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ABSTRACT

The present study is a pilot study on the possibility to
predict the hydraulic conductivity and conductive fracture
frequency in boreholes in crystalline rock using multivariate
data analysis. The data set used was very extensive and
included data from core mapping, fracture fi11ings, geophysical
logs, tubewave measurements and hydraulic tests from five deep
boreholes at the Klipperds study site. In the study,
multivariate data analysis proved to be a powerful technique to
systematically analyze an extensive data material and to study
different correlation structures within the data set. With the
models derived, about 80-90 % of the variation of hydraulic
conductivity of an input data set (consisting of 233
conductivity values in 1 m-sections) could be explained by
utilizing 35-45 % of the total information contained in the
data set. The hydraulic conductivity of about 4500 one meter
sections was predicted. The predicted transmissivity was
generally in good agreement with measured transmissivity values
in 20 m-sections. The predicted values in 1 m-sections provided
a more detailed picture of the hydraulic conductivity
distribution along the boreholes. The predicted conductivities
were found to be very unevenly distributed. The highest values
generally occur in borehole intervals with altered and deformed
rock with increased fracture density.

The predicted conductive fracture frequency (CFF) was also
unevenly distributed. Fissure fillings, in particular iron
minerals, are regarded as useful information in predicting the
CFF. The predicted average CFF of the rock mass varied between
0.17 and 0.25 (conductive) fractures per meter. This
corresponds to an average fracture spacing of about 4-6 m. The
frequency of subhorizontal fractures in granite generally
correlates best to the hydraulic conductivity. The study also
showed that both the geological and hydrogeological properties
of different rock types may vary considerably within a site.
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1. INTRODUCTION

The present work comprises a pilot study of the use of
multivariate data analysis as a means to predict the hydraulic
conductivity and conductive fracture frequency in detailed
borehole sections. The work has been carried out by the Swedish
Geological Company (SGAB) at the request of the Swedish Nuclear
Fuel and Waste Management (SKB).

Data from the Klipperds study site were selected for the
multivariate data analysis. From this site a comprehensive data
material is available including core mapping, analysis of
fissure fillings, geophysical logging, hydraulic testing and
borehole radar measurements.

Before this study commenced, manual correlations of core data,
geophysical logs and hydraulic test results from boreholes
KKLO1 and KKLO2 were performed. The preliminary study indicated
a good correlation between subhorizontal fracture clusters in
granite and hydraulic conductivity and also between
simultaneous anomalies of low sonic velocity and low (single-
point) resistivity and hydraulic conductivity. Finally, the
study showed that greenstones in boreholes KKLOl and KKLO2
generally had a hydraulic conductivity below the measurement
Timit.

The main objectives of this study were to check the results of
the preliminary investigations, to test the potential use of
multivariate data analysis and to establish computerized
techniques to be used in data analysis. The capability of such
models to predict certain hydraulic parameters in the borehole
by combining several data sets was also to be investigated. The
deep boreholes KKLO1, KKLO2, KKLO6, KKLO9, KKL12 and KKL14 were
selected for the pilot study.

Rather few studies concerning prediction of the hydraulic
conductivity, other than from hydraulic tests, exist in the
literature. Davison et al (1982) described investigations of



acoustic waveforms from geophysical logs to estimate the
permeability of fractures in crystalline rock at the WNRE site
in Canada. A few reports dealing with the correlation of
hydraulic conductivity and tubewave parameters are also
presented in the Titerature, e.g. Beydoun et al, Stenberg and
Olsson (1985) and Stenberg (1987a).

Magnusson and Duran (1984) made a comparative study of
different geological, hydrological and geophysical borehole
investigations. One of the results of the study was that the
flow of water is primarily channelled in a few discrete
fractures in the rock, while most of the coated fractures
mapped have very low hydraulic conductivity or below the
measurement 1imit. A similar study was carried out by Poikonen
(1983).

The determination of permeability of crystalline rocks by
standard geophysical logs has been investigated by Katsube and
Hume (1987). An empirial relationship between the
transmissivity obtained from hydraulic tests and the ratio of
formation factors derived from the focused-electrode log and
the gamma-gamma (density) log was used to identify borehole
intervals of potentially high hydraulic conductivity in
granitic rock.

Mc Ewen et al (1985) compared potential flow zones predicted
from neutron and gamma-gamma logging with those measured by
temperature/conductivity logging and their relation to the
fracturing and hydraulic conductivity of the rock.

Within the last few years attempts have been made to estimate
the conductive portion of the total number of fractures mapped
in a borehole or an underground opening in the rock. This may
either be carried out indirectly by statistical methods
(Carlsson et al 1984, Andersson et al 1988b) or directly by
using actual fracture properties (Winberg and Carlsson, 1987).
The statistical methods are generally based on the assumptions
of statistical independence of fractures and statistically

homogeneous rock.



2. GEOLOGICAL OVERVIEW OF THE KLIPPERAS STUDY SITE
2.1 Rock types and fracture zones

The geological and tectonic description of the Klipperds area
is presented by Olkiewicz and Stejskal (1986). The overall
distribution of rock types in the boreholes within the
K1ipperds study site according to the core mapping (Egerth,
1986) is summarized in Table 2.1.

Table 2.1 Rock type distribution at the Klipperds study site.

Rock type Percentage
Granite 85
Greenstone 7
Porphyry dykes 5.5
Mafic dykes, dolerite 1.4
basalt 0.1
Aplite 1
Total 100

The most dominating rock types is granite. This is normally
grey-red, coarse to medium grained. A few thin dykes of aplite
and pegmatites may occur within the granite.

Several porphyry dykes of acidic to intermediate composition
occur within the area. According to the geological model the
strike and dip of the porphyrys is WNW-ESE and 75-90° S,
respectively. Different types of porphyry dykes occur with
different petrophysical properties.

Greenstones are most frequently observed at the margins of the
porphyrys with strike and dip directions parallel to the
porphyry dykes.



The dolerite dykes strike in NNE-SSW and dip steeply to the
east (65-900) while other mafic dykes strike in N-S direction
and dip steeply to the west (80-900).

Deformed rock intervals consisting of tectonized rock, breccias
and mylonites occur rather frequently in the boreholes.
Alteration occurs within the deformed intervals or in discrete
zones in the undeformed granite. According to Sehlstedt and
Stenberg (1986) several types of alteration have been observed;
chloritization, red colouring of the rock mass and along
fractures, hematite stained fracture surfaces and fractures
coated with e.g. hydrate iron-oxides.

The Tocation of the fracture zones and mafic dykes penetrated
by the boreholes used in this study together with the borehole
Tocations and their direction is shown in Fig 2.1.1. Geometric
data of the fracture zones penetrated by the boreholes
investigated in this study are presented in Table 2.2.
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Table 2.2 Geometric data of selected fracture zones at
K1ipperés.

Zone Borehole  Zone Strike/dip True
no interval width
1 KKLO9 615-665 m N30E/900 29 m
2 KKLO9 120-160 m N30E/90° 22 m
2 KKL12 595-630 m N15E/850E 13 m
4 KKL14 368-410 m N85E/80° 27 m
6 KKL12 70- 88 m N75W/750S 12.5
7 KKL12 288-306 m N65E/800S 13.5
8 KKL12 312-347 m N85W/90° 28 m
9 KKL12 362-384 m N6OE/750S 17.5
10 KKLO1 280-310 m NA5E/850NW 10.5
H1 KKLO2 792-804 m Sub-Horizontal 12 m
2.2 Borehole descriptions

Summaries regarding geometrical data, rock types, fracture
frequency and fracture zones for each borehole studied in this
report are presented in the Tables B.1 - B.12 and Figures B.1 -
B.6 in Appendix B. All information is derived from Olkiewicz
and Stejskal (1986), in which report more detailed borehole
descriptions can be found.

A detailed discussion of specific borehole intervals is
included in Section 6.2 in connection to the predicted
hydraulic conductivity distribution in the boreholes.



2.3 Fissure filling minerals

The fissure fillings within the Klipperds study site have been
investigated by Tullborg (1986). A short summary of the most
important findings in this report are presented below. Indi-
cations of oxidation within fractures and fracture zones
suggest an intense circulation of the groundwater within the
Klipperds area. Several fracture zones have been reactivated.
It is also suspected that relatively late movements have
occured and caused crushing of the rock.

Fracture zones in conjunction with mafic dykes exhibit lower
hydraulic conductivity due to fracture sealing by chlorite,
clay minerals and calcite. Fracture minerals identified within
the Klipperds area are chlorite, epidote, hematite, Fe-
oxyhydroxide, calcite, muscovite, quartz, adularia, pyrite and
smectite within mafic dykes. The most dominating Fe~-mineral at
Klipperds is Fe-oxyhydroxide (rust).

The surface water has affected the uppermost part of the
bedrock which has resulted in calcite dissolution and precipit-
ation of Fe-oxyhydroxide. Calcite dissolution is more intense
close to the fracture zones and less intense within the blocks.
Within fracture zones Fe-oxyhydroxides can be found at great
depths. A study of the deformation and fissure filling history
in the granite at Klipperds showed that during the last traced
event, probably still active, formation of low-temperature
minerals as calcite, clay minerals and Fe-oxyhydroxide occured
(Tullborg, 1986).

In conjunction with the above study a preliminary assessment of
possible relations between fissure minerals and the hydraulic
conductivity in the Klipperds area was carried out by Tullborg
(1987). In this study it was concluded that Fe-oxyhydroxide
(rust) in most cases is related to conductive zones. From
boreholes where Fe and hematite are mapped separately it could
be deduced that sections containing rust almost always had a
measurable hydraulic conductivity whereas hematite not



necessarily corresponds to conductive sections. Pyrite is
uncommon in conductive sections (may possibly occur at greater
depths).

Regarding calcite the pattern is more changing. In the upper
parts of the boreholes the calcite is dissolved in conductive
sections to be precipitated in deeper conductive sections. This
gives a negative correlation between hydraulic conductivity and
frequency of calcite coated fractures in the upper parts of the
bedrock (from the surface down to 200 - 300 m) while at greater
depths a positive correlation exists.

Chlorite seems to be the dominating mineral in non-conductive
sections. An increased frequency of chlorite fractures has been
observed in vertical fractures, e.g. K1 1. Epidote shows an
increased frequency in steep fractures. Calcite is more common
in horizontal fractures.

The fissure mineralizations in the greenstones + mafic rock and
in the porphyrys differ from the mineralizations in granite.
The basic rocks are entirely dominated by calcite and chlorite-
healed fissures. Presumably also some clay minerals occur,
effectively healing the basic rocks. The volcanic rocks have an
increased frequency of pyrite-healed fissures. Epidote and
hematite appear to be more uncommon than in the granite.



3. MULTIVARIATE DATA ANALYSIS

The starting point in all multivariate data analysis is a data
matrix measured for N objects and K variables. In this study
the objects correspond to 1 m-borehole sections and the
variables constitute various parameters measured on cores,

from geophysical logs and from hydraulic tests in the borehole
sections. The objective of collecting these data is to evaluate
a certain problem or to create a model of the features in a
certain system.

Usually the system is complicated and several different
features interact. In addition there may be a random component
added to some variables as well as measurement errors which
also vary in character between different variables and objects
depending on the feature of the object.

In a data matrix there may also be objects that systematically
or randomly differ from the main trends in the system. These
are called outliers. Special care must be attended to the
outliers, otherwise they will influence on the data evaluation
too much. In most problems analysed, there exists a relation
between the variables that are measured. This effect should of
course be used to build the models of the data.

From theory and from our knowledge and experience we recognize
a certain correlation of several variables as a certain
feature. If some objects in the data matrix reveal this
correlation we can be convinced that the object have this
special feature. To just examine one variable at the time, it
will be difficult or impossible to indicate the special feature
of the object, see e.g. Wold et al (1983, 1987) and Wold
(1985).

To evaluate the information in a data matrix it is important to
understand and to have the knowledge of the system that is to
be evaluated, the knowledge of the software to be used as well
as a data analytical strategy to apply on the data analysis.
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Multivariate modelling has been used extensively in several
research fields, e.g. for mineral prospecting (Lindgqvist and
Lundholm, 1985), geochemical and geophysical exploration
(Esbensen et al, 1987 and Lindqvist et al, 1987) and in
predicting permeability and porosity from petrophysical logs
(Esbensen and Martens, 1987).

The SIMCA software has been used in this study to evaluate and
to model the features existing in the data matrix. Since the
variables are for certain correlated, the multivariate approach
to data analysis will give more information than using single
variable evaluation of the data matrix.

For the data modelling there are two algorithms available in
the SIMCA software. One for Principal Component Analysis (PCA)
and one for Partial Least Squares regression analysis (PLS).
These two algorithms are used for different objectives.

3.1 Principal Component Analysis

In general, the goals for the multivariate data analysis using
the PCA method are the simplification of a data table,

creating models, noise reduction, outlier detection, variable
and object selection and correlation evaluation, classification

and prediction.

Figure 3.1.1 shows an example where some objects indicated with
black dots have been measured for three different variables.
Depending on different features of the objects, they will of
course be located in different places along these variables and
in the three dimensional space.
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Var3

vari

var2

Fig 3.1.1 Calculating the first principal component (PCl)
from three variables. Outliers are outside the
confidence volume.

The idea of the PCA analysis is to find a direction in the data
space that will indicate typical features. These features are
indicated by a high variation in one direction or another. It
is then a geometrical problem to find these directions in the
data space. In most cases this direction will not coincide with
any single variable. In Fig 3.1.1, the first principal
component is indicated with PCl.

The second variable show a high correlation with the first
component, the main direction along the elongated volume
surrounding the objects. Since the second variable is closely
correlated with the first component, it is interpreted as an
important variable for the data structure expressed by the

first component.

The location of each object along this feature, the first
principal component, is expressed as a numerical value,
usually ranging between +/- 3 since it is expressed as a
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standard deviation of the objects along the axis. This value is
called the object score.

The next step in a PCA analysis is to find the second most
important direction in the data space. This direction will be
perpendicular to the first PC and it will indicate the second
most important feature. These two first PC”s can be seen as
two vectors spanning up a feature plane as in Fig 3.1.2. On
this plane all the objects can be projected.

Var 3

é(//////////////////-§\§\\‘\\\\§““‘9 var 1
var2

Fig 3.1.2 A feature plane defined by the first two principal
components. The object residuals to the plane are

also indicated.

The residual of each object to the plane surface can be
explained as the object deviation from the two most important
features. This residual could be interpreted in this example
as a random noise component since it has a small and random
variation. The residual variance, the noise, can then be
excluded by using a two component model for the objects.
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Using more variables than three will not be any problem for the
SIMCA software. In fact, the program available at SGAB can
handle up to 200 variables and 6000 samples with no problem.
The program can also calculate as many principal components as
the number of variables.

Having accepted that data will just be transformed to a new
coordinate system in a geometrical manner, outlined by the data
itself, the understanding of the transformation from the
original variables to the principal components will not be
difficult. By projecting the original variables along the
components or the component planes, the data features are
easily understood and expressed by the original variables.

In the data analysis, the first component will show the most
obvious information in the data matrix. Components that come up
later indicate successively less important features in the data
matrix but they may be important for the solution of the
problem or the data analytical strategy. It is the person
having the knowledge of the problem that must decide the
importance of the components.

If the components that are extracted shall indicate a main
feature in the data, they must not be influenced by a few
outlying samples. In this case, if outliers exist as in Figure
3.1.1, these must be excluded while running the PCA analysis.
Otherwise the components can go in directions that are strongly
influenced by single objects and they will not represent a
dominating feature in the data matrix but rather the feature of

an outlying object.

By running the data through the PC-analysis for several times,
single variable outliers as well as multivariable outliers can
be extracted from the data modelling. Having extracted all
outliers, the resulting models will be robust and will not
change significantly if some samples are excluded or included.
This is a strong feature of the multivariate modelling

approach.
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To a model defined by one or several principal components also
a confidence volume is calculated. In one dimension the
confidence volume is a cylinder like neighbourhood as in Fig
3.1.1, in two dimension the confidence volume is a box and so
on. The confidence volume is expressed in standard deviations
giving approximately 95 percent of the objects inside of 2
standard deviations.

3.2 PLS modelling

In many data analytical problems some objects have been
measured or analysed for two different kinds of variables. The
important objective may be to evaluate or model the relation
between these two groups of variables.

Examples of such problems are e.g. measurements of a patients
health and drugs used, chemical analysis of food and taste of
the food, geophysical loggings of the bedrock and
corresponding hydraulic conductivity, geophysical logging of
the bedrock and the relation to borehole radar intensity.

The difference between the two blocks are how the measurements
are made or that they represent different features covering the
same problem. In the PLS analysis the variables are devided
into an X-block with the independent variables and the Y-block
with the corresponding dependent variables.

The PLS method can be used in two different ways. Firstly,
similar to the PCA method to evaluate the relation between
different variables and objects. The advantage of using the PLS
method instead of the PCA method is that the data structure

for the Y-block is emphasized and the relation between the two

blocks is obtained.

The second objective of the PLS method is to create a mode
between the two groups of variables, using a training set
containing measurements on both the X and Y variables. After a
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model is calculated between the two blocks, the Y-variables can
be estimated based on new X variables. This kind of data
analytical procedure is preferred when measurements of the Y
variables are expensive or difficult.

If a model between X and Y can be obtained with a high degree
of correspondence, the model can estimate the Y values from the
X measurements with a high degree of accuracy as well. The PLS
program also indicates if the object is within the training set
model based on the X variables. If the object is far outside of
the model the estimated value of y is not reliable.

The modelling procedure can be explained as in Fig 3.1.3. The
basic procedure is to calculate one principal component in each
block at the same time. Then the object location along the axis
in the X and Y-blocks are used to connect the two models with a
least square regression technique. The principal components are
adjusted iteratively to achive components in each block that
are adjusted by the the principal component scores from the
other block through the regression technique.

The model is build up gradually, one factor at the time, each
factor representing a new feature and as much as possible of
the remaining variation in the data using the PLS method the
outlier detection and deletion is as important as for the PCA
method.

In PLS modelling as well as for ordinary PCA classification, a
distance of each object to the model is calculated that can be
compared with the size of the confidence volume. Hence,
outliers with a large distance to the model can be pinpointed
and should be evaluated carefully. This feature of the SIMCA
classification is an advantage, since new objects coming from
other investigations can be compared with the model. If the
objects are inside the confidence volume the objects are
similar to the objects that have been used to create the model
and the resulting interpretation of the new objects are

comparable.
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Fig 3.1.3 The PLS method applied on three X and three Y
variables. The regression technique applied on the
principal component scores are used to connect the
two variable spaces.
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3.3 Data analytical strategy

In the data analysis it is important to define a data
analytical strategy. The most important issue is to define what
shall be achieved by the data analytical procedure. The
selection of objects, variables and type of treatment must be
defined depending on the type of problem. The data analytical
strategy must then be specially designed for every situation.

Our objectives are to create a model from different variables
measured in the borehole, obtained from cores or from
geophysical logs, to predict the hydraulic conductivity (HC)
for one meter sections along the entire boreholes. Using the
predicted one-meter hydraulic conductivity, called HP, the
conductive fracture frequency should also be estimated. For the
prediction of the HP-variable, a set of estimated HC-values was
used as one Y block variable and the other variables were used
in the X- block. The data analytical strategy of the first
objective was decided to be:

- present and evaluate the correlation structure between
objects and variables by using the PLS method,

- delete outlying objects by evaluating the principal component
score plots for the objects,

- delete variables that are not relevant for the problem,

- interpretation of the principal components to understand the
features they represent,

- obtain acceptable models for each borehole,

- predict hydraulic conductivity for one meter sections along
the entire boreholes.

The second objective was to use the predicted hydraulic
conductivity (HP) as a new variable and then try to model the
conductive fracture frequency. This objective is difficult to
achieve since there does not exist any variable that, with a
high degree of confidence, can indicate this feature. As a
first approximation, the best indicator of the conductive
fracture frequency available was assumed to be the frequency of
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fractures with the mineral Fe. This variable together with the
predicted hydraulic conductivity (HP) was used in the Y block
and the remaining variables in the X-block.

The data analytical strategy of the second objective was
decided to be:

- evaluate the correlation structure,

- delete outlying objects,

- select variables that are relevant for the problem,
- interpretation of the component models,

- obtain a model between the X~ and Y- block,

- estimate the conductive fracture frequency.
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4, AVAILABLE DATA AND PREPARATION OF DATA FILES
4.1 General

To solve the objectives of the project the selection of
variables could be guided on a theoretical basis. Since SIMCA
is not sensitive to too many variables and the fact that the
program can indicate the importance of each variable to a
specific model, all variables that are available from the
boreholes were initially used in the analysis.

Unfortunately, the data are recorded with different methods
that give different support, some from different types of
borehole logging, some from the core itself and some from the
borehole fluid. Therefore different methods must be used to
transform data to an equal support and a comparable unit.

In this case one meter sections was suggested for the
transformation of each variable. This section length was not
scientifically selected but rather defined from experince of
the depth accuracy of the variables. To use a shorter section
length than one meter might cause problems for several
variables since the accuracy of the depth measurements varies
for different methods. A short discrepancy between two methods
may cause that the variables will not correlate as they
should. Using a longer section length would smooth the
variables too much, also causing a change in the correlation
structure.

In preparing the data files large efforts were made to minimize
potential errors in the depth recording of the variables by
correcting the data for any cable stretching and using a common
reference level for all measurements.
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Variables of interest are from the following investigations:

- borehole logging

- fracture frequency mapping from the core

- fracture mineral mapping from the core

- rocktype coding

- borehole deviation measurements

- isotope analysis of fissure filling calcite

- physical properties determined from core analysis
- tubewave parameters

- hydraulic conductivity.

Most data are collected and used in this study as they are
recorded but for the fracture frequency the coding is
separated into six classes depending on the angle between the
fracture and the core axis. The original coding is also
separated into three classes, single fractures, fracture
clustersand fractures in crush zones. The fracture frequency
coding results in totally 16 variables. The variables and the
code names used in this report as well as in the SIMCA plots
are listed in Table 4.1.
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Table 4.1 Variables used in the multivariate data analysis
from Klipperds.
Borehole KKLO1 02 06 09 12 14
Borehole logs
1 GA = Gamma X X X X X X
2 GE = Geohm (single-point res) X X X X X X
3 LR = Lateral resistivity X X X X X X
4 NR = Normal resistivity X X X X X X
5 S0 = Sonic X X X X X X
6 SP = Self potential X X X X X X
7 SU = Susceptibility X X X X X X
8 QT = Fluid temperature X X X X X X
9 QG = Vertical temp. gradient X X X X X X
10 QR = Fluid resistivity X X X X X X
11 QS = Fluid salinity X X X X X X
Fracture frequency
12 FO = Fracture clusters (0-15°) x x x x Xx X
13 SO = Single fractures (0-150) x x x x X X
14 F1 = Fracture clusters (16-300) x x x x Xx X
15 S1 = Single fractures (16-300) x x x x X X
16 F3 = Fracture (31-450) x x x X X X
17 S3 = Single fractures (31-450) x x x x X X
18 F4 = Fracture cluster (46-600) x x x Xx Xx X
19 S4 = Single fractures (46-600) x x Xx X X X
20 F6 = Fracture clusters (61-750) x x x x X X
21 S$6 = Single fractures (61-750) x x x x X X
22 F7 = Fracture clusters (76-900) x x x x x X
23 S7 = Single fractures (76-900) x x x x X X
24 F9 = Fracture cluster (0-900) x x x x X X
25 S9 = Single fractures (0-909) x x x x X X
26 C9 = Crush zones (0-900) x x x x X X
27 FS = Total fracture freq(0-90°0) x x x x x X
Fissure filling minerals
28 Ca = Calcite X X X X X X
29 Fe = Fe-oxide X X X X X X
30 Hm = Hematite m m m m m m
31 Py = Pyrite X X X X X X
32 Ep = Epidote X X X X X X
33 C1 = Chlorite X X X X x X
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Table 4.1 (continued)

Rock types

34 gr = granite (PSE) x x X X X X
35 ge = greenstone (MMB) x x Xx X X X
36 pp = plagiclase porphyry (HSG) x x x X X X
37 qp = quartz porphyry (HSF) x x x x X X
38 qd = quartz dyke (HSE) x x x x x X
39 ap = aplite (HSC) x x x X X X
40 pe = pegmatite (HSB) x x x X X X
41 do = dolerite (HBB) x x X X X X
42 av = acid vulcanics (VS) X X X X X X
43 ZZ = Vertial depth X X X X X X
Isotopes

44 IC = Isotope R-13-C X X X m m X
45 10 = Isotope R-18-0 X X X m m X

Core parameters

46 De = Density m X m x m m
47 Po = Porosity m X m X m m

48 Su = Susceptibility m X m x m m

49 Qv = Q-value m X m X m m

50 Re = Remanense m x m X m m

51 Rs = Resistivity m X m x m m

52 Ip = Ip m X m x m m
Tube wave

53 TP = Tubewave (T+P) m X m m m m

K4 TE = Tubewave, estim. P-wave m X m m m m

55 TR = Tubewave, ratio (T+P)/TE m X m m m m
Hydraulic conductivity

56 HC = Hydraulic conductivity X X X X X X

57 HP = Predicted hydr. cond. X X X X X X

x = The variable is present in the entire borehole or in parts

of the hole.

The variable is missing.

3
"
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4.2 Description of variables used

A11 borehole log methods presented by Sehlstedt and Stenberg
(1986) are used in this study (variables 1-11). They can be
divided into logs sensitive to the lithology (GA, GE, SU),
fracture occurrency (GE, NR, LR, SO, SP) and hydraulically
sensitive logs (QG, QT, QS, QR).

The total frequency of coated fractures was firstly divided
into single fractures, fractures in fracture clusters and
fractures in crush zones (variables 12-27) according to the
core mapping (Egerth, 1986). A fracture cluster is here defined
as core intervals intersected by 10 (coated) fractures or more
per meter of the core. Crush zones are treated as core
intervals having 50 fractures per meter in the analysis.
Fracture frequencies in fracture clusters and crush zones
overlapping the actual 1 m section limits are calculated in
proportion to their occurence in the sections.

Secondly, the different fracture frequencies are divided in
angle intervals (150). By this calculation the frequencies of
both parallel and crossing fractures are summed together. The
division in angle intervals was made to study the correlation
between different angle intervals and other variables, e.qg.
hydraulic conductivity. Also the total fracture frequency in
each angle interval for each class (S9, F9, C9) and the total
fracture frequency (FS) have been calculated.

The (total) frequencies of fractures coated with specific
minerals according to the core mapping are also used (variables
28-33). The iron minerals Fe-oxyhydroxide (Fe) and hematite
(Hm) are mapped separately in the boreholes KKLO6, 09, 12 and
14, However, since different codes for hematite were used in
the core mapping, this mineral has been omitted in the present
study. In the boreholes KKLO1 and KKLO2, Fe-oxyhydroxide and
hematite are not separated but mapped together as "Fe". In the
other boreholes studied (KKLO6, 09, 12 and 14) the code "Fe"
represents Fe-oxyhydroxide only.
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The rock type variables (34-42) are derived from the original
core mapping file. The designations within brackets in Table
4.1 are the ones used in the presentation of the core mapping
by Egerth (1986). It should be noted that both types of
porphyrys occurring in the boreholes are denoted as acid
vulcanics in the core mapping file.

The depth variable (variable 43) represents the vertical depth
calculated according to the borehole deviation logs.

Stable isotope analysis of §180 and §13C on calcite samples
from open fractures are also included (variables 44-45). These
variables were only used in the initital modelling.

Parameters determined from analysis of borehole cores from
boreholes KKLO2 and 09 (variables 46-52) presented by Stenberg
(1986) were also used in the initial modelling only. The
tubewave parameters are described in section 4.4.

Finally, hydraulic conductivity values measured in 20 m (25 m
in KKLO1) and 5 m sections presented by Gentzschein (1986) were
used to estimate the hydraulic conductivity of selected 1 m
sections as described in section 5.1.2 (variable 56). The lower
measurement 1imit for these tests corresponds to a
transmissivity of T = 2 x 10-10 m2/s.

4.3 Creating l-meter sections

To be able to statistically correlate and integrate different
kinds of variables in the borehole the initial variables must
be transformed to an equal section length. In our case the
section length was selected to be one meter. Since the data are
measured with several methods each having a different support
in the surrounding rock, different kinds of methods are used
for the representation of the variables in one meter sections.
Five different methods are used:
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- Averaging the measured values if there are several measured
values within the section. Usually this method is convinient
when the method used has a small support giving a highly
varying value within the one meter section. This method is used
for e.g. the gamma-log which has one recording on each 10
centimeter.

- Linear interpolation between surrounding samples. This
method is used for variables that have a high support and the
separation between measurement location is higher than one
meter. This type is used for e.g. the borehole fluid salinity
variable which has a 5 meter separation as well as for the
temperature which has a slightly higher separation than one
meter due to the depth correction for the stretching of the
logging cable.

- The third type is to set the section value to the value from
a single point measurement within the section, eventhough the
measurement represents a value from a single fracture, fissure
or similar. This type is used for e.g. the isotope
measurements and the parameters from the core analysis.

- The fourth type is to set a missing value code to the
section if the above methods can not be used to assign a value
to the section. This is the case for the isotope analyses
which have discrete values from single points in a few
sections in the borehole.

- Binary coding is used to indicate if a section is similar or
not to a specific variable. E.g. each rocktype is set to one
single variable and coded by using 1 if the section contains
the rocktype and 0 for dissimilarity.

This way of transforming the original data to a similar
section length is necessary but it will also intruduce a
smoothing effect and partially a fictive correlation.

Since SIMCA is used as a tool to separate the information in
each single value into two parts, existing correlation and the
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random noise variation part, the smoothing effect is partially
handled by the SIMCA method.

There are also other effects that must be considered i.e. the
tension of the logging cable that increases with the depth and
is different for different methods. The fact that different
methods are related to the ground level while some are related
to the top of the casing for the borehole must also be
treated.

For some sections, e.g. for the rocktype coding, the interface
between different rock types is often located within one
section. In this case the dominating rock type will be assigned
to the section. In some cases a very thin dyke, completely
within one section, may disappear. This kind of smoothing may
cause that other variables will not correlate as they should.
These sections may come out as outliers in the SIMCA analysis.

The depth of the midpoint of the first section used is set to
1.5 meter for all boreholes and all variables. The geophysical
logging variables are used as the variable controlling the
modelled interval of each borehole. For the other variables a
missing value code is used to fill up the entire borehole

lengths.

Table 4.2 Borehole intervals used in the analysis and total
length of the boreholes.

Borehole Interval (m) Total length
(midpoints) (m)
KKLO1 1.5 - 531.5 563.95
KKLO2 1.5 - 921.5 958.60
KKL.06 1.5 - 796.5 808.00
KKLO9 1.5 - 792.5 801.03
KKL12 1.6 - 721.5 730.14

KKL14 1.5 - 694.5 705.22
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Averaging within the section is used for the following
variables:

0.1 meter measurements --- GA, GE, SO, SP,SU
LR, NR (for KL6, 9, 12, 14)

Linear interpolation is used for

1.0 meter measurements --- QT, QG
LR, NR (for KL1, 2)

5.0 meter measurements --- QR, QS

Setting value to the section from a measurement within the
section. For the geophysical variables where the measurements
are located at the 1imit between two sections, the value is
assigned to both neighbouring sections. This method is used for

the following variables:

SO - S9, FO - F9, C9, FS, Ca, Fe, Hm, Py, Ep, ci, 2z, I1C, 10,
De, Po, Su, Qv, Re, Rs, Ip.

Binary coding is used for the rocktypes

gr, ge, pp, qp, qd, ap, pe, do.

Linear interpolation is used for the T+P-value and the TE-
value from the tubewave measurements. The ratio (T+P)/TE is
equal to the TR value for one meter sections, see section 4.4.
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4.4 Tubewave measurements

The variable easily retrived from the tubewave measurements by
a graphical procedure using the EBBA image analysis system is
the sum (T+P) of the tube wave amplitude, T, and the
compressional wave amplitude, P. A method must then be designed
that can give the ratio between the two waves (T/P). From this
ratio and the tubewave frequency, Beydon et al (Stenberg and
Olsson, 1985) claim that it is possible to calculate the
permeability of the fractures. The tubewave measurements in
KKLO2 are presented by Stenberg (1984). The tubewave ratio can
be calculated using two different methods:

- Deleting high values and calculate a moving average to
represent the P-value of the background.

- Selecting discrete values along the borehole to represent the
local background of the P-value.

Using the obtained P-value the linear interpolation procedure
is used to get the one meter section background P-values. The
T+P-value is also transformed to one meter sections by linear
interpolation. Using these two values, the ratio can be
calculated for each one meter section. The ratio can now be
used as a potential indicator of the hydraulic conductivity.
The two methods are described below.

Method 1

The P-value can be estimated as a moving average of the T+P
value over e.g 10 to 15 meters after deleting the high T+P
values. The moving average estimate of the P-wave is named TE.
The ratio (T+P)/TE can then be used to study the correlation
with the hydraulic conductivity. The analysis procedure used

is:

- store the tubewave image of the velocity in m/s in the EBBA

image analysis system.
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- manually set the location as a trench line of the first T-
wave along the borehole.

- retrieve the amplitude by plotting this trench giving the
(T+P)-value. Depending on difficulties in locating the trench
Tine some values may be negative, indicating that the maximal
values of the wave have not been located exactly. These
negative values must be deleted before further analysis.

- smoothing the (T+P)-value by an neighbouring averaging
procedure to estimate the background value of the P-wave
called TE.

- calculate the ratio (T+P)/TE.

Method 2

The same procedure is used as above to obtain the T+P-value.
The P-values are selected manually along the hole to get a
value that represent the local background. These values are
used to calculate the one meter section background P-value by a
Tinear interpolation procedure. The ratio is calculated using
the procedure described above.

In this study the second method was used. It is fast and gives
a rough indication of the possibility to obtain a tubewave
variable possibly correlating to hydraulic conductivity. In the
SIMCA analysis all three variables were used, the T+P-value
named TP, the estimation of the background P-wave, named TE,
and the ratio (T+P)/TE named TR.

4.5 Reference levels used
For the depth recording different reference levels are used

for different methods and also for different boreholes. In the
SIMCA analysis it is important that all variables in each
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borehole are measured from the same location in the borehole.
Therefore the depth recording must be adjusted for some of the
variables. Since the most tedious variable to adjust are the
core logging variables, all other variables in each borehole
are adjusted to the same reference level as for these
variables.

To be able to correlate the results from this study to other
studies and measurements, the reference levels used in the
different boreholes and the constants added to the depths
recorded are shown in Table 4.3. The information of the
reference levels used is taken from Persson (1986).

Table 4.3 Reference levels used and corrections applied for
the different boreholes.

Borehole Variable 1-11 12-52 53-55 Casing top
above ground

(m)

KKLO 1 ground ground - 0.65
KKLO 2 ground ground  ground 0.35
KKLO 6 ground ground - 0.40
KKLO 9 0.20 casing - 0.20
KKLO12 0.40 casing - 0.40

KKLO14 0.30 casing - 0.30
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5. MULTIVARIATE ANALYSIS OF DATA FROM KLIPPERAS
5.1 Hydraulic conductivity models
5.1.1 Initial PCA-analysis

Initially, the intention was to establish a comprehensive model
which could be used to predict the hydraulic conductivity
distribution along all boreholes selected. The basic objectives
of the initial modelling were firstly, to obtain an overview of
the entire data material and secondly, to test if the tubewave
ratio (TR) possibly would be a useful variable in predicting
hydraulic conductivity. The tubewave ratio has previously been
used to estimate the hydraulic conductivity in selected
borehole sections by e.g. Beydon et al (Stenberg and Olsson,
1985) and Stenberg (1987a). This was done by a manual
procedure. In this study the tubewave data were processed by
using the EBBA image analysis system to obtain a value of the
tubewave ratio (TR) in 1 m-sections, see Section 4.4.

In the initial PCA-analysis all variables listed in Table 4.1,
except hydraulic conductivity (since this variable only exists
from 20 m-sections), were used. In the initial runs the
significance of the correlation between the tubewave ratio
(TR) and the hydraulic conductivity could not be unambiguously
established. Additional runs were then made with the PLS-method
in order to study the TR-variable separately and look for any
strong (and consistent) correlation between this variable and
estimated hydraulic conductivity values in 1 m sections
(obtained from the hydraulic tests in 20 m-sections and the
core mapping). It seems that although high tubewave ratios are
correlated to high-conductive sections they sometimes also
correlate to non-conductive sections. The correlation between
the tubewave measurements and hydraulic conductivity was
considered as ambiguous when investigating the entire range of
measured hydraulic conductivities. Therefore, the tubewave
variables (53-55) were omitted in the further modelling.
However, the correlation between hydraulic conductivity and
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tubewave measurements should be further investigated but it is
beyond the scope of the present study.

In the initial modelling it was also concluded that some of the
variables most 1ikely would contribute 1ittle to the prediction
of hydraulic conductivity and conductive fracture frequency.
These variables (isotope- and core physical parameters) were
also omitted in the further modelling (variables 44-52). No
sufficiently strong correlation between hydraulic conductivity
and some other variable measured could be established in the
PCA-analysis. The further analysis was therefore performed by
means of PLS-modelling.

5.1.2 PLS-modelling

The results from the hydraulic tests in 20 m-sections were
basically utilized in the modelling. Since all other variables
represent 1 m-sections, a number of representative values of
the hydraulic conductivity in 1 m-sections must thus be
deduced from the 20 m- (and 5 m) sections, see below. Hence,
the hydraulic conductivity (in 1 m-sections) was used as an
additional variable in the modelling and its correlation to
other variables could be studied in a more direct way. In the
PLS-modelling selected values of the hydraulic conductivity
(HC) in 1 m-sections were used in the Y-block and the other
variables in the X-block, see Section 3.2.

The selection of representative conductivity values in 1 m-
sections was mainly based on results from the hydraulic tests
in 20 m sections and the geophysical logs. As will be seen in
the following figures a strong correlation exists between the
resistivity logs (GE, LR and NR) on the negative side and the
sonic travel time (SO) together with the fracture group
variables (FO-F9) on the positive side along the X-axis, see
Section 6.1. This correlation is consistent in all models
derived in this study. Previous studies in Klipperds (e.g.
Sehlstedt and Stenberg, 1986) and investigations in other
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areas, e.g. Finnsjon (Stenberg, 1987b) and the Stripa Mine
(Fridh, 1988) have clearly shown that fractured borehole
intervals with simultaneous low resistivity and high sonic
travel time most frequently correspond to increased hydraulic
conductivity. At Finnsjon these characteristics are well
documented, in particular within Fracture Zone 2 (Andersson et
al, 1988a). This feature, which seems to be applicable to all
rock types studied, has been utilized in the selection of 1 m-
sections with high hydraulic conductivity from the 20 m- (and
5m-) sections in this study.

Within the most conductive 20 m- (or 5 m) sections a number of
representative 1 m-sections with significant simultaneous
resistivity and sonic anomalies were selected also using the
core log. The total transmissivity of the actual 20 m- (or 5 m)
sections was then distributed to such 1 m-sections to obtain as
representative values on the hydraulic conductivity as
possible. In most cases the total transmissivity of the 20 m-
(or 5 m) sections was distributed to very few 1 m-sections.

Apart from high-conductive sections, also 1 m- sections with
intermediate and low hydraulic conductivity were estimated to
obtain a representative model. Representative low-conductivity
sections were selected from the 20 m-sections with zero-flow
and using the core log. Normally, such 1 m- sections were
assigned a hydraulic conductivity {and transmissivity) value of
10-10 m/s which is slightly below the lower measurement 1imit
of the hydraulic tests, see Section 4.2. In 1 m-sections
containing no fractures at all, according to the core log, the
K-values are set to 10-12 m/s representing the conductivity
measured on tight core samples.

It should be pointed out that the K-values assigned to the 1 m-
sections are not regarded as fixed values by the PLS-prediction
but only as "best estimates". By the PLS regression analysis
both the section properties (log response, fractures etc.) as
characterized by the variables in the X-block, and the assigned
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K-values are taken into account. This may lead to that the
predicted K-value in some sections sometimes may differ
significantly from the assigned value if the properties of the
actual section are not compatible with the latter value
(according to the principal components).

The statistical deviation of each object (section) from the
actual model (residual distance) is also calculated. By
systematically incorporating sections with large residual
distances to the model, the character of one (or several)
principal components may ultimately be modified to include the
specific properties of such sections.

Several preliminary PLS-model runs were made with input data
(K-values) from boreholes KKLO1l, 02, 09 and 12. It was
considered that the input data from these boreholes were the
most reliable since manual correlations between the geophysical
Togs and the core logs (and the hydraulic conductivity) had
previously been undertaken in these boreholes. The number of
zero-flow 20 m-sections from the hydraulic tests were also
significantly larger in these boreholes compared to KKL06 and
14. This means that a larger number of non-conductive 1 m-
sections (below the measurement 1imit) could be used as input
data to the models. A model, based on input data from the
subvertical boreholes KKLO1 and 02 only, was also established.

It was found that the sum of predicted hydraulic conductivities
in 1 m-section, based on the latter model, generally showed
improved agreement with the measured transmissivity
distribution in 20 m-sections and also had shorter residual
distances to the model compared to the predicted values from
the previous model. These facts are likely to depend on the
different directions of the above mentioned four boreholes in
relation to the dip and strike of the major structures within
the area, see Chapter 2. Radar measurements at the Klipperds
site also indicate different properties of boreholes drilled in
different directions (Carlsten et al, 1987). The borehole
directions affect a.o. the frequency of fractures with
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different angles relative to the borehole axis. Therefore, it
was decided to establish separate models for boreholes KKLO1
and 02 in a first model group, KKL0O6 and 09 in a second group
and KKL12 and 14 in a third group.

From the regional map in Fig 2.1.1 it can be seen that KKLO6
and 09 are directed towards the west while KKL12 and KKL14 are
directed towards the north. It was found that the predicted
conductivity values in KKLO6 and the residual distances showed
poor agreement to the measured transmissivity in 20 m-sections
and to the model for KKLO6 and 09, respectively. However, very
few sections from KKL0O6 were included in the model. Yet, this
indicates that borehole KKL0O6 has different properties than
KKLO9 (which borehole showed rather good agreement to the same
model), although the boreholes are drilled in the same

direction.

In fact, KKLO6 showed a slightly better conformance to the
model established for KKL12 and 14. According to the radar
measurements in KKL0O6, the most prominent radar reflecting
structures are subparallel to this borehole or intersect the
borehole axis at small angles (Carlsten et al, 1987). Data
from KKLO6 were then excluded and a new model, based on data
from KKLO9 only, was established. The hydraulic conductivity
distribution in KKLO6 was subsequently predicted according to
the model for KKL12 and 14.

The different models were then succesively improved by
including deviating sections into the models until a reasonable
agreement between the predicted and measured transmissivities
in the 20 m-sections was achieved. In the preliminary models
the predicted conductivity values in sections containing only
single fractures were significantly overestimated. Thus, more
such sections were then included in the models with assigned
K-values below the measurement limit, c.f. Fig 5.1.2. The
hydraulic conductivity distribution of the lm-sections used as
input values to the different models are presented in Fig
5.1.2. The input values were not selected in order to fit a
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particular statistical distribution. The distributions of the
input data are generally bimodal.

DISTRIBUTION OF INPUT HC VALUES (1M-SECTIONS )

No of sections

MODEL FOR KKLO1 KKLO2 MODEL FOR KKLO9 MODEL FOR KKL12 KKL14
50
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Fig 5.1.2 Distribution of input values of hydraulic conduc-
tivity of the different models at Klipperas.

5.2 Conductive fracture frequency models

Predicting the conductive fracture freguency (CFF) in a
borehole is a difficult task since none of the variables used
js specifically designed to measure or estimate this property.
The definition of CFF is also somewhat subjective since the CFF
depends on the definition of "conductive" in terms of

hydraulic conductivity. The CFF can be regarded as a function
of the hydraulic conductivity and depends on the (lower)
measurement 1imit of the hydraulic tests.
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Firstly, sections with predicted hydraulic conductivities
below the lower measurement 1imit of the hydraulic tests (2 x
10-10 m/s) are considered to contain zero conductive fractures
in this study. Thus, such sections were excluded in the
modelling. Secondly, sections within the interpreted local
fracture zones were also excluded to obtain a measure of the
rock mass only, see Table 2.2.

The conductive fracture frequency can be assumed to be
correlated to the hydraulic conductivity. Therefore, the
(predicted) hydraulic conductivity has been emphasized in the
PLS-modelling. This is done by putting this variable in the Y-
block. In the first model runs all fracture frequencies
(variables 12-27 in Table 4.1) were also included in the Y-
block together with the predicted hydraulic conductivity (HP).
In the X-block the same variables were used as in the
corresponding models for the hydraulic conductivity prediction
(except the fracture frequencies). The predicted CFF with this
configuration of variables appeared overestimated and too much
governed by the total fracture frequency.

Clearly, to obtain a relevant estimation of CFF some kind of
first approximation of this variable is needed. As the best
possible estimate of CFF, a combination of predicted hydraulic
conductivity (HP) and the frequency of fractures coated with
ironoxide (Fe), according to the core logs, was then used.
Thus, in the following model runs the variables HP and Fe were
placed in the Y-block and the fracture frequencies in the X-
block. To diminish the influence of the total fracture
frequency the variables S9, F9, C9 and FS were excluded from
the model.

Separate CFF-models, corresponding to the models used for
prediction of the hydraulic conductivity, were established. The
frequency of fractures coated with Fe in boreholes KKL0O6, 09,
12 and 14 is shown in Fig 5.2.1. In KKL12 and KKL14 also the
frequency of calcite coated fractures is shown. Since iron
oxide and hematite were not separately mapped in KKLOl and 02,
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the total frequency of both minerals was used for these
boreholes, see Section 4.2. The figure shows that the frequency
of Fe-coated fractures, particularly in KKL14, is low and
mainly concentrated to the uppermost part of the bedrock and in
the fracture zones. In the CFF-model for KKL12 and 14 the
fracture zones were not excluded due to the very few Fe-
fractures in the rock mass. A characterization of the principal
components of the different CFF-models and the variables used
is shown in Section 6.2.
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Fig 5.2.1 Frequencies of fractures coated with Fe in boreholes
KKLO6, KKLO9, KKL12 and KKL14 (after Tullborg, 1986).
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6. PREDICTION OF HYDRAULIC CONDUCTIVITY
6.1 Properties of the models established
6.1.1 General

Plots of the variables, projected onto the hypothetical feature
planes (Fig. 3.1.2) defined by the principal components used to
predict the hydraulic conductivity in boreholes KKLO1 and KKLO2
are shown in the figures below. Normally, each principal
component used is plotted on the Y-axis versus the first
principal component on the X-axis in the plots, thus defining
the different feature planes. On these planes, a positive and
negative side is arbitarily defined. The designations of the
variables used are listed in Table 4.1. Before any calculation
of the models all variables are scaled to unit variance. The
scales of the axes (max and min-values) are shown below each
diagram. The origin (marked by ++) of the plots has the
coordinates (0,0). The variables represent high values where
they are located in the plots and Tow values at the opposite
side of the origin. The location (in the plots) of the sections
used as input to the models, corresponding to the variable
plots, can be studied in the object scores, see Section 3.1.

In the variable plots the correlation between two variables is
expressed by the angle between the variables with respect to
the origin. An angle of 90 degrees indicates totally
independent variables whereas zero or 180 degrees indicate
completely correlated variables, directly and inversely
correlated, respectively. The distance from the origin to the
location of the variables in the plots indicates the amount of
expressed variance by the hypothetical feature plane. A long
variable vector from the origin indicates high importance
whereas a short vector indicates small importance of the actual

variable.

As described above, the first principal component (PCl), which
is plotted on the X-axis, represents the most dominating
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properties of the model. The hydraulic conductivity variable
(HC) is found in the upper right corner in the plots. This
means that variables located towards the right in the diagrams
(positive X-direction) correlate directly with the hydraulic
conductivity for PC-1 whereas variables displayed towards the
left (negative X-direction) correlate inversely to HC (the
higher value on the variable the lTower the hydraulic
conductivity and vice versa.

The more extreme position of a variable on either side of the
origin along the X-axis (for PCl), the stronger the

correlation is to the hydraulic conductivity (either directly
or inversely). The same is true with respect to the Y-axis for
PC2. This means that the uppermost variables of PC2 show a
direct correlation to the hydraulic conductivity in this
component while the lowermost variables are inversely
correlated to this parameter. Variables located near the origin
are either uncorrelated or poorly correlated to the hydraulic
conductivity and thus have little influence on the predicted

conductivity values.

6.1.2 Model for K1 1 and K1 2
For this model the following variables were used (Table 4.1):

X-block: 1-29, 31-35, 43
Y-block: 56.

Number of input HC-values: 60 (28 from K1 1 and 32 from K1 2)
Confidence volume distance = 0.798

In Table 6.1.1 the most dominating variables on the negative
and positive sides of the model for KKLOl and KKLOZ are listed.
The variables on the negative side are ranked in decreasing
importance (from left to right) whereas the variables on the
positive side are ranked in increasing importance in the tables
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Table 6.1.1 Explained variance of the X- and Y-block and
important variables of the model for KKLO1l and
KKLO2.

PC X-block Y-block Important variables -/+

1 21.6 67.4 - NR, GE, LR, GA, S3, S9
+ Ca, C1, F6, F3, F4, Fe, F9, HC

2 29.6 78.8 - LR, NR, ZZ, FO, F1, ge
+ GA, gr, S6, SP, S7, S9, HC

3 35.9 82.1 - QR, Ep, C1, F4, S6, S1
+ 77, Ca, FS, C9, QG, SO, QS, HC

4 44.8 83.8 - QT, 2z, C9, QG, FS, QS, ge
+ GA, F6, gr, Fe, GE, QR, F7, HC

below. For example, for PCl normal resistivity (NR) and single-
point resistivity (GE) are the most important (strongest)
variables on the negative side of the feature plane whereas
hydraulic conductivity (HC) is the most important variable on
the positive side. This can be seen along the X-axes on the
graphs in Fig. 6.1.1. In this figure the variable plots,
defined by the four principal components of the model are
presented.

For PCl, the fracture group variables F9, F4, F3 and F6 (Table
4.1) are the most pronounced on the positive side together with
the fracture filling variables Fe, C1 and Ca and the hydraulic
conductivity (HC). This means that these variables show a
relatively strong and direct correlation with hydraulic
conductivity. On the negative side the most dominating
variables are the resistivity log parameters GE (geohm or
single point), LA (lateral) and NR (normal resistivity) and GA
(gamma) together with the single fractures S3 and S9. These
variables thus show a relatively strong but inverse correlation
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to HC. The other variables are relatively neutral in the first
principal component with respect to HC.

For PC2, the most dominating features are the single fracture
variables S9, S7 and S6 and the SP-log (self potential) in
granite (gr), associated with the gamma Tog (GA) on the
positive side. On the negative side again the resistivity
variables, and the fracture group variables FO and Fl in
greenstone (ge) dominate. The depth variable (ZZ) indicates
that the variables on the positive side of PC2 correspond to
properties at relatively shallow depths while the variables on
the negative side are associated with properties at greater
depths.

The positive side of PC3 describes variables directly
correlated to hydraulic conductivity, such as the fracture
variables FS and C9, the borehole log variables QS, QG and SO
and the mineral Ca. The depth variable ZZ indicates that the
properties are associated with relatively great depths. On the
negative side of PC3 the variables Ep (epidote) and chlorite
(C1) and QR (resistivity of the borehole fluid) and the
fracture variables F4, S6 and S1 are the most dominant. As
before, these variables are inversely correlated to HC.

'On the positive side of PC4 the fracture group variables F7 and
F6 1in granite (gr) at relatively shallow depths and GA
dominate together with the variables QR and Fe. On the negative
side fractured (FS) and crushed (C9) greenstones (ge) at
greater depths (ZZ) with high salinity (QS), temperature (QT)
and temperature gradient (QG) dominate.

A schematic geological interpretation of the different

principal components is presented in Table 6.1.2.
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Table 6.1.2 Schematic interpretation of the dominating
features of the principal components used in the
model for KKLOl and 02.

PC Negative side Positive side
1 tight rock fractured rock (fracture
groups)

2 tight deep green- granite with single fractures
stones

3 epidote and chlorite deep fractured rock
healed fractures

4 deep chrushed green- subhorizontal fractures in
stones granite

6.1.3 Model for KKLO9

For this model the following variables were used (Table 4.1):

X-block: 1-29, 31-35, 41-43

Y-block: 56.

Number of input HC-values: 102 (from K1 9)
Confidence volume distance = 0.8104

The geological conditions in this borehole are described in
Appendix B. Two porphyry dykes occur in the borehole. This
rock type is designed as “av” in the variable plots. Also thin
dykes of greenstone, dolerite and aplite occur. The five
principal components used for prediction of hydraulic
conductivity in KKLO9 are shown in Figs 6.1.2a-b. The
dominating variables for each principal component are shown in
Table 6.1.3.

The positive side of PC1 mainly represents sections in granite
with high frequency of fractures in fracture clusters,
particularly F6 (61-750), coated with Fe and associated with
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Table 6.1.3 Explained variance for the X- and Y-block and
important variables of the model for KKLOS.

PC X-block Y-block Important variables -/+

1 13.6 62.1 - QS, QT, 2Z, SU, do, GE, LR, NR
+ gr, GA, Fe, F6, SO, QR, HC

2 24.0 71.3 - do, SP, F9, F3, C1, F4
+ QG, GE, NR, Py, S9, GA, av, HC

3 33.2 76.0 - GE, NR, LR, GA, QG, S6, QR
Zz, FO, F1, C1, F9, SP, HC

+

4 38.7 78.0 - Ca, LR, F9, F3, C1, ZZ, NR, F4
+ S6, S3, QR, SU, do, HC

5 43.1 79.5 - §9, sSuU, do, S4, S1, SO, F4
GE, NR, ge, F9, F3, F7, LR, HC

+

high values of sonic, natural gamma and fluid resistivity. On
the negative side non-conductive sections in dolerite (with
high susceptibility) at great depth with high fluid temperature
and salinity dominate. The positive side of PC2 is dominated by
conductive porphyrys (av) with single fractures with pyrite

and high fluid temperature gradients. On the negative side of
PC2 dolerites associated with fracture groups with chlorite and
high values of self potential dominate.

The positive side of PC3 constitutes relative deep conductive
sections with fracture groups with chlorite-coated fractures

and high self potential. On the negative side high resistivity
sections with single fractures (S6) and high fluid temperature

gradients and fluid resistivity.
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A schematic interpretation of the dominating features of the
different principal components is presented in Table 6.1.4.

Table 6.1.4 Schematic interpretation of the principal
components used in the model for KKLO09.

PC Negative side Positive side

1 deep dolerites fractured granite

2 fractures dolerite porphyrys with single
with chlorite fractures with pyrite

3 tight rock with (deep) fractured rock with
single fractures chlorite

4 deep fractured rock dolerite with single fractures
with calcite and
chlorite

5 dolerite with single fractured greenstones
fractures

6.1.4 Model for KKL12 and KKL14

For this model the following variables were used (Table 4.1):

X-block: 1-29, 31-35, 42, 43

Y-block: 56

Number of input HC-values: 70 (53 in KKL12 and 18 in KKL14)
Confidence volume distance: 0.8603

The borehole descriptions are found in Appendix B. The five
principal components (PC1-5) used for prediction of hydraulic
conductivity in KKL12 and KKL14 (plotted versus PCl) are shown
in Fig 6.1.3. The dominating variables of the principal
components are shown in Table 6.1.5. As before, the positive
side of PCl constitutes conductive borehole sections (in
granite) with fracture groups with the mineral C1, (Fe and
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Ep) and high sonic travel times. On the negative side of PCl
Tow conductive, high-resistivity greenstones at great depth
with single fractures and high fluid temperature dominate. On
the positive side of PC2 conductive sections with high
frequency of single fractures and high fluid temperature
gradients occur. The negative side of PC2 is dominated by
deeply located sections with high fluid temperature and high
frequency of fracture groups with the mineral Ca (Fe and C1).

PC3 describes on the positive side sections with high frequency
of calcite-filled fractures, particularly F6-fractures, with
high fluid salinity. On the negative side high frequency of
single fractures with the minerals Fe and Ep and high sonic
times and fluid resistivity occur.

Table 6.1.5 Explained variance and important variables of the
model for KKL12 and KKL14.

PC X-block Y-block Important variables -/+

1 20.5 69.7 GE, NR, LR, ge, QT, SU, S9, ZZ, S3

+ F3, F1, SO, Ci, F9, HC

2 26.9 85.9 - QT, F4, 7z, F9, Ca, FO
+ S4, QG, S7, S3, S9, HC

3 30.3 88.9 - Fe, QR, Ep, S1, S7, S3, SO
+ QS, F6, Ca, HC

4 35.2 89.9 - QS, C9, FS, S7, S9, S4, Ca
+ gr, Fe, NR, LR, Py, QR, QG, HC
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On the positive side of PC4 conductive sections in granite with
the minerals Fe and pyrite and high fluid temperature gradients
and fluid resistivity dominate. On the negative side low-
conductive sections with high total fracture frequency and
fractures in crush zones occur with high fluid salinity.

A schematic interpretation of the dominating features of the
different principal components is presented in Table 6.1.6.

6.1.5 Summary of models

Using the established models to predict the hydraulic
conductivity of the boreholes reveals that most data are within
the statistical confidence volume of the models. The main
feature of the models, consistently appearing in the first
principal component, is the polarization between rocks with
high frequency of clustered fractures on the positive side and
homogenous rocks with few or no fractures on the negative side.
The second most important feature, represented by the second
principal component, is the polarization between high and low
frequencies of single fractures. In both principal components
the hydraulic conductivity is positively correlated to high

fracture frequencies.

The explained variance in the X- and Y-block by the principal
components is expressed as a percentage of the total variance.
This percentage indicates how much of the information in the X-
block that is utilized to predict the HC-variable in the Y-
space. As an example for KKLOl and KKLO2, 21.6 percent of the
variation of the X-variables is utilized to predict 67.4
percent of the variation in hydraulic conductivity, just by
using the first principal component.
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Table 6.1.6 Schematic 1nterpretation of the dominating
features of the principal components used in the
model for KKL12 and KKL14.

PC Negative side Positive side

1 deep greenstones fractured (granite) with
with single fractures chlorite

2 deep fractured rock single fractures with high
with calcite temp. gradients

3 single fractures subhorizontal fractures with
with Fe and Ep calcite

4 fractured rock with  granites with high temp.
high salinity gradients and pyrite

6.2 Distribution of predicted hydraulic conductivity

6.2.1 General

The predicted hydraulic conductivities in 1 m-sections
according to the actual PLS-models are presented in Figs A.1-
A.6 in Appendix A. Firstly, all predicted values in 1 m-
sections are plotted along each borehole. Besides the hydraulic
conductivity also the conformance of the properties of the
predicted sections to the actual model, expressed by the
residual distance of the X-variables to the actual model, 1is
presented. Predicted values falling outside the scales of the
strips in the figures in Appendix A are truncated at the
maximum or minimum values of the scales. The hydraulic
conductivity range plotted is 10-13 - 10-3 m/s and the residual
distance range plotted is 0-2. The transmissivity range plotted
is 1011 - 10-3 m2/s.

To compare the predicted conductivity values in 1 m-sections
with the hydraulic conductivity obtained from hydraulic tests
in 20 m (or 25 m) sections, predicted transmissivity values for
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corresponding 20 m sections have been calculated by summing up
the 1 m-transmissivity values within the 20 m-sections. Both
the measured and predicted transmissivities of the 20 m
sections are presented in Appendix A and also shown in cross-
plots in figures below. To obtain a detailed picture of the
predicted hydraulic conductivity distribution within the
interpreted local fracture zones, these intervals are shown on

an enlarged scale.

6.2.2 Borehole KKLO1

The overall predicted hydraulic conductivity distribution in 1
m-sections of the subvertical borehole KKLOl together with the
residual distances to the model is shown in Fig A.l in

Appendix A.

The conformance of the predicted sections to the actual PLS-
model is rather good in KKLOl. For this model, one standard
deviation of the confidence volume (RSD) corresponds to a
residual distance of 0.798. Most sections in granite fall
within this residual distance (Fig. A.1). However, for sections
in greenstones and aplites and in particular porphyrys below
450 m the conformance to the model is much lower. This is
likely to depend on the fact that too few sections in these
rock types are included in the actual PLS-model. However,
porphyrys and aplites only constitute about 10% of the total
borehole length in KKLO1, see Table A.l1 in Appendix A. Most
greenstones, porphyrys and aplites occur below ¢. 330 m in
KKLO1.

The predicted conductivity values for greenstones, porphyrys
and aplites at depth are generally very low. This is consistent
with the hydraulic test results which indicated a hydraulic
conductivity below or near the Tower measurement limit below
331 m (Gentzschein, 1986). However, predicted values in these
rock types, associated with large calculated distances to the

model, are considered as very uncertain.
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The measured transmissivity distribution in 25 m-sections from
the hydraulic tests is also shown in Fig A.1 together with the
predicted transmissivity in corresponding sections. A cross-
plot of predicted and measured transmissivity in the 25 m
sections is shown in Fig 6.2.1. By this comparison, corrections
due to the inaccuracies in the depth recordings for the
hydraulic tests, depending on the stretching of the multi-hose
used for the tests, have been made. A constant correction
factor of +1.012 (1.2 %) has been applied for all borehole

sections.

KKLO1

-4,0+
™ -
-5,0+
s
l__.
o -
= -
-8.0+
-10. 0+
t + + + + +TH
-10.5 -9.0 -1.5 -6.0 -4,5 -3.0

log TP

Fig 6.2.1 Crossplot of the logarithm of measured (TM) and
predicted (TP) transmissivity values in 25 m
sections in borehole KKLO1.

From Fig A.1 it can be seen that the general pattern of
predicted transmissivity is in fair agreement with the measured
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one in the 25 m-sections. The predicted transmissivity is
though somewhat understimated in the upper half of the
borehole and slightly overestimated in the lower half, compared
to the measured ones. The predicted low-conductivity interval
88-122 m is consistent with the core log which indicates
relatively tight rock with only a few (single) fractures in
this interval and also with the geophysical logs which show
very calm reponses. Below 312 m, the predicted hydraulic
conductivity is low which is consistent with the hydraulic
test results. Greenstones and porphyrys are rather frequent in
this interval. The crossplots of predicted and measured

transmissivities show good agreement between results.

Large deviations between predicted and measured transmissivity
values occur in the interval 156-231 m (corrected 157.87 -
233.77 m) in KKLOl. In this interval, which consists of
alternating granites and greenstones with a few aplite
sections, the predicted transmissivity is significantly
underestimated in comparison to the measured. Inspection of the
core in this interval reveals no obvious signs of water-
conducting fractures. The sonic- and resistivity logs show a
few small anomalies. Both single fractures and fracture
clusters occur within the interval. The reasons for the
underestimation of the predicted transmissivity are not clear
in this case. However, some of the predicted lm-sections
conform poorly to the actual model in this interval and are

therefore uncertain.

In the interval 331-381 m (corrected 334.97 - 385.57 m), which
mainly consists of granite, the predicted transmissivity is
overstimated. The hydraulic tests indicate a hydraulic
conductivity below the measurement 1imit in the entire
interval. The sonic log is rather calm whereas the resistivity
logs indicate a few intervals with decreasing resistivity. The
overestimation of predicted transmissivity is probably due to a
few sections with single fractures and fracture groups coated
with ironoxide (in addition to other minerals). The presence of

ironoxide in fractures is important when calculating predicted
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values (according to the principal components of the models).
In the remainder of the borehole the predicted transmissivities
agree relatively good with the measured.

The highest hydraulic conductivity values predicted in KKLO1
mainly correpond to the two major structural units defined by
Sehlstedt and Stenberg, 1986: Unit A (64 - 88 m) and Zone 10
(280 - 310 m). According to the predicted values the Tower part
of Unit A is the most conductive. The highest conductivity is
Tocated in a thin, highly fractured greenstone and the contacts
between the granite and greenstone. The predicted and measured
(average) hydraulic conductivities of unit A and Zone 10 are
shown in Table 6.2.1.

A detailed picture of the distribution of predicted hydraulic
conductivity within Zone 10 and its adjacent parts is shown in
Fig 6.2.2. The figure shows that the most conductive part of
Zone 10 1is concentrated to the middle and lower part in the
interval 289-305 m. In this table the estimated hydraulic
conductivity of Zone 10 from hydraulic tests (Gentzschein,
1986) is also shown. The hydraulic conductivity of unit A was
not measured separately but the measured section 81-106
probably includes this unit. The measured K-value of this
section is shown in Table 6.2.1 within brackets.

Table 6.2.1 Measured and predicted hydraulic conductivity of
zone 10 and unit A in KKLO1.

Rock unit Borehole Effective Hydraulic conductivity

interval  width measured predicted
(m) (m) (m/s) (m/s)
Zone 10 280-310 10.5 9.3 E-7 7.2 E-6

Unit A 64-88 24 (5.8 E-6) 6.3 E-6
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6.2.3 Borehole KKLO?2

The overall predicted hydraulic conductivity distribution in

1 m-sections in KKLO2 together with the residual distances to
the modal are shown in Fig A.2 in Appendix A. The conformance
of the predicted sections to the actual PLS-model is relatively
good ir KKLOZ. For the actual model one standard deviation of
the confidence volume corresponds to a residual distance of
0.798.

Most predicted conductivity values, both in granite and
greenstone, fall within this residual distance. Exceptions are
the Tow-conductive greenstone interval at 587-621 m
(particularly the lower part), section 774-777 m (where the
core is missing), the extremely conductive section at about 803
m (belongs to Zone HL) and the crushed zone at about 867 m. As
also pointed out by Sehlstedt and Stenberg (1986) the latter
zone has distinct sonic and resistivity anomalies and was
interpreted as a subhorizontal shear-zone by Olkiewicz and
Stejskal (1986). The lower part of the greenstone interval 587-
621 m is highly magnetic, which is exceptional for greenstones
in KKLO2 (Sehlstedt and Stenberg, 1986). This fact may
influence the residual distance to the model in this interval.
Most of the sections with large residual distances from the
model also correspond to the Targest differences between
predicted and measured transmissivities in KKLO2.

The measured transmissivity distribution in 20 m sections in
KKLOZ 1is presented in Fig A.2 together with the predicted
transmissivity of the corresponding 20 m-sections. By this
comparison consideration was taken to the stretching of the
hose used for the hydraulic tests, c.f. section 6.2.2. A
crossplot of predicted and measured transmissivities in KKLO?

is shown in Fig 6.2.3.

From Fig A.2 it can be seen that the general pattern of
predicted transmissivities in 20 m-sections is in fair
agreement with the measured one. The hydraulic conductivity is
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Fig 6.2.3 Crossplot of the logarithm of measured (TM) and
predicted (TP) transmissivity in 20 m sections in
KKLOZ.

generally low in KKLO2. The largest deviations between
predicted and measured transmissivities occur in the
(uncorrected) sections 80-~100 m, 340-380, 600-620, and 740-760
m. In the interval 80-100 m {corrected 80.96-101.20 m) the
predicted transmissivity is significantly understimated in
comparison to the measured. This section only contains a few
(single) fractures and the calm responses of both the sonic and
resistivity logs indicate rather Tow-conductivity rock which
is consistent with the predicted value. An inspection of the
hydraulic test plots for this section indicates that the test
results in this section may be unreliable due to a possible

packer (or rock) leakage.

In the interval 340-380 m (corrected 344.08-384.56 m) the
predicted transmissivity is overestimated. This is probably due
to a few 1 m-sections containing single fractures with low
resistivity but no sonic anomaly and a mapped thin crush zone,
again with Tow resistivity but no significant sonic anomaly.
According to the hydraulic tests the interval 340-380 m has a
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transmissivity (hydraulic conductivity) below the measurement

limit,

Also in the section 600-620 m (corrected 607.20-627.44 m) the
measured transmissivity is below the measurement 1imit.
However, the predicted transmissivity is T = 1.8 x 10~/ m2/s.
This value may be explained by two 1 m-sections in granite with
rather high frequency of predominantly subhorizontal fractures
(type F7) and single fractures (type S7) filled with chlorite,
calcite and iron oxide (Fe). An inspection of the core in this
interval indicates potential water-conducting fractures. This
interval also has low resistivity and high sonic travel time
and should thus, according to the features of the PLS-model, be
conductive. This interval may be included in the next lower
measured 20 m-section, 620-640 m (corrected 627.44-547.68 m)
considering the uncertainties in the depth recording. The
measured transmissivity of this section is T = 1.1 x 10-8 m2/s.

In the section 740-760 m (corrected 748.88-769.12 m) the
predicted transmissivity is significantly underestimated
compared to the measured. The hydraulic tests reveal a
transmissivity of T = 2.1 x 107 m2/s in this section. The
section contains relatively few (single) fractures in granite
with rather calm resistivity and sonic curves down to 764.30 m.
However, it should be noted that core data are missing in the
interval 764.30-796.50 m. The geophysical logs indicate high
fracturing and a number of greenstone sections (e.g. at about
768 m) in this interval. The prediction of hydraulic
conductivity is thus here based on the geophysical logs only
which makes the prediction more uncertain.

The highest predicted hydraulic conductivities in KKLO2 are
found in the upper parts of the bedrock, e.g. at about 60 m and
at 121-123 m. The latter interval is highly fractured and
partly crushed with clay alteration and ironoxide as fracture
filling mineral (in addition to calcite and chlorite). Down to
about 800 m only a few moderately conductive borehole intervals

are found.
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According to the geophysical logs the subhorizontal Zone H1 is
located in the interval 792-804 m. A detailed picture of the
predicted hydraulic conductivity distribution within Zone H1
and its adjacent parts is presented in Fig 6.2.4. According to
this figure the most conductive part of Zone Hl 1is located
between 800 and 804 m. The predicted and measured hydraulic
conductivities of Zone Hl are shown in Table 6.2.2.
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Fig 6.2.4 Distribution of predicted hydraulic conductivity
within Zone Hl in KKLOZ2.
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Table 6.2.2 Measured and predicted hydraulic conductivities of
zone Hl in borehole KKLOZ.

Fracture  Borehole Effective Hydraulic conductivity

zone interval  width measured predicted

(m) (m) (m/s) (m/s)
H1 792-804 12 2.0 E-6 3.5 E-5
6.2.4 Borehole KKLO6

As discussed in Section 5.1.2 the prediction of hydraulic
conductivity in borehole KKLO6 was based on the model for KKL12
and KKL14 since the borehole properties in KKLO6 better
conformed to this model compared to the model for KKL09. The
overall predicted hydraulic conductivity distribution in 1 m-
sections in KKLO6 together with the residual distances of the
sections to the model are presented in Fig A.3 in Appendix A.
For the actual model one standard deviation of the confidence
volume corresponds to a residual distance of 0.848.

As shown in Table B.5 in Appendix B granite is the dominating
rock type in the borehole (c. 71 %) but also greenstone and
porphyrys occur rather frequently (c. 15 % and 12 %,
respectively). The greenstone and porphyry often alternate
along the borehole (Sehlstedt and Stenberg, 1986). Several
mafic dykes (basalt) are recorded in the borehole interval 338-
371 m. High fracture frequency is closely correlated to
greenstones and other mafic rocks.

As can be seen from Fig A.3 the predicted sections show rather
poor conformance to the model in the borehole interval 219-300
m which is dominated by greenstone {unit A in Sehlstedt and
Stenberg, 1986). Also the unit B between 338-372 m and unit C
between 424-531 m conform poorly to the model. In these
intervals granite, mafic rocks and porphyry alternate. Unit D
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(552-569 m), which consists of granite, shows better
conformance to the model. The deviations from the model in the
units A-C are Tikely to depend on the fact that too few
borehole sections in mafic rocks and porphyry are included in
the actual model to accurately represent the properties of
these rock types.

Large deviations also occur at 625 m (granite), in the
greenstone interval 689-697 m and in the porphyry interval 728~
744 m. The deviation in the latter interval is probably caused
by a curious single-point resistance log indication. According
to Sehlstedt and Stenberg (1986) this anomaly might be due to
surface conduction in ironoxide in highly resistive rock. The
most extreme deviation from the model occurs at about 469 m in
a highly fractured porphyry with alternating thin greenstones.
A step-Tike change in temperature occurs at 465 m according to
Sehlstedt and Stenberg (1986). The transmissivity is
accordingly high in this interval.

The measured and predicted transmissivity distributions in 20 m
sections in KKLO6 are shown in Fig A.3. A crossplot of

measured and predicted transmissivities is shown in Fig 6.2.5.
Corrections of the length values recorded for the borehole
sections are made as described in section 6.2.2. As can be seen
from these figures the agreement is generally poor between the
measured and predicted transmissivities although the general
pattern of the distributions is similar. The predicted
transmissivities are in most cases underestimated in comparison
to the measured ones.

The above facts show that borehole KKLO6 has deviating
properties compared to the other boreholes and a separate

model for KKLO6 would be required for an accurate prediction.
One reason for the deviating properties of KKLO6 may possibly
be due to the alternating rock types in the borehole. It has
clearly been shown that the model for KKL12 and KKL14 (and also
other models derived) is not appropriate to model the

hydraulic conditions in KKLO6.
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Fig 6.2.5 Crossplot of logarithm of measured (TM) and
predicted (TP) transmissivity in 20 m sections in
KKLO6.

6.2.5 Borehole KKLO9

The overall predicted hydraulic conductivity distribution in

1 m sections in KKLO9 together with the residual distances to
the PLS-model are shown in Fig A.4 in Appendix A. As can be
seen from this figure the predicted sections conform relatively
good to the PLS-model for KKLO9. For the actual model one
standard deviation of the confidence volume (RSD) corresponds
to a residual distance of 0.810.

Table B.7 1in Appendix B shows that KKLO9 consists of about 81 %
granite and two porphyry dykes, greenstone, dolerite (and
aplite). With a few exceptions the predicted sections in
granite fall within (or close to) one RSD of the PLS-model.

For greenstone sections the residual distances are generally
larger. The predicted sections in the upper (quartz) porphyry
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dyke at 269-300 m generally fall within one RSD while sections
in the lower (plagioclase porphyry) dyke at about 731-780 m
generally fall outside this range. This may be a reflection of
the different mineralogical composition of the dykes. The
predicted sections in dolerite and aplite normally fall within
one standard deviation of the confidence volume of the model.

The measured and predicted transmissivity distributions for 20
m sections in KKLO9 are presented in Fig A.4. Consideration is
taken to the stretching of the multi-hose used for the
hydraulic tests, c.f. section 6.2.2. A crossplot of predicted
and measured transmissivities in KKLO9 is shown in Fig 6.2.6.
The figures show that the agreement between predicted and
measured transmissivitites is relatively good in KKLO9.

KKLO9
: ‘e
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Fig 6.2.6 Crossplot of the logarithm of measured (TM) and
predicted (TP) transmissivity in 20 m sections in
KKLO9.
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The largest deviations occur in the (uncorrected) sections
150-170 m, 230-250 m, 410-430 m and 670-~710 m. The predicted
transmissivity in the section 150-170 m (corrected 151.80 -
172.04 m) in granite is overstimated compared to the measured.
This is mainly due to the high predicted values in the Tow-
resistive interval 152-160 m (which belongs to Zone 2) with
small sonic anomalies. This interval contains both single
fractures and fracture groups with a frequent abundance of
hematite (together with chlorite) indicating potential water
conducting fractures.

In the section 230-250 m (corrected 232.76 - 253.00 m) in
granite the predicted transmissivity is significantly
underestimated compared to the measured. The section mainly
contains single fractures coated with calcite and chlorite. The
resistivity- and sonic logs exhibit small anomalies at about
235 and 244 m. These two levels also correspond to the highest
predicted conductivity values within the section. At about 244
m large calcite crystals (3 - 5 mm) and loss of drillwater was

reported in the core log indicating conductive fractures.

In section 410-430 m (corrected 414.92 - 435.16 m), which
mainly consists of granite with a thin aplite, the predicted
transmissivity is again underestimated compared to the
measured. The section contains rather few (single) fractures
and exhibits very calm resistivity- and sonic responses,
particularly below 420 m thus indicating rather low-conductive
rock. A minor resistivity- and sonic anomaly between 414-415 m
(near the upper packer) corresponds to the highest predicted
conductivity. Possibly, leakage around the upper packer may
have occurred during the hydraulic testing which then could
explain the similar transmissivities measured in the section
next above i.e. 390-410 m. The section 414-415 m contains a
fracture parallel to the core axis, which may speak in favour
of potential packer leakage.

In the entire interval 670-750 m {(corrected 678.04-759.00 m)

the predicted transmissivity is significantly underestimated,
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particularly in the section 690-710 m. Granite dominates the
entire interval but greenstone occurs in the upper part and
plagioclase porphyry in the lower part. The section 690-710 m
(corrected length 698.28-718.52 m) consists of granite with
single fractures and a few fracture groups. Distinct
resistivity- and sonic anomalies occur at a fractured zone at
698-700 m. Apart from this anomaly both logs are very calm.

Again the upper packer was located within or close to a
fractured zone. This fact may possibly have increased the
measured transmissivity of the section 690-710 m (and 670-690
m). The fractured zone at 698-700 m also contains fractures
parallel to the core. This explanation is also supported by the
hydraulic tests with a packer spacing of 5 m in KKLO9.
Inconsistent results from the 20 m and 5 m-tests were obtained
in the sections 670-690 m and 690-710 m. The possibility of
leakage around the packers was also indicated by Gentzschein
(1986).

The interval 710-750 m is dominated by plagioclase porphyry.
Very few conductive 1 m-sections have been predicted in this
interval. The resistivity and sonic logs only show two minor
anomalies at about 731 m, close to a very thin dolerite dyke,
and at about 740 m close to a fracture group in the porphyry.
Although these anomalies are associated with a slight increase
of predicted conductivities, the measured transmissivities in
the sections 710-730 m and 730-750 m are more than one order of
magnitude higher,

The highest predicted hydraulic conductivities in KKLO9 are
located within the upper c. 200 m of the borehole. Fracture
Zone 2 is according to the geophysical logs located in the
interval 120-160 m. The predicted hydraulic conductivity
distribution in KKLO9 within Zone 2 is presented in Fig 6.2.7.
The figure indicates that the upper and lower parts of Zone 2
are the most conductive. The interval 146-156 m, where the
resistivity and sonic anomalies are most prominent, is
intensely altered with frequent hematite stained fracture
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surfaces and clay altered fractures (Sehlstedt and Stenberg,
1986). The predicted and measured hydraulic conductivities of
Zone 2 are shown in Table 6.2.3.

High predicted hydraulic conductivities also occur at about 188
m. This is due to a highly fractured low-resistive interval in
granite with small sonic anomalies. The fracture surfaces are
frequently coated with hematite in the interval. Also at about
395 m the predicted conductivity is high. This is again due to
a highly fractured low-resistive interval in granite with small
sonic anomalies and hematite stained fractures. The high
conductivity of this interval is also confirmed by hydraulic
testing in the section 390-395 m (corrected 394.68 - 399.74 m).
The measured transmissivity of this section was 5.7 x 10~6 m2/s
(Gentzschein, 1986). The predicted transmissivity in the same
interval is T = 1.9 x 10-6 m?/s.

Below about 400 m the predicted hydraulic conductivities in
KKLO9 are rather low. Fracture Zone 1 occurs in the interval
615-665 m. The predicted hydraulic conductivity distribution
within Zone 1 is shown in Fig 6.2.7. The highest predicted
conductivities occur in the fractured interval 622-627 m in
granite, where the rock is strongly brecciated or mylonitized
and altered (Sehlstedt and Stenberg, 1986). Hematite is also
common as fracture filling mineral. The highest predicted
conductivities of the lower part of Zone 1 occur in the crush
zone in granite at about 653 m and in the fractured interval
658-662 m in granite. Hematite is also common in this interval.
The predicted and measured hydraulic conductivities of Zone 1
are shown in Table 6.2.3.

The predicted hydraulic conductivities within unit A (356-374
m) and unit B (764-776 m), defined by Sehlstedt and Stenberg
(1986), are rather low. This is also consistent with the
hydraulic test results. Unit A is a very low-resistive interval
and consists mainly of a dolerite dyke which is partly
brecciated and crushed at the lower contact with clay altered
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within fracture zones 1 and 2 in borehole KKLO9.
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fractures. Unit B consists of a strongly mylonitized
plagioclase porphyry with a high content of pyrite.

Table 6.2.3 Measured and predicted hydraulic conductivities of
Zone 1 and Zone 2 in KKLO9.

Fracture  Borehole Effective Hydraulic conductivity

zone interval  width (measured) (predicted)
(m) (m) {(m/s) (m/s)

1 615-665 29 3.1 E-10 4.2 E-9

2 120-160 22 5.4 E-7 2.0 E-6

6.2.6 Borehole KKL12

The overall predicted hydraulic conductivity distribution in

1 m-sections in KKL12 according to the actual PLS-mode]
together with the residual distance of the predicted sections
to the model are shown in Fig A.5 in Appendix A. For the actual
model one standard deviation of the confidence volume (RSD)
corresponds to a residual distance of 0.848. Table B.9 in
Appendix B shows that KKL12 is dominated by granite. Minor
dykes of quartz porphyry and aplite occur together with small
inclusions of greenstone.

Fig A.5 shows that, with a few exceptions, most of the
predicted values fall within or close to one RSD from the
model. However, predicted values in greenstone and porphyry
show somewhat higher deviations from the model. Large
deviations in granite occur at the tectonic brecciated and
mylonitized interval at about 299 m with a low natural gamma
radiation. In general, low gamma radiation is associated with
greenstones (Sehlstedt and Stenberg, 1986). High deviations
from the model also occur in the intensely fractured,
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mylonitized and brecciated granite sections at about 365 m
(within Zone 9) and at about 614 m (within Zone 2).

The measured and predicted transmissivity distributions for 20
m sections in KKL12 are presented in Fig A.5. Corrections for
the stretching of the multi-hose used for the hydraulic tests
are made, see section 6.2.2. A crossplot of predicted and
measured transmissivities in KKL12 is shown in Fig 6.2.8. The
agreement between predicted and measured transmissivities is
quite good in the upper half of the borehole (above c. 400 m).
The largest deviations occur in the lower half, particularly in
the intervals 400-460 m, 480-520 m and 540-560 m in which
sections the predicted transmissivity is significantiy lower
than the measured. In the section 600-620 m the predicted
transmissivity is overestimated.

+ + + % + + P12
9.6  -B.4 7.2 6.0 4.8 3.6
log TP

Fig 6.2.8 Crossplot of the logarithm of measured (TM) and
predicted (TP) transmissivity in KKL12.
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The interval 400-460 m (corrected 404.80 - 465.52 m) is
dominated by granite with relatively few (single) fractures.
Very few fractures coated with iron minerals occur in the
interval except some hematite stained fractures. This interval,
which is located between the fracture Zones 9 and 2, is
characterized by a generally high resistivity close to the
background level for unfractured rock (except minor indications
at two mylonites at 427 m and about 447 m and in the greenstone
at about 435 m). The sonic curve is also generally very calm in
the interval except a few minor anomalies. According to
Sehlstedt and Stenberg (1986) there is a small temperature
anomaly at 435 m in the greenstone in connection to a minor
sonic anomaly. Apart from this anomaly it is difficult to
detect any other potential conductive sections within the
entire interval based on the geophysical logs and core logs.
Instead, both these logs indicate Tow-conductive rock. Neither
a visual inspection of the core in this interval indicates any

signs of potential conductive sections.

Thus, there exists a major inconsistency between predicted and
measured transmissivities in the interval 400-460 m
{uncorrected lengths). The possibility of leakage in the test
equipment or either rock- or packer Teakage, resulting in an
overestimated measured transmissivity, could not be excluded.
Although not directly evident from the core log the latter
phenomena could possibly be due to fractures parallel with the
borehole axis or removal of rock fragments during drilling
close to some of the packer seats used. On the other hand,
isolated conductive features, not detectable from the
geophysical logs or core logs or by visual inspection of the
cores, may occur (single conductors). If possibly, this
borehole interval should be re-tested with alternative packer
seats in order to resolve the inconsistency between predicted

and measured conductivity values.

In the measured intervals 480-520 m (corrected 485.76 - 526.24
m) and 540 - 560 m (corrected 546.48 - 566.72 m) the predicted
transmissivity is also significantly underestimated. Again,
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these intervals are characterized by a relatively low fracture
frequency and rather calm resistivity and sonic logs. Minor
resistivity and sonic anomalies occur at 489 m, 499 m and 508
m. At 565 m a small resistivity anomaly occurs but no sonic
anomaly. Although the predicted hydraulic conductivity is
slightly increased at these depths the predicted transmissivity
of these 20 m-sections is still about three orders of magnitude
lower than the measured.

In the section 600-620 m (corrected 607.20 - 627.44 m), which
is located within Zone 2, the predicted transmissivity is
significantly higher than the measured. This is due to a single
1 m-section (614-615 m) with high predicted hydraulic
conductivity (K = 2.7 x 10-6 m/s). Since the distance for this
section deviates more than three standard deviations from the
PLS-model, the predicted value is regarded as very uncertain.
Still, relatively strong resistivity and sonic anomalies in the
interval 614-616 m indicate a potential high-conductivity
section. A temperature anomaly also occurs at 616 m (Sehlstedt
and Stenberg, 1986). In the fractured interval at about 626 m
relatively strong resistivity and sonic anomalies occur too.
During the hydraulic test in the section 600-620 m a relatively
Tow injection pressure was achieved indicating a rather high
hydraulic conductivity. Below 620 m both the predicted and
measured transmissivities are very low which is consistent with
the geophysical logs and the core log.

High predicted hydraulic conductivities occur down to about 400
m in KKL12 apart from the low-conductivity interval 220-290 m.
Below 400 m, relatively high conductivities are predicted in
the highly fractured and altered interval 471-475 m with
hematite and the fractured interval of 597 m in the uppermost
part of Zone 2. As discussed above a high hydraulic
conductivity is also predicted at 614 m within Zone 2.

Borehole KKL12 is intersected by several local fracture zones.
Table 6.2.4 shows the interpreted zone intervals in the
borehole, the estimated effective width and the measured and
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predicted hydraulic conductivities of the zones. Detailed
pictures of the predicted hydraulic conductivity distribution
within each zone are presented in Fig 6.2.9a-b. The uppermost
Zone 6 seems to be highly conductive, particularly in its
uppermost and lowermost parts. The Zones 7, 8 and 9 seem to be
connected hydraulically according to the predicted
conductivities. The lowermost Zone 2 appears to have two
distinct peak values at 597 m and 614 m with very low-
conductive rock in between and above and below the zone.

Table 6.2.4 Measured and predicted hydraulic conductivities of
the Fracture Zones penetrated by borehole KKL12.

Fracture Borehole Effective Hydraulic conductivity

Zone interval width measured predicted
(m) (m) (m/s) (m/s)

6 70~ 88 12.5 4.4€-7 9.0E-6

7 288-306 13.5 2.5E-7 3.7E-7

8 312-347 28 3.2E-7 4.6E-6

9 362-384 17.5 5.5E-7 1.1E-6

2 595-630 13 9.6E-9 2.4E-7

6.2.7 Borehole KKL14

The overall predicted hydraulic conductivity distribution in

1 m-sections in KKL14is shown in Fig A.6 in Appendix A. Also
the residual distances of the predicted sections to the PLS-
model together with the measured and predicted transmissivities
in 20 m sections are shown in the figure. A crossplot of
predicted and measured transmissivities are presented in Fig
6.2.10.
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Fig 6.2.10 Crossplot of the logarithm of measured (TM) and
predicted (TP) transmissivities in 20 m sections in
KKL14.

According to Table B.11 in Appendix B, KKL14 consists to about
80% of granite intersected by minor dykes of porphyry (c. 10%)
and dolerite (c. 6.5%). Greenstone and aplite constitute the
remainder. One standard deviation of the confidence volume of
the model corresponds to a residual distance of 0.860. In the
granite and dolerite the conformance to the model is generally
good except in the intervals 15-30 m, 379-384 m and at 401 m,
551 m and 648 m. Also in the upper porphyry (215-248 m) the
agreement is relatively good but the deviations in the lower
porphyry (271-305 m) are greater. In sections in greenstone the
conformance to the model is somewhat lower.

The measured and predicted transmissivity distributions for 20
m sections in KKL14 are presented in Fig A.6. A crossplot of
measured and predicted transmissivities is shown in Fig
6.2.10. By the comparison, corrections for the stretching of
the multi-hose is made, see Section 6.2.2. The figure shows
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that the general agreement between predicted and measured
transmissivities in KKL14 is quite good. Exceptions are the
sections 280-300 m, 380-400 m, 560-580 m and 640-660 m. In the
Tast three sections the predicted transmissivities are
overestimated compared to the measured. In section 280-300 m
(corrected 283.36 - 303.60 m) the predicted transmissivity is
significantly underestimated. This section entirely comprises
(the lower) porphyry dyke. As discussed above the conformance
to the model is slightly lower in this interval. According to
Sehlstedt and Stenberg (1986) the lower porphyry has a very
high resistivity and low-resistivity indications within the
porphyry are mainly due to greenstones. These facts most Tikely
explain the predicted Tow transmissivity in this section.

In the section 380-400 m (corrected 384.56 - 404.80 m) located
within Zone 4 the predicted transmi-sivity is overestimated
compared to the measured. In this section high conductivities
are predicted in the fractured interval 399-404 m, where the
granite is very altered and deformed with significant
resistivity and sonic anomalies (Sehlstedt and Stenberg, 1986).
The hydraulic tests also show that this interval is conductive.
Since the properties of a few of the predicted sections within
this interval deviate from the model they must be regarded as
somewhat uncertain, which may explain the difference between
the measured and predicted transmissivities in this section.

In the section 560-580 m (corrected 566.72 - 586.96 m) the
predicted transmissivity is again overestimated. The granite is
here intersected by a thin greenstone at 571-575 m,
characterized by a spike like resistivity anomaly (Sehlstedt
and Stenberg, 1986). In the middle of this interval (573-574 m)
a high conductivity is predicted which governs the total
transmissivity of the 20 m-section. Since this conductivity
value significantly deviates from the model it is considered as
very uncertain (overstimated) which may explain the difference
between the measured and predicted transmissivities.
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In the section 640-660 m (corrected 647.68 - 667.92 m) the
predicted transmissivity is also overestimated. The granite is
here intersected by a thin greenstone at 656 m, which is
associated with increased fracturing and alteration and a

0.40 m thick crushed zone (Sehlstedt and Stenberg, 1986).
Immediately below this greenstone, relative high conductivities
are predicted which account for the differences between

measured and predicted transmissivities.

As can be seen from Fig A.6 predicted high hydraulic
conductivity values generally occur down to about 130 m and in
the intervals 377-404 m, 438-448 m and at 573 m in KKL14. In
the upper part of the borehole (6 - 130 m) the highest
conductivity values predicted generally correspond to
simultaneous low-resistivity and distinct sonic anomalies in
fractured, altered granite. In the lower part of the porphyry
(271-305 m) very low conductivities are predicted as discussed

above.

Fracture Zone 4 is located in the interval 368-410 m. A
detailed picture of the predicted hydraulic conductivity
distribution within Zone 4 in borehole KKL14 is shown in Fig
6.2.11. The measured and predicted hydraulic conductivities of
Zone 4 are presented in Table 6.2.5. According to the predicted
values the most conductive parts of Zone 4 seem to coincide
with the altered granite intervals at 377-382 m, 389-392 m and
399-404 m. The uppermost and Towermost parts of the greenstone
at 406-420 m are also relatively conductive. Within the
intensely fractured and altered interval at 430-450 m, defined
as Unit A by Sehlstedt and Stenberg (1986), high conductivities
are also predicted, particularly at 444 m and 447 m. A
temperature anomaly and loss of drillwater was reported at

446 m.
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Table 6.2.5 Measured and predicted hydraulic conductivities of
Zone 4 in KKL14.

Fracture  Borehole Effective Hydraulic conductivity

Zone interval width measured predicted
(m) (m) (m/s) (m/s)
4 368-410 27 3.9 E-7 2.9 E-6
LE¥GTH PREDICTED HYDRAULIC
¥ CONDUCTIVITY (M/S)

/%?i /] //<:;
70 1
i Lj—-
|
380 J———J
Zone 4 é
3% d:”—%_]
—
w LL__ KLIPPERAS KKL14
= 20NE 4
}-———f PRED. HYDR. CONDUCTIVITY
. C1§E SCALE 14500
10 /
222;23:;%;;::§:::j///::::://V///////,///// CONPLOT  SYSTEN
% 1,/ / 7 SHEDISH GEOLOGICAL CO

Fig 6.2.11 Distribution of predicted hydraulic conductivity
within Fracture Zone 4 in KKL14.
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7. PREDICTION OF CONDUCTIVE FRACTURE FREQUENCY
7.1 Properties of the models established
7.1.1 General

Variable plots of the principal components used in the
different models to predict the conductive fracture frequency
(CFF) are shown in figures below. The most important variables
in the different plots are also shown in tables. The
designatation of the variables used are shown in Table 4.1. The
variable plots should be interpreted as described in section
6.1 for the hydraulic conductivity prediction. Basically the
same variables were also used for the prediction of the
conductive fracture frequency. The main differences in the
layout of the two model sets are that the frequency of Fe-
coated fractures was used in the Y-block together with the
predicted hydraulic conductivity values (HP > 2 x 10-10 m/s) in
the Tatter modelling and that the total fracture frequency
variables (24-27) were excluded. As a consequence, the Fe and
HP-variables are more emphasized in the modelling. In summary,
the following variable configuration was used for all CFF-
models (Table 4.1):

X-block: variables 1-23, 28, 31-35, 41-43
Y-block: variables 29 and 57

7.1.2 Model for KKLO1 and KKLO2

Variable plots of the four principal components used to predict
the CFF in KKLO1 and KKLOZ are shown in Fig 7.1.1. The most
important variables on the negative and positive sides are
presented in Table 7.1. As before, the variables on the
negative side are ranked in decreasing importance and in
increasing importance on the positive side.
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Table 7.1 Important variables of the CFF-model for KKLO1 and

KKLOZ.
PC Variables -/+
1 - NR, 7ZZ, QT, QS, LR, GE

+ F6, Ca, QR, C1, F4, F3, Fe, HP

2 - HP, S7, GA, GE, gr, F7, QR
+QT, ZZ, Ep, F3, F1, Fe

3 - QR, GE, S1, S3, S6, ge
+ Ca, NR, SU, 7ZZ, QT, Fe, HP

4 - HP, QG, Ca, QT, 7Z, S1, ge, av
+ gr, NR, SO, GA, LR, GE, Fe

The first principal component represents conductive Fe-coated
fractures together with fracture groups with calcite and
chlorite-coated fractures on the positive side. On the negative
side of PCl deeply located high-resistivity sections with high
fluid temperature and salinity appear.

The positive side of PC2 describes low-conductive (greenstone)
sections at depth with fracture groups containing epidote and
Fe. On the negative side of PC2 conductive sections in granite
with subhorizontal (single) fractures dominate.

The positive side of PC3 shows conductive sections at depth
with high susceptibility and fluid temperature with fractures
coated with Fe (and calcite). The negative side of PC3
describes low-conductive sections in greenstone with single

fractures with high geohm and fluid resistivity.

Finally, PC4 shows low-conductive sections in granite with high
geohm, Tateral resistivity and gamma values and Fe-coated
fractures on the positive side and conductive sections in



greenstone and acid volcanics (porphyrys) with calcite-coated

fractures and high temperature gradients.

A schematic interpretation of the dominating features of the

principal components is presented in Table 7.2.

Table 7.2 Schematic interpretation of the principal components
of the CFF-model for KKLOl and KKLOZ2.

PC Negative side

Positive side

1 Deep, low-conductive rock

2 Conductive granite with
subhorizontal fractures

3 Low-conductive greenstone
with single fractures

4 Deep, conductive greenstone
and porphyry with Ca-coated
single fractures.

Conductive, fractured rock
with Fe, C1 and Ca

Deep low-conductive fractured
rock with Fe and Ep

Deep, conductive rock with
Fe and Ca

Low-conductive granite with
Fe.

7.1.3 Model for KKLO9

The variable plot of the first and second principal components
used to predict the CFF in KKLO9 is shown in Fig 7.1.2 and the
corresponding most important variables are listed in Table 7.3.

Table 7.3 Important variables of the CFF-model for KKLO9.
PC Variables -/+
1 - QS, ZZ, NR, Ge, av, SU
+ F6, gr, SO, SP, QR, Fe, HP
2 - gr, SP, QR

+

°y, F4, F6, C1, av, Fe, HP
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Fig 7.1.2 Variable plot of the first and second principal
component of the CFF-model for KKLO9

The negative side of PCl describes deep, low-conductive
sections in porphyry with high fluid salinity and
susceptibility. The positive side of PCl shows conductive
sections in fractured granite with high sonic travel time, self
potential and fluid resistivity and Fe-coated fractures.

PC2 describes sections in granite with high self potential and
fluid resistivity on the negative side and conductive,
fractured sections in porphyry with the minerals Fe, Cl1 and Py

on the positive side,

The interpretation of the dominating features of the principal

components is summarized in Table 7.4.
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Table 7.4 Schematic interpretation of the principal components
of the CFF-model for KKLO09.

PC Negative side Positive side

1 Low-conductive porphyry Conductive granite with Fe

2 Low-conductive granite Conductive porphyry with Fe,
C1 and Py.

7.1.4 Model for KKL12 and KKL14

The variable plots of the four principal components used to
predict the CFF in KKL12 and KKL14 are shown in Fig 7.1.3 and
the most important variables are listed in Table 7.5. As for
the prediction of hydraulic conductivity the CFF-prediction in
KKLO& are based on this model.

Table 7.5 Important variables of the CFF-model for KKL12 and

KKL14 .
PC Variables -/+
1 - NR, LR, GE, Z7Z

+ S0, Ep, F4, F3, F1, C1, Fe, HP

2 - HP, GA, gr, QS, QR, S3, GE
+ F3, C1, Fe, F4, SP, Ca, ZZ

3 - HP, SP, S4, 7Z, 0G, S6, ge, S7
+QS, FO, LR, SU, F1, Nr, Ge, Fe
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The negative side of PCl describes deep, low-conductive
sections with high resistivity and the positive side
conductive, fractured sections with the minerals Fe, C1 and Ep.

The negative side of PC2 shows conductive sections in granite
with single fractures with high fluid salinity and fluid
resistivity while the positive side describes deep low-
conductive, fractured sections (mainly in greenstones) with Ca,
Fe, C1 and Ep-coated fractures.

PC3 describes deep, conductive sections in greenstone with
single fractures and high self potential and temperature
gradient on the negative side. On the positive side of PC3 low-
conductive sections in porphyry with steep fractures coated
with Fe and high resistivity, susceptibility and fluid
salinity.

Table 7.6 Schematic interpretation of the principal components
of the CFF-model for KKL12 and KKL14 .

PC Negative side Positive side
1 Deep low-conductive Conductive, fractured rock
rock. with Fe, Cl and Ep.
2 Conductive granite with Deep, low-conductive
single fractures. (greenstone) with Ca, Fe, C1
and Ep.
3 Deep, conductive greenstone  Low-conductive porphyry with
with single fractures. steep fractures coated with
Fe.

4 Porphyry and greenstone with Deep granite with Fe and Ep.
pyrite.

In PC4 the hydraulic conductivity variable is relatively
neutral. On the negative side sections in porphyry and
greenstone with high susceptibility and fluid salinity and
pyrite-coated fractures dominate. On the positive side
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relatively deep sections in granite with high self-potential
and sonic and Fe- and epidote~coated fractures dominate.

The interpretation of the dominating features of the principal
components is summarized in Table 7.6.

7.1.5 Summary of CFF-models

As for the hydraulic conductivity prediction the dominating
feature of the CFF-models, appearing in the first component,

is the polarization between low-conductive, sparsely fractured
rock with high resistivity on one side and conductive,
fractured rock frequently with Fe-coated fractures on the other
side. The other components generally represent the properties
of different rock types (low-conductive and conductive) and
associated type of fracturing and fracture filling minerals. It
is evident that both conductive and Tow-conductive Fe-fractures

occur.

Concerning the explained variance in each block no reliable
calculations could be obtained. The conformance of the
properties of the sections to the actual CFF-models is not as
good as for the models used to predict the hydraulic
conductivity. Moreover, the models for KKL0O9 and for KKL12 and
14 appear somewhat unstable and the results vary rather much
with the number of principal components included in the models.
This is 1ikely to be due to the properties of the Fe-variable
used in the Y-block which influence the models rather

strongly. As can be seen from Fig 5.2.1 the frequency of Fe-
coated fractures in the boreholes is Tow, except in the
uppermost parts of the boreholes and in the fracture zones. The
results from the CFF-model for KKLOl and KKLOZ2 are not directly
comparable with the results from the other CFF-models since the
first model is based on the total frequency of both Fe-
oxyhydroxide and hematite-coated fractures, c.f. Section 5.2.
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7.2 Distribution of predicted conductive fracture

frequency

The predicted conductive fracture frequency (CFF) in 1 m
sections is shown for each borehole together with the

predicted hydraulic conductivity in the figures in Appendix A,
By the calculation of the CFF the number of fractures in each
section has been rounded off to an integer number. Although the
CFF-models were mainly based on data from the rock mass
(excluding fracture zones) the CFF is predicted along the
entire boreholes. As described in Section 5.2 the fracture
zones were though included in the CFF-model for KKL12 and KKL14
due to the Tow frequencies of Fe-coated fractures in these

boreholes,

Histograms showing the distribution of the predicted number of
conductive fractures in 1 m-sections with a (predicted)
hydraulic conductivity greater than 2 x 10-10 m/s in each
borehole are presented in Fig 7.2.1. Statistical data of these

distributions for each borehole are shown in Table 7.7.

Table 7.7 Statistical data of the number of conductive
fractures predicted in the boreholes.

Borehole N n Mean Median Stdev
KKLO1 234 606 2.590 1.000 3.165
KKLO2 157 273 1.739 1.000 2.646
KKLO6 406 156 0.384 0.000 0.826
KKLO9 407 241 0.592 0.000 0.894
KKLO12 405 (338) (0.835) 0.000 (2.370)
KKL14 613 146 0.238 0.000 0.538

In Table 7.7, N denotes the number of sections used to
construct the CFF-models in the different boreholes, i.e.
sections with a predicted K-value greater than 2 x 10-10 m/s
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(Tower measurement 1imit). The n-values denote the total number
of conductive fractures predicted in the boreholes. The mean
(n/N) and median values of conductive fractures per section
thus correspond to conductive sections only. These numbers
should not be confused with the true (average) CFF, which is
averaged over the entire borehole lengths. As can be seen from
Table 7.7 the predicted mean values are considerably higher in
KKLO1 and KKLOZ. This is likely to be due to the difference in
the Fe-frequencies mapped in these boreholes.

The predicted number of conductive fractures in KKL12 is very
much influenced by the uppermost (25 m) borehole interval,
which account for about 50 % of the total number. The number of
Fe-coated fractures is also high in this interval, c.f. Fig.
5.2.1. The sections modelled in the upper 25 m of the borehole
show extremely large distances to the CFF-model indicating very
poor conformance to the model. The reasons for this are not

clear.

To calculate the predicted CFF the total number of conductive
fractures should be averaged over the entire borehole lengths
predicted, see Table 4.2. In addition, the CFF in the rock mass
(excluding fracture zones) and in the fracture zones can be
calculated. The predicted CFF and the corresponding spacing of
conductive fractures are shown in Table 7.8. By the
calculations in KKL12 the uppermost 25 m of the borehole was
excluded due to the extreme distances of the predicted sections

to the model in this interval.

Although the calculated CFF-values in Table 7.8 are considered
to be in the correct order, they are regarded as uncertain,
particularly in the boreholes KKLO6, KKL12 and KKL14 which
values are calculated with the same model. The predicted CFF in
these boreholes appear rather low in comparison to the other
boreholes. In KKLO6 no fracture zone is interpreted.
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Table 7.8 Predicted CFF and number of conductive fractures
predicted (n) in boreholes at Klipper3s.

Bore~ CFF n CFF n CFF n
hole total rock mass zones
{1/m) (1/m) (1/m)

KKLO1I 1.14 606 0.97 488 3.93 118
KKLO2  0.30 273 0.23 213 5.00 60
KKLO6  0.20 156 0.20 156 - -

KKLO9  0.30 241 0.25 176 0.72 65
KKLO1Z2 0.22 150 0.17 98 0.41 52
KKL14 0.21 146 0.18 117 0.69 29

The CFF in the rock mass generally vary between 0.17 - 0.25
conductive fractures per meter (except in KKLOLl). This
corresponds to a spacing between conductive fractures of about
4-6 m. The predicted CFF in the fracture zones are
significantly higher, particularly in KKLO2 (Zone H1) and KKLO1
(Zone 10). These zones have also high hydraulic conductivities.
It should be noted that Zone 1 and 2 in KKLOS and Zone 5 in
KKL14 contain no mapped Fe-coated fractures, see Fig 5.2.1.
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8. DISCUSSION OF RESULTS
8.1 Hydraulic conductivity

The models used for prediction of hydraulic conductivity have
demonstrated that about 80-90 % of the variation of the
hydraulic conductivity values in the input set can be described
by the models. These results are achieved by using 4-5
principal components in the models and by utilizing about 35-45
% of the total information contained in the data variables used
in the X-block. Most of the variation of hydraulic conductivity
is described by the first principal component of the models,
i.e. about 60-70 %. This is considered to be a good result thus
leading to a confident prediction of hydraulic conductivity.

Histograms showing the overall distribution of the logarithm of
the predicted hydraulic conductivity values in 1 m sections in
each borehole are presented in Fig 8.1.1. The class interval is
normally one cycle except in KKL14 where half a cycle is used.
N denotes the total number of 1 m-sections predicted in each
borehole. The number of sections within each class are shown in
the figure. Note that each star represents different numbers 1in

different boreholes.

Most boreholes show a distinct lognormal distribution of the
predicted hydraulic conductivity values, e.g. borehole KKL14.
These distributions should be compared with the distributions
of hydraulic conductivity used as input to the different
models shown in Fig 5.1.2. The latter distributions are
generally skewed towards low-conductivity values. Table 8.1
shows the number of input sections used (n), the total number
of sections predicted (N), the mean and median values and the
standard deviation of the overall hydraulic conductivity
distribution predicted in each borehole.

Predicted values in the lower region of the conductivity
distributions in Fig 8.1.1 are considered as relatively
uncertain., This is mainly due to the uncertainties in assigning
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Table 8.1 Characterization of the Togarithm predicted overall
hydraulic conductivity distributions in boreholes

at Klipperéds.

Borehole n N mean median stdev

(m/s) (m/s)
KKLO1 28 531 -10.19 -10.13 2.39
KKLO?2 32 921 -10.90 -11.23 1.45
KKLO6 0 796 - 9.9% - 9.62 2.71
KKLO9 102 792 - 6.38 - 9.62 1.88
KKL12 53 721 - 8.75 - 9.21 2.22
KKL14 18 694 - 8.14 - 8.21 1.34
Total 233 4455

representative input values to sections with a hydraulic
conductivity below the Tower measurement 1imit in the hydraulic
tests. No reliable estimates of hydraulic conductivity are
available in this region. This means that predicted
conductivity values towards the lowest end of the distributions
are uncertain. On the other hand, it is very difficult to
obtain reliable measurements in such sections. The same is true
for sections with a hydraulic conductivity above the upper

measurement 1imit.

Histograms of the residual distances for the X-variables of the
1 m-sections in the boreholes to the actual model are shown in
Fig 8.1.2. A compilation of statistical parameters of the
distribution of the residual distance in each borehole and the
confidence volume of the actual PLS-models (RSD) are given in
Table 8.2.

Table 8.2 shows that the median value of the residual distance
is within the 67 % confidence volume {1 RSD) of the PLS-
models for all boreholes except KKLOl which has a slightly
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Fig 8.1.2 Histograms of the residual distances of the

predicted 1 m sections to the actual models in the
boreholes KKLO1, KKLO2, KKLO6, KKL09, KKL12 and

KKL14.
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Table 8.2 Statistical parameters of the distribution of the
residual distance of the 1 m sections to the models
in boreholes at Klipperas.

Borehols N mean median stdev RSH

KKLO1 531 0.985 0.841 0.487 0.798
KKLO2 921 0.686 0.635 0.302 0.798
KKLO6 796 0.830 0.779 0.280 0.860
KKLQ9 792 0.754 0.707 0.281 0.810
KKL12 721 0.725 0.657 0.277 0.860
KKL14 694 0.702 0.647 0.215 0.860

higher median value. This is considered to be a good result
regarding e.g. the different rock types occurring at the
Klipperds site and the Targe number of sections predicted. As
discussed above the largest residual distances normally occur
in other rock types than granite {mafic rocks and porphyrys)
and in very low-permeability rock. Large residual distances may
also be associated with borehole sections with extreme or
unusual responses in one or several of the measured variables,
e.g. spike-Tike resistivity and sonic anomalies in highly
fractured and altered rock intervals.

The proportion of 1 m-sections with a transmissivity (or
hydraulic conductivity) below the measurement 1imit of the
hydraulic test equipment (T = 2 x 10-10 m2/s) used at K1ipperss
is shown in Table 8.3. The number of sections with predicted K-
values (or transmissivities) greater than 10-7 m/s, 10-6 m/s
and 10-5 m/s are also presented in the table. Statistical
parameters of the predicted conductivity distribution for
values greater than 2 x 10-10 m/s are shown in Table 8.4.
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Table 8.3 Number of 1 m-sections with predicted transmissi-
vities greater than certain values.

Borehole N T>2 E-10 >E-7 >E-6 >E-5 >E-4
(m2/s) (m2/s) (me/s) (m/s) (ml/s)

KKLO1 531 234 44 22 4 0
KKLO2 921 157 20 9 1
KKLO6 796 406 62 26 2
KKLOS 792 407 91 33 11 5
KKL12 721 405 204 91 24 4
KKL14 694 613 147 48 9 0

Table 8.4 Statistical parameters of the distributions of the
Togarithm of predicted hydraulic conductivities (or
transmissivities) greater than 2 x 10-10 m2/s.

Borehole N mean median stdev
KKLO1 234 -8.05 -8.31 1.28
KKLO2 157 -8.36 -8.65 1.18
KKLO6 406 -7.77 -7.88 1.18
KKLO9 407 -7.90 -8.07 1.28
KKL12 405 -7.13 -6.99 1.47
KKL14 613 -7.86 -8.02 1.17

As can be seen from Table 8.3 the number of sections with
predicted hydraulic conductivities above certain values reduces
considerably for higher conductivities. The number of sections
with K-values greater than 10-5 m/s is low. As discussed above
the distributions of the predicted conductivities below 2 x 10~
10 m/s in the boreholes are considered as uncertain.

When studying the conductivity distribution within 20 m-
sections, very few 1 m-sections frequently govern the (total)
transmissivity of the 20 m-sections. Also the predicted
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distributions of hydraulic conductivity within the fracture
zones, presented in Section 6.2, exhibit the same pattern.
This pattern is also observed from recent detailed hydraulic
tests in 2 m and 0.11 m sections within fracture zone 2 at the
Finnsjon site (Andersson et al, 1988a). From the hydraulic
tests it is concluded that Zone 2, which (geologically) has a
thickness of about 100 m, hydraulically consists of 3-4 thin
subzones with a thickness of only about 0.5 m each. The
measured hydraulic conductivity of the subzones is very high,
about 10-3 - 10-2 m/s.

The investigations at Finnsjon also support one of the main
assumptions made in deriving the models used for prediction of
hydraulic conductivity in this study, i.e. that high-conductive
sections most frequently exhibit a simultaneous low-resistivity
(single point resistance) and high sonic travel time anomalies,
see Section 5.1.2. At Finnsjon also the red-coloured iron
mineral Taumontite generally occurs within the high-
conductivity subzones. A very uneven flow distribution in
crystalline rock is also observed at other research sites, e.g.
the Stripa Mine (Neretnieks, 1985 and 1987).

A comparison of the median values of the predicted hydraulic
conductivity distributions in Tables 8.1 and 8.4 between the
boreholes shows that the subvertical boreholes KKLO1 and KKLO2
have the lowest median hydraulic conductivity. In the predicted
overall conductivity distribution KKL14 has the highest median
conductivity but in the predicted distribution for values
greater than 2 x 10-10 m/s, KKL12 has the highest median
conductivity. The standard deviation is however lower in KKL14
in both cases. The borehole KKLO6 has deviating properties from

the other boreholes.

In general, the measured and predicted transmissivity values in
20 m-sections show rather good agreement in most boreholes as
can be seen from the composite plots in Appendix A and
crossplots presented in Section 6.2. The number of 20 m-
sections and the correlation coefficients in the crossplots
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between measured and predicted transmissivities are shown in
Table 8.5.

Table 8.5 Correlation coefficients (r) between measured and
predicted transmissivity in 20 m-sections in
boreholes at Klipperads.

Borehole N r

KKLO1 19 0.836
KKLO2 42 0.750
KKLO6 38 0.745
KKLO9 37 0.808
KKL12 34 0.744
KKL14 33 0.631

N denotes the number of 20 m sections. Table 8.5 shows that the
boreholes KKLO1 and KKLO9 have the highest correlation between
the measured and predicted transmissivities and KKL14 the
Towest. However, the correlation coefficient does not
necessarily reflect the largest deviations between the values.

A compilation of measured and predicted hydraulic
conductivities of the fracture zones penetrating the boreholes
is shown in Table 8.6. The agreement of the values is rather
good although the predicted values generally are higher than
the measured. This may be due to overestimations in a few high-

conductive 1 m sections within the zones.

The possible explanations for large deviations between measured
and predicted transmissivity as discussed in Section 6.2, e.g.
presumed packer- or rock leakage etc in the hydraulic tests,
are speculative only. They are mainly based on geophysical log
responses and information from the core log in the actual
intervals and are not supported by other measurements,
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Table 8.6 Measured and predicted hydraulic conductivities of
the fracture zones in boreholes at Klipperds.

Fracture Borehole Hydraulic conductivity

zone measured  predicted
(m/s) (m/s)
1 KKLO9 3.1 E-10 4.2 E-9
2 KKLO9 5.4 E-7 2.0 E-6
2 KKL12 9.6 E-9 2.4 E-7
4 KKL14 3.9 E-7 2.9 E-6
6 KKL12 4.4 E-7 9.0 E-6
7 KKL12 2.5 E-7 3.7 E-7
8 KKL12 3.2 E-7 4.6 E-6
9 KKL12 5.5 E-7 1.1 E-6
10 KKLOI 9.3 E-7 7.2 E-6
H1 KKLO2 2.0 E-6 3.5 E-5

although such possible explanations also have been discussed in
the reports in some cases.

The highest hydraulic conductivity values predicted in 1 m-
sections generally correspond to fractured borehole intervals
with altered and deformed rock (mainly in granite). The most
high-conductive parts within such intervals generally have
distinct resistivity- and sonic anomalies. Thus, most of the
high-conductivity sections correspond to intervals with
increased fracturing, i.e. fracture groups (often with a
dominant fracture orientation) and crush zones rather than in
single, isolated fractures. This may indicate that the
probability of interconnection of fractures away from the
borehole increases significantly when several fractures are
grouped together. However, it must be remembered that the
prediction models used in this study to a large extent are
based on geophysical logs and that the predicted values will
suffer from any inabilities of these methods to detect

conductive features, e.g. single conductors.
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Although the predicted hydraulic conductivity distributions
presented above look very promising and are generally in good
agreement with the measured values in 20 m-sections, the
validity of the individual values in 1 m-sections can not be
fully assessed without performing detailed hydraulic tests in
some of these sections. In preference, borehole intervals where
large deviations between the predicted and measured
transmissivities occur should be selected for testing, e.g.
parts of the interval 400-460 m in KKL12, see Section 6.2.6., If
the relatively high hydraulic conductivity measured in this
interval can be confirmed by new hydraulic tests, the
conductivity must be attributed to single conductors, neither
detected by the geophysical logs nor in the core log or by
visual inspection of the core.

Some of the discrepancies between the measured and predicted
transmissivities may represent the effects of the different
radius of investigation of the geophysical logs and the
hydraulic tests. While the geophysical logs can be assumed to
investigate the properties within a radius of maximum about one
meter from the borehole, the hydraulic tests may investigate
the conditions at considerably larger distances. As a
consequence, the hydraulic tests are dependent not only on
fractures that intersect the borehole but also on
interconnecting fractures and their continuity away from the
borehole. This possible explanation was also discussed by
Davison et al (1982) for discrepancies obtained between
tubewave measurements and hydraulic tests at the WNRE-site in

Canada.

Although several of the geophysical logs have proved to be very
useful in predicting hydraulic conductivity, e.g. the single
point resistance and the sonic log, there is no individual log
that correlate directly to the hydraulic conductivity in the
variable plots in this study. If possible, other logs which are
more directly related to the hydraulic properties of the rock
and also have good resolution (both absolute and vertically)
should be tested. In the Stripa Mine the neutron-neutron log



has been used with good results (Fridh, 1988). In the SFR-
project at Forsmark both the neutron-neutron and gamma-gamma
logs were used. These logs have also been used in the Finnish

site characterization program, e.g. in the Lavia borehole.

The potential of tubewave measurements in describing the
hydraulic conductivity should be further investigated, possibly
by using the EBBA image system in combination with multivariate
data analysis as was used in the initial modelling in this
study. Other possible methods, e.g. the acoustic-waveform
analysis (3D-sonic) discussed by Davison et al (1982) and

Mc Ewen (1985) should be investigated. In addition, quick
hydraulic test methods which can provide rough estimates of the
hydraulic conductivity in short test sections or along a
borehole, e.g. flow meter surveys (Hufschmied, 1985), should be

developed.

8.2 Conductive fracture frequency

The CFF-models also show that fracture groups in general best
correlate with the predicted hydraulic conductivity. In the
CFF-model for KKLOl and KKLO2 the subhorizontal fracture group
F7 and single fractures S7 (and S6) in granite dominate on the
negative side of PC2, see Fig 7.1.1 and Tables 7.1 and 7.2.
Also in the third component (positive side) the correlation of
subhorizontal fractures to the predicted hydraulic conductivity
Ts indicated. The positive sides of PC2 and PC4 of the model to
predict the hydraulic conductivity (HC model) in KKLOl and
KKLOZ also confirm the correlation to hydraulic conductivity of
subhorizontal fractures in granite (S7 and S6) and fracture
groups F7 and F6 in granite, see Fig 6.1.1 and Tables 6.1.1-2.

In the inclined boreholes no such conclusions of dominating
directions of conductive fractures can be drawn since the cores
are not oriented. The CFF-model for KKLO9 indicates however
that the fracture groups F4 and F6 best correlate to the
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predicted hydraulic conductivity but the correlation is not

very strong.

The CFF-models show that both conductive and low-conductive Fe-
coated fractures exist. In plots showing low-conductive Fe-
fractures often calcite-coated fractures correlate best to the
predicted hydraulic conductivity, see e.g. PC4 (negative side)
of the CFF-model for KKLO1l and KKLO2. In the third component
(positive side) of the same model both conductive Fe- and
calcite-coated fractures occurs. The second component of the
CFF-model for KKL12 and KKL14 (positive side) shows both low-
conductive Fe- and calcite-coated fractures, see Fig 7.1.3.
These exampels illustrate the interaction between these two
fracture filling minerals as discussed by Tullborg (1986), see
Section 2.3. Another example of conductive calcite-coated
fractures is in PC3 (positive side) of the HC-model for KKL12
and KKL14, see Fig 6.1.4. Low-conductive fractures are in
general coated by epidote.

The predicted CFF along the boreholes is in general, like the
hydraulic conductivity, very unevenly distributed. The CFF-
predictions suffer from the lack of relevant measured variables
to identify this property. As discussed in Section 5.2 the
concept of CFF is not very well defined. This study indicates
that conductive borehole intervals most fregquently are
associated with concentrations of fractures, i.e. fracture
groups and minor crush zones within the rock mass, rather than
isolated single fractures. In such intervals the density of
conductive fractures may be considerably increased whereas long
intervals of non-conductive fractures may exist in between.
Thus the mean CFF along a borehole does not necessarily reflect
the actual hydraulic properties of the boreholes.

The degree and type of fracturing is also strongly dependent of
the rock type. Thus, statistical calculations of CFF, which
generally are based on the assumptions of statistical
independence of fractures and {statistically) homogeneous rock
should be used with caution at sites like Klipperds. However,
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CFF-calculations in different rock types and rock units with
such methods may provide valuable information of the hydraulic

properties.

An alternative to the CFF approach would be to determine the
number of flow zones, i.e. conductive intervals along a
borehcle. Within the flow zones the fractures are likely to be
interconnected. A comparison of the predicted CFF in Table 7.8
with the total fracture frequency mapped, shown in the tables
in Section 2.2, reveals that the CFF is only a small portion of
the total fracture frequency.

The predicted CFF in Table 7.8 can be compared with CFF-
calculations within zone 2 and its adjacent parts at the
Finnsjon site, based on statistical methods (Andersson et al,
1988b). These values are generally higher than those in Table
7.8. This could also be expected since the former values
represent a fracture zone located in the upper parts of the bedrock.
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9 SUMMARY AND CONCLUSIONS
9.1 Summary of results

This study has shown that the hydraulic conductivity to a large
extent can be predicted by combined use of data from
geophysical logging and core mapping. The models derived are
believed to provide a realistic picture of the actual hydraulic
conductivity distributions along the boreholes. With the models
about 80-90 % of the variation of the hydraulic conductivity of
the input data set could be explained by utilizing about

35-45 % of the total information contained in the data set.

The hydraulic conductivity of totally about 4500 one meter
borehole sections has thus been predicted from 233 input values
used as best estimates of this parameter. The predicted values
generally show good conformance to the actual models.

The distributions of the predicted hydraulic conductivity
values are in most cases distinctly lognormal in spite of the
input distributions not being typically lognormal. In the
overall conductivity distributions predicted, KKLO14 has the
highest median hydraulic conductivity whereas in the
distribution for values greater than 2 x 10-10 m/s, KKL12 has
the nighest median value. In both distributions KKLO1 and KKLO2
have the Towest median hydraulic conductivity predicted. The
borehole KKL14 has the lowest standard deviation of all
boreholes studied.

The study also shows that the predicted hydraulic conductivity
is very unevenly distributed along the boreholes, both in the
rock mass and in the fracture zones. Generally, very few of the
predicted values of the 1 m sections govern the total
transmissivity of the measured 20 m sections. The number of
sections with a predicted hydraulic conductivity greater than a
certain value also decreases rapidly for increasing
conductivities.
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In general, good agreement between the measured and predicted
transmissivities in 20 m sections was obtained. However in a
few sections large discrepancies occurred which cannot be fully

explained.

The highest hydraulic conductivity values predicted generally
correspond to fractured borehole intervals with altered and
deformed rock with strong resistivity and sonic log anomalies.
High predicted hydraulic conductivity most frequently occur in
sections with increased fracture density. This may be a
reflection of an increased probability of interconnection of
fractures away from the boreholes in such sections. However,
the possibility of isolated, single conductors should not be

excluded.

This study has also shown that the different rock types
generally have highly varying geological and hydrogeological
properties, both between boreholes and within the same
borehole.

The predicted conductive fracture frequency is also very
unevenly distributed along the boreholes. The CFF-model for
KKLO1 and KKLOZ indicates that subhorizontal fractures (mainly
in fracture groups) in granite in general best correlate to the
predicted hydraulic conductivity although this feature is not
extremely well accentuated.

The interaction between fracture fillings of Fe-oxyhydroxide
and calcite is demonstrated. Both types of fracture fillings
may correspond to both conductive and low-conductive properties
of the fractures. Investigations of fracture fillings is
considered as very important in predicting the hydraulic
conductivity, in particular the Fe-minerals.

The CFF-models suffer from the lack of relevant measured
variables to adequately identify this property. The concept of
CFF may not either be the most relevant one to describe the
conductive properties along the boreholes. An alternative would
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be to determine and characterize the number of conductive zones

along the boreholes.

The CFF-models derived in this study are much influenced by the
frequency of fractures coated with Fe-oxyhydroxide. Since the
mapping of this mineral in the cores is non-uniform among
boreholes the predicted CFF are not directly comparable between
boreholes.

The predicted average CFF in the rock mass generally vary
between 0.17 - 0.25 fr/m. This corresponds to an average
spacing of about 4-6 m between conductive fractures. In the
fracture zones the predicted CFF is significantly higher,
particularly in KKLOl and KKLO2. These zones have very high
hydraulic conductivities.

In summary, the models have confirmed the preliminary results
obtained from earlier investigations regarding the correlation
between geophysical logs and core logs and hydraulic
conductivity on data from the Klipperds site. In addition, the
models have provided a computerized analysis technique which
makes the data analysis more efficient and objective.

9.2 Conclusions

Although good agreements generally have been obtained between
measured and predicted transmissivity in 20 m sections the
validity of individual values predicted in 1 m sections should
be checked by detailed hydraulic tests, particularly in
borehole intervals with large discrepancies between measured
and predicted values, e.g. the interval 400-460 m in borehole
KKL12.

Multivariate data analysis has proved to be a powerful
technique to systematically analyse an extensive data material
and to study correlation structures within the entire data set.
Working with measured hydraulic conductivity values in 20 m
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sections only and selecting representative values of 1 m
sections is however a rather tedious procedure and requires
large computational efforts.

The PLS-modelling is considerably faciliated if data from
detailed hydraulic tests are available from parts of one or
several boreholes within the area. A model is then readily
established which can be tested on all boreholes and the
conformance of data from each borehole to this model can be
assessed. Although the present models are regarded as rather
site-specific (and also borehole specific) they can be tested
for conformance (classification) on boreholes at other sites
with similar geological conditions.

The results of multivariate analysis may be incorporated and
tested in fracture network models (Andersson, 1988) and in
regional modelling of sites. Multivariate analysis is
particularly well suited for site investigations to establish
important geological and hydrogeological features of a large
data material. This study has clearly shown that the
hydrogeological properties of different rock types must be
included in the modelling.

The study has also demonstrated that no individual geophysical
Tog is directly correlated to hydraulic conductivity. The
benefits of other logs, e.g. neutron-neutron and gamma-gamma
logs, tubewave measurements, flow meter surveys, 3D-sonic logs
or alternative logs in relation to the hydraulic conductivity
should be further investigated.

The results of the present study does not limit the need of
borehole hydraulic testing. The latter methods are, and will
be, the most efficient in obtaining reliable values of
hydraulic parameters, particularly by a combination of single-
hole and cross-hole tests. This depends mainly on the

different radius of investigation of e.g. geophysical 1ogs and
hydraulic tests. However, predicted hydraulic conductivities in
detailed sections from multivariate analysis can provide a
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more detailed picture of the conductivity distributions along
boreholes than what normally is practically and economically

feasible by hydraulic testing.

Thus, a combination of multivariate modelling of available data
and hydraulic testing is selected borehole intervals seems to
be the most efficient means. Predicted hydraulic conductivity
values can also assist in designing the hydrotest program in a
borehole once the data from the geophysical logging and core
mapping are available. Thus a more flexible hydrotest program
can then be performed, e.g. with detailed testing of high-
conductive sections and more sparse testing of long low-
conductivity rock intervals. Equipments to carry out quick
hydrotests in detajled sections should be developed and used in
combination with multivariate modelling. In addition, all types
of measurements carried out in a borehole should use the same
reference level, e.g. top of casing, to facilitate an

integrated analysis of the data.
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11.  APPENDICES

Appendix A Distribution of predicted hydraulic conductivity and

Appendix B

conductive fracture frequency in boreholes KKLOL,
KKLO2, KKLO6, KKLO9, KKL12 and KKL14. (Figures A.1 -
A.6).

Borehole descriptions (KKLO1, KKL0Z, KKLO6, KKLO9Y,
KKL12 and KKL14).

Tables B.1 - B.6. Core desciptions.

Figures B.1 - B.6. Schematic lithology and fracture
frequency.
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borehole KKL12.
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Borehole KKLO1

Local coordinates: 2253 N/ 1674 E

Declination: 1340
Inclination: 800
Drilling length: 563.95 m

Table B.1 Distribution of rock types in KKLO1

Rock type Total length % Longest sequence of a
(m) given rock type (m)

Moraine 3.70

Granite 414.80 73.86 83.8

Greenstone 86.95 15.52 16.8

Porphyry 53.60 9.75 14.0

Aplite 4.90 0.87 2.4

Total 563.95 100.00

Table B.2 Fracture frequencies related to rock types in KKLO1

Rock type Number of coated Fracture frequency
fractures per 1 m

Granite 2728 6.58

Greenstone 640 7.36

Porphyry 456 8.51

Aplite 17 3.47

Total fractures 3841 6.86
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Borehole KKLO2

Local coordinates: 1687 N/ 2717 E

Declination: 2780
Inclination: 780
Drilling Tength: 958.60 m

Table B.3 Distribution of rock types in KKLO2

Rock type Total Tlength % Longest sequence of a
(m) given rock type (m)

Moraine 3.85

Granite 825.45 86.46 152.30

Greenstone 87.15 9.13 31.35

Mafic dyke (Dolerite) 9.15 0.96 9.15

Aplite 0.80 0.1 0.60

Unknown

(764.30 - 796.50) 32.20 3.37

Total 958.60

Table B.4 Fracture frequencies related to rock types in KKLO2

Rock type Number of coated Fracture frequency
fractures per 1 m

Granite 1907 2.31

Greenstone 583 6.70

Mafic dyke (Dolerite) 80 8.74

Aplite 2 2.50

Total fractures 2572 2.79
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Borehole KKLO6

Local coordinates: 2000 N/ 3539 E

Declination: 2760
Inclination: 560
Drilling length: 808.00 m

Table B.5 Distribution of rock types in KKLO6

Rock type Total length % Longest sequence of a
(m) given rock type (m)

Moraine 7.85

Granite 568.65 71.07 164.90

Greenstone 118.90 14.86 54.60

Porphyry 92.95 11.62 47.80

Mafic dyke (Basalt) 16.05 2.00 7.70

Aplite 3.60 0.45 3.20

Total 808.00 100.00

Table B.6 Fracture frequencies related to rock types in KKLO6

Rock type Number of coated Fracture frequency
fractures per 1 m

Granite 2038 8.58

Greenstone 1015 8.54

Porphyry 753 8.10

Mafic dyke (Basalt) 244 15.20

Aplite 58 16.11

Total fractures 4108 5.13
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Borehole KKLO9

Local coordinates: 1754 N/ 2360 E

Declination: 3000
Inclination: 560
Drilling length: 801.03 m

Table B.7 Distribution of rock types in KKL0O9

Rock type Total length % Longest sequence of a
(m) given rock type (m)

Moraine 4.70

Granite 646.75 81.22 141.50

Porphyry 79.65 10.00 48.55

Greenstone 53.20 6.68 7.00

Mafic dyke (Dolerite) 14.75 1.85 12.20

Aplite 2.00 0.25 0.90

Total 801.05 100.00

Table B.8 Fracture frequencies related

to rock types in KKLO9

Rock type Number of coated Fracture frequency
fractures per 1 m

Granite 2598 4.02

Porphyry 420 5.27

Greenstone 457 8.59

Mafic dyke (Dolerite) 92 6.24

Aplite 18 9.00

Total fractures 3585 4.50
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Borehole KKL12

Local coordinates: 2370 N/ 2870 E

Declination: 3460
Inclination: 500
Drilling length: 730.14 m

Table B.9 Distribution of rock types in KKL12

Rock type Total length % Longest sequence of a
(m) given rock type (m)

Moraine 3.55

Granite 618.20 85.08 94.80

Greenstone 55.50 7.64 10.05

Porphyry 47.50 6.54 16.20

Aplite 5.40 0.74 2.25

Total 730.15 100.00

Table B.10 Fracture frequencies related to rock types in KKL12

Rock type Number of coated Fracture frequency
fractures per 1 m

Granite 2805 4,53

Greenstone 329 5.93

Porphyry 444 9.45

Aplite 18 9.00

Total fractures 3638 5.00
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Borehole KKL14

Local coordinates:
Declination: 020
Inclination: 550
Drilling length:

705.22 m

1084 N/ 2400 E

Table B.11 Distribution of rock types in KKL14

Rock type Total length % Longest sequence of a
(m) given rock type (m)

Moraine 3.20

Granite 560.90 79.90 124.30

Porphyry 69.65 9.92 34.25

Mafic dyke (Dolerite) 45.35 6.46 31.45

Greenstone 25.10 3.58 6.95

Aplite 1.00 0.14 0.80

Total 705.20 100.00

Table B.12 Fracture frequencies related

to rock types in KKL14

Rock type Number of coated Fracture frequency
fractures per 1 m
Granite 2023 3.62
Porphyry 341 4.90
Mafic dyke (Dolerite) 183 4.04
Greenstone 316 12.59
Aplite 5 5.00
Total fractures 2868 4.09
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