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ABSTRACT

The investigations 1n the Bridndan area have defined two ma jor

fracture zones.

Zone 1, the Brandan fracture zone, is 20 m wide, strikes NNE
and dips 75 degrees towards east. Characteristic for the zone
1s a high frequency of coated and sealed fractures, 12 and 50
fr/m respectively. Infillings of hematite and asphaltite are
common. Hydraulic conductivity determined by single-hole water
injection tests varies between 1.2~1O_6 and 4.8-:10

m/s measured at vertical depths between 57 and 76 m.

Zone 2, a subhorizontal fracture zone, is about 70 m wide and
strikes N-S with a westerly dip of 17 degrees. The zone is
defined in all 4 cored boreholes in the Brindan area, which
gives a minimum lateral extent of about 500 m. The boreholes
intersect the zone at depths ranging from 100 to 300 m. Charac-
teristic for Zone 2 are sections with mylonite and breccia.
Within the zone, the frequency of sealed fractures is high 1in
all boreholes, about 40 fr/m compared to 14 fr/m in the country
rock. The frequency of coated fractures varies greatly between
different boreholes, 3 to 9 fr/m compared to 2 to 5§ fr/m in the
country rock. In spite of low frequency of coated fractures for
the Zone 2 1in some boreholes, the hydraulic conductivity is
high in all boreholes. Several values higher than 10—4 m/s

have been observed. Interference tests have established hydrau-
lic connections in Zone 2 between four investigation boreholes

at distances up to 450 m.

Saline water of about 5000 mg/l of chlorine is found below the
Zone 2. The saline water encountered at such shallow levels

indicates that the subhorizontal Zone 2 functions as a hydrau-
lic barrier aginst draining out and replacement of the saline

water by non-saline groundwater.

Zone 2 1s recommended for the detailed investigations planned
for the Fracture Zone Project.



1. BACKGROUND

The only probable mechanism by which radionuclides can reach
the biosphere and the human environment is by transportation
with the flowing groundwater, which in crystalline rock is
restricted to fractures and especially fracture zones. A
detailed knowledge of the characteristics of fracture zones 1s
therefore needed. Previous model calculations of groundwater
flow at potential repository sites in Sweden have regarded
existing fracture zones as completely open, resulting in an
improbably rapid radionuclide transportation between repository
depth and the surface. Such an assumption is definitely over-
conservative since rock - mineral interactions, dilution, dis-
persion and sorption are retarding the transportation of nucli-
des along the zones. A generic study, where detailed geologi-
cal, geophysical, hydrogeological and geochemical investiga-
tions of a fracture zone are carried out, has therefore been
initiated by the Swedish Nuclear Fuel and Waste Management Co
(SKB) .

The investigation covers a four year period and is divided into
several phases. The purpose of the first phase of the fracture
zone study 1s a preliminary investigation of a site where a 3-D
model of the tectonic pattern can be established including hyd-
raulic properties of the fracture zones and the country rock.
The result from the first phase, described in this report, will
be evaluated in order to decide whether the area is feasible
for further investigations. Phase two will focus on detailed
hydrogeological and geochemical characterization and migration
properties of the selected fracture zone and the surrounding
country rock. Phase three, finally, will concentrate on rock
mechanical studies in connection to the fracture zone and will

also include a final evaluation of the project.

The Finnsjon study site is located in northern Uppland, central
Sweden, figure 1.1. The geology and hydrogeology of the bedrock
was investigated during the years 1977-1982 within the site
selection studies for a repository for spent nuclear fuel (0Ol-
kiewicz et al. 1979, Carlsson et al. 1980, Carlsson and Gid-
lund, 1983, among others). Within the Br&ndan area, figure 1.1,



two cored boreholes, Fi 5 (751 metres) and Fi 6 (691 met-
res), were drilled during 1978. Results from the core loggings
and hydrogeological tests, together with surface geophysical
measurements and topography, indicated the presence of a water

conductive, steeply dipping, fracture zone.

The investigations were at first concentrated to this steeply
dipping fracture zone, Zone 1. However, after the discovery of
a major subhorizontal fracture zone, Zone 2, which appeared to
have a strong influence on the hydrology and geochemistry of
the site, the major part of the investigations was focused on
the Zone 2.

Results from the preliminary investigations are accounted for
in this report. In addition, data have been compiled in an in-
ternal SKB-report: "Ahlbom, K., Melkersson, K., Strdhle, A.
(1985): Fracture zone project, core logging and technical data
for boreholes Fi1 5, Fi1 6, Fi 9 and Fi 10."

Finnsjon study site

STOCKHOLM )
Brdndan area

. /bod %

GOTEBORG

067 pood

Figure 1.1. Location of the Finnsjdn study site.



2. MAJOR FRACTURE ZONES AT THE BRANDAN AREA

Most studies within this project have been aimed to define and
characterize fracture zones. The results from the different
studies have been concentrated on two of the three major frac-
ture zones which have been defined within the area, figures 2.1
and 2.2. In order to facilitate reading of this report, these

fracture zones are presented below.

Zone 1, the Brédndan fracture zone, has a NNE strike with a

dip of about 75 degrees to the east. The width is about 20 m.
The fracture zone is topographically expressed as a minor gul-
ly, 30-50 m wide and covered with till and peat, surrounded by
lowlying outcrops. The lineament representing the fracture zone
is traceable for more than 500 m. The fracture zone is well
defined by surface geophysical measurements for more than 1 km.

Zone 2, the subhorizontal fracture zone, is only defined in
the boreholes. It trends north with a dip of about 17 degrees
to the west. However, since the zone is only defined in boreho-

les which are located along a more or less straight line, the

precise orientation is not known.

In the figures 2.1 and 2.2 the location of Zone 2 is taken from
data from borehole Fi 6 extrapolated to the other boreholes,
with the orientation mentioned above. This agrees well with the
interpreted location of the fracture zone in all boreholes,
possibly with the exception of borehole Fi 10. Here, the core
within the upper part of the extrapolated location of Zone 2

does not show indications of increased fracturing.

Zone 3, the Gavastbo fracture zone, is a regional zone defi-
ned earlier (Carlsson and Gidlund, 1983). The Zone 3 strikes
NNW with a vertical dip. This zone has not been included in the

detailed studies.
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3. GENERAL DESCRIPTION OF THE BRANDAN AREA, FINNSJON STUDY
SITE

~3.l Topography and Quaternary deposits.

The dominating impression of the topography of the Finnsjon
site 1s the flatness. The western parts of the site are situa-
ted at levels between about 25 and 45 m.a.s.l., while the eas-
tern parts are lower, mainly between 20 and 25 m.a.s.l.

Within the study site, the Brandan area displays a variation
in altitude of less than 15 m, from about 20 to less than 34
m.a.s.l. A slight dip 1in altitude creates the drainage direc-

tion of the area towards northeast.

The middle and south-western parts of the Briandan area, where
most of the studies for the fracture zone project are perfor-
med, 1s dominated by exposed rock. Between the outcrops, the
soil 1s often thin, consisting primarily of till and peat.
Under the peat there is generally a thin layer of outwashed
material, e.g. sand, sometimes resting on clay. The clay 1is
always underlain by till. Clay or outwashed material 1s expo-

sed at the surface only 1in small areas.

The CaCO_-content of the till is rather high, between 10 and
20 & of the fine material.

In the eastern part of the EBriandan area the percentage of out-
crops 1is much smaller than in the western part. Instead till,
bogs, clay and outwashed material 1i1s more dominating both as
to area and depth. Soundings have here shown a maximum s011
depth of 8.5 m, Almén et al., (1978) and Jacobsson, (1980).
Typical layering found in the soundings 1s peat, outwashed

sand, glacial clay and till.

In Almén et al. (1978) a short review of the Quaternary
history of the Finnsjon study site 1s given. It 1s supposed
that the latest inland ice movement direction 1n the area was
between north and northeast (N 30 E). The inland ice left the



area about 7 600 B.C. The recession rate was 250 m/year. The
Finnsjon area was lifted up above the sea level between about
3 200 B.C. and 800 B.C. Corresponding values for the Brandan
area should be about 2 300 B.C. to 1 300 B.C. The average rate
of land-uplift at that time was approximately 10 mm/year. To-

day the rate for the Finnsjon site 1s 5.5 mm/year .

3.2 Geological setting

The following text is a short summary of an internal SKB-re-
port (81-35) descraibing a geological mapping of the Finnsjon
study site performed in 1980-8l1: "Olkiewics, A. and Arnefors,
J. (1981)¢ Berggrundsbeskrivning av undersdkningsomradet vid
Finnsjdn i norra Uppland." The central part of the geologic

map 1s shown in figure 3.1.

The bedrock within the Finnsjtn study site is of Svecokarelian
age, about 1800-2100 Ma. The site consists mainly of four rock
types: leptite, basites, granodiorite and late-orogenic grani-

te (young granite).

The oldest rock types are some varieties of leptite. This 1s a
supracrustal acidic volcanic rock that mainly consists of
gquartz, potassium feldspar and plagioclase. The leptites are
fine grained and have a greyish red to grey colour. Leptite 1is

found in the northern and northeastern part of the site.

The leptite is bounded to the south by ultra basic to basic
rock types. Hornblende is the main mineral of the ultra basic
rock. The grain size varies from fine to coarse and the colour
1s dark green to black. The basic rock types have a dioritic
to gabbroic composition with the main minerals plagioclase,
hornblende and biotite. The colour is dark grey to black and
the rock is fine to medium grained. These basic rocks have
intruded into the bedrock before and during a deformation pha-
se which has folded the supracrustal rocks.

Dykes of metabasites are common in all major rock types,
excluding the late-orogenic granite. The width of the dykes



1s 1n most cases less than 1 m.

All boreholes within the Finnsjon study site, including the
boreholes at the Bridndan area, are drilled within a granodio-
rite which dominates in the central and western part of the
site. The granodiorite brecciates the older leptites and basi-
tes. Xenolites of these rock types are fregquent within the
granodiorite. Dykes of younger rock types, i.e. granite, peg-

matite and aplite are common.

The S10_ content of the granodiorite is 66 weight per cent.

The mean mineral content expressed as volyme per cent of the
granodiorite is ( 5 samples): plagioclase 32 %, quarts 30 %,
microcline 18%, hornblende 11%, biotite and chlorite 9%. In

some samples biotite 1s absent. Minor amounts of chlorite,

epidote, apatite, titanite and sericite are common.

Chemical analysis of granodioritic samples are presented in
tables 3.1 and 3.2.

The colour varies from grey to greyish red, and the grains are
medium sized. Red granodiorite occurs in areas which are tec-
tonically affected. Mylonites are common and epidote occurs

frequently in the area.

The foliation of the granodiorite has a northwesterly strike
and dips steeply eastwards.

Late-orogenic granite 1is found as a large rock body in the
eastern and southern parts of the site. This rock type con-
slsts mainly of plagioclase, quartz and microcline with minor
amounts of biotite and chlorite. The colour is red to greyaish
red, locally grey. The grains are fine to medium sized. The
granite has commonly phenocrysts of feldspar. Aplitic pink
dykes associated with the granite occur in the granodiorite

and the gabbro.

Peymatite dykes associated with both the granodiorite and the

granlte occur.
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Table 3.1 Chemical analyses of the granodiorite at Finnsjén.

:::;A: ' 011-0789 011-0790 011-0791 011-1528 011-1929" 011-1930 011-1931 D11-1932 0111933 0111934 011-197  BXBATI028 BXBAT0R9
sm? 68.2 66.0 63.9 (L) 8.6 6a.7 6.9 65.2 .9 66.0 6.5 68.1 5.9
'no? 0.52 .49 0.57 0.48 [ R 1} 0.82 0.80 0.43 0.8 0.38 0.84 0.%2 0.24
41,0, 2.4 12.7 2.6 3.3 5.3 13.9 .0 W1 .3 13.9 13.7 .3 13.5
Fe,0q (R4 (N 1.4 2.0 1.5 1.4 1.2 1. 1.3 .3 1.3 1.6 0.8
FeQ 3.7 3.& 3.9 3.0 3.4 3.2 3.2 1.5 3.3 2.9 3.4 30 .7
MnC 0.1 0.1 n.12 0.10 0.09 0.0% 0.10 0.9 0.09 0.08 0.12 o.n 0.08
Ca0 (W) 2.0 [ 3.9 [ “0 2.5 &0 8.2 1.7 2.0 35 2.1
HeC .9 2.3 R.? 1.8 1.87 1.7 1.80 1.90 LY 1.50 2.2 1.93 0.61
Nazo 2.5 3.0 2.6 2.8 2.5 2.5 2.6 2.5 2.6 2.5 3.3 2.4 2.8
K0 3.5 3.5 3.3 3.3 3.5 3.6 3.9 3.6 1.6 3.9 3.3 3.9 2.5
HaC 105 1.3 11
H,0<105 0.2 [N
P05 0.1 0.05
602 0.05 0.02
F 0.0% 0.02
3 0.03 < 0.2 0.02 < 0.02 0.02 < 0.2 < 0.02 0.1 < 0,02 < 0.02 0. < 0.02 < 0.02
Ba0 0.1 0.12 0.13 0.08 0.0 0.08 o.11 0.08 0.08 no7 0.13 0.1 0.16
U < 0.005 <0.005 <0.005

S .26 95.05  95.38  95.20 9641 95.63  96.7t  96.93  97.53  96.23  95.&7 101,82 101.78
CIPW-nors .

q 25.9 26.6 23.9 5.2 24,6 5.2 7.6 249 4.9 26.3 . 27.4 1.3
c 0.0 03 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 1.0 0.3 1.4
or 217 21.8 20.5 20.5 215 22.2 23.8 21.9 21.8 23.% 0.4 22.8 W5
ab 22.2 26.7 23 2u.9 21.9 220 22.7 21.8 22.6 22.0 29.3 20.1 23.3
an 2.9 10.7 13.6 w7 18.1 16.8 13.0 170 7.1 5.8 10.6 15.8 12.9
Salisk/ Salic 81.7 86.0 81.0 85.2 86.1 Rb .4 88.2 85.8 86.4 88.0 86.4 86.4 93.¢
Femisk/ Femic 18.3 13.9 5.0 0.7 13.49 13.6 1.8 w1 13.6 1.9 13.5 2.2 5.4

Table 3.2 Chemical analyses of granodiorite, trace elements.

Prov nr Nivd CU PB ZN MO NI CR CO FE203 MNO AS AG CAO MG0 V SR TID BAG SN BE BI W
PPM PPM PPM PPM PPM PPM PPM % % PPM PPM % 1 PPM PPM 3 % PPM PPM PPM PPM
0111928 316.0-316.3 mFi 6 18 16 70 <10 <10 37 8.4 0.18 S0 B 7.5 3.21622710.590.094 < < <5
0111929 461.1-461.3 m Fi 5 17 14 45 <10 10 26 6.8 0.14 S0 <3 4.5 2.4 174 450 0.58 0.102 <5 <3 <§
0111930 140.6-140.9 m Fi 4 14 15 41 <10 <10 23 6.2 0.13 <50 <3 4.8 2.2 148 360 0.47 0,086 <5 <3 <5
01N 485.4-485.6 mFi 4 11 18 48 <10 <10 27 7.4 0.18 <50 <3 3.4 2.7 172 286 0.46 0.068 <5 <3 <5
0111932 258.6-258.8 m Fi 5 98 13 43 <10 <10 31 7.4 0.15 <50 <3 4.3 2.6 186 380 0.53 0.080 <5 <3 <5
0111933 181.0-181.3 m Fi 7 27 15 43 <10 <10 22 5.9 0.13 <50 <3 3.8 1.9 149 339 0.350.084 <5 <3 <5
0111934 498.4-498.6 m Fi 7 27 14 33 <10 <10 21 5.6 0.12 <50 <3 3.4 1.7 137 362 0.35 0.083 <5 <3 <5
0111935 288.7-288.9mFi 4 19 21 80 <10 10 35 B.5 0.23 <50 <3 5.3 3.8 196 261 0.63 0.095 <5 <3 <5
BXBA79028 9 15 28 <10 <10 14 18 4.2 0.11 <50 <3 2.5 1.2 117 218 0.24 0.048 <5 <3 <5 <50
BKBA79029 <5 13 41 <10 <10 <5 <10 2.8 0.08 <50 <3 2.1 0.5 23 2630.27 0.085 <5 <3 <5 <50
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3.3 Lineaments from air-photo interpretation

The lineaments shown 1n figure 3.2 have been interpreted from
black and white air-photos in the scale 1:10 000. Fracture
zones are possible to detect due to the thin soil cover and
the erosional effect caused by the i1ce movement during the
glaciation. In the 1interpretation it is important to take into
account, that fracture zones parallel to the ice movement are
more eroded than fracture zones perpendicular to it. Further-
more, interpretation in different scales pronounces different
sizes of fracture zones. Thus the scale 1:10 000 supresses
large features as the Brindan or Gavastbo fracture zones, but

enhances 1indications of minor fracture zones.

The most common and persistent lineaments are trending N-S and
N 50-60 W. North-south trending lineaments are most pronounced
in the western upper and esstern lower part of the map. Both
the Gavastbo fracture zone and the subhorizontally dipping
Zone 2 are oriented within 10 degrees deviation from this

direction.

Lineaments trending N 50 W could to some extent be caused by
different erosional properties due to plastic deformation of
the rock. The strike of the foliation within the granodiorite

1s generally N 50 W.

Less persistent but common lineament directions are N 25-35 E
and E-W. The Brdndan fracture zone 1is one example of a fractu-

re zone with a N 30 E orientation.
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Figure 3.2 Lineaments at the Finnsjdn study site.

3.4 Outcrops within the central Brindan area.

Using an aviograph type Wild TC-1, a detailed map of outcrops
was made for the central part of the Briandan area, figure 3.4.
The map has been used together with the ground geophysical

measurements and air-photos to locate possible fracture zones.

The location of the Bridndan fracture zone is from topography
and geophysical measurements interpreted to be close to the
1000 E line, figures 3.3 and 4.1. There is also a lack of out-
crops close to this line. In the southwestern part of the 1000
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E line the distance between outcrops is only 10 m. The hori-
zontal width of the fracture zone is calculated from borehole
data to be about 20 m. Thus, detailed geoloyic and tectonic
studies of some of the southwestern outcrops might give addi-

tional information about the fracture zone.

The topography and lack of outcrops close to borehole HFi 1
may indicate a minor fracture zone trending north-south.

FINNSJON: Brdandan

S Outcrop

=== Road

1 e f5 (ore borehole
e HF1 Percussion borehole
Shallow observation holes

i Lo "
O ﬂ 0 | Centre of smau » = Air-photo marker

depression ey Profile with short "Borros”
HFi 1 ! cored borehole
®

o |
. e U ;
= 5
Y N\ Ot
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Figure 3.3 Outcrops within the Bridndan area.



14

4. GROUND GEOPHYSICAL MAPS AND PROFILES

Ground geophysical profiles and maps have been studied in
order to define the location and, if possible, the dip of
fracture zones within the Bridndan area. The investigations
have been concentrated to the lineament representing Zone 1
(the Bridndan fracture zone). However, efforts have also been
made to define other fracture zones in the vicinity of this
lineament.

4.1 Resistivity and slingram surveys made 1978-1979

During the site investigation 1978-1979, slingram (horizontal
loop EM), resistivity, IP and magnetic surveys were carried
out within the Finnsjdn study site. The measurements were made
in profiles oriented in NNW-SSE (N 20 W), with a separation of
20 m between the measuring points and 80 m between the pro-
files. The results were presented in hand-drawn maps. Within
this project the measurements from the slingram (imaginary
component) and resistivity surveys were digitilized and high
resolution maps have been produced using a colour ink-plotter.
In this report the maps are presented in black and white,
figures 4.1 and 4.2.

Both maps show frequent anomalies perpendicular to the profi-
les. This is an effect of the interpolation algorithm used by
the computer during plotting of data due to the short distance
between the measuring points relative to the distance between
the profiles. Anomalies caused by fracture zones or other geo-
logical structures with the orientation perpendicular to the
profiles are therefore hard to discover.

Zone 1 (Brdndan) was earlier interpreted to be located around
the 1000 E line. This is also indicated by the resistivity and
slingram maps. The anomalies are strongest between 900 N to
1600 N. At 900 N the resistivity map indicates an offset or a
bend of the zone, 50-100 m, either to the east or to the west.
Anomalies indicating minor fracture zones are also indicated
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in this area. These fracture zones strike N 80 W. The geo-
physical interpretation of the location of the fracture zones
in the Brandan area 1s presented together with the resistivity

map in figure 4.2.

The Zone 1 divides the bedrock into two blocks of different
resistivity. The northeastern block has a higher resistivity

than the southeastern block.

4.2 Refraction seismic measurements

Refraction seismic measurements were carried out during 1979
in the Brédndan area. Within this project some of the seismic
profiles have been interpretated in greater detail. The
results indicated a fracture zone, about 25-35 m wide, at the
same location as indicated by the resistivity measurements.
However, the p-wave velocity within the fracture zone is surp-
risingly high, 4500-4700 m/s. P-wave velocities measured in

the country rock are between 4500-5700 m/s.

One refraction seismic profile was located in the same section
in which the so1il éepth was determined with short boreholes
(Borros core sampler, section 5.6). This gives an opportunity
to compare the results from the two studies. The width of the
fracture zone determined from Borros drillings is 20 m and the
soil depth is between 2.0 - 3.4 m. The seismic measurements
indicate a width of 25 m of the fracture zone and a soil depth
of 2.0 - 2.5 m. Thus, there is a good correlation between the

two studies.

4.3 Slingram and VLF-measurements in the Brdndan area

In order to define Zone 1 (Brandan), 10 profiles with VLF and

Slingram measurements were carried out. The profiles, 500 m in
length, were made perpendicular to the Zone 1 with the center

at the lineament representing the zone (1000 E line). For some
profiles electric cables have distorted the measurements.



16

The VLF-measurements strongly indicate the presence of the
Brédndan fracture zone around the 1000 E line. By using the
inflexion point for the anomalies caused by the fracture zone,
the center of the zone is defined, figure 4.3. As seen from
this figure, the fracture zone is slightly windling from the
1500 E line to the 800 E line. The two lines 560 E and 325 E
also show a shift in the location of the fracture zone of

about 70 m to the west.

The Slingram measurements, figure 4.4, show similar anomalies
as the VLF measurements. For the profile at 1500 N a dip of 70
degrees towards west was calculated for Zone 1, which should
be compared with the dip interpretation from core logging of
75 degrees towards east. This discrepancy might possible be
explained by interference with Zone 2. The anomalies of the
fracture zone at other profiles are distorted and no attempt
has been made to make dip calculations from these profiles.

Slingram and VLF-profiles were also measured parallel to the
Bradndan fracture zone at 1075 E line (east of Brandan) and at
925 E (west of Brindan), figure 4.5. Unfortunately electric
cables distorted the measurements between 1250-1350 N. Appart
from the distorted sections, the slingram and VLF-GBR measure-
ments show only minor anomalies. These occur at 800N, 1015 N
and at 1125 N for the 1075 E line and at 860 N, 1010 N and
1530 N for the 925 E line. More geophysical profiles parallel
to the Bré&dndan fracture zone are needed in order to define the

orientation and extent of these minor fracture zones.
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Figure 4.1 Slingram imaginary measurements at the Finnsjon
study site.
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Figure 4.2 Resistivity measurements at the Finnsjon study

site. Interpreted fracture zones are marked.
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5. LITHOLOGY AND FRACTURE LOGS

within the central part of the Bridndan area four deep cored
vboreholes are located, figures 2.1 and 2.2. The boreholes Fi 5
and F1 6 were drilled and mapped during 1978-1979, Olkiewicz
et. al. (1979). Some sections of these boreholes have been
remapped within this project. New boreholes are Fi 9 and Fi 10.
For all core mapping within this project a computer based core
mapplng system (Almén et. al., 1983) has been used. Detailed
logs of rock types and fractures are presented 1n an internal
SKB report from 1985: "Fracture zone project, core logging

and technincal data for boreholes Fi 5, Fi 6, F» 9 and F1 10"

(see page 2).

The major rock type in the cores 1is a fine - medium grained,
grey, pink or red granodiorite with a weak foliation. The
colour 1is a function of the fracture frequency and degree of
tectonization of the rock. Thus, where the core is red, there
1s always a high fracture frequency and/or a tectonized sec-
tion. The terr tectonite is here used by the core mapping geo-
logist for a core strongly affected by cataclastic to mylonitic

transitional deformation.

Other mappea rock types are xenolites of leptite and basic rock
types and dikes of aplite, late-orogenic granite (young grani-
te) and metabasite. The location of the different rock types

are shown in the complot diagrams, figures 6.1 - 6.4.

Table 5.1 below shows the content of different rock types in
the boreholes. The content of red granodiorite, tectonite and
mylonite is overestimated, since only the tectonized parts of
the boreholes Fi 5 and F1 6 have been remapped.
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Table 5.1 Content of different rock types 1in the boreholes
F1 9 and F1 10 and in the remapped parts of Fi 5 and

Fi 6.
Rock type $ of total borehole length
Grey granodioraite 25.6
Pink granodioraite 33.6
Red granodiorite 29.2
Tectonite 7.2
Mylonite 0.5
Late-orogenic (youny) granite 0.2
Pegmatite 1.7
Aplite 0.3
Xenolites 1.7

Both coated and sealed fractures have been mapped in the drill
core. Coated fractures are here defined as discontinuities with
fracture infillings, along which the core is parted. The figu-
res 5.1 and 5.2 show the frequency of coated and sealed fractu-
res, the frequency of coated fractures with hematite and lau-
montite (excluding crushed and highly fractured sections in the
core log) and the hydraulic conductivity.

Fracture infillings are dominated by calcite and dark coloured
sheet minerals, e.g. chlorites. These minerals occur in all
sections along the boreholes. In the fracture zones other com-
mon minerals are hematite, laumontite, asphaltite and clay

minerals.
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5.1 Core mapping of Fi 5

The cores of Fi 5 have been remapped in the sections 7-26 m and
37-266 " m. The cores in the section 26-37 m have not been avai-
lable. There are many sections with red granodiorite and tecto-
nite down to the depth of 255 m. From this depth and downwards
the frequency and width of tectonized sections decreases. Of

major interest for this project are sections in the cores, whe-
re tectonized bedrock and high frequency of coated fractures

occur. In the table below these sections are noted.

The borehole is interpreted to intersect Zone 1 at 18-46 m and
Zone 2 at 167-255 m.

Table 5.2 Sections in Fi 5 with tectonized bedrock and/or
high fracture frequency. Remapped sections 7-26 m
and 37-266 m. Data from other sections of the bore-
hole are taken from Olkiewicz et al. (1979).

18-46 m red granodiorite with high frequency of
coated fractures with hematite and

asphaltite.

83-86 m tectonized section with breccias, cavi-
ties, high fracture frequency and strong-
ly weathered bedrock. 0.2 m core loss and

0.4 m crushed core.

167-170 m red dgranodiorite, weathered fractures and
idiomorphic quartz crystals.

204-215 m tectonized section, strongly weathered,
high fracture frequency, 0.5 m crushed

core and 1.7 m core loss.

227-230 m tectonized section with mylonites, cavi-
ties, idiomorphic quartz crystals and
high fracture frequency.



Table 5.2 continued

233-239

249-255

382-384

472-473

485-501

540-542

553-554

592-606

712-716

m

i
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red granodiorite with high fracture

frequency.

tectonized section.

crushed section in metabasite.
crushed section in metabasite.

tectonized section with high fracture
frequency and partly crushed core.

young granite with high fracture

frequency.
metabasite with high fracture frequency.

tectonized section with high fracture

freguency.

young granite with high fracture

frequency.

5.2 Core mapping of Fi 6

The cores of Fi1 6 have been remapped within the interval 150 -
403 m. Above and below this interval only minor sections with
tectonized core are found. Within the remapped interval the
core is highly fractured and breccias and mylonites are common.

The borehole is interpreted to intersect Zone 2 at 201-287 .m.
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Table 5.3 Sections in Fi 6 with tectonized bedrock and/or

high fracture frequency. Remapped section 150-403 m.
Data from other sections of the borehole are taken

from QOlkiewicz et.

40-47

47-49

115-116

201-203

213-216

235-237

245-287

302-303

330-331

369-371

394-395

554-557

674-691

m

m

al. (1979).

tectonized section with crushed rock.

metabasite with high fracture freguency.

metabasite with high fracture frequency.

tectonized rock with high fracture
frequency.

tectonized rock with high fracture
frequency and weathered crushed parts.

tectonized section with high fracture
frequency.

several tectonized sections with breccia
and mylonite. High fracture frequency and
partly crushed core.

red granodiorite with 0.2 m crushed core.

tectonized section, more than 10 mm clay.

tectonized section, 0.3 m crushed core.
tectonized section with normal fracture
frequency.

strongly

tectonized section, red stained,

weathered and crushed core.

grey granodiorite with high fracture
frequency and partly crushed core. The
borehole ends within a crushed section.
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5.3 Core mapping of Fi 9

The cores from Fi 9 display only one section of highly frac-
tured and tectonized core down to 134 m. This is a section
around 67 m, where the core is fractured and weathered within a

red and tectonized granodiorite.

Between 134-217 m several sec-

tions with tectonized and brecciated granodiorite alternate

with grey granodiorite. The fracture frequency is high, but no

sections of crushed core occur.
coated with hematite and laumontite.

The fracture surfaces are often
Below 217 m and to the end

of the borehole (376 m) only minor sections with tectonized

rock are found.

The borehole is interpreted to intersect Zone 2 at 134-205 m.

Table 5.4 Sections in Fi 9 with tectonized bedrock and/or

high fracture frequency.

65-69 m

74-77 m

134-137 m

146-147 m

154-182 m

red granodiorite with 1.4 m of tectoni-
zed, strongly weathered rock. 0.2 m of
the core is altered to clay.

red granodiorite with high fracture
frequency and 0.2 m crushed core.

red granodiorite with 0.02 m of micro-
breccia. Slightly increased fracture

frequency.

red granodiorite with a 0.02 m micro-
breccia at 60 degrees to the core axis.
High fracture frequency.

red granodiorite, high fracture

frequency.
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Table 5.4 continued

182-184 m strongly tectonized section with a 12 mm
clay filled fracture at 65-75 degrees to
the core. Only slightly increased
fracture frequency.

204-205 m tectonized section with high fracture
frequency.

215-216 m red granodiorite with high frequency of
hematite coated fractures.

245-250 m section with red granodiorite and
pegmatites. High fracture fregquency in

pegmatites.

5.4 Core mapping of Fi 10

During the drilling the core was marked in the borehole with a
falling weight. This made it possible to orientate a breccia

at 211 m.

High fracture frequency and tectonization occur within two
intervals, 77-104 m and 157-232 m. The characters of these two
fractured intervals are different. Within the upper interval
the granodiorite is red, the frequencies of both coated and
sealed fractures are high and characteristic minerals are hema-
tite and asphaltite. This interval is interpreted to represent

Zone 1 (Brdndan).

The lower interval, 157-232 m, is characterized by several sec-
tions of tectonized core, including breccias and mylonites, in-
terchanging with sections of grey granodiorite. This interval
is interpreted to represent Zone 2. The frequency of coated
fractures within the tectonized part of the core is only
slightly increased. However, the freguency of sealed fractures
is high. At 211 m a 25 mm breccia has an orientation of N 20 E/

25 W. The breccia is shown in figure 5.6.
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Table 5.5 Sections in Fi 10 with tectonized bedrock and/or
high fracture fregquency.

77-104 m

157-159

189-191

191-207

207-215

m

m

the interval consists of red and tectoni-
zed granodiorite. The frequency of coated
fractures is high throughout the inter-
val. Characteristic fracture minerals are
hematite and asphaltite. Hematite is most
common at the upper and lower boundaries
of the fracture zone. Asphaltite is con-
centrated to the lower boundary of it.
The core 1s partly weathered and clay

altered.

red and tectonized granodiorite, partly
clay altered. Slightly increased fracture

frequency.

red and tectonized granodiorite, partly
clay altered. Breccia in a 0.05 m sec-
tion. High frequency of fractures.

red granodiorite with slightly increased

fracture frequency.

tectonized section with mylonite and
breccia. The breccia, figure 5.6, 1is
oriented in N 20 E/ 25 W. The tectonized
section contains clay altered rock, cavi-
ties and idiomorphic guartz crystals. On-
ly a slightly increased frequency of coa-
ted fractures is observea in the tecto-

nized sectaion.
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5.5 Drilling characteristics of and sampling of drilling debris
from the percussion borehole HFi 1

During the drilling of HFi 1 sampling of drilling debris was
made in 3 m intervals. Since highly fractured rock and/or tec-
tonized granodiorite is characterized by a change from grey to
red colour, the colour of the cuttings was recorded. In table
5.6 below these colour changes and the size of the drilling
debris are tabulated.

Table 5.6 Colour and size of cuttings from borehole HFi 1.

0-3 m grey clay 63-66 m red gravel

3-6 -"- 66-69 -"-

6-9 -"- 69-72 -"-

9-12 dark grey sand 72-75 -"-

12-15 grey silt 75-78 -

15-18 -"- 78-81 red clay-sand

18-21 -"- 81-84 ="

21-24 -"- 84-87 red sand

24-27 -"- 87-90 -"-

27-30 -"- 90-93 ="

30-33 redish grey clay-sand 93-96 red sand-gravel

33-36 -"- 96-99 -"-

36-39 grey gravel 99-102 red sand-gravel-stones
39-42 dark red sand 102~-105 red sand

42-45 -"- 105-108 red sand-gravel

45-48 red gravel 108-111 -"-

48-51 red sand 111-114 greyish red gravel-stones
51-54 red gravel 114-117 no sample

54-57 red sand 117-120 greyish red gravel-stones
57-60 red gravel 120-123 red sand

60-63 -"- 123-126 no sample

126-129 red sand

There is a major change from grey to red drilling debris at the
interval 30-33 m. This is in accordance with a 10 m wide frac-
ture zone starting at 34 m borehole depth, interpreted from the
geophysical logs (figure 6.5). At 99 m and at 111-120 m inter-
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vals the size of the drilling debris is larger. This is probab-
ly due to high frequency of fractures in Zone 2 (starting at
100 m) together with a fast sinking of the percussion hammer
which made it difficult to crush the rock into clay, silt or
sand sizes. At 99.2 m the drilling debris contained two larger

stones. A thin section has been made from one of these stones.

A drillers log is presented in figure 5.3. The right column
represents the sinking velocity (the time it takes for the per-
cussion hammer to drill 0.2 m). The left column shows the well
recovery (the time for the water level to rise a certain dis-

tance from an empty borehole).

High sinking velocity (possible fracture zone) was recorded in
the intervals 35-45 m and 105-115 m. At the upper interval a
water inflow of 1800 1l/h was recorded. A very high inflow of
water, 15 000 1/h, was recorded for the interval 99-115 m. The
low sinking velocity below the lower interval is probably cau-
sed by the high amount of inflowing ground water.
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Figure 5.3 prillers log for the percussion borehole HFi 1.
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5.6 Core samples obtained by the Borros sampler.

A profile of 19 short boreholes was drilled across the small
gully north of and close to borehole Fi 5 (figure 3.3 and figu-
re 5.4). Zone 1 (Brandan) is interpreted to be located in the
gully. The purpose was to obtain data of the soil composition
and soil depth and to take core samples from the bedrock.

The sampler used was a Borros soil and core sampler. This is a
light weighted, portable machine, with which about 5 short
borehocles per day can be drilled. The diametre of the obtained

cores was 32 nmm.

The soil in the profile consists mostly of clayey-silty to
sandy till. A thin layer (about 0.1 m) of clay and peat was
found in the uppermost part of some boreholes. The maximum soil

depth is 3.4 m (figure 5.5).

Most boreholes were drilled one metre into the bedrock. In
order to make dip calculations of the fracture zone, some bore-
holes were drilled deeper, down to 13 m into the bedrock.

The core samples were mapped with regard to rock types and
fracture characteristics (figure 5.5). The main rock type is
grey, pink or red granodiorite. Tectonite is found in four
boreholes and leptite in two. Common fracture minerals are cal-
cite, chlorite, hematite, "rust" minerals and clay minerals.
The frequency of hematite coated fractures is high within the
zone, 20-98 § of the total number of coated fractures for each
borehole. The maximum frequency of hematite fractures occurs in
the boreholes B1-B4 and B9 - Bl2, i.e at the boundaries of the
. fracture zone. In the boreholes drilled in the country rock
west of the fracture zone (Bl4, B15, Bl8) hematite fractures

are almost lacking.

There 1is also an increase in the frequency of sealed fractures
within the fracture zone (figure 5.5). The increase is strong-

est at the lower boundary of the zone.
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Figure 5.6 Brecciated section at 211 m in borehole Fi 10.
The breccia is oriented N 20 E/25 W and is in-
terpreted to represent a part of the Zone 2
(the subhorizontal zone).

5.7 Thin section microscopy

In order to study weathering and alteration in the grano-
diorite, samples were collected from every ten metres in bore-
hole Fi 9 and from selected fractured and tectonized sections
in the boreholes Fi 9, Fi 5 and Fi 6.

Various degree of alteration has been observed in the studied
samples. The colour of the cores varies from grey to red due to
hematization. The red colour is especially distinct within and
close to the fracture zones. Fresh, grey samples of the grano-
diorite contain quartz, K-feldpar and sericitic plagioclase.
Femic minerals present are biotite and hornblende (normally
green but some bluegreen varietes also exist). These samples
are only poorly hematized. In the altered, red samples plagio-
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clase is red-stained by hematite and the biotite and hornblende
are decomposed to form epidote and chlorite. Prehnite and pum-
pellyite have also been observed. Mineral paragenesis indicates
a "low-temperature hydrothermal" alteration at oxidizing condi-

tions.

5.7.1 Fracture infillings

The fracture infillings studied are mostly hydrothermal mine-
rals like prehnite, laumontite, pyrite, quartz and calcite. The
fracture filling history fits to the sequence described in
Wiman (1930) and Tullborg and Larson (1982).

From oldest to youngest: 1) Epidote (associated with mylonite)
2) Prehnite and prismatic calcite +/-
guartz
3) Hematite, laumontite +/- calcite
and quartz
4) Chlorite and calcite

Most of the fractures are considered to be initiated early in
the geoclogic history and reactivated several times. Rb-Sr and
K-Ar dating of epidote and prehnite veins in central Sweden
have yielded ages of 1600-1500 Ma for epidote and 1250-1100 Ma
for prehnite veins (Wickman et.al, 1983).

Both prismatic and granular calcite occur indicating different
stress conditions during growth. Prismatic calcite is suggested
to be grown in a stress field (Kamb, 1959). Also, some of the
prehnite sealed fractures are crosscut by hematite and laumon-
tite sealed fractures. This also indicates different stress
conditions during the two hydrothermal events. Potentially
young fractures, lacking hydrothermal minerals and reactiva-

tion, are rare.

Most of the hematite observed in the fractures is suggested to
be of hydrothermal origin. Nevertheless, small amounts of young
hematite may occur in the fracture zones. A maximum of hematite
in the thin sections corresponds to the Zone 2 at 150 to 215 m
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in borehole Fi 9.

Somewhat surprising, pyrite can be found in samples containing
hematite. The reason for this could be a later formation of the

pyrite.

5.7.2 Fracture minerals within Zone 2

The cores at 1504215 m (Zone 2) in Fi 9 consist of several
fractured sections. They contain fine-grained epidote, quartz
and feldspar and are intersected by fractures sealed by prehni-
te, laumontite, hematite and at least two generations of

calcite.

One sample at the 204 m level shows a prehnite bearing mylonite
in the contact zone between granodiorite and amphibolite (pa-
rallel to the core axis) intersected by a fracture sealed by
laumonite, calcite and hematite (40o angle to the core axis).

The mineral assemblages described above for Zone 2 in borehole
Fi 9 have also been found in Fi 5 at 220-240 m and in Fi 6 at
260-275 m. Thus, the location of Zone 2 in the boreholes Fi 5,
Fi 6 and Fi 9 is supported from a mineralogical point of view.

5.7.3 Fracture minerals within other fracture zones

Studies of a minor fracture zone in borehole Fi 5, section
80-90 m, show that this zone is hematized and mineralized with
calcite (mostly not prismatitic) and probably lawsonite (a mi-
.neral indicating high pressure conditions). These minerals also
occur in a minor fracture zone in borehole Fi 6 at 555 m. No

studies of fracture minerals were made for Zone 1.
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6. GEOPHYSICAL LOGGING

Geophysical logging has been carried out in all five boreholes
within the Brédndan area. The following methods were used:
borehole deviation, normal resistivity and single point resis-
tance, borehole fluid resistivity (salinity) and temperature,
natural gamma radiation and borehole radar. The borehole radar
measurements are treated separately in chapter 7. Other bore-
holes within the Finnsjdn study site but outside the Brindan
area, have been measured with the methods: borehole deviation,
normal resistivity, borehole fluid resistivity and temperatu-
re. The location of the boreholes i1s shown in figure 2.1.

6.1 Geophysical logging of boreholes in the Brindan area.

The boreholes measured in the Bridndan area are Fi 5, Fi 6,

Fi 9, F1 10 and HF1 1. Results from these boreholes are pre-
sented 1n the complot diagrams, figures 6.1 - 6.5. The complot
diagrams for the cored borholes also contain data regarding
rock types, frequency of coated and sealed fractures and hyd-
raulic conductivity.

6.1.1 Logging of borehole Fi §

Figure 6.1 presents data from borehole Fi 5. This cored bore-
hole was drilled, core logged and hydraulically tested during
1978-1979. The section 7-266 m has been remapped within this
project. The borehole is inclined about 50 degrees from the
horizontal and 1s cased down to 50 m. The borele length is

751 m. Thus, results regarding the physical and hydraulic con-
ditions of the bedrock are available only below 50 m.

Resistance and resistivity logs indicate Zone 2 between
160-240 m. This 1s also supported by the core log and the high
fracture frequency. There 1s a high hydraulic conductivaty
within the zone. A strong increase in salinity occurs at the
upper boundary of the fracture zone. There is also an anomaly
in the temperature curve at 168 m borehole length, i.e. 129 m
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vertical depth. (Unfortunately the temperature gradient curves
are missing in the complot logs from Fi 5 and Fi 6.) Since the
Plezometric measurements (chapter 9) show a piezometric low
value at this depth, the temperature anomaly is caused by con-
tinous flow of ground water from the borehole and into the

fracture zone.

Minor fracture zones are indicated at 80-90 m, 280-300 m,
360-380 m, 480-500 m and 710-725 m borehole length. A slight
increase in the natural radiation is 1n most cases associated
with the fracture zones. There 1s a good correlation between
high fracture frequency, high hydraulic conductivity and low
resistivity.

6.1.2 Logging of borehole Fi 6

Figure 6.2 shows data from the vertical borehole Fi 6. The
borehole length is 691 m. This borehole was drilled, core log-
ged and hydraulically tested during 1978-1979. The cores from
section 150-400 m have been remapped within this project. The
borehole 1s cased down to 56 m.

The resistivity measurements indicate Zone 2 at 200-285 m.
Within the zone two temperature anomalies occur at 212 and

256 m. The anomalies are similar as in borehole Fi 5. Since
the anomalies occur at sections with piezometric low values
(chapter 9), the water 1is constantly flowing from the borehole
and 1nto to the fracture zone.

. Minor fracture zones are found at 375-400 m and at 550-560 m.
At the lower fracture zone a similar temperature anomaly as
described above is found indicating continous water flow from

the borehole into the fracture zone.

The salinity log shows a non-saline water down to 150 m. The
salinity gradually increases from this depth to the fracture
zone and the temperature anomaly at 212 m. Another increase of
salinity occurs at the temperature anomaly at 256 m. From this
depth and downwards the salinity stays constantly high, (>6000
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mg/l of equivalent chlorade).

The natural radiation log shows a change in the background
level at 110 m indicating a different rock type. However, no
'1nd1cétion of change in rock type 1i1s found in the core. There
1s a good correlation between fracture frequency, hydraulic
conductivity and geophysical logs.

6.1.3 Logging of borehole Fi 9

This cored borehole was drilled during Nov-Dec 1984. It is
inclined 60 degrees from the horizontal. The borehole length
1s 376 m. The resistance and resistivity logs, figure 6.3,
indicate Zone 2 between 130-180 m. This zone might possibly
extend down to 215 m. The zone has a high frequency of sealed
fractures but only a minor increase of open, coated fractures.
Minor fracture zones, as indicated by the resistance and re-
Sistivity logs, occur at 65-70 m and 240-250 m. The low resis-
tivity zone at 200-215 m could either be regarded as a part of
the major fracture zone or be interpreted as a separate minor

fracture zone.

This borehole was logged shortly after the drillang. The sali-
nity and temperature logs are therefore unreliable. However,
the temperature log have two anomalies, at 70 m and 180-205 m,
indicating continous flow of groundwater between the borehole
and the surrounding bedrock. The salinity log shows a non-
saline water down to 70 m and a high saline water below 215 m.
Between these two depths there is a mixture of waters with low
and high salinity which is probably caused by mixing of waters
during drailling.

6.1.4 Logying of Fi 10

This cored borehole was drilled during april 1985. It is in-
clined 50 degrees from the horizontal. The borehole length 1is
256 m. The resistance and resistivity logs, figure 6.4, show
two major fracture zones, at 75-105 m and 140-215 m. The upper
zone (Zone 1) has a high amount of both coated and sealed
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fractures, while the lower zone (Zone 2) 1s recognized by
a high frequency of sealed fractures but only a slight increa-
se of coated fractures. A minor zone occurs at 230-245 m.

This hole was logged shortly after the drilling. The tempera-
ture log therefore shows numerous anomalies. Most of these are
caused by fractures that have been injected with water of a
higher temperature during the drilling. However, a pronounced
anomaly occurs at 100 m indicating flow cf water from the
borehole into the lower part of the fracture zone. The sali-
nity log shows a low saline water down to about 100 m and a
high saline water below 180 m. Between these depths there 1is a
mixture of water with different salinity. An increase in natu-

ral radiation is found at Zone 1, 70-100 m.

6.1.5 Logging of the percussion borehole HFi1 1

This vertical borehole was drilled during september 1984 toO
provide circulating water for the drilling of the cored bore-
holes. The logging was made shortly after drilling. The resis-
tance and resistivity logs, figure 6.5, reveal two fracture
zones, at 34-43 m and at 105-129 m (end of borehole). The up-
per zone has a pronounced radiation anomaly. The temperature
and salinity logs are very disturbed and not possible to in-

terpret.

6.2 Geophysical logging of boreholes outside the Bradndan area
but within the Finnsjon study site

To obtain information of major fracture zones and changes 1in
the ground water salinity outside the Bridndan area all other
cored boreholes at the Finnsjon site were geophysically log-
ged. Unfortunately, many of the boreholes were plugged with
instruments, that were stuck in the boreholes during earlier

investigations.
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6.2.1 Logging of Fi 1

This cored borehole is vertical and 500 m deep. The hole is
open down to about 340 m to which depth measurements have been
performed (figure 6.6). The total length of the borehole has
been measured earlier, although without a temperature probe
(Hult et.al., 1978). The interpretation below is made from all
available geophysical logs.

Several minor fracture zones are identified. These are located
at 227-236 m, 335-350 m, and 425-435 m. The section 335-435 m
might possibly be regarded as one major fracture zone.

The salinity of the borehole water 1is low down to 340 m, where
the resistivity of borehole fluid drops from 55 to 30 ohm m,
showing slightly higher saline water. The temperature log
shows only a minor anomaly at 150 m, which indicates water
flow. No information of fluid temperature 1s available below
340 m.

6.2.2 Logging of Fi 2

The cored borehole Fi 2 has a length of 699 m and 1s inclined
50 degrees from the horizontal. No earlier geophysical logging
was made in this borehole. The logging that was made in 1985
reached only 100 m, where the borehole was plugged. Figure 6.6
shows the results of the geophysical logging. Neither the re-
sistivity log nor the temperature or salinity logs have indi-
cations of major fracture zones or water movements down to

100 m.

6.2.3 Logging of Fi 3

This cored borehole has a length of 731 m and is drilled inc-
lined, 50 degrees from the horizontal. A point resistance log
made 1in 1978 1s the only available geophysical log for this

borehole. All of the borehole is now plugged with an instru-

ment. The point-resistance loy indicates a major fracture zone
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between 180-260 m or possibly 180-360 m borehole length. Minor
fracture zones occur at 50-60 m, 140-160 m, 340-360 m,
610-640 m and 670-700 m (end of logged section).

6.2.4 Logging of Fi 4

This cored borehole has a length of 603 m and 1s drilled
slightly inclined, 80 degrees from the horizontal. No geo-
physical log was earlier available. Due to plugging of the
borehole, geophysical logging during 1985 was possible only
down to 70 m. The borehole is cased down to 50 m. The resis-
tivity, temperature or salinity logs show no anomalies between
50-70 m.

6.2.5 Logging of Fi 7

Borehole Fi1 7 has a length of 553 m and 1s almost vertical,

85 degrees from the horizontal. The geophysical logs, figure
6.7, show a major fracture zone at 300-380 m. At the upper
part of this fracture zone the salinity increases to more than
4000 mg/l egvivalent chlorine. At 505 m to the end of the mea-
sured section 515 m there is a stronyg decrease in resi1stivity
indicating a fracture zone. Minor fracture zones are indicated
between 195-235 m. The temperature log shows minor anomalies
at 185 and 300 m.

6.2.5 Logging of Fi 8

This cored borehole has a length of 464 m and is drilled in-
clined, 60 degrees from the horizontal. The geophysical logs,
figure 6.7, indicate a major fracture zone from 0-150 m bore-
hole length. At the lower part of this section an increase in
salinity to more than 5000 mg/l eqvivalent chlorine occurs.
Minor fracture zones are i1ndicated at 200-215 m, 315-335 m,
and 410-430 m borehole length. The temperature log shows nume-
rous anomalies down to 200 m indicating continous water flow
out or/and into the borehole. Only minor temperature anomalies

occur below this borehole length.
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Figure 6.1 Complot diagram of borehole measurements in Fi 5.
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Figure 6.2 Complot diagram of borehole measurements in Fi 6.
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Figure 6.3 Complot diagram of borehole measurements in Fi 9.
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Figure 6.4 Complot diagram of borehole measurements in Fi 10.
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Figure 6.6 Complot diagrams of borehole measurements in
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7. BOREHOLE RADAR MEASUREMENTS
7.1 General

All boreholes within the Briéndan area have been measured using
a borehole radar built by the Swedish Geological Co on commis-
sion from SKB. A detailed description of the borehole radar 1is
given in Olsson et.al., (1985). The purpose was to study the
extension of the fracture zones and to obtain the orientation
of the fracture zones relative to the borehole axis. The 3-D
orientation of fracture zones and other discontinuities may be
achieved by using stereographic analyse of angular intersec-
tions in several boreholes of a fracture zone. In this case the
direction of the normal to a reflector is plotted in a plane
using the Wulff projection. The points where the curves inter-
sect are candidates for the correct orientation of the plane.
The result could then be compared with the structural framework
based on other type of information. The principle of the radar
system 1s shown in figure 7.1. The distance to a reflecting
object 1s determined by measuring the difference in arrival
time between the direct and the reflected pulse. The two basic
patterns are point reflectors and plane reflectors as shown by
figure 7.1. Fracture zones and lithological contacts are often

characterized by planar patterns.

RADAR RAYS

FRACTURE

POINT REFLECTOR

DISTANCE ALONG BOREHOLE R

DIRECT WAVE

REFLECTION FROM
PLANAR SURFACE

TRAVELTIME
(DISTANCE)
FROM BORE-

HOLE REFLECTION FROM
POINT

Figure 7.1 Principle of the borehole reflection radar and the
patterns generated by plane and point reflectors.
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The angle of intersection between a reflecting plane and a
borehole is determined using a nomogram. Angles from 60 degrees
to 90 degrees are so close to each other in the nomogram that
they are difficult to determine with precision. Good precision
is possible when the angles are less than 50 degrees. Also the
amplitude of the reflecting signal varies with the angle of
intersection. Fracture zones perpendicular to a borehole give
small reflections, while the opposite applies to zones parallel
to the borehole.

For the boreholes at the Finnsj&n site, radar measurements have
been performed in 1 m intervals for a maximum borehole length
of 590 m.

7.2 Radar measurements of boreholes in the Bridndan area

7.2.1 Borehole Fi 5

Radar measurements from borehole Fi 5, figure 7.2 and 7.3, show
a loss of penetration between 168-234 m. This is caused by

Zzone 2. There is a decrease in velocity of the direct wave in-
dicating high porosity. Weak reflections at both sides of the
zone indicate an angular intersection between the zone and the
borehole of 31-35 degrees. The most pronounced minor fracture
zones are located at 83-90 m (30-35 degrees) and 475-500 m
(25-40 degrees). There is also a strong reflection parallel to
the borehole between 250-400 m at a distance of 26 m from the
hole.

7.2.2 Borehole Fi 6

Zone 2 is geologically interpreted to intersect borehole Fi 6
between 201-287 m. There is also a loss of penetration and a
decrease in direct wave velocity at this depth, figures 7.3 and
7.4. Reflections within this interval range from 35-70 degrees,
the strongest being 60-70 degrees. Since the borehole is verti-
cal, 60-70 degrees corresponds to a fracture zone dipping 20-30
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degrees from the horizontal. There is also some loss in pe-
netration of the radar waves between 300-400 m. A pronounced
minor fracture zone occurs at 550-570 m. TwoO possible angular
intersections (radar angles) have been interpreted from the
radar picture, 50 and 17 degrees.

7.2.3 Borehole Fi 9

Radar pictures from the borehole are presented in the figures
7.5 and 7.6. The section 0-115 m was measured twice becuse of
an instrumental error. Core logging indicates that Zone 2 in-
tersects the borehole at 134-205 m, while geophysical logging
indicates an 1ntersection at 130-215 m. There is a loss of pe-
netration for the radar waves at 130-215 m. Reflexions within
the section indicate angles ranging from 13 to 60 degrees. The
angular intersection between the earlier interpreted Zone 2 and
the borehole 1s 70-80 degrees. Thus, if the penetration loss is
mainly caused by the Zone 2, then this zone must, at this loca-
tion, be intersected by discontinuities with other orienta-

tions.

7.2.4 Borehole Fi1i 10

Figure 7.6 shows the borehole radar picture of borehole Fi 10.
keflections from the upper and the lower walls of Zone 1
(Brédndan) are possible to distinguish, 44 and 46 degrees res-
pectively to the borehole axis. The angle of the fracture zone
to the borehole Fi 10 axis has earlier been calculated from
borehole and surface information to about 55 degrees.

A strong radar reflection of 30 degrees was produced from the
fault breccia of Zone 2 at 214 m borehole length (see photo,
figure 5.6). This 1s in accordance with the angle of intersec-
tion of the breccia to the borehole axis. Figure 7.6 also shows
a strong radar reflex at 14-79 m borehole length. The angle to
the borehole is 8 degrees. This reflex is probably caused by a
dyke or a small fracture zone.
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7.2.5 Percussion borehole HF1 1

Radar measurements in the vertical borehole HF1 ]1 show a pro-
nounced minor fracture zone at 37-48 m, figure 7.7. The radar
angles are 55 and 47 degrees respectively. Another fracture
zone appears in the lower part of the borehole. Two radar ang-
les have been measured at this zone, 10 and 55 degrees (or 80
and 35 deygyrees from the horizontal). The lower zone is from
other data interpreted to represent the upper part of Zone 2,
dipping 17 degrees from the horizontal. The discrepancy in ang-
le might be caused by the earlier mentioned 1inaccurancy 1in the
nomogram when determining angles of fracture zones intersecting
a borehole at steep angles. Another explanation might be that
the radar reflex 1s caused by other discontinuities, e.g.

dykes.

7.3 Wulff net plots

Radar measurements carried out in the four cored boreholes give
an opportunity to test the earlier interpreted orientations of
the fracture zones 1 and 2 calculated from core and geophysical
logging. A Wulff plot of the radar angle obtained from Zone 1
in borehole Fi 10 and the earlier interpreted orientation of
Zone 1, Brdndan, is shown in figure 7.8. The radar angles cor-
respond reasonably well to the interpreted orientation of

Zone 1.

Figure 7.9 shows the radar angles generated from fracture Zone
2 plotted on the Wulff net for all cored boreholes except Fi 9.
In this borehole no radar reflection was obtained for Zone 2.
Instead, the angle of a fault breccia to the borehole axis was
used. Thais figure also shows a plot of the normal to the Zone
2, interpreted from core and geophysical logs, striking 151
degrees and dipping 17 degrees (local grid system). The radar
angles strongly confirm the orientation of the fracture 2zone.
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7.4 Conclusions of the radar measurements

At the major fracture zones the direct radar wave between the
transmitter and receiver shows a decrease in velocity caused by
increased porosity in the fractured bedrock. These sections
also show a a loss of penetration due to attenuation of the
radar waves. The width of the borehole section with penetration
loss alonyg the borehole coincides in general with the increased
frequency of sealed fractures.

Relatively small reflexions occur from the major fracture zones
while minor fracture zones and lithological contacts often show
stronger reflections. This is is probably due to a more gradual
change in the bedrock resistivity in connection to major frac-
ture zones compared to minor fracture zones and lithological
contacts. Another cause for small reflections is the steep ang-
le of intersection between the boreholes and the Zone 2.

Wulff net plots of the radar angles for Zone 1 and Zone 2 con-
firm the earlier calculated orientations of the fracture zones.

Reflexions from minor fracture zones and lithological contacts
occur with a frequency of 3-4 reflections/100 m.
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8. MEASUREMENTS OF HYDRAULIC CONDUCTIVITY AND ESTIMATES OF
STORATIVITY

Hydraulac tests performed within this project comprise measu-
rements of hydraulic conductivity, estimates of the specafic
storage coefficient and measurements of hydraulic head (piezo-
metric measurements). Hydraulic conductivity and storativity
are described in this chapter, hydraulic head conditions in

chapter 9.

8.1 Measurements of hydraulic conductivity by single-hole
injection tests and interference tests

8.1.1 Different tests applied

The hydraulic conductivity of the bedrock has been determined
by means of single-hole water injection tests and interference
tests. For the water 1injection tests, three different equip-
ments and two injection methods have been used. The lengths of
the tested sections varied between the different boreholes.
However, 1in the current report the conductivity values have
been normalized to the same section length, 20 m, in order to
simplify a comparison between different boreholes. In specifac
parts of the boreholes also shorter sections lengths (detailed

measurements) are shown.

The interference tests were performed as gas-1lift pumpings in
the cored borehole Fi 9 with piezometric registration in Fi 5,
Fi1 6 and HFi 1 and, during two of the tests, also in the test-
well, 1.e. Fi 9 (section 8.1.5 - 8.1.10).

8.1.2 Water injection tests. Methods

The two cored boreholes drilled in 1978, Fi 5 and Fi 6, were
tested 1n 1978-79. The equipment and the results available at
that time are described by (among others) Carlsson et al.
(1980). The tests in Fi1 5 and F1 6 were performed and evalua-
ted as steady-state tests. The injection time was about 15
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minutes. The length of the tested sections during the double
packer measurements was 3 m. Also single packer measurements
were performed. The length of the test sections was in this
case sometimes several hundred metres. The packers used had
the length of 0.3 m.

The measurements in HF1 1 were made 1in 1984 with an improved
equipment described by Almén et al. (1983). The packer

lenygth was one metre. The injection method used was steady-
state with about 15 min 1injection time. The section length was
10 m. Also 2 m sections (altogether 10) were measured 1n se-
lected parts of the borehole. In order to minimize leakage
around the packers, two packers on each side of the test sec-

tion were used.

The tests 1in Fi1 9 and Fi 10, finally, were made in 1984 and
1985 with the "umbilical hose system" equipment, which 1is
described in detail by Almén et al. (1983). In this equip-
ment, the water to the test section is conducted through a
hydraulic tube. This tube and other tubes and electrical cab-
les for the regulation of packers, valves, pressure transdu-
cers etc. are put together in a 52 mm “umbilical hose". The
water pressure in the test section during a test 1s regulated
automatically by a valve system and a computer. The whole

equlipment is built into two trailers.

Fi 9 and Fi 10 were tested with 20 m long sections. Parts of
the boreholes were tested 1n detail with 5 m section tests
(totally 4 sections in F1 9 and 8 in Fi 10). The injection
method chosen in this case was transient tests with two hours
injection time and two hours pressure recovery. The hydraulic
conductivity was calculated from the injection phase and, if
possible, from the recovery. The values of hydraulic conducti-
vity 1in the diagrams (figure 8.2) refer to the injection pha-
se. Theory and methodology for transient tests are described
in an internal SKB-report (83-02): "Almén, K-E., Andersson,
J-E., Carlsson, L., Hansson, K., 1982: Hydrauliska tester,
Del 4: Jamforande studier av olika hydrauliska metoder."

In table 8.1 an overview 1is given of the eguipments and sec-
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tion lengths used for the different water injection tests.

Table 8.1 Water injection tests. Equipments and section

lengths.
Borehole Equipment Section length
Fi 5 Steel pipes for conducting
water to test section. 3 m

Packer length 0.3 m

Fi 6 - 3 m
HF1 1 Aluminium pipes for conducting
water. Automatic data collecting
system. Packer length 1 m. Two 10 m, 2 m
packers on each side of test
section.
Fi 9o Umbilical hose system: hydralic

tube for conducting water. Au-

tomatic pressure regulation in 20m, 5 m
test section. Automatic data col-

lecting system. Packer length 1 m.

Fi 10 - 20m, 5 m

8.1.3 Water injection tests. Results

Only Fi 9 and Fi 10 were tested in 20 m long sections. Howe-
ver, the measurements of Fi 5, Fi 6 and HF1 1 with 3 and 10 m
sections respectively were recalculated to 20 m sections
according to the formulas:

K . . + . . + * + . -
20 (Kl 3 + K2 3 Ke 3 K7 2) / 20 (3-1)

=
|

= » + » . -
20 (Kl 10 K, 10) / 20 (3-2)
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The results are accounted for in figure 8.1 and 8.2. All dia-
grams show 20 m long sections. Measurements made with 2,3 or 5
m section lengths are indicated as shaded parts of the diag-
rams (for Fi1 5 and Fi 6 this applies only to measurements wit-
hin the Zone 2). The geological interpretation of Zone 1 and

Zone 2 1s marked in the diagrams.

Borehole Fi 5

In Fi1 5 the hydraulic conductivity is high down to 300 m
borehole length. The maximum value for the 20 m sections,
2.5'10-5 m/s, occurs 1in the lower part of Zone 2. The 3-m
measurements 1n the zone clearly illustrate, that there are
three conductivity maxima. One peak-value 1s observed in the
section 167-170 m (no measurable pressure increase could be
reached, which means K » 2.0-10_4 m/s) and another in

227-230 m (K = 1.2-10—4 m/s). The third peak occurs in the
section 263-266 m (K = 3.2'10—5 m/s). If the conductivity
diagram alone was used to define the width of Zone 2, it would
be extended downwards to about 290 m. That would give the zone
a vertical width of about 107 m. Due to the casing, 2Zone 1}

could not be measured in Fi 5.

Borehole Fi1 6

In Fi 6 the hydraulic conductivity has a maximum for the 20 m
sections at 240-280 m (6.3'10_6 m/s), which is the lower

part of Zone 2. The rest of the hole varies approximately bet-
ween 10_7 to 10—8 m/s except for a few values. The 3 m
sections show two conductivity maxima within Zone 2: 214-217 m
(3.0-10_5 m/s) and 253-271 m (four values with K »

10 m/s). The vertical width of Zone 2, considering the
conductivity values alone, is about 80 m.

Borehole HFi 1

HF1 1 1s a short hole, which penetrates only the upper part of
Zone 2 (figure 2.1 and 8.2). The detailed measurements reveal
a high value, 1.9'10-4 m/s, in the test section 112-114 m.

At the length 38-40 m there 1s a superficial, highly conducti-
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ve zone, with a peak value of 7.2-10-5 m/s.
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Figure 8.1 Hydraulic conductivity in the cored boreholes
Fi 5 and F1 6. The results are normalized from
3 m sections to 20 m sections.
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Figure 8.2 Hydraulic conductivity of the cored boreholes
Fi 9 and Fi 10 and the percussion borehole HFi 1.
The results from the percussion borehole is nor-
malized from 10 m sections to 20 m sections.
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Borehole Fi 9

The highest value of hydraulic conductivity in borehole Fi 9
occurs. at 145-150 m (1.3-10_4 m/s), which is the upper

part of Zone 2. Just below the bottom of Zone 2, as it is
defined in figure 2.1, there is another conductivity maximum,
1.7.107° m/s in the section 210-230 m. This might indica-

te, that a better definition of Zone 2 is to include section
210-230 m. That would give the zone a "two peaks" appearance
similar to the earlier described conductivity distribution in
Fi 6. The vertical width would in this case be about 86 m.
Also superficially, between 70 and 90 m, there is a high con-
ductive zone. The maximum value is 2.1-10"5 m/s. Below

Zone 2 there are two other conductivity maxima, separated by a
low conductive interval. The highest value (at 290-310 m)
reaches 2.6v10—6 m/s

Borehole Fi 10

Fi 10 penetrates Zone 1 as well as Zone 2 (figure 2.1). In
fact, the major part of the borehole passes close to the in-
tersection of the two fracture zones. This explains the appea-
rance of the conductivity diagram with high conductivities
from the top almost to the bottom. Zone 1 reaches a maximum
value of 4.8-10_5 m/s in the 5 m-section 95-100 m. The lo-

wer part of Zone 2, section 170-190 m, has a similar value,
3.8~10_5 m/s. Another conductivity maximum occurs in the

upper part of Zone 2. The vertical width of Zone 2 can be es-
timated to about 86 m.

8.1.4 Water injection tests. Conclusions

The Zones 1 and 2 are hydrologically important. The hydrau-
lic conductivity for Zone 1 varies between 1.:2-10‘-6 and
4.8°10-5 m/s measured at vertical depths between 57 and

76 m (only few data exist). This, together with the width of
about 20 m and the steep inclination, makes the Zone 1 a lo-
cally important pathway for groundwater in an almost vertical
direction. Since there are no piezometric data from the zone,

the discharge - recharge pattern is unknown.
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Zone 2 has a st1ll greater water transportation capacity than
Zone 1 but in the subhorizontal direction. The zone width 1s
geologically interpreted to almost 70 m, but the water injec-
tion tests indicate, that the width might be still greater.
mThe conductivity values (in this case data is abundant) are
high, sometimes very high, although the zone is not homoge-
neous concerning conductivity distribution. The highest va-
lues, lO»5 - 10—4
occur at the upper and lower border of the zone, while there
1s a more low-conductive section in between, about 3-10—9—
7-10—7 m/s. In table 8.2 the hydraulic transmissivity of

Zone 2 (the width 1s defined hydraulically) calculated from
four different boreholes can be studied. Also the "hydraulic"

width and the vertical depth of the upper surface of the zone

m/s (in detailed sections), tend to

from the ground surface 1s calculated.

Table 8.2 Transmissivity (m2/s), "hydraulic"” width (m) and
vertical depth (m below ground surface) of fracture
Zzone 2 in different boreholes.

Borehole Transm. Width Depth
Fi 5 1.5.107°3 107 115
Fi 6 3.5.1074 80 200
F1 9 9.5.107% ge 113
Fi 10 9.8-107" 92 8
HF1 1 6.6.10°% " 25 104

* HFi 1 only partly penetrates zone 2.

As can be seen from the table, the transportation capacity

defined in this way, is very similar in most boreholes, close

to 10—3. (I1f the same width of the zone 1is assumed in
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HF1 1 as in Fi 9, the transmissivity would probably be slight-
ly higher than the corresponding value in Fi 9). Fi 6, howe-
ver, deviates somewhat towards a lower transmissivity. This
might be an effect of the ygreater depth of the zone in Fi 6.
Since the test sections used for the definition of the zone
are as long as 20 m, the zone thickness might be somewhat ove-
restimated. However, since detailed measurements all over Zone
2 are not avilable in all boreholes, comparison can be made

only by using the 20-m sections.

One interesting aspect of the hydrogeological character of the
fracture zones is the conductivity contrast to the surrounding
bedrock. This parameter is of importance when determining the
water exchange between fracture zones and rock matrix. The
less contrast, the greater the water exchange might be. The
conductivity contrast between Zone 1 and the bedrock SE of the
zone has been determined only at one point (in Fi 10) to the
factor 75. In other words, the contrast is below two orders of
magnitude, a rather low value. However, it should be noticed,
that the contrast applies to measurements at a vertical depth
of only 57 m. The contrast to NW is not known. The correspon-
ding figures for Zone 2 are somewhat safer, since there are
more data. They are accounted for in table 8.3. The contrast
values are based on the hydraulic definition of the zone. The
contrast is higher than for Zone 1 in most boreholes, about

two-three orders of magnitude.

Table 8.3 The conductivity contrast (dimensionless) between
zone 2 and the rock mass.

Borehole Conductivity contrast Conductivity contrast
zone 2/overlying rock zone 2/underlying rock
Fi 5 350 240
Fi 6 43 570
HFi 1 6500 -
Fi 9 390 130

Fi 10
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The water injection tests support the interpretation of the
fracture zone geometry presented in chapter 2. However, the
width of Zone 2, defined exclusively from hydraulic data,
ranges between 80 and 107 m, whereas core logying and geophy-
sical data indicate a width of about 70 m.

Figure 8.3 attempts to illustrate the distribution of high
conductivity values for the section A-A in the Brindan area
(figure 2.1). The conductivity values in the different boreho-
les are connected to each other with guidance from geology and
geophysics. This means, that the hydraulic interpretation of
the fracture zone geometry in this figure is not completely
independent of the other methods. All rock with a hydraulic
conductivaity less than 1-0-10_6 m/s is coloured dark, whe-
reas higher conductivity is given brighter nuances. If this
figure is superimposed upon fig. 2.2, which represents the
geologically interpreted fracture zone geometry of the area, a
good concordance can be noticed for the inclination of the
zones. The width of Zone 2, however, diverges as described
above. Besides Zone 1 and 2, there are two other high conduc-
tive areas, one superficial and one below Zone 2 (only in

F1 9). They represent minor fracture zones of unknown orienta-

tion.

Fig. 8.4 illustrates the conductivity variations in the rock
outside the major fracture zones. A striped pattern can be
seen. However, the conductivity data alone are not sufficient
to determine the direction of all “"conductivity layers". The-
refore the information of the figure just represents one pos-
sible alternative. Some of the layers with increased conducti-
Vity represent minor fracture zones, as can be concluded from
the borehole radar measurements. A thorough analysis of the
borehole radar data, combined with the hydraulic conductivity
and other results, might give a more detailed interpretation
of the rock mass outside the major fracture zones. However,
this is beyond the scope of this study.
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Figure 8.3 The hydraulic conductivity distribution in the
fracture zones for section A-A in the Brindan

area.
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8.1.5 Hydraulic interference tests by gas-1lift pumping ain Fi 9

Gas-1li1ft pumping is a method of flushing a borehole in order
‘to clean it from drilling fluid and drilling debris. In the
SKB site investigations, gas-1lift pumping is used as a stan-
dard procedure, which follows immediately after drilling of a
cored borehole. Nitrogene 1is used as the flushing gas in order
to minimize contamination of the groundwater. Flushing a bore-
hole 1s a way of pumping 1t. The capacity 1s considerable, but
since the flow is pulsating, the method has not been much con-
sidered for making pump tests, where constant flow 1s essen-
tial. However, 1in this project gas-lift pumping with a modi-
fied equipment was tried as a method for interference tests
with borehole Fi1 9 used as the pumping well. The tests were
performed at three different occasions. One pumping test was
made without packers in the pumping well and two tests were
made within a specific borehole-section 1solated between pac-
kers. Especilially the tests with packers were successful. Met-
hods and results from these tests are described below. It
should be noticed, that when the concepts gas-1li1ft pumping
"with packers" and "without packers” are used in the text
below, "packers" refers only to the pumping well. All observa-
tion boreholes were instrumented with packers during all three

gas-1lift pumpings.

B.1.6 Gas-1lift pumping without packers in the pump-hole.
Methods

The eguipment used for gas-1lift pumping without packers 1is
illustrated in figure 8.5. The performance of the test method
is described below. A sink weight 1s lowered down to about 5 m
above the bottom of the borehole, where a sedimented layer of
drilling debris is accumulated. The debris can be rather com-
pact, but the thickness of 1t seldom exceeds 5 m in a 700 m
borehole. The water pressure at the level of the sink weight
is calculated from the borehole length, borehole inclination,
groundwater level and water density. A gas pressure exceeding
the groundwater pressure at the lower part of the sink weight
with about 800 kPa is produced with the gas regulator 1in the
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gastube system. This means that gas with a certain overpressu-
re is injected into the borehole at the bottom of the sink
weight. This creates a flow of water upwards in the hole. The
water: flow is mostly pulsating. Especially in low-conductive
borehocles, where the flow-rate of water is limited during
pumping, the flow can be very intermittent. The time needed to

empty two series of Nz-gas bottles is about 10-12 hours.

A gas-lift pumping of Fi 9 in January 1985 (85 01 18) was made
according to this method. Because Fi 9 is only 375 m long, on-
ly one series of Nz—gas bottles was regarded necessary. The
gas pressure needed to create an overpressure of 800 kPa was
about 4 000 kPa. The pumping lasted for six hours. The outflow
from the hole seemed to be somewhat pulsating, but repeated

WATERTANK

L. A BOUND SERIES
N E ) OF N, BOTTLES
\
' jul
COIL REEL GASREGULATOR

COLLECTING VESSEL

e A
DIVERTING
WATER TUBE

((Y}gx’:

¥ GROUND WATER LEVEL
BEFORE PUMPING

|4+— HIGHPRESSURE TUBE

le— CORED BOREHOLE { 56mm)

INFILTRATION HOLES

SINK WEIGHT

Figure 8.5 Equipment for gas-lift pumping without packers.
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flow measurements gave approximately the same result, between
about 94 to 100 1/min (1.57-1.67 l/sec). The flow measurements
were made with a 20 1 vessel and a stop watch. Between 34 and
36 m3 of water were pumped out during the six hours. Unfor-
tunately a heavy and nonreparable leak arose on the casing
vessel. Only a minor part of the water was therefore collected
in the water tank. The rest infiltrated in the gravel around
the casing. Because of the winter conditions with frozen
ground it is difficult to estimate how much of the leaking
water reached the groundwater table.

During the gas-1lift pumping 10 water samples were taken for
water chemical analysis and analysis of the amount of reco-

vered drilling debris (chapters 10 and 11).

Plezometric registrations in five test sections in Fi 5 (chap-
ter 9) and manual measurements of the drawdown in three sec-
tions in HFi 1 were made during the gas-1lift pumping. No pie-
zometric registration was obtained from Fi 6 due toO instrument

failure.
B.1.7 Gas-1li1ft pumping without packers. Results

The change of piezometric head versus time for each obser-
vation section was plotted in a lin-log graph and the hydrau-
lic conductivity was calculated according to a straight line
approximation of the data curve (Jacob’s method, Cooper and
Jacob, 1946). The conductivity values of the sections in Fi 5
were also calculated from the recovery graph, where head
change is plotted versus the expression t/(t +t) in a lin-

log graph. "t" represents time after pump stgp and "t " the
pumping time. These evaluation methods are built on the
assumption, that the aquifer is homogeneous and isotropic. For
interference tests in a fractured crystalline rock there are
reasons to believe that the homogeneous-isotropic approach may
not always be applicable. Therefore, also evaluation from log
head change versus log time graphs according to a double poro-
sity model (Streltsova, 1983 and Streltsova, 1984) was made
for each tested section. This model takes into consideration
the heterogeneity of the rock. A double porosity medium is
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composed of two media with distinctly different hydraulic pro-
perties, the fracture system and the rock matrix. The pressure
responses in these two media are 1llustrated in figure 8.6(1)
and 8.6(2) respectively for an assumed storage ratio of 100
between matrix and fracture system (Streltsova, 1983 and
Streltsova, 1984). As can be seen from the figure the curves
have similar shapes, particularily the matrix curves. To ob-
tain a unigque match with field data, thus a rather long test
time would be required. When the straight line method is usead
for interpretation in a double porosity medium, the hydraulic
conductivity will be overestimated, 1f the analysis 1s made on
data from the intermediate-time region (Streltsova, 1984). In
the Bréndan area, the double porosity model should be more
applicable than the homogeneous-isotropic approach. However,
when the instrumentation was made for the current tests, the
fracture zone structure was not known in detail. Therefore the
packer configuration was not 1deal in the sense that the frac-
ture zones were not properly 1isolated from the rock matrix.
The packer configuration in the boreholes during the pumping
tests 1s 1llustrated in figure 8.7. Several packers were pla-
ced within Zone 2 causing a simllar reaction in many sections

due tO 1nterconnection.

With the hydraulic conditions prevailing at the site, gas-1lift
pumping showed to be a suitable method for pumping tests. The
flow rate was high enough to achieve a drawdown at a distance
of at least 210 m. It was also sufficiently constant to permit
evaluation according to the methods mentioned above. The re-
sults are, in spite of this, somewhat uncertain. The reasons
for this are the reinfiltration into the pumped aquifer and
the fact that the packer configuration not was perfect.

The graphs from the interference test 85 0l 18 are presented
in figures 8.8 - 8.10.

Pressure responses in HFi 1
Figure 8.8(1) shows the piezometric head change versus time,

plotted in a log scale, for the three sections 0-35 m, 36-90 m
and 91-129 m i1n the borehole HF1 1. Figure 8.8(2) 1llustrates
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Figure 8.8 Interference test without packers 85 01 18.
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head change versus time for the same sections in a double-
logaraithmic graph. The groundwater head starts slowly to
decrease (the head change increases) in all sections at the
beginning of the pump test. The rate of the drawdown increases
after about 5 min in section 36-90 m, after 25 min in section
0-35 m and a few minutes later in section 91-129 m. After
about 3 hours and 20 min the groundwater head increases again
in all sections, although the pumping continues. This is pro-
bably an effect of the reinfiltration described above.

The conductivity values calculated from the gas-lift pumping
tests are compared with the single-hole injection test values
in table 8.4. It should be emphasized that the interference
test values represent a larger volume of rock around the pum-
peded well than the injection test values do.

Table 8.4 Hydraulic conductivity (m/s) in HF1 1 according
to different test methods and evaluation models.

Section Injection Pumping-H Pumping-D
0- 35 5.9.10 9.7-10°° 5.3-107°
36- 90 1.8-10°° 6.2:10°° 4.1-107°

- - -5

91-129 1.7-107° 2.2:10°° 1.6-10

H Homogeneous-1isotropic evaluation model
D Double porosity evaluation model

It can be noticed, that values from the double porosity eva-
luation (based on the type curves shown in figure 8.6) are
closest to the injection test values. The interference test
evaluations result in similar values for the upper two sec-
tions, whereas the injection test values show a clear separa- -

tion between all three sections.
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Pressure responses in borehole Fi §

The head change graphs from Fi 5 are shown in figures 8.9 and
8.10. A similar break 1n the curve as of HFi 1 occurs in the
section 0-163 m after about 3 hours and 20 min from the start
of pumping. The explanation is probably, as above, the rein-
filtration. The calculated values of hydraulic conductivity in
the five test sections according to the pumping phase and the
recovery phase are compared to the conductivity calculated
from the single-hole injection tests in table 8.5. For the
pumping phase the two evaluation models described above have
been used. In thlis case there is a good agreement between the
injection test and the pumping phase values evaluated accor-
ding to the homogeneous-isotropic model except for the lowest
section. The conductivity values from the pumping phase (homo-
geneous approach) are slightly higher than the values from the
recovery phase 1in all but the uppermost section.

In the log-log graph, figure 8.9(2), each section, except the
uppermost, has a straight line apperance. This may indicate,
that the response 1n these sections represents the head change
in the rock matrix outside the fracture zones, cf. the type
curves 1in fig. 8.6(2). Theoretically, the hydraulic conducti-
vity of the matrix should be possible to calculate according
to the double porosity model. Due to the relatively short test
time a unique interpretation is, however, not possible in this
case (the curves have no characteristic shape). If, on the
other hand, the responses in the sections 164-205 m, 206-243 m
and 244-481 m are assumed to represent the fracture zone, the
conductivity values are possible to calculate. These values
are presented 1n table 8.5. The evaluated K-values in these
three sections are significantly lower than the injection test
values. The response 1n section 482-507 m is interpreted as a
matrix response with corresponding type curves due to the long
distance from Zone 2. The hydraulic conductivity can be esti-
mated to about 1.6~1O'.8 m/s. However, this value is uncer-

tain.
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Figure 8.10 Interference test without packers 85 01
Head change graph (recovery) from Fi 5.

Table 8.5 Hydraulic conductivity (-10_6

m/s) in F1 5

according to different test methods.

18.

Section Injection Pumping-H Recov.-H Puraping-D
0-163 0.64 * 1.2 1.7 0.98
164-205 17 17 8.1 3.9
206-243 24 17 9.0 4.3
244-481 1.8 2.7 1.2 0.67
482-507 0.36 24 16 0.016

* This value 1s calculated for the section

H Homogeneous-isotropic evaluation model

D Double~porosity evaluation model

50-163 m
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8.1.8 Gas-lift pumping, with packers. Methods

During the chemistry programme of this project, water samples
were taken within Zone 2. The Uranine content of the water
samples was very high, 1indicating that the sampled section was
highly contaminated with drilling fluid (see chapter 10). In
order to clean Zone 2 as effectively as possible and to regain
"natural" groundwater, a "directed" gas lift pumping between
packers was therefore attempted. The cleaning of the borehole
was the primary aim of the pumping, but at the same time the
boreholes Fi 5, Fi 6 and HFi 1 were equiped for piezometric
monitoring. The purpose was to make pressure registrations, if
the gas-~lift pumping between packers showed to be technically
sufficiently good to be used as a pumping test method.

The gas-1ift pumping equipment with packers is described in
figure 8.11. The procedure during pumping is similar to that
from pumping without packers. The hydrostatic pressure for the
level where the gas is injected into the aluminium pipe from
the 1injected section (approximately the upper packer position)
is calculated. A sufficient overpressure of gas versus the
hydrostatic pressure 1is generated. During the pumpings descri-
bed below, an overpressure of 700-1 000 kPa (recorded on the
gas-regulator at the ground) was used. The gas lifts the water
in the aluminium pipe to the ground surface. This creates a
negative pressure in the pipe contra the aquifer. Water flows
into the pipe through the infiltration holes just underneath
the upper packer and is continously transported to the ground
surface. The water is collected in one or several tanks and is
pumped away from the infiltration area. The ground water pres-
sure 1in the pumped section of the borehole is registered du-

ring the test.

Two gas-1i1ft pumpings according to this method were executed
in March 1985 (85 03 01 and three days later, 85 03 04). The
packer spacing was 85 m (150-235 m). One series of N_-gas
bottles was emptied at each pumping. A gas dp (overpressure)
of 700 kPa was used at the first occation. The time needed to
empty the gas bottles was 6 h 40 min. An almost continous flow
of approximately 1 250 l/hour (0.3472 1l/sec) was measured.
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This means, that 8.3 m3 were emptied from the section. The
corresponding figures at the second pumping were 1 000 kPa,
5h 40 min, 1 260 1/hour (0.3500 l/sec) and 7.1 m3.

Water sampling for chemical analysis including the content of
Uranine were performed during both pumpings. Piezometric re-
gistrations in five sections in Fi 5 and in five sections in
Fi1 6 were also made as well as manual measurements of the
drawdown in three sections of HFi 1. Unfortunately, during the
test the pressure transducer in Fi 5 failed, and therefore the
results from Fi 5 are excluded.

8.1.9 Gas-lift pumping with packers. Results
Flow and pressure responses in the well borehole Fi1 9

Figure 8.12 summarizes some of the results from the two gas-
lift pumpings. The upper diagram shows the flow rate and the
total volume. Small variations in the flow rate can be obser-
ved. The flow measurements were made intermittently. Using
continous measurements, a more detailed picture of the flow
rate variations should result. The graph below shows the water
pressure on a linear scale in the sealed off section during
pumping. An interesting feature is the sudden pressure drop
from about 1 320 kPa to about 1 180 kPa, which occurs after
approximately five hours of pumping on the l:st of March

(85 03 01) and after only one hour on the 4:th of March

(85 03 04). The third graph is a histogram showing the Uranine
content of the pumped water versus time. The chemical condi-
tions are discussed in chapter 10 and 11. It can immediately
be concluded that the attempt to clean the borehole from dril-
ling fluid failed, since the Uranine content raised almost
continously during the first day of pumping, from 27 g/l to

50 g/1. The level during the second day was constantly high
(42 g/1). A much longer gas-lift pumping would have been
necessary to achieve decreasing Uranine values.

In order to calculate the values of hydraulic conductivity in
the different tested sections according to Jacob’s method,
head change graphs versus time in a lin-log scale were made.
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In fig. 8.13(1) the head change in the pumped section 150-235
m in F1 9 during the gas lift pumping 85 03 01 is plotted ver-
sus log time. The K-values for the different parts of the cur-
ve are calculated. The value for the flat, lower part of the
curve, 3-7-10_6 m/s, can be compared to the corresponding
value from the injection tests, 4.4-10—6 m/s. The steep

part of the curve gives a conductivity value two orders of
magnitude lower. The last part of the curve results in approx-
imately the same K-value as for the first part. Figure 8.13(2)
shows the corresponding graph for the pumping 85 03 04. The
K-values are identical with the previous diagram for the flat

GAS LIFT PUMPING Fi 9
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Figure 8.12 Sunmary of some of the results of the gas lift
pumpings 85 03 01 and 85 03 04.
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parts of the curves and half an order of magnitude higher for

the steep part.
Pressure responses 1n borehole HF1 1]

In figure 8.14 the head chanyge versus time for three sections
in HF1 1 during the pumping 85 03 01 are plotted in a lin-log
graph 8.14(1) (for evaluation according to Jacob’s method) and
a log-log graph 8.14(2) (for evaluation according to the doub-
le porosity model). The curves show similar slopes, but there
is a time lag for the response between the different sections.
This is probably an effect primarily depending on the diffe-
rent distances between observation sections and the pumped
section in Fi 9. The responses in HFi 1 from the test three
days later are 1illustrated in figure 8.15. All sections react
somewhat earlier than at the first test. The slopes for the
respective sections are very similar except for section

0-35 m. However, a longer testing time might have resulted in
a steeper slope also for this curve.

Using the double porosity model for interpretation of the test
85 03 01, the response in section 91-129 m is assumed to rep-
resent the fracture zone. The responses in section 0-35 m and
36-90 m are more difficult to analyze. They were, however, al-
so assumed to represent fracture zones. Evaluation according
to the double porosity model was not performed for the pumping
85 03 04, because the data curves have no characteristic shape
to analyse with type curves. In table 8.6 the conductivity
values for the three tested sections in HF1i 1 according to the
different test and evaluation methods are compared (also the
results from pumping without packers are included).

The values from the two occasions of gas-1lift pumpings with
packers (evaluated with Jacob’s method) are very similar. This
is expected, since they represent the same volume of bedrock
as well as the same test and evaluation methods. The K-values
from the homogeneous-isotropic evaluation model seem to be
overestimated, especially in the upper sections, compared both
with the single-hole injection tests and the double porosity
evaluation. The biggest difference between different methods
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occurs i1in section 0-35 m. The 1njection tests result in a

-7 . .
K-value of 5.9-10 m/s, whereas the gas-1li1ft pumping with
packers 85 03 04, evaluated according to Jacob’s method, gives

a significantly higher value, 3.8-10'.5 m/s.

Table 8.6 Hydraulic conductivity (m/s) in three sections of
HF1i 1 according to different test and evaluation

methods.
Section Section Section
0-35 m 36-90 m 91-129 m
. -7 - -
Inj.tests 5.9+10 * 1.8-10 6 1.7+10 >
Gas lift pumping
without packers (H) 9.7'10_6 6.2-10“6 2.2-10_5
" —6 -—6 _5
-"- () 5.3-10 4.1:10 1.6-10
Gas lift pumping
. -5 -5 -5
with packers 0301 (H) 2.4-:10 1.5-10 1.2-10
”" -6 -6 -6
- (D) 2.3-10 1.5:10 9.6-10
Gas lift pumping
with packers 0304 (H) 3.8~10_5 1.1-10—5 1.1-10—5

* This value is calculated for the section 4-35 m
H Homogeneous-1isotropic evaluation model
D Double porosity evaluation model
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Pressure responses in borehole Fi 6

The pressure graphs for borehole Fi 6 are shown in figures
8.16 - 8.19. Most sections in Fi 6 exhibait straight line res-
ponses 1in the log-log diagram. This indicates that the test
time is too short for evaluation of these sections according
to the double porosity model (radial flow has not been estab-
lished during the test). Therefore, only estimates of the hyd-
raulic parameters can be performed. Assuming that the respon-
ses are representative for the fracture Zone 2 1n the sections
0-202 m, 203-211 m, 212-262 m and 263-400 m, the hydraulic
conductivity values shown in table 8.7 can be estimated. The
response 1u section 542-691 m is assumed to represent the rock

matrix.

An i1interesting detall from the pressure graphs 1s the section
542-691 m (figures 8.17 and 8.19). During pumping the response
1s slow and of small amplitude compared with the rest of the
sections. After pumping, during the first phase of recovery,
the water pressure continues to decrease for about 4 hours and
45 min during the first pumping and for about 4 hours and 50
min the second time. First after that, the pressure starts to

build up agaain.

The conductivity values of the five borehole sections in Fi 6
according to different test and evaluation methods are illust-
rated 1in table 8.7. The most obvious conclusion that can be

drawn from the table 1s the lower conductivity values from the
injection tests comnpared with the values from the gas lift

pumpings. If only the calculations from the interference tests
are compared, 1t can be noticed, that the evaluation with the
double porosity model in most sections gives lower conductivi-

ty values.



99

Table 8.7 Hydraulic conductivity (~lO—6 m/s) in five
sections of Fi 6 according to different methods.

Sect. Sect. Sect. Sect. Sect.
0-202m 203-211m 212-262m 263-400m 542-691m

Inj.tests 0.072 * 0.25 5.1 0.5 0.022

Gas lift pump.
with packers 0.52 2.0 8.5 2.1 4.7
0301 (pump.)(H)

Gas 1i1ft pump.
with packers 0.57 15 2.3 0.85 0.058
0301 (pump. ) (D)

Gas lift pump.
with packers 1.1 32 6.3 1.6 1.9
0301 (recov.)(H)

Gas lift pump.
with packers 2.0 69 13 3.2 4.6
0304 (pump.)(H)

Gas lift pump.
with packers 0.8 Data loss Data loss 1.5 1.4
0304 (recov.)(H)

* This value is calculated for the section 60-202 m
H Homogeneous-isotropic evaluation model
D Double porosity evaluation model
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Figure 8.16 Interference test with packers 85 03 Ol.
Head change graphs from Fi 6.



101

Head change (m) GAS LIFT PUMPING IN Fi9 WITH PACKERS B50301.
RECOVERY. OBSERVATION HOLE Fi 6.

Section 212-262 m
Section 263-400m

&xnonzo}Eﬁ;:—?““~\\T:;h‘
I
|

|
|
|
|
!
Section x T
0-202m J
|
|
|
—

|
| / e
|
|

015 T— | i
; |
| |

Section 542-691m

|
. ;
="

0.00

0.001 001 01

Figure 8.17 Interference test with packers 85 03 Ol.
Head change graph (recovery) from Fi 6.

8.1.10 Interference tests. Conclusions

The following conclusions about the interference tests can be

drawn:

1) The gas-lift pumping technique proved to be successful for
performing interference tests, especially the pumping

between packers.

2) The interference tests established hydraulic connections in
Zone 2 between all five investigation boreholes at distan-

ces up to 450 m.
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Figure 8.18 Interference test with packers 85 03 04.
Head change graphs from Fi 6.
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Figure 8.19 Interference test with packers 85 03 04.

3)

4)

5)

6)

Head change graph (recovery) from Fi 6.

The packer configuration in relation to the fracture zone
geometry was not perfect due to lack of adequate informa-
tion at the time being.

The test time was too short for a complete evaluation of
all observation sections according to the double porosity
model.

In spite of the problems mentioned in point 3 and 4, the
conductivity values interpreted according to the double
porosity model were better in agreement with the injection

test values.

The K-values according to Jacob’s method seems to be over-
estimated in most sections. This is in agreement with theo-
retical considerations (Streltsova,1984).
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8.2 Estimates of specific storage.

The specific storage was calculated from the interference

tests for all sealed off sections according to:

2.25-K-tO
Ss = — (8-3), Cooper and Jacob (1946)
r
-1
where Ss = specific storage coefficient (m ™)
K = hydraulic conductivity of the section (m/s)
tO = time for intersection of head change
curve with the abscissa in a lin-1log
graph (s)
r = distance from pump well to obs sect. (m)

The sections in HFi 1 and F1 5 were calculated using the K-va-
lues determined with Jacob’s method from the gas-lift pumping
without packers, whereas for the sections in Fi 6 the corre-

sponding K-values from the pumping with packers 85 03 01 were

used.

The results are illustrated ain table 8.8 and figure 8.20,
which 1s a crossplot of hydraulic conductivity versus specific

storage in a log-log graph.

Since the values of hydraulic conductivity according to the
evaluation with Jacob’s method are somewhat doubtful, the
Ss-values suffer from the same shortcomings. Therefore,
Ss-values were also calculated according to the double poro-
sity evaluation model. Using this model, the specific storage
coefficient 1s calculated as follows:

4-K-tm
S .= —5— (8-4), Walton (1970)
s r
where tm = the time value at the match-point

in the log-log diaygram (s)

(The other symbols as in 8-3.) Since there are some uncertain-
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ties about the interpretation of the K-values, as mentioned
above, the Ss—values for some sections are excluded. The
calculated values of specific storage are illustrated in
tablé 8.9 and figure 8.20.

Table 8.8 Specific storage coefficient for sections in HF1 1,
Fi 5 and F1 6. Homogeneous-isotroplc evaluation.

Borehole Section Specific storage
m m—

HF1 1 0- 35 1.2-107°
HFi 1 36- 90 1.6.107°
HF1 1 90-129 2.9.107’
Fi 5 0-163 4.1+10
Fi 5 164-205 2.2-10°
Fi 5 206-243 1.4-:10
F1 5 244-481 3.2-10°
Fi 5 482-507 2.0-.107°
Fi 6 0-202 7.9.107°
Fi 6 203-211 2.5.107
F1 6 212-262 1.1-10°°
Fi 6 263-400 2.3.107°
F1 6 542-691 4.1-1077

If only those borehole sections which are clearly situated
within Zone 2 are accounted for (90-129 m in HFi1 1, 164-205m
and 206—243 m in Fi 5, 203-211 m and 212-262 m in Fi1 6), the
range of the specific storage coefficient for Zone 2 is about
3'10—7 - 3-10_5 m—l according to the homogeneous-

isotropic evaluation and about 1:10 ~ - 4-10".4 m-l
using the double-porosity evaluation model.
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Table 8.9 Specific storage coefficient for sections in HF1 1,
F1 5 and F1 6. Double porosity evaluation.

Borehole Section Specific storage

m m~ 1
HF1 1 0- 35 1.7.107°
HF1 1 36- 90 1.5.107°
HF1 1 91-129 1.3.107°
F1 5 0-163 9.2.108
Fi 5 164-205 -
F1 5 206-243 -
F1 5 244-481 -
F1 5 482-507 -
Fi 6 0-202 2.4-1077
F1 6 203-211 6.3.107°
Fi 6 212-262 9.9.107/
F1 6 263-400 3.0-107/
Fi 6 542-691 -
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Figure 8.20 Cross-plot of specific storage coeff1c1ent,.ss,
versus hydraulic conductivity, K, according to homogeneous-
isotropic and double porosity evaluation models.
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9. PIEZOMETKRIC MEASUREMENTS
9.1 Background

When this project started 1in October 1984, there were no ear-
lier made piezometric registrations 1in the Brandan area. In
order to obtain data of the natural groundwater heads at dif-
ferent depths, pliezometric eqguipments were installed in Fi1i 5
and F1 6. Piezometric monitoring was also made during hydrau-

lic events caused by drilling, pumping and 1injecting water.

9.2 Equipment

The piezometric equipment is thoroughly described in Almén

et al. (1983). The main components can be studied in figure
9.1. With a system of packers, five different sections in the
borehole can be sealed-off and the groundwater head 1in each
section measured by scanning. The number of packers used can
exceed five, but measurements are possible in a maximum of
five sections. The packer spacing can be chosen arbitrarily.

When a measurement 1s to start, the power to the probe 1s au-
tomatically switched on, and a solenoid valve opens. Hereby a
connection 1s established by a pressure tube to the first mea-
surement sectaion. (All other connections are closed.) After a
few seconds, two measurements are subsequently made and the
values are sent to the microcomputer (so called "Piezomac").
The Piezomac compares the two values, and one 1s accepted, 1if
the difference is within a certain range. Then the first valve
closes and the second opens etc. The time between measurements
(scan time) is optional, between 1 minute and 17 hours. The
measurement range 1s 500 kPa for the transducer used and the
serial measurement values are obtained at a resolution of 0.03
kPa (0.003 m watercolumn). Since the probe 1s situated approx-
imately 20 m below the groundwater table in the borehole (far
from the sealed off sections), the measured values do not rep-
resent the hydrostatic pressure in the sections (with the ex-
ception of the one between the groundwater table and the up-
permost packer). Instead they represent the pressure relations
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Figure 9.1 Equipment for piezometric measurements.
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between the different sections, if the hydrostatic pressure
increase with depth is excluded. Assuming, that there are no
density variations with depth in the aquifer, the pressure

values can be recalculated to groundwater head (m.a.s.l.).

The piezometric data are stored in the piezomac and transfer-
red either to a printer, a tape or via a telephone modem to a
macrocomputer in the office for further treatment.

9.3 Methods

Based on existing data from core logging, geophysical loyging
and water injection tests, five sections in each borehole were
chosen for piezometric measurements. The purpose was to isola-
te different "units" in the bedrock from each other, mainly
presumed fracture zones of high hydraulic conductivity from
more undisturbed rock. The instrumentation was completed at
the end of October 1984 and the measurements started the last
of October (85 10 31) in Fi 5 as well as in Fi 6. The selected
measurement sections are illustrated in figure 9.2 and in tab-
le 9.1. With the more detailed knowledge of the geology of the
area, which exists today, the packer spacing would have been
chosen somewhat differently. As can be seen in the table, the
packers in Fi1 6 were moved 10 m upwards at one occasion due to
a suspicion, that the lowermost packer had been placed in the
middle of a minor fracture zone. This was confirmed by later
investigations.

Before packer inflation, measurements were made during 8 days
in Fi 5 and 4 days in Fi 6 to achieve stable pressure values
after the disturbance of the pressure conditions caused by the
lowering of the eqguipments into the boreholes. The pressure
values before inflation are used in order to check if valves,
tubes etc. are correct, or if there are density variations or
streaming water along or across the borehole. The pressure
values from the different sections before packer inflation
should be identical if no instrumental errors exist, if no
density differences with depth occur in the hole and if there
is no natural strong flow of water in the borehole.
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Table 9.1 Pliezometric sections in Fi 5 and

Fi 6 (m below top of casing).

Fi 5 Fi 6 Fi 6
841031-850219 850220-850417

0 - 163 0 - 212 0 - 202
164 - 205 213 - 221 203 - 211
206 - 243 222 - 272 212 - 262
244 - 481 273 - 410 263 - 400
482 - 507 411 - 551 * 401 - 541 *
508 - 751 * 552 - 691 542 -~ 691
* = "blind" section (i.e. no measureuments

are made).

The values before packer inflation can also be used as a refe-
rence level, which is compared to the measured values after

packer inflation (section 9.4).

Precipitation and atmospheric pressure affect the piezometric
pressure and was therefore measured during the project. A
Hellman gauge was used as a pluviograph and a mechanical baro-
meter registered the pressure. Also a piezometric probe was
placed upon the ground for double-checking the atmospheric
pressure. The pressure values from this probe were used to
subtract the atmospheric pressure from the piezometric pres-
sure. The piezometric graphs therefore represent piezometric
pressure values (recalculated to head values), which are cor-

rected for the atmospheric pressure variations.
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9.4 Results

The resulting data were stored as printer lists and also in a

computer. This made plotting of graphs of the type shown 1n

9.4, 9.6 and 9.7 possible. The head values 1n

the figures 9.3,
The

the graphs are given 1in metres above sea-level (m.a.s.l.).

values are only approximately correct, since the pressure

transducers were not calibrated towards independent values of
the water column above the pressure transducers (level of
groundwater table). Measuring of the groundwater table re-
veals, that the error at the beginning of December 1984 1s
about -0.2 m for Fi 5 and about + 1.0 m for Fi 6. However, the
transducer in Fi1 5 and especially the one 1n F1 6 were also
drifting with time. One month later the error had grown to

about -0.8 m in Fi 5 and to 3.8 m in Fi 6. A bag “jJump" occurs
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in Fi1 6 on the B:th of December. After that date, the transdu-
cer draft seems to be of minor importance. However, the pres-
sure differences between the sections in the same borehole are
not influenced by the drift in absolute pressure. The pressure
relations between the holes can, on the other hand, not be
established.

The tendency of increasing pressure values during the first
two months of registration is mainly caused by the transducer
drift but to some degree also by rising groundwater levels due
to precipitation. Other obvious features 1llustrated in the
figures 9.3 and 9.4 are the instrument problems during rather
long periods of time, especially in Fi 6, and hydraulic dis-
turbances from drilling and pumping.

9.4.1 Groundwater head conditions in Fi 5 and Fi 6

As mentioned in section 9.3, the pressure values from the dif-
ferent sections before packer inflation ought to be 1identical,
1f there are no density variations or heavy local streaming in
the borehole fluid (or instrument failure). The graphs in the
figures 9.3 and 9.4 clearly 1llustrate, that the values are
far from identical in Fi1 5 and Fi1 6 respectively. The deeper a
section 1s situated 1in the borehole, the higher the piezomet-
ric pressure appears to be. The apparent plezometrlic 1ncrease
with depth 1s caused by the density difference between the
distilled water, which 1s pressed into the tubes between the
measurement sections and the probe in order to evacuate air
bubbles, and the surrounding saline water, that prevails in
the borehole (chapter 6 and 11). The density of the borehole
water 1s also an effect of temperature and water pressure. It
is however assumed, that those parameters change almost 1iden-
tically with depth 1n the borehole fluid and in the tubes.
Therefore they do not have any influence on the density diffe-

rences.

Since the salt content at different levels is roughly known
from the resistivity logs, an estimation of the theoretical
pressure increase was made. Table 9.2 compares the estimated

pressure increases with the measured ones. It should be
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Table 9.2 Calculated and measured increases of piezometric
pressure (m watercolumn) with depth, due to 1increa-
sing salinity, 1in relation to the upper section in
Fi 5 and Fi 6 respectively.

Borehole sections Theoretical Measured
Fi 5 section 0-163 m 0.00 0.00
section 164-205 m 0.04 0.14
section 206-243 m 0.13 0.22
section 244-481 m 0.22 0.30
section 482-507 m 0.58 0.88
Fi section 0-212 m 0.00 0.00
section 213-221 m 0.16 0.14
section 222-272 m 0.20 0.20
section 273-410 m 0.45 0.52
section 552-691 m 1.98 2.55

emphasized, that the theoretical calculations do not take 1into
consideration minor variations in salinity, that can be seen

in the geophysical logs.

The measured values are 1n most cases higher than the theore-
tical. The greatest relative difference in Fi 5 occurs in sec-
tion 164-205 m and in Fi 6 1in section 552-691 m. The cause for
the deviations may be, that the resistivity logs suffer from
some errors, or that locally flowing water creates a hydrody-
namic pressure, which differs somewhat from the hydrostatic
pressure. The geophysical loggings can to a certain extent be
checked by water sampling, although the sampling points are
very scarce. The water sampling in F1 5 and Fi1 6 indicates a
higher salinity than the resistivity logs. For instance, the
water samples from the level 398 m in Fi1 6 have a total sali-
nity of 9 000 - 9 300 ppm and those from the level 688 m 9 600
- 9 700 ppm. The resistivity logs show values of 7 000 - 7 5CO0
ppm. To nullify the discrepancy in section 552-691 m between
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theoretical and measured values of piezometric pressure before
packer inflation demands a salinity of about 9 800 ppm 1n the
input calculations. In other words, 1f the water sampling
values had been used i1nstead of the resistivity log values of
salinity, the discrepancy had been very small. If the salinity
values frowm the water sampling in Fi 5, which are about 2 500
ppm higher than the values from the resistivity log, should be
used, the discrepancy would change signs but remain in
(roughly) the same order of magnitude. The effects of strea-

ming water 1in the boreholes are probably not measurable.

When the packers are inflated, the piezometric pressure rela-
tions between the sections change somewhat. The changes might
theoretically be a combined effect of changing density, flow
and head conditions. It is however assumed, that the ground-
water in the bedrock in the vicinity of the borehole has the
same density variations as the borehole water, and that the
flow conditions 1in the borehole are the same before and after
packing off. Whether these assumptions are fully correct or
not, cannot be completely verified. The change in plezometric
pressure can best be 1llustrated, 1if the "salinity effect" 1is
subtracted from the total measured pressure differences after
packer inflation. Figure 9.5 shows the result of this opera-
tion, where every section value has been related to the piezo-
metric pressure 1in the upper, freshwater section (in other
words, the groundwater table in the open borehole) one day
before packer inflation. The operation has not been performed
for the total time seguence, and therefore the figure refers
only to one specific moment. In Fi 5 it refers to one day
after packer inflation, before any artificial disturbance has
been created by drilling, pumping etc. Instrument problems 1in
F1 6 unfortunately prohibited measurements shortly after pac-
ker inflation. Instead, one day during a relatively stable
period without activities in January 1985 was chosen for com-
parison with the conditions before packer inflation.

Figure 9.5 indicates, that all sections have positive plezo-
metric pressures in relation to the background value. This
cannot be true for a complete borehole. Positive values ("out~

flow sections") ought to be balanced by negative values ("in-
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flow sections"). In this case the explanation can be either
the fact that there is one "blind"”, unmeasured, section in
every borehole or, more likely, the general positive transdu-
cer drift, which is obvious during the actual period.
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Figure 9.5 The piezometric pressure distribution in
the boreholes Fi 5 and Fi 6.
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The most 1interesting conclusion drawn from figure 9.5 1s the
pressure relations between the measured sections. Two things
are obvious. The first is the small differences between the
sections. In F1 5 the maximum gradient between two sections 1s
0.07 m (0.007 kKPa). In F1 6 the corresponding value 1is 0.13 m
(0.013 kPa). Secondly, the Zone 2 coincides with the point of
lowest head in both boreholes. This indicates, that the subho-
rizontal Zone 2 drains both the overlying and underlying bed-
rock. If this 1s correct, the zone 1s a structural barrier in
the rock, which prevents or diminishes the mixture of superfi-
cial fresh groundwater with deep saline water. There might in
fact be two separate circulation cells for fresh water and

saline water.

9.4.2 Piezometric registrations of artificial hydraulic

events

Piezometric monitoring was also made during hydraulic events
caused by drilling, pumping and injecting water. The aim was
to determine hydraulic connections between boreholes.

Looking at the pilezometric graphs in figure 9.3 and 9.4, the
first "hydraulic event" is the drilling of the percussion bo-
rehole HF1 1. During percussion drilling, water 1s intermit-
tently pressed out from the borehole by compressed air. Bet-
ween the flushings, the water level 1s recovering. The percus-
sion drilling can thus be regarded as a huye pumping test,
although the outflow in this case was uncontrolled. The dril-
ling of the 129 m deep vertical borehole took place (with a
few breaks) from the afternocon on the 12:th of November 1984
(84 11 12) to the morning on the 14:th of November (84 11 14).
Unfortunately, instrument failure in F1 6 prevented regilstra-
tions in that borehole. The details in the Fi1 5 graph from
that occasion 1s enlarged in figure 9.6.

When the drillinyg had reached 51 m, water was flushed from the
hole. A very distinct response 1s observed in the uppermost
section 0-162 m in F1 5, while a hardly noticable drawdown
occurs 1in the sections below. This indicates a hydraulic con-
nection in the near-ground rock between HF1 1 and Fi 5. At the
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drilling depth of 90 m the response in the uppermost section
of F1 5 1s more accentuated, while the other sections are only
slightly influenced. Not until the drilling reaches about

100 m, there 1s a "break through" for the deeper sections in
F1 5, which shows, that the borehole at 100 m penetrates a
highly conductive hydraulic unit of considerable thickness.
This unit was later interpreted as the Zone 2.

MAS.L. BOREHOLE Fi 5

2850 ~
PIEZOMETRIC SECTION: 482-507 m

PIEZOMETRIC SECTION: 264481 m \—\//—/’

PIEZOMETRIC SECTION: 206-243m

2750

PHEZOMETRIC SECTION:164-205m

PLEZOMETRIC SECTION: 0-163 m

26.50
2550 | f
DRILLING DEPTH S1m ' DRILLING DEPTH 129 m
DRILLING DEPTH 90m
2450
23,50 s R ettt et :
121 131 1M 151 Time (Nov. 1984

KL.01.59 KL. 01.52 Kt. 0152 KL 0159

Figure 9.6 The piezometric registrations in Fi1 5 of the dril-
ling of percussion hole HFi 1.
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The second 1mportant event 1s the drilling of the cored bore-
hole Fi 9. Drilling fluid was taken from the percussion bore-
hole HF1 1. The water was pumped into a 5 m3-tank and samp-
les wére taken for chemical analysis. A tracer, Uranine, was
then added. In total, 13 tanks were used during the drilling
(chapter 10). When filling up the first tank, it was noticed
that the water was saline. In order to avoid contamination of
the superficial, freshwater part of the bedrock with saline
water, a packer was 1installed at the level 57-58 m in HF1i 1,
and non-saline water was pumped from above the packer. Later,
when borehole Fi1 9 was expected to reach the part with saline
water, the packer was removed, and saline water was agaln pul-
ped from Zone 2 at the bottom of the percussion borehole.

Unfortunately, instrument failure in both Fi 5 and Fi 6 during
the core drilling made the registrations incomplete. The de-
talls from the piezometric graphs in figure 9.3 and 9.4 during
the pumpings 84 11 27 to 84 11 29 are enlarged in figure 9.7.

A strong response was Observed in the uppermost section of

Fi 5 while pumping from above Zone 2 in HF1 1 (with the packer
at 57 m). Only very small responses occured in the deeper test
sections of F1 5 and 1in all sections of Fi1 6. However, when
pumping from the lower part of HF1 1 (Zone 2), all piezometrac
sections 1in both cored boreholes were affected, except for the

lowermnost section of Fi 6.

These observations show, that there 1s a good hydraulic con-
nection between different boreholes intersecting Zone 2 for
distances greater than 450 metres. They also show, that the
hydraulic connections between the superficial parts of the
bedrock (above Zone 2) and the deeper parts (Zone 2 and below)

are weak.
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Figure 9.7 The piezometric registrations in Fi 5 ana Fi1 6
of the pumpings in HF1 1 without a packer (1),
(pumping from Zone 2) and with a packer at the
level 57 m (2), (pumping from the near-surface

rock).
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10. DRILLING FLUID AND DRILLING DEBRIS

The drilling of a cored borehole creates a change in groundwa-
ter head and in water chemistry due to the injection of dril-
ling fluid i1into the fracture system of the rock mass. These
disturbances can be studied in other boreholes and may indicate
hydraulic connections. In the precediny chaper, observations
made of changes 1in hydraulic head due to drilling are descri-
bed. The section below discusses some disturbances in the

groundwater chemistry due to drilling.
10.1 Dralling fluid and tracers

In order to calculate the component of drilling fluid in a
water sample, the drilling fluid has to be labeled with a tra-

cer. The tracer should have the follcocwing gqualities:
-~ easy to handle

- easy to detect and analyze

- non-sorbing

- low background

- no reaction with original water

In the Brdndan area, an organic dye was concidered to be the
most suitable tracer. Dralling fluid for the cored boreholes

Fi 5 and Fi1 6, drilled 1978-79, were labelled with the fluore-
scent dye Rhodamine WT. In order not to interfer with Rhodamine
the fluorescent dyes Uranine (sodium flourescein) and Amino G
Acid were chosen for boreholes Fi 9 and Fi 10 respectively. The
concentration of Uranine, shown in table 10.1, was chosen after
measuring old water samples from boreholes Fi 5 and F1 6 and
samples from the precussion hole HF1 1. The governing criterium
was to measure a dilution to 0,1% of the initial concentration.
The initial concentration of Amino-G Acid was, due to shortage
of time, chosen from background values reported by Smart and
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Laidlaw (1977). A Sequioia-Turner 450 filter fluorometer was

used for the analyses.

Table 10.1 Initial concentrations, Co, of chosen tracers.

Borehole Tracer Co (ppm)
Fi1 5 Rhodamine WT 2
Fi 6 Rhodamine WT 2
Fi 9 Uranine 1.0
Fi 10 Anino-G Acid 2.0

The drilling fluid was labeled by mixing a small amount of con-
centrated tracer solution into the 5m3 storage tanks for
drilling fluid. Samples were taken from the non-labeled 1inco-
ming HF1 1 water and from the storage tanks after mixing. The
results from the sampling of HF1 1 water are presented 1in table
10.2 and figure 10.1. The table also shows the volumes pumped
from HF1 1 at each time, the total volume pumped 1nto Fi 9 and
the drillaing depth interval in Fi 9.

When drillaing in the non-saline superficial part of the bedrock
(see chapter 11), drilling fluid was pumped from the upper 57 m
in HF1 1, where a packer had been installed. At about 150 m
drill depth the packer was removed, and saline water was pumped
in order to use natural saline water as dralling fluid. After
removal of the packer and pumping about 10 m3, the concentra-
tion of Uranine in HF1 1 increased rapidly, as can be seen from
figure 10.1. This 1ndicates a hydraulic connection between Fi 9
and HFi1i 1 in the Zone 2, somewhere between 150 and 210 m bore-
hole length, figure 10.2. An attempt was made to estimate the
hydraulic conductivity of the Zone 2 from the tracer break
through. However, this attempt was not successful due to the
difficulty of determining the hydraulic gradient during the
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drilling of F1 9 and the intermittent pumping in HF1 1.

Table 10.2 Volumes,V, and concentrations,C, of Uranine
and Rhodamine WT 1in HFi l-water.

Date V HF1 1** V Fi1 9*** Drill depth C Uranine C RAWT
(1) (m”) (m) (ppb) (ppb)
28/11 5.0 5.0 12 - 57 0.52 1.0
28/11 5.0 10.0 57 - 102 0.41 0.9
29/11 5.5 15.5 102 - 142 0.42 1.0
3/12 5.0 20.5 142 - 173 0.48 0.8
5/12* 5.0 25.5 173 - 203 0.39 3.6
6/12 5.0 30.5 203 - 232 0.33 3.6
10/12 5.0 35.5 232 - 255 1.12 3.5
10/12 5.0 40.5 255 - 281 3.10 3.3
11/12 5.0 45.5 281 - 305 4.50 3.3
12/12 5.0 50.5 305 - 326 6.70 3.2
13/12 5.0 52.5 326 - 335 9.40 -
17/12 5.0 57.5 335 - 357 13.60
18/12 5.0 62.5 357 - 376 16.20
* Packer at 57 m depth removed.
** Volume pumped from HF1 1.

*** Total volume pumped into Fi 9.

The water from HF1 1 was also analyzed for Rhodamine. The re-
sults presented in table 10.2 shows that the concentration of
Rhodamine is 3-4 times higher in the saline water compared to
the non-saline. This might imply that the drilling fluid from
the drilling of boreholes Fi1 5 and/or Fi 6 during 1978 has not
been washed out from the area. There 1s also a possibility that
the natural background of Rhodamine is higher in the saline wa-

ter than 1n the non-saline water.

The drilling fluid used for Fi 10 was, for practical reasons,
pumped from the upper 40 m of HFi 1 and instead of pumping at
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short intervals the pumplng was continous at a low pumplng rate
(0.32 1/s). Unfortunately, the backyground values were much
higher than expected from litterature data, 0.1 ppm for Amino G
Acid, which implied that a dilution to 5 % could be measured.
There were no indications of tracer transport from Fi 10 to the
upper part of HF1 1. This implies, that there is no direct hyd-
raulic connection between the upper part of HFi1i 1 and borehole
Fi1 10.

During the drilling of Fi1 9 and Fi 10, records of drilling

fluid loss versus depth were kept. These records can be used as
indications of high conductive zones. As can be seen from figu-
re 10.3 the agreement between high conductive zones and 1increa-

sing drilling fluid loss is rather good for borehole Fi 9.

C (ppb)
Uranine
4
0 2040 60 80 00120 140 160 180200 OO 260 780 300320 30 0376 Drill depth {m)
- s = = - m = e = - = = W = - Drilling
20 A

15 A

10 A

0 m n., n n” >

n ——r »>
28M29 30112 2 3 4 5 7 8 9 10 1 12 13 % 15 6 17 18 19512 Oate

Figure 10.1 Concentration of Uranine 1in water pumped from
borehole HFi 1 versus date and drill depth.
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Figure 10.3 Comparison between hydraulic conductivity and dral-

ling fluid loss versus depth in borehole Fi1 9.

10.2 Water sampling and collection of drilling debris during
gas-11ft pumping

During the gas-1lift pumping of borehole Fi 9, water samples
were collected for analysis of Uranine and drilling debris con-
tent in order to study the recovery rate of these. This i1s of
great 1interest to know, as the purpose of a gas-1lift pumping 1s
to clean the borehole from drilling water and debris. The first
gas-lift pumping was performed fromm the whole borehole Fi1 9 as
described in chapter 8. The initial concentration of Uranine
during pumping was very low, due to the dilution of the surface
water in the borehole, but it rapidly (whithin one minute)
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reached a maximum value of 80 ppb and then slowly decreased as

the pumping proceeded, figure 10.4.

Gas-lift pumpings 2 and 3 were performed in the section 150-235
m borehole length in Fi 9, 1i.e. from the sub-horizontal Zone 2.
In this case the Uranine content was almost constant (50 ppb)
despite the fact that a total volume of 15.4 m3 or 73 section
volumes was pumped out during 13 hours. This 1s probably due to
the good mixing and large volumes of drilling fluid injected

into the high conductive zone.

The total amount of drilling fluid recovered from the gas lift
pumplngs was determined by 1integrating the concentration versus

C Uranine (ppb)
[ 3
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80 A

50 o

30 -
20 A
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‘

0 T >
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Figure 10.4 Uranine content versus time from gas-1lift pumplng
of Fi1 9 whithout packers.
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time curves and knowing the pumping rate. The result was that
only 3 % of the 62.5 m” drilling fluid, injected into Fi 9,

was recovered. This result shows the difficulty of cleaning a
borehoie, especially the high conductive zones, from drilling

fluid by short gas-1lift pumpings.

The content of drilling debris in the water samples were deter-
mined by filtering the water, drying and weighing the dry subs-
tance. The results in table 10.3 show a very rapid decrease
from 24 g/1 to 0.36 g/1 during five minutes of pumping.

Table 10.3 Drilling debris content in water samples from
gas-1lift pumping in borehole Fi 9.

Time (min) Drilling debris content (g/1)

0 24.0

1 1.9

5 0.36

10 0.25

15 0.23

20 0.22

60 0.05

80 0.03
250 0.01

By integrating in the same way as described above, a total

, drilling debris recovery of 5 kg was determined. This is a very
low figure, as the total amount of drilling debris produced
from a core drilling of 376 meter is about 1000 kg. During the
drilling of Fi 9, the drilling fluid was flowing out from the
borehole down to 134 m drilling depth. Assuming that all of the
drilling debris was recovered to this depth and that about 15 m
at the bottom of the borehole was filled with sedimented dril-
ling debris, still about 500 kg of the drilling debris have
been flushed out into the fracture system resulting in a maxi-
mum recovery ratio of 1 % from the gas-1ift pumping.
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11. WATER CHEMISTRY

Studies on the groundwater chemistry in the Finnsjdn area
constitute only a small part of the overall programme. However,
their importance in helping to unravel the bedrock hydraulics
cannot be underestimated. In addition, the timing of the prog-
ramme in relation to the SKB test site investigations as a
whole, provided the opportunity to implement some 1deas that
had been under discussion for some time (i.e. improvements in

sampling) .

11.1 Earlier hydrochemical studies in the Finnsjon area

During earlier site investigations (1981/82) a total of seven
boreholes were sampled for groundwater characterization. These
results are presented by Hultberg et al. (1981) and Laurent
(1982). The chemical parameters have been discussed by Allard
et al. (1983) and the geochemical association between the
groundwater and the fracture minerals by Tullborg and Larson

(1982).

Not all data are available from these earlier investigations,
for example, no oxidation potential measurements are presented.
In general, however, the results distinguish two major types of
groundwater: saline and non-saline, with the former usually
lncreasing 1in extent with depth. The groundwater chemistries
appear to emphasize saline groundwaters from three of the bore-
holes (F1 5, 6 and 8: figure 3.1) whereupon chloride concentra-
tions ranged from 2500-5900 mg/l. Low tritium contents (< 3 - 7
TU) and old 14C ages (ca 5500 - 10 000 years) also typify

these waters thus establishing them as representative and free
from major contamination (i.e. from near-surface fresh water
and drilling fluid). In contrast, Fi1 4 and 7 exhibit higher
tritium (3 - 14 TU) and younger 14C ages (ca 4000 - 6000

years) which, together with smaller concentrations of chloride
(ca 30 - 650 mg/1), 1ndicate varying degrees of contamination
from other sources. The two boreholes which would appear to
represent only non-saline water (Fi 1 and 2) are characterized
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by high to very high tritium (38 - 50 TU) and correspondingly
;)

low C ages (ca 2000 - 4000 years). These waters are thus

highly contaminated by surface to near-surface derived water

and not representative for the measured holes.

These waters show, therefore, that although the salinity of
holes Fi1 5, 7 and 8 1s beyond dispute, the remaining holes
which are non-saline to weakly saline in character, may in fact
prove to be more saline than originally suspected. In some res-
pects 1t was therefore surprising that recent borehole logging
(see chapter 8) supported the reported groundwater salinities.
However, the hydraulics of the borehole environments are not
quantitatively known, especially open-hole effects, so that
surface-derived non-saline water may still dominate to the
depths measured.

These earlier investigations also presented trace element ana-
lyses for several of the boreholes (Fi 1, 4, 5 and 7). Interes-
tingly the most saline borehole (Fi 5) also showed appreciable
amounts of lithium and boron. Such enrichments, together with

chloride, have been considered to result from rock/water inte-

raction processes over long time periods (Edmunds et al. 1983).

11.2 Water chemical investigations in the Brindan area

Present water chemical investigations 1in the Brindan area have

involved:

- surface water analyses
.~ analysis of source water used for drilling purposes
- deep hole groundwater analysis

l1.2.1 Surface Wwater

This was limited to only one sample which was considered to be
representative of the recharge environment; the location was a
small stream in the small valley where the Zone 1 (Bridndan)
outcrops, some 200 metres from borehole Fi 9 and about 50 met-
res from Fi1 5 (figure 3.1).
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The chemistry of the water (table 10.1) is typical for a sur-
face environment, i.e. moderately acidic (pH 5.9), low conduc-
tivity (4.12 mS), and generally low amounts of dissolved 1ons.
The tritium content (31i2 TU) is normal for recharge water in
this part of Sweden. The stable isotope content (D = -80.5 ppt:
18O = -12.1 ppt) are usual for meteoric waters in this area

(Ssaxena, 1984).
11.2.2 Drilling Source Water

For drilling purposes, shallow groundwater of similar proper-
ties as the groundwater to be sampled (i.e. pH, Eh etc), 1is
obtained by drilling a percussion hole in the near-vicinity of
the hole to be sampled. By taking water from depths of around
100 m i1t is hoped that a reasonably compatible water can be
obtained to cause the minimum contamination. To assess the deg-
ree of potential contamination it 1s therefore extremely impor-
tant to quantify the composition of the drilling component.
Furthermore, percussion hole drilling is a simplified form of
"booster hole" drilling, a technique which is being considered
in the near future for groundwater sampling and chemical cha-
racterization. A crude test as to the efficiency of such a met-
hod was therefore attempted.

Simulation booster hole groundwater sampling was carried out
whilst drilling the percussion borehole HFi 1, figure 3.2.
Sampling was crude and entailed collecting water as soon as a
water conducting zone was encountered. A series of five samples
were taken witnin a vertical depth of approximately 130 m. Con-
tamination 1s present (seen as abnormally high amounts of

A12+, Fe(T) and Fe2+), but the results (table 4.13.1)

show promise in that the contact between non-saline and saline
groundwater could be fairly sharply defined. This 1s clearly
seen by comparing sample HF1 1D (98.6 m) with HF1 1E (129 m)
whereupon the chloride content increases from 9 to 1100 mg/1l.
The importance of this was realized later when it was impossib-
le to achieve non-saline water for drilling purposes from
depths greater than 50 m from the same hole. Thus, had sampling
been carried out after drilling, as normally happens, the upper
detected saline groundwater level would be erroneous.
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Water for drilling purposes was taken from the percussion bore-
hole. The intention was that as hole Fi 9 was being drilled
through the estimated thickness of bedrock to the level of sus-
pected salinity, which coincides with the sub-horizontal Zone
2, non-saline drilling water should be used. It was hoped that
this would reduce the risk of groundwater contamination prior
to the sampling of Fi 9. Systematic analysis of the drilling
water was carried out and the results are represented by HFi 1
F-L (table 11.1). It can be seen that the non-saline samples
(HFi 1F-H) never quite achieved the water compositions repre-
sented by samples HFi 1 B-E, and these were only possible after
packing off the hole at 57 m. The saline drilling water samples
(HFi 1I-L), used for depths greater than Zone 2, were satisfac-
tory although HFi 1L showed a decrease of chloride which sug-
gests contamination from higher non-saline levels arocund the

packer systemn.,

Presented in table 11.1 are some isotope data relatiny to tri-
tium and the stable isotopes. The tritium data show that apart
from the surface sample already referred to, the other three
samples show a marked decrease. The low contents present in HFi
1C and E (5 and 4 TU respectively) may be accounted for by
minor contamination of surface water during sampling. This is
supported by the below detection amount in HFi 1K (< 3 TU)
which has been collected after continuous pumping from the hole
thus reducing the risk of a surface water component. Oxyyen
isotope data (figure 11.1) from the same four localities show
little variation (-12.1 to -12.8 ppt) and are consistent for
other borehole measurements in the Finnsjon area (Saxena,
1982). The deuterium data ranges from -88.4 to -76.2 ppt which
is similar in range to other SKB test-site areas (Snellie et
‘al. 1985). Comparison between HFi 1C and K show negligible dif-
ferences, although they represent the extremes of non-saline
and saline water. Saline groundwaters compared with non-saline
from the other test-sites often show depletions of the stable
isotopes. The absence at Finnsjon may be due to non-saline con-
tamination (as suggested on a small scale by the tritium data)
or that both groundwater varieties are of a similar palaeocli-
matic origin. More data are required.



135

o 2H %0

ME TEORIC
=70 ~ WATER LINE

.
18
-13.10 125 12,0 15 1.0 o*0%,

Figure 11.1 O and deuterium compositions of nearsurface

to shallow ground waters from percussion borehole
HFi 1.



136
11.2.3 Deep Hole Groundwater Analysis

Borehole sampling procedures and the equipment used are descri-
bed by Alnén et al. (1983), Wikberg et al. (1983) and sum-
marised by Smellie et al. (1985). Most of the standard chemical
analyses presented here have been carried out on site by the
mobile chemical laboratory. Selected samples were also analysed

for traitium and radiocarbon.

Four levels were sampled in Fi1 9; at 94 m, 114 m, 182 m and 360
m. Sampling was duplicated at 182 m (the sub-horizontal fractu-
re Zone) prior to and subseguent to the gas-lift pumping (see
chapter 8). The overall objectives of the hydrochemical samp-

ling programme was to:

- chemically characterize the saline and non-saline ground-

waters intercepted by borehole Fi 9.

- compare the groundwater composition at the 182 m level before

and after gas-1lift pumping.

- compare the water chemistries with the earlier hydrochemical
investigations carried out 1in the Finnsjon area.

- speculate on the presence and origin of the saline ground-

water
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11.3 Chemistry of the groundwaters

Average compositions from the four sampled levels are presented
in table 11.1.

Table 11.1 Chemical analysis of surface, near-surface, and
ground waters from borehole Fi 9 and nearvicinity.

Table t: Chemical analysis of surface, near-surface, and ground waters from borehole Fi9 and near-vicinity,

Sample HFi1A HFi1B HFi1C HFi1D HFi1E HFi1F HFitH HFi1l HFi1J HFi1K HFi1L KBS KBS KBS KBS

Depth  Surface 11 38.6 98.6 129 <57 <57 >80 >80 >80 >80 94 114 182 360
(metres)

pH 5.9 8.5 7.9 8.4 8.0 8.2 8.1 7.7 8.0 8.1 7.8 7.3 7.5 7.7 7.4
C(mSm) 4,12  23.2 44.9 48.9 402 78.1 67.4 586 560 495 478 270 656 860 1410
Eh(mv) - - - - - - -245 -300 -212

HCO3- 7 290 300 330 320 300 320 210 210 200 220 285 116 150 32

Ca 5.9 11 4.9 10 160 35 26 410 460 460 370 115 - 970 1691
Mg 0.81 2.3 18 3.4 27 7.2 6.4 73 85 74 59 16 - 91 84
Na 2.6 87 94 95 350 190 230 270 830 830 770 415 - 1020 1510
K 0.44 7.7 15 4.8 7.5 7.6 6.8 12 12 11 10 5.8 - 15 7.4
S04 4.7 1.6 0.7 0.9 8.7 7.6 4.2 170 160 140 150 175 - 225 326
F 0.13 3.1 2.7 2.7 1.8 2.6 2.5 1.6 1.7 1.8 1.5 3.4 - 7.2 1.1
(0] 2 16 11 9 1100 120 58 1500 1700 1700 520 680 2125 2700 5150
Br - - - - - - - - - - - 2.03 - 13.5 27.10
1 <0.01 0.03 0.01 0.01 ¢.01 0.0t 0.0t 0.02 0.02 0.02 0.02 0.01 - 0.03 0.07
POy 0.01 0.63 0.06 0.08 0.5 0.14 0.06 0.03 0.07 0.04 0.02 .0C? .002 .003 .004
Si 2.8 3.1 4.8 3.9 2.0 11 11 5.7 2.8 2.5 2.5 7.6 - 4.6 7.6
NO5 0.28 0.22 0.03 0.18 0.02 0.01 0.01 0.0t 0.03 0.18 0.03 0.02 - 0.14 0.01
NO) .006  .078 .006 .004 .004  ,006 .002 .001 .006 .002 .004 .001 - .002 .00t
Al 0.8 100 59 6.3 5.3 2000 1600 61 9 14 9 0.02 - 0.02 0.18
Fe(T) 0.97 230 59 6.3 5.3 1.1 1.1 0.71 0.79 0.76 0.70 0.52 0.35 0.94 0.35
Fe2+ 0.58 150 1.3 0.2 0.12 0.2 0.29 0.07 0.04 0.03 0.05 0.13 0.36 0.19 0.05
Mn 0.06 3.3 0.83 0.14 0.5 0.11  0.10 0.58 0.59 0.58 0.55 0.19 (.45 0.82 0.36
TOC 62 68 13 19 13 9.5 13 18 6.3 5.8 5.1 18 - 6.3 1.0
% ) 2.1 1.6 8.2
m - - hd - - - - - = - - . - . .
A?E. - - - - - - - - - - - 41 - 3.1 5.0
§2H
(pgt) -80.5 - -87.7 - -76.2 - - - - -88.4 - - - - -
§180
(ppt) -12.1 - -12.6 - -12.8 - - - - -12.5 - - - - -
Tritium
gTu) 3 - 5 - 4 - - - - <3 - 8 - 3 <3
4c
(years) - - - - - - - - - - - - - 12205 -

Anals. HFi1A = surface recharge water; HFi1B-HFi1E = percussion borehole for drill water source;
HFi1F-HFi1L water used for drilling; KBS: 94m-KBS:360m = average values for groundwater sampled
from different levels in borehole Fi9.

N.B. Concentrations in mg/1 unless otherwise noted.
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Level 94 m

This level was considered suitable for a non-saline groundwater
sample, figure 11.2, being located sufficiently above the

Zone 2. The analyses show, however, that the lower-derived
saline water has contaminated the sampling level to the extent
of up to 680 mg/l Cl. As explained above, the initial non-sali-
ne groundwater (anals. HFi 1B-D) was never again achieved.
Other contaminating features include high amounts of Ca2+,

Na2+ and SO 2_. The redox character is markedly redu-

cing (Eh = =245 mV) although the dissolved uranium content is
fairly high (2.1 ppb) and probably typical of shallow groundwa-
ters 1n this area. The presence of a near surface or shallow
water component 1s supported by a significant tritium content
(8 TU). Compared to other shallow groundwater samples

(HF1 1B-L) which have an average pH of around 8.1, a pH value
of 7.3 would appear to be unusually low and is most likely a
further indication of contamination from deeper-derived saline
waters (pH values ranging from 7.3-7.8).

In summary, this level 1is characterized by waters which

represent:

- shallow non-saline groundwaters representative for this
depth.

- strong saline component derived from deeper levels.

- significant young, near-surface component derived from

higher levels.

Level 114 m

This level 1s located just above the sub-horizontal fracture
Zone. Only limited analyses are avallable. These are adequate
to show that the groundwater 1s slightly more reducing (Eh =
-300 mv) and that the pH is still low (7.5). Salt water mixing
1s even more apparent, i.e. 2125 mg/1l Cl_, and lower amounts
of Hco3' (down to 116 mg/l from 285 mg/l).
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Level 182 m

This sampling point is located within the sub-horizontal frac-
ture Zone which 1s hydraulically connected to the boreholes HFi
1, F1 5 and F1 6, and to the Zone 1, figure 3.2. In comparison
to the two upper levels, the general chemistry shows a steadily

. . 2+ +
increasing saline component, i.e. increasing Ca” , Na ,

5042_, Br and Cl—, and a corresponding reduction in

HCO3 and TOC. Although still reducing (Eh = -212 mV), it 1is
less so than the above levels; the pH value of 7.7 1s still
lower than perhaps expected. The dissolved uranium content is
moderately high (1.6 ppb) and the 234U/238U activity

ratio is high (3.1) indicating widespread disequilibrium in the
groundwater environment. An age of 12 200 years is indicated by
the 14C data. This level was sampled prior to and subse-

quent to gas-lift pumping. No significant changes in the che-

mistry of the waters are apparent.

In conclusion, this water composition is probably reasonably
representative for the sub-horizontal Zone 2 which represent
the groundwater transition from intermedliate non-saline to dee-
per saline types. As indicated by the absence of tritium (< 3
TU), no younger, near surface component 1s present.

Level 360 m

This sampling point is well within the saline horizon and 1s
clearly evident from the chemistry which indicates a Ca-Na-Cl
groundwater with appreciable Br , SO 2-, and M92+.
Low TOC typifies a deep groundwater gnv1ronment and no signi-
ficant tratium (<3 TU) indicate the absence of a younger,
near-surface component. In common with the higher levels the pH
is low (7.4), no Eh values have been quoted because the respec-
tive measuring electrodes showed wide variatlon;é4The dissolved
U/

U activity ratio of 5.0 1ndicats widespread disequlib-

uranium content 1is very high (8.2 ppb) and the
238
rium due to excess 234U accumulated by alpha recoil proces-

ses during long groundwater residence periods. The low pH
values and the variation of Eh values are not believed to be an

instrumental fault, but a consequence of the saline waters.
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11.4 Discussion of results

A graphic representation of the results is presented in figures
11.2 - 11.4. The distinction between the non-saline and saline
waters, via a transition zone of mixing as evidenced by the
sub-horizontal Zone 2, is clearly visible. This is readily
indicated by the conductivity measurements. The PH in contrast
shows a perceptible decrease with depth which is contrary to
that normally indicated by groundwater at increasing depths.
This is not only true for Finnsjon, but also for saline ground-
waters in other areas such as Finland and Canada (Fritz and
Frape, 1982, Hyyppd, 1984). As suggested above, measurement of
such parameters such as pH and Eh may be somewhat suspect in

such saline environments.

Of the cations, Ca2+, Na+ and M92+ shows marked in-

creases with depth. K+ is less emphasised. Of the anions,

HCO —typically decreases with depth accompanied by sympat-
hetlc increases of Cl and SO 2-, increases of Br are

also present. Althouyh not presented, monitoring of SZ—

shows an increase within Zone 2. This can reflect a greater
percentage of pyrite (Chapter 5.7) available as a fracture
mineral, and hence in contact with reactive groundwaters, along
this zone.

In general, the overall picture is fairly simple and the pre-
sence of saline groundwater corresponds to the earlier hydro-
chemical investigations in the Finnsj&n area. Of particular
interest in the present work is the function of Zone 2, which
appears to represent a structural/hydraulic barrier to the bed-
rock grounawater cells of circulatory movement. Downward moving
' non-saline groundwater flow will preferentially spread out
along Zone 2 rather than continue to deeper levels mixing with,
and eventually washing out the older salt water. Similarily,
the more sluggish upward moving salt water will do likewise.
Zone 2 will therefore be a horizon along which groundwaters of
considerable age differences will come into contact and mix
with one another (note a groundwater age of 12 205 years was
obtained frowm Zone 2).
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The presence of deep saline groundwaters in crystalline base-
ment rocks is not uncommon. Occurrences have been documented
from the Canadian and Fenno-Scandian shield areas, and from the
Carnmenellis granite in S.W. England (Fritz and Frape (1982),
Hyyppi (1984), Edmunds et al. (1984), Nordstrom (1985). The
salinity of these waters have been attributed to one or more
processes which include: a) relict ancient marine water, b)
residual igneous/metamorphic fluids, c) rock/water interac-
tions, and d) release of fluids during the mechanical rupture
of fluid inclusions.

The origin of the saline groundwater in the Finnsjon area is
debatable. Allard et al. (1983) have allocated a residual
igneous/metamorphic fluid origin, although partial mixing with
Yoldia/Littorina seawater (maximum age of 10 000 years) was not
ruled out. Investigations of saline waters in Central Sweden
(Nordstrom, 1985) have shown that whilst the majority of the
shallow wells examined are of relict Baltic seawater origin,
some of the deep groundwaters, such as those from Stripa, are
believed to be genetically different with a significant compo-
nent being derived from the breakdown of fluid inclusions.

Being able to classify saline water as marine or non-marine is
based on chemical ionic signatures such as Br/Cl, 1/cC1, Ca/Mg,
My/Cl, ca/Cl, Na/Cl, K/C1l and so4/c1. The Br/Cl ratio is con-
sidered to provide the most definitive evidence for a marine
origin. Table 11.2 lists the ionic ratios from various salt
water localities, inclusive of Finns3j®én. It can be shown that
depending on which ionic ratio is compared, the Finnsjon saline
waters share certain characteristics with the Yoldia and the
more recent Skane relict seawaters, the ‘non-marine’ Stripa
groundwaters, and the Finnish groundwaters which are mostly
considered to be derived from relict marine waters. It would
therefore be reasonable to suggest that, bearing in mind the
geographical location of the Finnsjon area during the Yoldia/
Littorina marine transgressions, and the relatively old age
indicated for the Finnsjon saline waters which appear to pre-
date these transgressions (e.g. a 14C age range of 9350 -

15 150 years is indicated by groundwaters of < 3 TU), the
Finnsjon groundwaters exhibit the following characteristics:
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- water that is derived from the Yoldia/Littorina marine

transgressions
- residual igneous/metamorphic fluids

- fluids derived from the mechanical breakdown of fluid

inclusions

Because of the long residence times of these various bedrock
fluids, especially those which are non-marine derived, signifi-
cant rock/water interactions have more than likely occurred,
thus further modifing the chemistry of the groundwaters. In
this respect the greater lithium and boron contents of the most
saline groundwaters (i.e. 0.05 ppm and 0.80 ppm respectively,
when compared to younger shallow groundwaters of 0.008 ppm and
0.50 ppm respectively) could have resulted from limited altera-
tion of biotite and plagioclase feldspar. Such alteration,
together with the production of chloride, may have influenced
the groundwater salinity to some small degree. Long groundwater
residence times are supported by the high 234U/238U
activity ratios resulting from an excessive build-up of

234U by alpha recoil processes.

Althouygyh based on limited data, some speculative ideas on the
derivation of salt water in the area of immediate study can be
forwarded. The various stages of development may be:

- prior to approximately 10 000 years ago the water matrix of
the bedrock at depth was heteroygeneously saline due to the
accumulation of residual igneous/metamorphic fluids, fluid
inclusion influences, and limited rock/water interactions.

- during the marine transgressions of the Yoldia (approx. 7000-
8000 years ago) and the later Littorina (approx. 2500-5500
years ago) the area became saturated with marine saline

waters.

- following isostatic uplift and exposure of the landmass, the
near-surface marine water was gradually flushed out and re-
placed by fresh water. The depth of this flushing out process
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would have depended on the regional and local hydrogeology. In
this respect the presence of major structural weaknesses (i.e.
porous and permeable horizons, faults and shears etc.) will act
as hydrological barriers resulting in the entrappment of salt
water at higher levels than would otherwise be expected. As
horizontal fracture zones are a feature of the Finnsjdn aresa,
and particularly 1llustrated in the area of study, their
influence on the groundwater hydraulics has been clearly
demonstrated.

The situation to-day 1s that the sub-horizontal Zone 2 and the
adjoining steeply dipping Zone 1 have effectively trapped
groundwater of a high saline character at a level which is only
about 100 m from the bedrock surface. Zone 2 represents a zone
of hydraulic mixing and the waters above and below represent
extrenes of composition. This local pattern can probably be
extended regionally an the Finnsj&én area. It can therefore be
speculated that saline water exists throughout the bedrock, and
1ts depth of occurrence 1s to a large degree dependent on the
dip and sub-aerial extent of these large-scale sub-horizontal
and near-vertical fracture/shear zones.
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Table 11.2 Ion ratios (by weight) of saline waters and the

Finnsjon groundwaters.

Table 2: Ion ratios (by weight) of saline waters and the Finnsjon
groundwaters.

Sample Br/Cl 1/c1x10° ca/Cl Mg/Cl Ca/Cl Na/Cl K/Cl S0,/Cl
Type

Seawater 0.00347 3.1 0.32 0.067 0.021 0.55 0.0206 0.14

Baltic
Water 0.00342 0.32 0.067 0.022 0.55 0.0205 0.14

Yoldia
Seawater 0.00342 163 4.7 0.052 0.072 0.74 0.0308 0.125

Skéne
Brines 0.0055 40-53 22 0.012 0.20 0.50 0.011 0.023

Finnsjén

Fib - - 18
Fié6 - - 25
Fi8 - - 425
Fio9 0.00526 135 20
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N1
El

Shallow
Wells 0.0024 330 6.7 0.94 7.1 1.17 0.39 2.3

Surface
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Groundwaters
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11.5 Conclusions of the water chemistry studies

This limited hydrochemical study of the Finnsjén area has

resulted in the following interesting points:

sampling during the drilling of a percussion borehcle (i.e. a
crude simulation of the "booster hole" method) has been
demonstrated to be an promising method for hydrochemical pur-

poses.

the success of selecting saline and non-saline groundwaters
for drilling Fi 9 is largely unknown.

systematic sampling of drilling water during drilling was not
possible because of the very fractured, permeable nature of

the Finnsjdn bedrock. No drilling water was recycled and the-
refore no indication as to water/hole chemical reactions was

possible.

the saline water encountered at such shallow levels has been
trapped by the fracture geometry of the investigated area.
These medium to large-scale structures have functioned as
hydrologic barriers to the flushing out and replacement of
the saline water by non-saline groundwaters.

the presence or absence of saline water throughout the Finn-
sJ)on region, and its occurrence at different levels within
the bedrock, is largely determined by the structural geo-

metry.

the Finnsjon saline groundwaters comprise waters resulting
from the voldia/Littorina marine transgressions, from resi-
dual igneous/metamorphic fluids, from fluids released from
the mechanical rupture of fluid inclusions, and from rock/

water interactions over long residence times.
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12. CONCLUSIONS

The aim of the first phase of the Fracture Zone Project was to
select a fracture zone 1n one of the SKB study sites, suitable
for detailed studies regarding hydraulic properties, transport
mechanisms and rock stability. The first phase also includes a
a preliminary geoscientific characterization in order to assess
the suitability of the selected fracture zone and to obtain
data for the design of the detailed studies.

After a selection process, where about 50 fracture zones were
compared, the Brdndan fracture zone within the Finnsjdn study
slte was selected for preliminary characterization. The inves-
tigations were at first concentrated to this zone. However,
after the discovery of a major subhorizontal fracture zone,
which appeared to have a strong influence on the hydrology and
groundwater chemistry, the major part of the investigations was
focused on the subhorizonal fracture zone.

Zone 1, the Brdndan fracture zone, is 20 metres wide, strikes
NNE and dips about 75 degrees towards east. The fracture zone
1s from geophysical ground surveys traceable for at least 1 km.
The zone is intersected by two boreholes and displays a high
frequency of coated and sealed fractures. The high fracture
frequency together with hematitization of fractures clearly
define the zone. The hydraulic conductivity of the zone varies
between 1.2-10-6 and 4.8-10-5 m/s measured by single-

hole water 1njection tests at vertical depths between 57 and

76 m.

Zone 2 1is about 70 metres wide and strikes N-S with a westerly
dip of about 17 degrees. However, since the zone 1is only defi-
ned 1n boreholes situated at a more or less straight line, the
precise orientation 1s uncertain. The zone is intersected by at
least 5 boreholes, thereby showing a minimum lateral extent of
about 450 m. The boreholes intersect the upper part of the zone
at 100-200 m. Zone 2 represents an old ductile shear zone,
which has been reactivated by brittle deformation. Several sec-
tions, 2-5 m wide, with mylonitic to cataclastic deformation
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characterlze the zone. The frequency of coated fractures for
the Zone 2 varies greatly, while the frequency of sealed frac-
tures 1is high 1in all boreholes.

The radar measurements confirm the existence and orientation of
Zone 2. The width of the zone, as indicated from the distribu-
tion of sealed fractures, coincides in general with a decrease
in velocity and a penetration loss for the radar waves. This is
caused by high porosity of the bedrock in connection to the

zone .

Zone 2 has 1n most boreholes two maximne of hydraulic conducti-
vity, one at the upper border, another at the lower border of
the zone. Within these high conductive sections, several values
higher than 10-4 m/s have been measured. Between the two

high conductive parts, there is a low conductive section,
3-10—9 - 7~10-7 m/s. Interference tests show a well

established hydraulic connection in Zone 2 between all five
investigation boreholes. Hydraulic conductivity and storativity
determined from interference tests gave somewhat different
results according to the evaluation method used. Evaluation
according to a double porosity model resulted in similar values
of hydraulic conductivity in most sections as those determined
from water 1njection tests. When a homogeneous-isotropic model
was used, the conductivity values seemed to be overestimated.
The specific storage coefficient for Zone 2 according to the
double porosity model evaluation gave values ranging between

l-lO_5 and 4-10_4 m—l.

From hydrochemical investigations in two boreholes, a distinc-
tion between non-saline and saline waters, via a transition
zone of mixing in Zone 2, was clearly visible. Geophysical log-
ging showed, that the same conditions prevail in all boreholes
intersecting Zone 2. The saline water encountered at such shal-
low levels might have been trapped by the geometry and charac-
ter of the fracture zones of the investigated area. Piezometric
measurements revealed, that Zone 2 has a somewhat lower ground-
water pressure compared with the surrounding bedrock. Thus, two
circulating groundwater systems, one above and another below
Zone 2, appear to exist. Both are drained into the Zone 2.
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The saline groundwater might comprise waters resulting from the
Yoldia/Littorina marine transgressions, from residual igneous/
metamorphic fluids, from fluilds released from the mechanical
rupture of fluid inclusions, and from rock/water interactions

over long residence times.

Both Zone 1 and Zone 2 fulfil most of the characteristics con-
sidered favourable for the Fracture Zone Project. However, the
amount of data, and thus the reliability, 1s much higher for
Zone 2 than for Zone 1. The subhorizontal Zone 2 dasplays a
high hydraulic conductivity in all boreholes penetrating the
zone together with a well established hydraulic connection bet-
ween the different boreholes. This is also shown by the tracer
test performed in connection to drilling of borehole Fi 9.
Water chemistry studies and Plezometric measurements indicate,
that the zone 1is hydraulically active under undisturbed condi-
tions. All these facts speak in favour of choosing Zone 2 for
detailed studies regarding hydraulic properties and transport
mechanisms.

There are a number of other factors that have an influence on
the suitability for detailed studies of a specific fracture
zone. For instance: accessabilaity, high degree of outcrops,
high hydraulic gradient, homogenous bedrock, few interfering
minor fracture zones and the possibility of making surface
fracture studies at the outcropping part of the fracture zone.
Also most of these factors speak in favour for the Zone 2. One
exception 1s the hydraulic gradient, which is low. Concerning
the possibility to make surface fracture studies, a strongly
fractured and tectonized area has been discovered at the cal-
culated outcropping of the zone. However, since the precise
orientation of Zone 2 1s uncertain, and since another fracture
zone has been 1interpreted to be located in the same area,
further i1nvestigations are needed to confirm the location of

the outcropping of zone 2.
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