported by 14C data 
(6 500 - 7 400 years). Unfortunately, mixing with surface to near-surface 
waters has taken place (i.e. 10-18 TU and 0.07-0.10 mg/1 oxygen), resulting 
in a significant amount of II dilution 11

• 

Table 14. Environmental isotopes at Kamlunge. 

Sampled Depth Tritium 14c 8180 82H 
borehole m TU years %0 vs SMOW %0 vs SMOW 

KKM03 106 49 3575 
KKM03 376 56 2985 

KKM08 198 20 

KKM13 197 10 7365 
KKM13 432 18 6460 
KKM13 556 39 1015 
KKM13 564 25 800 

7.3 Summary and relevance of results 
I 

A total of 3 boreholes and 7 different s~ctions have been sampled. Smellie et 
al. ( 1985), presented an examination of all the seven sections sampled by 

considering geological, hydrological and chemical information in 
combination. They concluded that the results from the hydrological modelling 
agreed somewhat with measured piezometric pressures, except for KKM03, 
where no correlation was obtained. In fact, the groundwater modelling in this 
case is not likely to provide an accurate estimate of detailed flow conditions 
(hydraulic head distribution) at greater depths even if the local hydrogeology 
is described accurately, since there is a lack of consideration of any regional 
hydrological components. Thus, results from hydrological modelling did not 
provide a significant help in interpreting the hydrochemistry results. 
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Although it can be argued that the hydrological modelling did not provide 
accurate information about flow conditions at depth, the actual measurements 
of the piezometric pressures along each borehole could be utilized as an 
indication of whether water was flowing to or out from the sampled section 
of the borehole. Using this information, along with consideration of all other 
disturbing factors it was concluded by Smellie et al. (1985) that non of the 
seven sampled sections were representative for the depth sampled. Measure­
ments of redox potentials are especially uncertain, but generally the redox 
measurements show that the groundwater are of a reducing character. 

In borehole KKM03 and KKM08, the measurements reflect the composition 
of a shallow groundwater type, and they are very uniform in composition. 
Borehole KKM13 reveals groundwater of two varying types, although non of 
the sections can be considered representative for the sampled depths. 
The two sampled water types are surface and near-surface waters in the two 
lowermost sections and intermittent to deep old groundwater, characterized 
by a high CaSO4 content, in the uppermost two sampled sections. The near­
surface waters in the lowermost section in KKM 13 is interpreted to be 
caused by the horizontal Zone HL 

Drilling and sampling methods used for the investigations at Kamlunge were 
relatively ltold". New techniques were developed and tested later on, and are 
described by Almen et al. ( 1983). 

8. ASSESSMENT OF SOLUTE TRANSPORT 

8.1 General considerations 

No specific models of solute transport at the Kamlunge site exist. The report 
by Carlsson et al. (1983), however, describes a model of the groundwater 
system in which both a three-dimensional flow field and groundwater travel 
times from a repository at 450 m depth are shown. This model of the 
groundwater system at the site has been discussed in Chapter 6. A ground­
water flow field is the essential basis of a groundwater solute transport 
model, and thus the implications for solute transport at the site may be 
evaluated. All of the uncertainties that are relevant to the model of the 
groundwater system, described in Chapter 6, are relevant to the transport as 
well. These and additional considerations are reviewed here with emphasis on 
their impact on solute migration. Of greatest interest for transport are typical 
flow paths through a hypothetical repository located in a bedrock block at 
450 m depth which eventually reach either the surface or a conductive 
fracture zone which quickly leads flow to the surface. The discussion focuses 
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on flow and transport along such paths through the repository as predicted by 

the existing model of the groundwater system, 

Boundary conditions 

The modelling of the Kamlunge site was performed in two steps, in a 

regional scale and a local scale, as described in Chapter 6. The hydraulic 

boundaries of the regional Kamlunge model are placed so as to 

approximately enclose the topographically significant plateau with an area of 

about 34 km2 and with depth of about 1.5 km. The local model covers an 

area of about 3,3 km2 in the center of the regional model. For the regional 

model, a groundwater table following the topography with maximum relief of 

about 120 m is specified as the surface condition, whereas the four vertical 

sides and bottom are closed to flow, The boundaries are located close to the 

plateau sides. The depth to the bottom of the block was arbitrarily chosen. 

The head distribution determined from the regional model was then used to 

assign a head distribution along the vertical boundaries of the local model. 

The upper and lower surface boundary conditions were the same as for the 

regional model. 

In model analyses for Kamlunge, no variations were carried out to examine 

the implications for flow and transport of the location and type of boundary 

conditions. The combination of boundary specifications used in the regional 

model may cause unnatural conditions of modelled solute transport through 

the repository level of these sites in two ways, both of which may strongly 

affect magnitude and direction of flow. First, because all vertical sides are 

closed, all water moving through the modelled region must enter and exit 

through the top surface. Second, some of the water entering through the top 

surface in the model region must reach the bottom of the model region no 

matter how deep' the bottom is, and no matter what the hydraulic conductivity 

distribution is. 

Under natural conditions, however, different flow fields would occur if water 

actually flowed across some of the vertical sides, In one situation, waters in 

the bottom portion of the modelled cube have their recharge area located at 

considerable distance outside of the field site in the direction of the regional 

topographic gradient. For example, such a situation could well exist below 

the horizontal fracture zone. In this case, waters actually recharging within 

the model area are limited to fill only the upper portion of the section down 

to the horizontal zone. 

In another situation, waters recharging through the upper surface of the 

model region flow out of the model region through a vertical side and 

discharge to the surface at some considerable distance from the modelled 
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region in a direction down the regional topographic gradient. Furthermore, all 
combinations of these two flow regimes are possible in reality with waters at 
various depths having different recharge and discharge areas that may or may 
not be within the site area. 

Hydraulic structures 

Any uncertainty in location and connectivity of hydraulically conductive 
structures, such as fracture zones, leads to mild uncertainty in the calculation 
of hydraulic potentials in the groundwater model, as discussed in previous 
sections. Such uncertainty, however, often can lead to extreme differences in 
details of predicted transport of solutes through the same model. Modelled 
groundwater heads may be of similar value whether or not fracture zones are 
distinctly included in a model, or whether their contribution to the local 
transmissivity is spread homogeneously through the model. In contrast, the 
location and direction of transport paths and fluid velocities along paths are 
exceptionally sensitive to the particular location and connectivity of 
conductive structures. In the local model of Kamlunge two different 
simulations, with and without a horizontal fracture zone, was made. These 
two simulations clearly demonstrates the effect of a horizontal structure on 
the head and flow distribution, cJ. Chapter 6. 

When conductivity contrasts of two or more orders of magnitude exist 
between conductive zones/layers and less-conductive bedrock blocks, then the 
spatial distribution and connectivity of the conductive zones, whether at 
model boundaries or within model bounds, have a major influence on 
groundwater flow and solute transport However, in the model analyses, no 
variations, except the simulations with and without the horizontal zone, were 
carried out to evaluate the implications for flow and transport of uncertainty 
in existence, location, and connectivity of conductive structures, 

Hydraulic and transport parameter values 

Knowledge of the spatial distribution of hydraulic conductivity is of direct 
importance to calculation of volumetric fluid flux (volume of fluid per cross­
sectional area of rock per year) which is required to determine possible 
radionuclide source rates exiting the repository, as well as to determine the 
longevity of engineered barriers. No variations of hydraulic conductivity 
distributions were tested in the Kamlunge modeL 

Knowledge of both hydraulic conductivity and effective porosity for flow 
("kinematic porosity") is important to determination of actual fluid velocity 
through a repository region. The effective porosity is important for transport 
of radionuclides that do not undergo strong chemical or surface retardation 
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processes along flow paths to the surface, and together with hydraulic 

conductivity, controls travel times of such nuclides, In the model analysis, it 

is not clear which value of the effective porosity that has been used, but most 

probably it has been held fixed at a value of 10-4. While this parameter was 

not varied in the simulations, it is merely a scaling value on fluid velocities 

and travel time, and the effect of ten-times-higher effective porosity on 

transport is simply a ten-times longer travel time, 

Dispersivities and sorption coefficients were not treated in the site model as 

these are parameters only of true solute transport models and not of 

groundwater flow models, Neither of these parameters have been measured at 

the site. Measurements in laboratory of porosity on rock samples are reported 

by Carlsson et aL, 1983. The porosity values vary between l-3·10-3• 

8.2 Transport Calculations 

Groundwater flow fields showing velocity vectors are presented for 

various cross-sections through the regional and local Kamlunge model blocks. 

Both models have decreasing conductivity with depth. The regional model 

has isotropic conductivity without fracture zones and the local model has 

isotropic conditions and fracture zones included. The influence of including a 

horizontal fracture zone at about 550 m depth is clearly demonstrated, c.[ 

Chapter 6. 

Travel times for various paths to the surface ( or more exact a hydraulic 

boundary), beginning at 450 m depth, i.e. above the horizontal fracture zone, 

are reported for both the regional and local model. The travel times for the 

regional model, without fracture zones, are considerably longer, 2 000 -

200 000 years, than in the local models, 250-94 000 years. There is also a 

marked difference between the two simulations in the local model where the 

travel times for some flow paths are decreased with a factor l 00 in the 

presence of the horizontal fracture zone. This demonstrates the importance of 

conductive structures to transport paths at the Kamlunge site. 

8.3 Implications of existing information for solute transport 

The groundwater system analyses of the Kamlunge site is the primary basis 

for this evaluation of solute transport. In detail, little is actually known about 

transport paths or travel times from a repository at 450 m depth. Under the 

conditions studied, travel times are predicted within large ranges, from as 

little as few hundred to as much as a few hundred thousands of years. Travel 

times and paths are found to be most dependent on the existence of conduc­

tive fracture zones, but only one test varying structure and connectivity was 

carried out. 
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Boundary conditions are equally important to the transport predicted by the 
model analysis, but these were not varied either to test their impact In fact, it 
is possible that the 450 m depth is within the realm of a deep regional 
groundwater system. Especially below the horizontal fracture zone it is 
possible that the groundwater flow and transport may have little, if anything, 
to do with the water-table topography within the site area. Flows at this depth 
may be driven by a more regional water-table gradient 

Considerations towards improving the transport predictions of the Kamlunge 
site model must begin with improvements in the conceptual model of the 
groundwater system. Of particular importance is a clarification of flow 
regimes in the deeper regions of the site wherein a repository would be 
situated. Boundary conditions appropriate to the surficial groundwater may 
not simply be projected downward to apply to deeper systems. Such an 
assumption, even when inappropriate, is decisive for the groundwater flow 
and transport that occurs at depth, and essentially overrides other 
considerations such as conductivity distribution. Further, information on 
conductive structures which control flow and transport that depends on 
structures which strike the ground surface is not likely sufficient to describe 
the connectivity at depth which may depend also on possible but not yet 
identified additional sub-horizontal zones that do no outcrop. 

9. ROCK MECHANICAL CONDITIONS 

None of the boreholes at the Kamlunge study site have been tested to 
determine the stress field in the area. Neither has the rock in the area been 
tested for its mechanical properties. The rock mechanical investigations 
conducted at the Kamlunge study site are limited to laboratory determination 
of the thermal properties on core samples. 

9.1 Thermal properties of the bedrock 

The properties thermal conductivity, diffusivity, heat capacity per unit 
volume and density were determined on core samples from borehole KKM0 l 
using the transient hot strip method (Gustafsson et al., 1979). Samples from 
depths between 300-700 m were tested. The density of the samples were 
determined with the standard method of weighing the samples in air and in 
water. The results are presented in Table 15. 

The thermal conductivity varies between 2.56 - 6.47 W/(m·K) (Ahlborn and 
Karawacki, 1983). Compared to the results from Gidea and Fjallveden the 
variation is greater for Kamlunge, reflecting the different rock types at the 
Kamlunge site. When compared to the compilation of rock properties on 
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crystalline rocks, Tammemagi and Chieslar (1985), Sundberg (1988), one 

find that the mean values of conductivity and specific heat are within the 

90% range of the compiled values. The mean value of the thermal diffusivity, 

however, is rather high. It should be pointed out that the compilation of 

thermal diffusivity results are based on few data. 

Table 15. Thermal properties measured on core samples from borehole 

KKMOl, Kamlunge. (Ahlborn and Karawacki, 1983). 

Depth Thermal Thermal Heat Density 

conductivity diffusivity capacity 

m W/(m·K) m2/s J/kg·K kg/m3 

300 6.47 3.24·10-6 700 2840 

400 5.34 2.34·10-6 850 2690 

450 2.65 1.20-10-6 800 2750 

460 3.65 1.84· 10-6 760 2610 

470 3.05 l.38·10-6 790 2800 

480 2.92 1,43.10-6 750 2720 

490 3.66 1.84·10-6 750 2640 

500 2.81 l.32· 10-6 800 2660 

510 3.63 1.8 l · 10-6 740 2710 

520 3.54 l.74· 10-6 770 2630 

530 3.55 1.60· 10-6 840 2650 

540 3.75 1.78· 10-6 780 2720 

550 3.68 1,77.10-6 790 2650 

600 2.56 1.15· 10-6 770 2900 

700 2.95 1.40· 10-6 760 2790 

Mean: 3.61 1,72.10-6 777 2717 
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APPENDIX A 

ACTIVITIES IN THE CORED BOREHOLES 

This appendix presents all activities, that have been performed in lhe cored 
boreholes, in separate activity schemes for each borehole. Each scheme 
contains information on activities/surveys for the particular borehole with ~ 
reference to deplhs or intervals. Also borehole coordinates, survey periods, 
references to reports and information on storage in the SKB database 
GEOT AB is presented. 

Locations of the cored boreholes are presented below in Figure A I. 
Intersections of fracture zones with boreholes are summarized in Table 3 and 
in Appendix B, Figures B l-B3. Location of interpreted fracture zones are 
presented in Appendix C, Figure C I. 

The present (Oct-91) availability of the cored boreholes have been studied by 
brief visits to each borehole. These inspections showed that al I cored bore­
holes were locked and the borehole heads were undamaged. Problems with 
borehole stability or instrument blockage during the KBS-3 investigations are 
described in a report by Persson (1985). The obstacles reported by him are 
described in this Appendix. 

KAMLUNGE 
Cored Boreholes 

Reported 63·06·12 

Site Characterization 

Location of Cored Boreholes 
in the Kamlunge Site 

~01 Cored boreholes (KKM!-16! 

\ Road 

0 1 km 

N 

r 
Reports : SKBF/KBS AR B4 -42, AR B4-43, AR B4-44 

Figure A 1. Locations of cored boreholes at Kamlunge study site. 



71 

Borehole KKM0 1 

This borehole (Figure A2) is drilled vertical (85° to the horizontal). The 
borehole length is 674 m and the depth about 670 m. The borehole was 
drilled at an early stage of the site investigation programme to confirm 
favorable conditions at depth as was indicated by the reconnaissance surveys. 
Borehole coordinates and activities performed in the borehole are presented 
in Figure A2. Generalized results concerning rock types, fracturing and 
hydraulically conductive sections are presented in Appendix B, Figure B 1. 

The upper parts of the borehole is dominated by quartzitic gneiss, while the 
lower part is dominated by biotite gneiss, granite and pegmatite. 

The only section with increased degree of fracturing occurs in a granitic 
section between 490-560 m. Other parts of the borehole display a low 
frequency of fractures. The horizontal Zone Hl is interpreted to occur in the 
lowermost part of the fractured section at 544-560 m. An increase in the 
salinity of the groundwater is indicated by the salinity log from 560 m and 
downwards (about 1 % equivalent salinity). Mean fracture frequency of the 
borehole is 2.9 fr/m (Albino et al., 1983a). 

Borehole availability: The pipe-string equipment was dropped while testing 
the borehole at 450 m depth. During the rescue operation the equipment got 
stucked in the borehole. The borehole is now blocked at 231 m depth. 

Borehole KKM02 

This borehole (Figure A3) is 701 rn in length and ends at a depth of about 
570 m. It is drilled inclined 60° to the horizontal. The main purpose of the 
borehole was to obtain data regarding the bedrock conditions in the central 
part of the site and, more specifically, to investigate whether a geophysical 

lineament in the central part of the site represented a fracture zone or not. 

The borehole is dominated by granitic rock down to 300 m. Below this depth 
quartzitic gneiss, granite and biotite gneiss occurs in equal proportions. No 
fractured section was identified in the cores that could be correlated with the 
geophysical lineament. The borehole is interpreted to intersect Zone HI at 
676-684 m borehole length. 

The degree of fracturing is highest in the borehole from the surface down to 
56 m depth. This is not interpreted to be caused by a fracture zone but as a 
result of local increased sheet fracturing in a granitic section. The mean 
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fracture frequency of the borehole is 3.1 fr/m. Generalized results are 
presented in Appendix B, Figure B 1. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM03 

This borehole (Figure A4) is 700 in length and drilled inclined 60°, reaching 
a depth of about 530 m. The borehole is located in the western part of the 
site with the objective to investigate the general character of the bedrock 
close to a regional fracture zone, bounding the site towards the west, and 
more specifically, to study the character of Zone 4. 

Granodiorite is the dominating rock type down to 400 m. Below this 
borehole length biotite gneiss and amphibolite dominates. 

The borehole is the most fractured of all boreholes at the Kamlunge study 
site. The average fracture frequency is 4.6 fr/m. Sections with increased 
fracture frequency occurs commonly all along the borehole, although a slight 
decrease of fracturing could be observed with depth. 

The borehole is interpreted to intersect not only Zone 4, but also Zone 2 and 
Zone 3. Zone 2 is penetrated between 313-337 m, where the cores display 
red stained and strongly foliated rock. Zone 3 is interpreted to occur between 
441-450 m and Zone 4 between 504-517 m. Judging from the core mapping 
the relevance of a fracture zone intersecting the latter section is however 
questionable. Generalized results are presented in Appendix B, Figure B 1. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM04 

This borehole (Figure A5) has a length of 700 m and drilled inclined 60°, 
reaching a depth of about 580 m. The objective with the borehole was to 
characterize the peat-covered area bounding the central part of the site 
towards northeast and, more specifically, to investigate the characteristics of 
Zone 5. 

The cores display a strong variability in rock types. Granite, biotite gneiss, 
quartzitic gneiss and diorite occurs in more or less equal proportions. 
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The fracture frequency is low with the exception of a pegmatite dyke at 155-
160 m. Average fracture frequency is 2.5 fr/m. 

Zone 5 was not encountered in the borehole, which implies that the zone 
must dip to the northeast, if it exist. Main results from borehole 
investigations are shown in Appendix B, Figure B 1. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM05 

This borehole (Figure A6) is inclined, 60°, with a length of 250 m and a 
depth of about 200 m. The borehole is, together with borehole KKM06, 
positioned to penetrate and characterize Zone 2. 

Biotite gneiss dominates the cores down to 100 m. Pegmatite occurs between 
100-150 m and amphibolite between 150-200 m. Below this depth and to the 
end of the borehole quartzitic gneiss is the dominating rock type. 

Zone 2 is interpreted to occur between 47-53 m, where the rock is red 
stained, weathered, brecciated and highly fractured. 

The fracture frequency of the borehole is high down to 200 m, and slightly 
lower between 200-250 m. The average fracture frequency of the borehole is 
high, 6.6 fr/m. This is partly due to Zone 2, but also partly due to the 
surficial location of the borehole. Main results from borehole investigations 
are shown in Appendix B, Figure B 1. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM06 

This borehole (Figure A 7) has a length of 105 m. It is drilled inclined 60°, 
reaching a depth of about 90 m. It was drilled 25 m from and parallel to 
borehole KKM05 with the objective to investigate Zone 2. Dominating rock 
type is biotite gneiss. 

Zone 2 is found between 86-94 m, where the rock is strongly red stained, 
weathered, brecciated and highly fractured. Several meters of core was not 
obtained in Zone 2 due to core loss. Mean fracture frequency is 10.7 fr/m. 

Borehole availability: No known problems with borehole blockage. 
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Borehole KKM07 

This borehole (Figure A8) has a length of 249 m. It is drilled inclined 60°, 

reaching a depth of about 210 m. The main purpose of the borehole was to 

investigate if a fracture zone, that was indicated by geophysical surveys, 

could be identified in the borehole. 

The dominating rock type in the borehole cores is biotite gneiss. Granite and 

pegmatite occurs to a lesser degree. The fracture frequency is in general low 

with a mean frequency of 3.0 fr/m. One exception is a small fractured section 

in granite between 146-150 m. However, since this section does not cause 

any significant anomaly in the electrical logs it was not considered to 

represent a fracture zone. The borehole does not interpreted to intersect any 

fracture zone. Main results from borehole investigations are shown in 

Appendix B, Figure B2. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM08 

This borehole (Figure A9) is 251 m in length and is drilled inclined 60°, 

reaching a depth of about 210 m. The borehole is located in the northern 

central part of the site with the objective to characterize Zone 3. 

Biotite gneiss dominates in the upper part of the borehole, while granodiorite 

dominates from 100 m and downwards. The cores down to 100 m often 

display sections with red stained, weathered and brecciated rock as well as a 

high fracture frequency. Zone 3 is interpreted to be located within this 

section, although no precise location is presented in the reports. Several 

fractured sections also occur below 100 m borehole length, separated by low 

fractured bedrock. Mean fracture frequency of the cores from this borehole is 

7.3 fr/m. Main results from borehole investigations are shown in Appendix B, 

Figure B2. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM09 

This borehole (Figure Al0) is drilled 60° to the horizontal and has a length 

of 449 m, corresponding to a depth of about 370 m. The objective was to 

investigate the location and character of Zone 2 at a greater depth. 
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Because of problems with borehole instability the drilling was terminated at 
449 m borehole length, although the planned length was 700 m. 

The borehole is dominated by biotite gneiss. In addition, there are several 
large sections with granite and pegmatite. A highly fractured ultramafic rock 
occurs between 350-430 m. The average fracture frequency of the borehole is 
5.1 fr/m. Zone 2 is interpreted to be penetrated between 414-419 m borehole 
length. Although judging from the core logs and the available section covered 
by geophysical logs, the fractured section is much larger, probably between 
348-425 m. The fractured section is characterized by several subsections 
containing red stained and strongly weathered and fractured bedrock. 

Borehole stability problems occurred in clay-altered rock between 414-416 m. 
Another section with increased fracturing occurs between 28-65 m borehole 
length. However, this is interpreted to be of local extension only. 

Borehole availability: The borehole is blocked at 422 m borehole length 
where 6 m of drill-string is still left in the borehole due to borehole collapse. 
Because of the borehole instability no geophysical logging nor water 
injection test has been made below 400 m borehole length. 

Borehole KKMlO 

This borehole (Figure All) is 287 m in length and is drilled inclined 60°, 
reaching a depth of about 250 m. The borehole is positioned in the northern 
part of the site with the main purpose to confirm that Zone 3 does not dip 
towards southeast. 

The borehole is dominated by granite, biotite gneiss and granodiorite down to 
180 m borehole length, below this length the cores are dominated by biotite 
gneiss. There are several fractured sections in the cores between 50-100 m. 
However, since these sections only causes spike-like anomalies on the 
geophysical logs, no fracture zone has been interpreted in this part of the 
borehole. Below 100 m the fracture frequency is low implying sound rock. 
Thus the borehole strengthen the interpreted northwesterly dip of Zone 3. The 
mean fracture frequency for the borehole is 4.2 fr/m. 

Borehole availability: No known problems with borehole blockage. 
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Borehole KKMl 1 

This borehole (Figure Al2) is inclined 60° and has a length of 700 m and a 

approximate depth of 550 m. This borehole was drilled in the northernmost 

part of the site with the objective to investigate the continuation and dip of 

Zone 3. 

Granodiorite and granite dominates the bedrock down to 275 m. Biotite 

gneiss dominates from this depth and down to 470 m. From 470 m and down 

to the borehole end the bedrock is once again dominated by granodiorite. 

Between 45-64 m there is a strongly crushed and weathered section of the 

core located in a pegmatite. This section is interpreted as caused by intense 

local horizontal sheet fracturing. No horizontal fracture zone has been 

assigned with this fractured section, although judging from the core logs this 

seems highly likely. 

Zone 3 is reported to occur between 324-335 m, although the core logs and 

the geophysical logs indicate a wider zone, 282-374 m. The bedrock within 

the zone is foliated, red stained and highly fractured. Mean fracture 

frequency for the borehole is 3.9 fr/m. Main results from borehole 

investigations are shown in Appendix B, Figure B3. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM12 

This borehole (Figure Al3) is located in the northwestern part of the site and 

drilled towards the central part. The borehole is inclined 60° and is 801 m in 

length, corresponding to a depth of about 640 m. The objective was to 

characterize Zones 2 and 3 and to characterize the "sound rock" in the central 

part of the site. 

The cores from this borehole includes all the various rock types commonly 

found in the Kamlunge study site. The dominating rock types are the 

following: 0-190 m granodiorite, 190-360 m granite, 360-460 m biotite gneiss 

and 460-802 m granite. According to the core log the foliation increases 

below 63 m along with increasing tectonic influence on the cores. This 

influence culminates between 110 m and 112 m, where the rock is red 

stained, strongly foliated, mylonitized and brecciated. Another brecciated and 

weathered section occurs between 202 m and 220 m. The fracture frequency 

is generally high down to 240 m. Below this depth the fracture frequency is 

low. Mean fracture frequency of the cores from this borehole is 4.3 fr/m. 
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The borehole is interpreted to penetrate Zone 3 at 52-60 m and Zone 2 
between 195-210 m. (Surprisingly has no fracture zone been assigned to the 
tectonically affected section between 110-112 m.) Main results from borehole 
investigations are shown in Appendix B, Figure B3. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM 13 

This borehole (Figure Al4) has a length of 703 and is drilled inclined 60°, 
reaching a depth of about 580 m. The borehole is located in the southeastern 
part of the site with the general objective to characterize the bedrock in this 
area. Most rock types that occurs at Kamlunge are represented in the cores 
although the dominating rock type is granite. 

The fracture frequency is low all along the borehole resulting in a mean 
fracture frequency for the borehole of 3.4 fr/m. One exception occurs 
between 669-674 m at the interpreted location of Zone Hl. The rock is here 
red stained and altered. An increase in borehole fluid salinity is observed in 
the borehole water resistivity log at this section. Main results from borehole 
investigations are shown in Appendix B, Figure B3. 

Borehole availability: After the drilling it was discovered that the borehole 
was contaminated with diesel oil. A percussion borehole was drilled nearby 
and pumped to remove the oil from the cored borehole. It is reported that this 
action cleaned, at least temporary, the borehole. No other problems with 
borehole blockage has been reported. 

Borehole KKM14 

This borehole (Figure A15) is 700 in length and drilled inclined 60°, reaching 
a depth of about 580 m. The objective was to characterize the bedrock in a 
peat covered area in the central-southwestern part of the site. 

The borehole cores contains, in more or less equal amounts, granite, 
quartzitic gneiss, amphibolite and biotite gneiss. The fracture frequency is 
low for most parts of the borehole resulting in a mean frequency of 3.1 fr/m. 
Some small sections of increased fracturing occurs at 125 m and 305 m, 
however these are considered to be local. 

Zone HI is interpreted to occur between 667-673 m borehole length. 
Although a slight increase in degree of fracturing could be observed at this 
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borehole length, the interpreted location of Zone Hl in this borehole is 
mainly a result of a high hydraulic conductivity in this particular section of 
the borehole together with extrapolation of Zone H 1 from other boreholes. 
Main results from borehole studies are shown in Appendix B, Figure B3. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM15 

This borehole (Figure A 16) is 251 in length and drilled inclined 60°, reaching 

a depth of about 210 m. The main purposes of the borehole was, together 
with borehole KKM 16, KKM02 and KKM07, to investigate if a geophysical 
lineament in the central part of the site represented a fracture zone or not. 

The borehole is dominated, from top to bottom, by biotite gneiss, quartzitic 

gneiss and granite. The fracture frequency is somewhat increased down to 60 

m. Below this borehole length the fracturing is low. Mean fracture frequency 

of the cores from this borehole is 3.9 fr/m. 

No fracture zone was identified in the borehole. Main results from borehole 
investigations are shown in Appendix B, Figure B3. 

Borehole availability: No known problems with borehole blockage. 

Borehole KKM 16 

This borehole (Figure A 16) is 251 in length and drilled inclined 60°, reaching 
a depth of about 210 m. Similar to borehole KKM15 the main purposes of 
the borehole was to investigate if a geophysical lineament in the central part 
of the site represented a fracture zone or not. 

Down to 50 m borehole length granite dominates. Below this borehole length 
quartzitic gneiss is the dominating rock type. The fracture frequency 
increases with depth reaching a maximum around 100 m. Below this depth 

the degree of fracturing decreases. Mean fracture frequency is 4.7 fr/m. 

No fracture zone has been identified in the borehole. Main results from 
borehole investigations are shown in Appendix B, Figure B3. 

Borehole availability: No known problems with borehole blockage. 
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0 100 200 300 4 00 500 800 700 800 9 00 

-

Charac t e rization 
C 
E 

Surve y pe riod R•port■ 
0 
T 
A. -

82.08.ll • 82.08.23 SKBf/KBS AR 83·4 3 JC 

SK!lf/l<BS AR 83-43 1( 

82.10.14 SKBFIKBS AR 83·22 X 

82.10,14 SKBF/KBS AR 83-22 X 

82.10.14 SKBFll<BS AR 83-22 X 

82.10.14 SKBF/KBS AR 83·22 X 

82.U.10, 83.08.28 SKBF/KBS AR 83•22 X 

82.ll, 10, 83.08.28 SKBF/KBS AR 83-22 X 
00 
Vl 
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KAMLUNGE 
Sub-surface [nve.Uaation. Cored Borehole : KKM08 

Dlreotloa , 90/80 lC• 7348 287 
Len1lh : 281 ID Y• 1821 839 
Vert. dap,h : 208.80 ID Z• 182.80 

Drlllln1 

COR£ LOCC!NC Lltholo1y • ,raolun lo1 

Thln u oUoa ea■l)'M■ 

Ch■m1ca1 rock • ·n•l1111 

Fracture mla.eral aoalyMI •XRO 

P£TROPHYSIC8 D•tlOlly 

Waaa ■u.aoept.lblllly • Remea■nce • 
Roolotl•lty • IP 

Poro■tty 

Thermal properly 

Ct:OPKYSICU Borehole da•t• Uon 
LOOGINO 

Na tural 1■1:nraa 

Roololl•ltf lnorm•l • l•torol • • ln&lt polatl 

SP 

Te mperature / T1mp. 1radl■nt. 

Boroholo l lutd ru l1tl•lly I S.llnllJ 

IP / IP r11ln l • ltr 

8onlo 

1ta1a1Uc ou1oopUblllt7 

VLF 

Radar m■a1ur■m■nt.1 

Tub■ ·wa•• 

ROCK STRESS Hydraullc rraotu.rln& 
IIEASUREIIENTS 

O.-•roorln& 

Lab. tHh 

ROCK UCHANICS l,,ab. t••tt 11:ld m•••ur•m•nh 

HYDRAULIC Sinai• hol• Lran■• lnJ. teat 1 10 m 
LOCOINC AND (22&, 190, l&O> ro 
TES'f9 

Sln1t• hole 1l■ady 1lete lnJ. t.e1t : 

Pleaomelrlo mea■urernenh 

KYDROCKCIIISTRY Chemlcal ■ample • Field mea.auremanl• 

BUTEST Balt.Hl 

I 
0 100 200 300 400 000 800 

' 
-

0 C, 

~-
-- ---
--

--
-

u 0 

Site 

700 800 900 
I 

Characterization 
C 
I 

Su_rv■y p■rlod Reporl1 0 
T 
A 
e 

82.08.24 • Bl?.09.04 SKBF/SKB AR 83·4 l( 

8K9P/SKB AR 83·4l X 

SKBFISKB AR 83•2I 

83.03.02 SKBV/kBS AR 83· 22 X 

83.02, 22 SKBV/ICBS AR 83·22 X 

83.01.31 SKBP/ICBS AR 83·22 X 

83.02.01 SKBPIKBS AR 83·22 IC 

83.01,31, 83.09,30 SKBP/XBS AR 83·22 )( 

83.01.31, 83.08.30 8KBrtKBS AR 83·22 )( 

83.03.21 • 83,03.28 SK9P/ICB9 AR 83· 31 )( 

03.06,1& • &3.05.07 ::~- .~~'.:' !! ~~-~ X 

00 

°' 



::!1 
(JQ 
~ 
""I 
(i) 

> -0 

> 
(") 
c. 
< a: 
(i) 

"' -· :::, 

cr 
@ 
::r 
0 -(i) 

~ 

i 
I.O 

KAMLUNGE 
Sub-surface Investigation. Cored Borehole : KKM09 

Dlrectloa : 1~/110 X• 7348 151!1 I 
Leaath : «9 m Y• lll2I 833 0 
Y•rl- depth : 388.98 m 2· 1113.90 

Drlllln1 

CORE LOCCIIIC Lltboloa, • Fracluro loa 

Tblo. aactloo a.a.atyaa 

Chemlcal rock an.alJ•H 

Fn.chare raln.eral analyNs -xao 
PETROPHYSICS Du•lly 

M.eaa.. ■u.acepllbllllJ' • Reman.enc• • 
Real■UYlty • (P 

Poroelly 

Tharma.1 properly 

CBOPHYSIC#.L Borehole davtaUon 
LOCCINC Natural aamma 

a..t•th•il7 Cnorm.&l • lateral • ■ln1I• polnU 

SP 

Temperaturw: / Temp~ ara.dhnt 

Bor■hoia thtld re.■latl,.lly / Sa.Unity 

IP / rP re■lnl •ll1 

Sonic 

Kaaaet.lc 911,scepllblllty 

VLF 

Rad&r meuurement■ 

Tube·wa.•• 

ROCK STRESS H7draullc fract:u.rtn.1 
IU!!ASUR&IIBNTS 

Owercorlna 

1.4b. Iulo 

ROCK IIECl!ANICS Lab~ t-l■ &n.d m■ .. uram■ot■ 

HYDRAULIC Staal• hol• lran•. loj. l••'- : 6 m 
L-OCCINC AND 26 m 
TESTS (◄14. 641 ID 

Sta1le bole ■tead7 at«te lnj. t .. l : 

P1eaom■trlc m ... uremenl1 

RYDROCHBIIISTRY Chemkal ,ample • fleld meuur■ment.-.i 

8#.TTSST s.u .. t 

100 200 :JOO 400 1500 800 ?00 

00 0 

0 0 0 

0 0 0 

.:, 0 0 

- --

------
-----

- -

- - -

-
~ 

Site 

800 900 

Characterization 
C 
R 

Su.rrey period Report, 0 
T ,. 
n 

82.08.24 • 82.10.31 SKBPlkBS AR 83·4~ X 

SKBP/KBS AR 83- ~ X 

SKBP/KBS AR 83·21 

SKBF/KBS AR 84· U X 

SKBF/KBS A.R 84· 11 X 

SKBFIICBS AR 84· 11 X 

82.11.oa SKBP/KBS £ff 83· 22 X 

9z.11.oa SKBP/1.8S AR 83·22 X 

82.11.08, 82.11.09 SK8P/K8S AR 83·22 X 

82.11 09 SKBP/ICBS AR 83·22 X 

82.ILIO. 83.09.30 SKBP/ICBS AR 83· 22 X 

82.ILIO. 83.09.30 SKBF/KBS AR 83·22 X 

SZ.11.09 SKBP/KBS AR 83-22 X 

82.11.28 • 82.12.14 SKBPIICBS AR 83· 31 X 

00 
-.) 
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KAML UNGE 
Sub-surface In vestigation, Cored Borehole : KKI.UO 

Direction 310/ IIO X• 7348 557 
Len1lh : 287 m Y• 1821 807 
Vert. .wpth , 250.40 m Z• l 82.80 

DrllllnI 

CORE LOCCI HC LH,bolocr · Fracture lo& 

Thto aedlon aaalysa 

Ch■ailcat rock enel1•.e1 

Fracture mineral aaalya■a · XRD 

PETROPHYSICS Don.illy 

llaan~ ■u.■cepLiblllLy • Ramanenca • 
R11lIll•ll1 • IP 

Poro■tly 

Thermal properly 

CEOPHYSICAL Borehole de.•leUon 
LOCCIIIC 

H■lura.1 a•rnm• 
R••l■lhll7 <oorrn•l • lateral • ■ln1I■ polnll 

SP 

Temperature / T•mp. crad1•at 

Borehole tlu.ld rHl■ll•lty / SaUnll7 

IP / IP <Hl1ll•ll1 

Son le 

luan■Uc 1-u■capllbtllt.y 

VLP 

Radar m.euur■rnent■ 

Tube·•••• 

ROCK ST RIIS$ H7draullc rracturtn1 
llEASUREICENTS 

O"'•rcorlna 

l.ab. lnh 

ROCK llECHANICS Lab. , .. i. and mauunmea.l• 

HYDRAULIC Sia.cl• hol• t.rana. tnJ. l••t. : 6 m 
LOCC!IIC AND 26 m 
TESTS CUV. l84, 84, 341 m 

51011• hole •l••d1 •Lat• lnJ. lul : 

Piezomalrt.o m•uvremenh 

HYDROCRElllSTRY Ch•mlcal •a.mpl• • Field meaaurement, 

BATTEST B■tteet 

Site 

I 
0 LOO 200 300 400 500 800 700 800 1100 

' 
► 

Characterization 
C 
e 

Survey p•rlod Report.a 
0 
T 
A 
A 

82.09.15 • 82.011.28 SKBF/ KBS AR 83· 4! X 

SKBP/KBS AR 83· 4 X 

82.10.111 SKBPI KBS AR 83· 22 X 

82.10.111 SXBP/KBS AR 83·22 X 

82.10.21, 82.10.25 SKBF/KBS AR 83·22 X 

8210.21 SXBP/KBS AR 83· 22 X 

82.1\.09, 83.08.211 SXBPIK89 AR 83· 22 X 

82.I L OII, 83.08.211 SKBF/KBS AR 83· 22 X 

83.04 .08 • 83.05.03 sxer/ KBS AR 83· 31 X 

00 
00 
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KAMLUNGE 
Sub-surface Investigation. Cored Borehole : KKMU 
Dlreclloo : 120/&0 X• 7348 828 
Len 1th : 700 m y. 1821 527 
Vert. depth : 5 48.25 m Z• 187.85 

Drlllln1 

CORE LOCCIIIC Ltthotoay • Fracture lo1 

Thla. nctlon aElaly1H 

Chem lc•I rock anal711·1 

Practu.r• mln■ral analy1H -XRD 

PETROPKYSICS Dually 

t14 IUDpl■■I .Wain.. ■u.■c,pllblllly • Remanence • 
a .. 1,u,111 , IP 

Poro1lty 

Thermal property 

CEOPHYSICAL Borehole devlaUon 
LOCCl!IC 

ffatural a•mm• 
Real1t.hll7 (normal • lal■ral • ■lnal• polnll 

SP 

Temperat.ure I Tamp. aradl■nt 

Borehole rlu,d rul■ll•lt1 I .S.llnlly 

IP I IP rHl1ll•ll1 

Sonlc 

Ka1nellc • •ne•pUblllly 

VLF 

Reder ru•••ur• m•nla 

T\l.b1 · • ·••• 

ROCK STRESS Hydrau.Uc tracturlna 
IIEASI/REIIENTS 

Overcorlna 

Lab. t .. l• 

ROCK 11£CHANICS Lab. te■l■ and m,uu.ramanh 

HYORAI/LIC Shtcl• hole lrana. lnJ. tnt : 6 IU 

LOCCINC ANO 26 m 
TESTS C875, 800, 600, 400, 300, 200, 100. 60> m 

Sinai• hole atta.df at.ate l n J. t .. t : 

Plnometrlc meuw-amanll 

HYOROCKEIIISTRY Ch■rnlcal 1aropla • Flalci maa.■\l.r-emanh 

BATTEST Balte■t 

I 
0 100 200 

I I 

-----

~ 

-

Site 

300 400 eoo &00 700 800 800 

--

(D 0 

- - - ·- - -

--------------
- - - - - -

- . 

. ----

-~--

------· 

Characterization 
C 
8 

Survey p•rlod Reporh 0 
T 
A 
a 

82.10.01 • 82.11.28 SKBPIXBS AR 83·4! X 

SKBF/KBS AR 83--41 X 

SKBF/XBS AR 83·21 

SKBF/KBS AR 84·11 X 

SKBF/XBS AR 84·11 X 

SKBF/KBS AR 84· 11 X 

82.11.29 SKBF/KBS AR 83·22 X 

82.11.30 S KBF/ICBS AR 83-22 X 

82.11.211. 82.11.30 SK8F/K8S AR 83·22 X 

82.tl.30 SKBF/KBS AR 83·22 X 
O~:Oll'.l!"• •~. uo.n. SKBP/kBS AR 83·22 X 
85:0ll.'ii!'4 GJ,UO, <W, SKBPIICBS AR 83·22 X 

84.06.10 SKB AR 86·14 X 

83,03.02 • 83.04.08 SKBPlkBS AR 83· 31 X 

00 
\0 
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KAMLUNGE 
Sub· surrace [nvestigation. Cored Borebole : KKM'l2 

Olr■clloo : 110/80 X• ?3•8 002 
Len1th : 801 m Y• 1821 ♦?I 
Vert, depth : 838.16 m Z• 148.7~ 

Drlllln& 

CORE LOCCI NC l.ltholo&y • Fracture t.oa 

Thla. ■eellon aa■ly ... 

Ch•mlcal rock analJH• 

Praclure rntneral aa.alyae• · XRD 

PETRO PHYSICS D■ulty 

t.24 • •mpla l Wa.10.. au..acepUblllly • R•m■nenca • 
Rul1U•lt1 • IP 

Poroslt.y 

Tbetma.l pr:o,,.rlJ 

CEOPKYSICAL Borebole dew-laUon 
LOCCINC 

Nalural ••mm• 

Re•l•tl•ily Cnorm«l • lal,eral ~ sln1le polnll 

SP 

Temperat.ur·• / Temp. 1ra.d.l■a.l 

Bonhol• fluid re•l•tl•llJ I S•Unll1 

lP / CP r-■l•ll•lty 

Sonlc 

lf•1oetlc ■us:cepll blllly 

VLF 

Radar 11111uur•m• nla 

Tu.be· w••• 

ROCK STRESS H7draullc rraclurln1 
IIEASUREIIENTS o.-ercorlna 

Lab4 luls 

ROCK MECIIAIIICS Lab. t .. l• ead m•e•urem■nl• 

KYDRAULIC Sloat• hole tr1u1•~ lnJ. te.at : 5 m 
LOCCIIIC AIID 25 m 
T£S7S 17900 700,800,500.400, 300, 200, 100, 50> m 

Sln&l• hole ■teady ■tale lnJ. tut : 

Pleaometrlc meuu_remenll 

KYDROCHBIIISTRY Chemical ■ample • Fl■ld mea.eoremeat■ 

BATTltllT Set.tnl 

Site 

I 
0 100 200 300 400 600 eoo 700 800 900 

>-

-- - - -----

0 

------------
---------- -
-----------------· 

----

--

Characte rization 
C 
E 

Su_r'nly period Reports 
0 
T 
A -

82.U.02 • 82.12.10 SKBF/ KBS .lR 83· -M X 

SKBF/XBS AR 83· 44 X 

SKBPIKBS AR 84 · tl X 

SKBPIKBS AR 84-U X 

SKBF/KBS AR 84 · 11 X 

82.12.22 SKllF/XBS AR 83·22 X 

82.12.20 SKBF/KBS AR 83·22 X 

82.12.21. 82.1222 SKBF/KBS AR 83·22 X 

82.1222 SK8Flk8S AR 83·22 X 

82.12.20 SKBF/ltBS AR 83·22 X 

82.12.20 SKBF/KBS AR 83·22 X 

8 4.082? X 

83.ot.2I • 83.0S.02 SK8P/KBS AR 83·31 X 

83.03.24 • 83.08.08 SKBF/ltBS TR 83-64 X 

\0 
0 
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KAMLUNGE 
Sub-,urface (nvestigatioo, Cored Borehole : KKMl 3 

Dl r·aotloo ' 1101eo lt• 734!> 6eo 
Len1tb , 703 m Y• 1822 620 
V•rl . upth , 58227 m Z• 147.02 

DrllU.n1 

CORE LOCCI NC Lltboto11 • Praetur• 101 

Thla •e-cllon ■Qaty ... 

Ch•mlcat rock ■nalJ••• 

Practu.ra, mJn.er.t ana.l7NW · X&D 

PETROPRYSJCll 0.110lly 

CUI nmpln l llqa .. •u..scepllbtllly • R.e.ma.nence • 
llnl•ll•lt.1 • lP 

Pornlt.1 

Th•rmal pnpert,.-

CEOPHYSICAL 8orehol■ ds•lallon 
LOOCINC Nat.u.raJ 1·a.mmA1 

l.e•l• t:l•llJ <norm.al • tat.era! • •ln1 I• pol.n.U 

SP 

Temper■tun / Temp. 1r■dJ•al 

Borehole thdd r"l• tl•llJ I S.UnllJ 

IP / IP , .. 11tl •ll1 

Soolo 

Maan•tlc .-u.ac.pUblUL7 

VLP 

Radar m.euu.r•m.an.ll 

Tube..-w••• 

ROCK STRESS HydracaJlc fraotarl q 
M.BillfRBIUlJlff o .. e:rcorlq 

Lab. tab 

ll:OCI( MECHANICS Lab~ t..-b aad ._ ... un·m.eot.• 

HYDRAULIC SlaJI• bole traaa. IA). tat : 6 a, 

LOCGI.NG &JID Um 
TESTS tlO m 

! l a.al• bole ■lead1 •t.ate i.nJ~ teat : 

Pl.nom.elrlc m.N.111r•m•nla 

H l DROCH&M ISTR Y Chemical ..mpl• • Plaid m.-aunment.• 

BAnEST a--u..t 

I 
0 100 200 

' -

co 

Site 

300 400 600 eoo ? 00 800 000 
I I I I 

---

0 0 0 

-----------
- - - - - -

-----------

1--

CD Ql 

Characte ri zation 
C 
2 

Su rvey period R• porlw 
0 
T 
A 
a 

82.12.10 • 83.01.08 SK8f/ K8S AR 83·4◄ X 

SKBF/ ICBS AR 83..._. l( 

SKBf/ lCBS AR 83·21 

SK BFI XBS AR 84· 11 X 

SKBP/ KBS AR 84· ll l( 

SKBF/ 11'.SS AR 84 -ll l( 

83.01.lO SKBP/ KBS AR 83·22 X 

83.01.lO SKBF/ ICBS AR 83·22 X 

83.01.10, 83.01.U SKBFIICBS AR 83·22 X 

83.01.10 SKBPIKBS AR 83· 22 X 

l!!l:OfJ'.:Jb' o~.••·"'• SKBP/ KBS AR 83-22 X 

lr.j:llfr.:Jb' =•••••v• SXBP/KBS AR 83·22 X 

83.02.08 • 83.02.13 SKBP/XBS AR 83-31 X 

83.01 • 83.08.21 .. DHMIBij -tB g~:-,11 x 

\0 -
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KAML UNGE 
S ub-surface In vestigation, Cored Borehole : KKMl4 

Direct loo W0/IIO X• 734b 53g 
1An1lb 700 Dl Y• 1822 20e 
Verl depth 57g_22 Dl Z• 10 .59 

Drllllna 

CORE LOCCl ~C Lltholo11 · rro.c lure lo1 

Thln sectlo,;i ••nlyn• 

Chemical rock a nal7ae• 

Praclure m tn.oral analyses -XRO 

PETROPHYSICS Deo.sily 

ct5 a1.m ploal Waco ■uscoptlbtllty • Roma.nence • 
Rnistlvlly • IP 

Poroelty 

Th.u·m•l properly 

CEO PHYSICAL Bonhol• devla,tlon 
LOCGINC 

Natural 1■mma 

Realllh·lly Cnormat • lat• ral • ■ln1l• pototl 

SP 

Temperaluro / T•mp. gra.dleat 

Boreho1• Uu.ld ruleLlvllt / S&llnltf 

IP / IP r-■l•ll•lly 

Sonlc 

Me..1oeUc eu■ceptlblllLy 

VLP 

hdar meuursmenh 

Tube ·wa•• 

ROCK STRESS Hydraulic fracturl ng 
IIEASUREIIENTS Ovarcorlnc 

Lab. tub 

ROCK MECHANICS Lab. tuls and moa1uram e nl• 

HYDRAULIC Single bole trana. loJ. lHt : 5 m 
LOCGINC AND 25 m 
TESTS (696, 600, 500, 400, 300, 200, 100, 50l m 

Sloale bole •l.eady slate l n j. t.eal : 

Plezometrlc meuureme nl• 

HYDROCHBIIISTRY Chemical aample • Field mee.1ure.ments 

BATTBST Bat.tut 

I 
0 100 200 300 400 500 800 700 

---

- - - - - - -

- - - - - - - - ·-
~ - - - - - - -

---

-
--

------

Site 

800 goo 

Characterization 
C 
B 

Survey p•rlod Repor tt 
0 
T 

" D 

82 12.10 • 83.01.20 SKBF/KBS AR 89·4◄ l( 

SKBFI KBS U 83..,.. X 

SKBF/IC.89 AR 84·11 X 

SKBF/KBS AR 84- U I( 

SKBF/KBS AR 84 -ll X 

83.01.24 SKBFIKBS AR 83-22 I( 

83.01.24 SK8F/KBS U 83-22 X 

83.01.25, 83.01.28 SKBF/KBS AR 83•22 X 

83.01.28 SKBF/KBS AR 83-22 X 

8~:11&'.~l, OJ.v• ~u, SKBFIICBS AR 83-22 X 

8:1,llt.~W OJ.U4.~0, SKSP/KBS AR BS•22 X 

83.02.18 • 113.03.01 SKBP/11.8S AR 83· 31 X 

\0 
tv 
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KAMLUNGE 
Sub-surface Investigation. Cored Borehole : KKM15 

Olreotloa 120/80 X• 734~ 897 
Longtb 251 m Y• 1821 931 
Vert. d•pth 211.24 m Z• 183. 4-3 

Drllllng 

CORE LOCCINC Lltholoay · rnclure lo& 

Thin HOLion a..ndyns 

Chemical r-ock ana..lyu• 

Praclure mlnere.t a.a•lyH1 -XRD 

PETRO PHYSICS D■Cllllly 

We.9a. 1u■cepllblllty • R·emaoenee • 
Re1l1tl•lt1 • IP 

Poro■lty 

Tharme.1 prop■r-ly 

CEOP!lYSICAt. Bor•hol■ devia tion 
LOCCINC N'a.t.ural aa.mma. 

Re■l■U •lly <normal • la le rat • al net• polnll 

SP 

Temp■rat.ure I temp. 1radleul 

Borehole fluid nal■t.h·lly / Sallnlly 

IP / IP re■llt.l•ll1 

Sonlc 

Maaoellc 1u1cepllblUty 

Vlf 

Radar mea.au.remonh 

Tube-wa•e 

ROCK STRESS H1draullc freclu.rlng 
IIEASUREIIENTS 

Overcorlnc 

Lab. le.■ l11 

ROCK IIECHMIICS Lab. le■l■ and mnuuumenl■ 

HYDRAULIC Sinai• hole lran•. 11:iJ. le■t : 
LOCCIMC ANO 
TESTS 

Sinai• hole ■le&.d.7 ■late lnj lHl : 

Plezomelrlc meae uremenl• 

HYOROCHEIIISTRY Chem ic a l ■•rnpl• • Field meuuremont..■ 

BATTEST Balleal 

Site 

I 
0 100 200 300 400 500 800 ?00 800 voo 

Character i zation 
C 
£ 

Su_r•ey period Reporh 
0 
T 
A 
n 

83.01.10 • 83.01.18 SKBP/KBS AR 83--4◄ )( 

SKBF/KBS AR 83·4◄ K 

83.02..15 SKBF/KBS AR 83-Z? )( 

83.02.01 SKBP/KBS AR 83-Z? l( 

83.02.01. 83.02.02 SKBP/KBS AR 83-Z? X 

83.02..02 SKBF/KBS AR 83·22 X 

83.02.01, 83.08.28 SKBF/KBS AR 83· 2:? X 

83.02.01, 83.08,28 SKBFtKBS AR 83-Z? X 
\0 
w 
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APPENDIX B 

GENERALIZED RESULTS FROM BOREHOLE MEASUREMENTS 

Generalized results from core mapping and borehole measurements/tests in 
the cored boreholes KKM01-KKM16 are presented in Figures Bl-B4. For 
each borehole the following information is presented; rock types, location of 
fractured sections and locations of sections with increased hydraulic 
conductivity. For comparison, also intersections with interpreted fracture 
zones are shown in the figures. The generalizations have been made in the 
following way: 

Rock types 

Main rock types are shown, i.e. rocks with a width/extension along the core 
greater than I m. Quartzitic gneiss and biotite gneiss are collectively termed 
sedimentary gneiss - migmatite. 

Fracturing 

Increased fracturing is noted where the fracture frequency exceeds I 0 fr/m 
over a 10 m section of the core. 

Increased hydraulic conductivity 

Increased hydraulic conductivity is noted for borehole sections where the 
conductivity is more than 10 times higher than the average hydraulic 
conductivity for the rock mass at the depth in question (see Figure 19 in 
Chapter 6). Highly increased hydraulic conductivity is noted where the 
conductivity in the borehole section is more than 100 times higher. 
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APPENDIX C 

DESCRIPTIONS OF EACH FRACTURE ZONE 

This appendix presents brief descriptions of each interpreted fracture zone, 
Figure C 1, together with general comments regarding the reliability of the 
interpretation, according to the nomenclature by Biickblom (I 989). The 
fracture zones in the Kamlunge study site are summarized in Section 5.4. 
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ZONE 1 

Zone 1 is interpreted to strike N45E and dip vertically. It appears as a 

weakly expressed lineament in the southeastern part of the site. The results 

from the electrical geophysical surveys strongly suggests that this zone 

continues across the central part of the site. Since such a central location of 

the zone would strongly affect the lay-out of a repository it was decided to 

make a thoroughly drilling programme to investigate its existence and, if so 

the character of the zone. The existence of the zone was tested in several 

boreholes (Table C 1 ). 

Table C 1. Boreholes for investigating Zone 1. 

Cored boreholes 
KKM02 
KKM07 
KKM15 
KKM16 

Percussion boreholes 
HKM05 
HKM06 
HKMI0 
HKMll 

Interpreted location 
of Zone 1 in boreholes 

Two percussion boreholes (HKM06 and HKMI0) showed high groundwater 

inflows (3000 and 9000 1/h), while the other boreholes were dry. The 

geometrical relationship between the locations of the inflows in the two 

boreholes and the geophysically interpreted zone did not however favour the 

existence of a fracture zone. The high inflows were therefore interpreted as a 

result of water conductive horizontal sheet fractures and not as an indication 

of a fracture zone. This interpretation is strengthen by the boreholes KKM07 

and KKM02, in where no fracture zone was found at the proposed location 

of Zone 1. 

The two cored boreholes KKM15 and KKM16 were drilled in the central 

part of the site to confirm that no fracture zone exists here. Since no 

increased degree of fracturing could be observed in these boreholes, at the 

possible locations of Zone 1, the zone was dismissed from the central part of 

the site. However, due to a weak lineament in the southeastern part of the 
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site, were it has not been tested by boreholes, the existence of a fracture zone 
in this part was still regarded possible. 

Reliability: Only the southeastern part of the zone is still interpreted to exist, 
although the existence of this zone is highly uncertain. According to the 
Backblom nomenclature the reliability level of the zone in this pare is 
"possible". The dismissal of Zone 1 in the central part of the site seems 
justified (although an explanation of the geophysical anomaly is still lacking). 

ZONE2 

Zone 2 strikes N55E and dips 70° towards the northwest. The interpreted 
length of the zone is 3 km and its width is estimated to 8 m. The zone is 
well expressed on the electrical geophysical maps. The zone is also, at least 
partly, well expressed topographically. The existence of the zone was tested 
by drilling (Table C2). 

Table C2. Boreholes for investigating Zone 2. 

Cored boreholes 
KKM03 
KKM05 
KKM06 
KKM09 
KKM12 

Percussion boreholes 
HKM0I 
HKM02 

Interpreted location (m) 
of Zone 2 in boreholes 

313-337 
47-53 
86-94 

414-425 
195-210 

72 
46,83 

Two percussion boreholes penetrates the Zone 2. Both boreholes show 
relative high groundwater inflows, 3000-6000 1/h, although no clear relation 
between the groundwater inflows and the proposed location of the zone was 
found. In the five cored boreholes the zone is characterized by high fracture 
frequency at all interpreted intersections with the zone and the bedrock is 
commonly red stained and brecciated. Sections with crushed bedrock are 
common. Main fracture minerals are chlorite, calcite and iron-oxides. 
Accessory minerals are epidot, biotite, laumontite and muscovite. 
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Zone 2 crosses a well exposed area in the southwestern part of the site. 
However, in spite of this no trace of the zone was possible to observe in the 
outcrops. 

Reliability: The observation of Zone 2 in a large number of boreholes implies 
a "certain" reliability level for the zone, in spite of the absence of a 
conclusive observation of the zone in outcrops. 

ZONE3 

Zone 3 strikes N25E and dips 70° towards the northwest. The interpreted 
length is 2.9 km and its width is estimated to 5 m. The zone is only weekly 
expressed in the geophysical measurements. This also applies for its 
topographical expression. The existence of the zone was tested by drilling 
(Table C3). 

Table C3. Boreholes for investigating Zone 3. 

Cored boreholes 
KKM03 
KKM08 
KKMll 
KKM12 

Percussion borehole 
HKM14 

Interpreted location (m) 
of Zone 3 in boreholes 

441-450 
63-69 

324-335 
52-60 

34 

In the cored boreholes the zone is characterized by weathered and brecciated 
bedrock, sections of crushed bedrock and relatively thick infillings of calcite, 
chlorite and laumontite. Other common fracture minerals are iron-oxides, 
epidote and biotite. One percussion borehole was drilled into the interpreted 
location of Zone 3. The water capacity of the borehole was 1500 1/h. 

Reliability: Zone 3 is only weakly expressed geophysically and topographi­
cally at the surface. In boreholes, it is interpreted to occur as well defined 
fractured sections in four cored boreholes and, possibly, in one percussion 
borehole. The large number of boreholes makes the overall reliability level 
"certain", in spite of the its weak surface expression. 
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ZONE 4 

Zone 4 is located in the western part of the site. It is interpreted to strike 
N45W and dip 80° towards the southwest. The zone is well expressed on the 
slingram and resistivity maps, as well as on the topographical map. The 
existence of the zone was tested by drilling (Table C4). 

Table C4. Boreholes for investigating Zone 4. 

Cored borehole 
KKM03 

Interpreted location (m) 
of Zone 4 in borehole 

504-517 

Borehole KKM03 is interpreted to intersect the zone. However, this is not 
strongly supported by the borehole fracture and geophysical logs. There are 
other and more fractured sections in the borehole. No percussion borehole 
were drilled to investigate the zone. 

Reliability: The existence of Zone 4 is well indicated due to its appearance 
on geophysical and topographical maps. However, the result from borehole 
KKM03 does not conclusively confirm the dip. A reliability level of 
"possible" should therefore be assign to the existing interpretation. 

ZONES 

This zone is reported to trend N45W and dip 60° towards the northeast. It is 
located outside and bounding the central well exposed part of the site to the 
east. Geophysically, the zone is indicated on the slingram and resistivity 
maps, as well as topographically as a trend of peat bogs. The existence of the 
zone was tested by drilling (Table C5) and by four refraction seismic 
profiles. 

The result of the seismic survey was rather ambiguous with thin ( 10-15 m) 
low-velocity sections in two of the profiles, while corresponding low-velocity 
sections were not observed on the other two profiles. Furthermore, no 
fracture zone could conclusively be interpreted from the two percussion 
boreholes that were drilled to investigate the existence and the dip of the 
zone. As a final test borehole KKM04 was drilled to investigate the existence 
of Zone 5. Since no fracture zone was found in the borehole it was 
concluded that, if Zone 5 exists, it must dip 60° or less to the northeast. 
Although the Kamlunge geology report (Albino et al., 1983a) expressed 
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doubts regarding the existence of the zone, the Zone 5 was included in the 

reports. 

Reliability level: "possible". 

Table C5. Boreholes for investigating Zone 5. 

Cored borehole 
KKM04 

Percussion boreholes 
HKM07 
HKM08 

ZONE 6 

Interpreted location (m) 
of Zone 5 in boreholes 

Zone 6 is located in the northeastern part of the site and is interpreted to 

strike N45W and dip 85° towards the northeast. The length of the zone is 1.3 

km and its width is estimated to 3 m. The zone is well expressed on the 

slingram and resistivity maps, as well as on the topographical map. 

No boreholes have been drilled to intersect the zone. The geometrical 

characteristics is estimated from geophysical anomalies only. 

Reliability level: "possible". 

ZONE7 

This zone is also located in the northeastern part of the site. It is interpreted 

to strike N55E and dip 75° towards northwest. The length is 1 km and its 

width 3 m. The zone is weakly expressed on the slingram and resistivity 

maps, which also applies to the topographical map. 

No boreholes have been drilled to intersect the zone. The geometrical 

characteristics is estimated from geophysical anomalies only. 

Reliability level: "possible" (at the most). 
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ZONE Hl 

The Zone H 1 is located at about 550 m depth below the Kamlungekolen 
plateau. Its width varies between 4 and 14 m. Since the zone is only weakly 
indicated in the cores and in the geophysical logs it was not discovered until 
the hydraulic water injection tests were made. These tests showed consistent 
hydraulic conductivities of 10-s_ 10-9 m/s in all boreholes but one at a depth of 
550 m in the central part of the site. Also several geophysical borehole logs 
showed distinctive changes in salinity at that depth. The zone is interpreted to 
occur in the boreholes presented in Table C6. 

Table C6. Boreholes penterating Zone Hl. 

Cored boreholes 
KKMOI 
KKM02 
KKM13 
KKM14 

Interpreted location (m) 
of Zone H 1 in boreholes 

544-560 
676-684 
669-674 
667-673 

In two boreholes, KKM0I and KKM13, the zone is fractured and reddened 
through alteration and precipitation of hematite. Chlorite formed after 
hematite is also present. In the other boreholes, KKM02 and KKM14, only 
an increased fracture frequency is apparent at this level. The lateral extent of 
this zone has not been established, but it is not found in KKM12, for 
example. 

Reliability: The existence of fractured and water conductive sections in four 
out of five boreholes at the same depth in the central part of the site is a 
strong indication for the existence of Zone HI. However, before the existence 
of Zone HI can be regarded "certain" the hydraulic connectivity between the 
boreholes should be proved. Thus the reliability level is "probable". 
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