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1 SUMMARY 

A series of hydrologic tests have been conducted at the Stripa research mine in Sweden to de­
velop hydrologic characterization techniques for rock masses in which fractures form the primary 
flow paths. The structural studies reported here were conducted to aid in the hydrologic examina­
tion of a cubic block of granite with dimensions of 150 m on a side. This block (the SCV block) is 
located between the 310- and 460-m depth levels at the Stripa mine. This report describes and in­
terprets the fracture system geology at Stripa as revealed in drift exposures, checks the interpretive 
model against borehole records and discusses the hydrologic implications of the model, and exam­
ines the likely effects of stress redistribution around a drift (the Validation drift) on inflow to the 
drift along a prominent fracture zone. 

The locations and extents of several fracture zones in the SCV block have been inferred from 
geophysical imaging, hydrologic tests, and borehole data. The principal zones are termed A, B, H, 
Hb, I, M and K. Zones A and B dip at 45°±3° to the SE. Zones H, Hb, and I dip to the east at 76°, 
60° and 63°, respectively. Zone K dips 65° to the NE, and zone M dips 87° to the NE. Zone H 
(together with Hb) is the most prominently expressed zone and may coincide with a structure sev­
eral kilometers long identified through a regional aeromagnetic survey. Zones H and Hb have a 
projected intersection near the 400 m depth level at the SCV block. 

Only zone H was identified in accessible portions of the mine tunnels in or near the SCV 
block. The other zones do not intersect the drifts near the block, because of either their orientation 
or their limited extent. Based on the drift exposures, zone H could not be distinguished from zone 
Hb, hence they are referred to jointly as zone H here. The plane that passes through the center of 
zone H exposures at the 310-, 360- and 41O-m depth levels in the mine strikes N-S and dips _64° 
to the east. This orientation for zone H has an uncertainty of several degrees in strike and dip and 
can not be distinguished from the orientations of zones Hand Hb given in the preceding para­
graph. 

Zone H exposures are characterized by a red granite that contrasts sharply with the grey granite 
typical of the mine. The thickness of the red granite across zone H appears to vary from -5 m to 
-40 m. The color of zone H is its most distinguishing feature; its edges are not sharply defined 
based on either the intensity or orientation of its fractures. The thickness of zone H exposures in­
creases preceding from the 410 level up to the 310 level; this is consistent with the separate orien­
tations of zones H and Hb listed above. 

Sealed fractures of numerous orientations occur at zone H exposures. Most individual fractures 
are difficult to trace more than a few meters. However, the longest fractures in zone H exposures 
typically strike to the north and dip steeply to the east, subparallel to the zone as a whole. Many of 
these long fractures are faults. At the 360 level, the longest fractures west of the zone generally 
strike NNW and east of the zone they generally strike NNE. 

The steeply-dipping faults with a northerly strike apparently have accommodated different 
styles of slip through time. Evidence for normal dip slip on these faults is most pronounced and 
consists of a) fault surfaces with slickenlines that plunge down dip, b) faults being linked by 
steeply inclined fractures or by cavities and c) displaced subhorizontal veins. Some faults show 
evidence for reverse slip. Finally, some faults have accommodated right-lateral strike slip based on 
steeply-dipping fractures that splay to the northeast. The rather chaotic arrangement of fractures in 
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zone H;, the structural evidence-for at least three episodes of slip on zone-parallel faults, and previ­
ously published evidence for at least two episodes of mineralization along fractures at Stripa are 
consistent with the Stripa fracture zones being old reactivated fault zones. The normal faulting 
could have occurred between 850 Ma and 1000 Ma when a regional set of subvertical north-strik­
ing dikes were intruded. 

Although most of the permeability and much of the porosity in the Stripa granite is due to the 
fractures, some porosity occurs in the form of pitting. Some borehole cores are pitted and in one 
case a pitted region in the SCV block has been located through geophysical techniques. The pitting 
has been interpreted to reflect dissolution of quartz from the granite. Pitting also occurs in a drift 
exposure at the 410 level along a zone H fault. At that spot fluorite was precipitated in pits in the 
granite and calcite was precipitated in cavities along the fault. These observations suggest that some 
porosity in the SCV block may be due to the flow of reactive fluids along faults and associated 
rock/fluid reactions. 

Direct information on the fractures within the SCV site comes from four sets of boreholes. 
Although these holes trend in a variety of directions, most are shallowly inclined, so they are best­
oriented to detect steeply-dipping fractures. Most of the fractures that are open in recovered drill 
cores are along pre-existing mineralized (or othetwise sealed) fractures. Independent of the location 
and orientation of a borehole, there is a strong tendency for the fractures intersected by a hole to be 
nearly perpendicular to the borehole. To test the extent to which this reflects borehole sampling 
bias, the actual fracture orientation distribution encountered in each borehole was compared with a 
synthetic distribution obtained as if the borehole had sampled a uniform distribution of fracture 
orientations. The comparison indicates 1) there probably is a strong uniform random component to 
the actual distribution of in situ fracture orientations and 2) the observed distribution is strongly af­
fected by the orientation of the borehole. The holes through zone H do show a higher density of 
steeply-dipping fractures that strike subparallel to the zone than would be expected if the in situ 
distribution of orientations were uniform. Zone-parallel fractures are therefore larger and/or more 
abundant within zone H than fractures of other orientations. The conclusion that zone H contains 
fractures of numerous orientations, but with fractures subparallel to the zone being largest or most 
common, squares with drift wall observations by the author and with the inferred history of frac­
turing and faulting. 

The hydraulic conductivity of a fracture in zone H is expected to reflect the orientation of the 
fracture and the state of the current stress field. Based solely on the varied orientations of fractures 
in zone H, one might expect its bulk conductivity to be nearly isotropic. However, because the 
stress field at the mine appears to be strongly anisotropic, the hydraulic conductivities of the frac­
tures in the zone should vary as a function of their orientation. Other factors being equal, the most 
conductive fractures are likely to be perpendicular to the least compressive stress, with the least 
conductive fractures being perpendicular to the most compressive stress. The stress measurements 
in the mine to date indicate that the ambient most compressive horizontal stress is oriented WNW 
and the least compressive stress is vertical. Steeply-dipping fractures that strike NNE would tend 
to have the smallest apertures on the average and be least conductive. This is approximately the 
orientation of the longest fractures in zone H. 

The opening of a drift will significantly perturb the stress field in the adjacent rock and hence 
could potentially change the fracture conductivity within a few diameters of a drift. The elastic ef­
fects will be strongest at the drift walls and will die out within a few diameters of a drift. The 
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magnitude of these effects will depend on the orientations of the drift, on the orientations and 
magnitudes of the far-field principal stresses, and on the orientation of the fractures near the drift. 
In most cases, the excavation of a drift at depth will promote the opening of pre-existing fractures 
that parallel the perimeter of the drift, whereas pre-existing fractures oriented such that they radiate 
from the drift will tend to close. The effect on fractures that are approximately perpendicular to the 
drift axis would be minor. Because the radial and drift-perpendicular fractures would carry water 
into the drift, the stress effects on these fractures are particularly important. The perturbing effects 
would be greatest for drifts that trend perpendicular to the most compressive far-field principal 
stress (al) and least for drifts that trend parallel to al. For a drift oriented obliquely to the principal 
stress axes, perturbation effects will vary significantly along the drift. 

The stress perturbation caused by the excavation of the Validation drift was analyzed to exam­
ine the possible effect of flow along zone H near the drift. This was to test whether elastic effects 
associated with drift excavation could account for an inferred 8-fold decrease of flow to the region 
of the drift after the drift was excavated. The Validation drift at Stripa trends at 287° and is inclined 
down to the WNW at 3° and has a radius of approximately 1.5 m. Zone H intersects the drift ap­
proximately 30 m from its east end. The orientations of the drift and the most compressive far­
field horizontal stress differ by only 4°, indicating that a 2-D plane strain analysis is useful for ana­
lyzing the stress effects on zone H due to excavation. Using the most recent stress measurements 
for the SCV area, the compressive normal stress tangential to the drift should increase between 
50% (at the drift walls) and 133% (at the roof and floor of the drift); these effects decay to less than 
10% within a few meters from the drift. At the levels of normal stress near the Validation drift, 
experimental work by others suggests that fracture hydraulic conductivity decreases as the com­
pressive stress across a fracture increases in a power-law fashion; the ratio of the change in fracture 
hydraulic conductivity to the change in normal stress is between zero and one. The hydraulic con­
ductivity along fractures oriented radially to the drift should decrease by less than 10% as averaged 
over a 6-m distance from the drift. The absolute magnitude of the normal stress changes parallel to 
the drift are small «15%) and average to zero around the perimeter of the drift. There should be 
little direct effect on the inflow along drift-perpendicular fractures (i.e. the longest H zone frac­
tures). The excavation of the drift causes the compressive stress normal to the drift walls to be re­
duced to atmospheric pressure and pre-existing fractures that ring the drift should open. Although 
this should cause the hydraulic conductivity to increase, these fractures would not be oriented to 
conduct water into the tunnel. Elastic stress changes should have little effect on fracture conductiv­
ity along the H-zone near the Validation drift and are unlikely to account for the inferred 8-fold de­
crease in flow near the drift. 
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2 INTRODUCTION 

In many places and in diverse rock types, fluids flow primarily along fractures. Fractures 
commonly are not sufficiently interconnected for the rock to behave as a porous medium, even 
where fractures appear to be numerous (Billaux et 01., 1989; Long et 01., 1989). As a result, porous 
media models may not reliably describe the localization of flow or fracture flow rates; in some 
cases they severely underpredict flow velocities. In certain situations, fracture flow must be con­
sidered explicitly as part of a hydrologic characterization effort. 

Work at several sites around the world has demonstrated that fracture systems can dominate 
the hydrologic behavior of a rock mass. For example, at the SCV test block in the Stripa mine in 
Sweden, fracture zones in the granite occupy no more than 4% of the rock volume encountered by 
boreholes yet account for 94% of the hydraulic transmissivity (Olsson et 01., 1989). Most of the 
water-producing intervals in boreholes at Yucca Mountain also are associated with fracture zones 
(Geldon, 1989, written communication). These observations suggest that gathering information on 
the prominent fracture zones at a site (as opposed to every individual fracture) may be an efficient 
way to help characterize the hydrology at a given site. 

The purpose of this report is to present geologic evidence that can be used either to help build 
or to test a hydrologic model of the Stripa Site Characterization and Validation (SCV) block at 
Stripa. Ideally geologic information can contribute to a comprehensive hydrogeologic modeling ef­
fort in two main ways. First, although many hydrologic models may fit the available hydrologic 
data equally well, some will be inconsistent with the site geology. A model of the site geology can 
reduce the number of hydrologic models that must be examined. Second, a geologic model can 
help guide a hydrologic characterization effort by identifying critical areas where hydrologic tests 
might be conducted to assess the validity of competing hydrologic models. At Stripa, fluid flow is 
considered to be concentrated within fracture zones, the locations of which have been inferred pri­
marily on the basis of geophysical data. The focus of this report is thus not on the locations of the 
zones, but rather on the internal makeup of the fracture zones, how flow may occur within them, 
and how the elastic effects of drift excavation are likely to affect flow into the drift. A concerted ef­
fort is made in this report to show that regional geologic work can be meshed with subsurface 
drift wall observations and borehole observations to produce a coherent picture of the current state 
of fracturing and of fracture evolution; this is the central thread that runs through the report . 
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3 THE STRIPA MINE AND THE SCV SITE 

.! Since 1977, the Stripa mine in Sweden has hosted a variety of experiments directed towards 
improving our ability to characterize fractured rock and understand fracture flow. The mine is lo­
cated about 170 km WNW of Stockholm (Fig. 3.1) and 13 km north of the town of Lindesberg. It 
had been one of the world's oldest operating iron ore mines; between the middle of the 15th cen­
tury and 1977 approximately 60 million tons of ore were removed from the mine (Carlsten, 1985). 
The Stripa mine has functioned purely as a research mine since 1977. Approximately 25 km of 
drifts exist at the mine, the deepest extending to 430 m below the surface. 

The SCV (Site Characterization and Validation) block,the object of this report, is located at the 
far northeastern part of the mine. Locations in the mine are described by a right-handed coordinate 
system. The x, y and z directions correspond to "mine north", "mine east" and "down," respec­
tively; mine north is 10° west of true north. The mine level is 30 m greater than the depth below 
the surface (McKinnon and Carr, 1990, p. 7), so, for example, the 360 level would lie 330 m be­
low the surface. The SCV block as defined by Olsson et aZ. (1989) is bounded by the planes x = 
400 m, x = 550 m, y = 1000 m, y = 1150 m, z = 310 m and z = 460 m (Fig. 3.2 and Appendix 1). 
The SCV block thus is a cube with sides 150 m long. This report describes fracture systems ex­
posed in the vicinity of the SCV block in drifts at the 310-, 360-, 385- and 41 O-m levels (Fig. 3.2). 
Most of the drifts shown in Fig. 3.2 are nearly horizontal; three are inclined. Both the validation 
drift and the validation access drift are inclined. The SE end of the validation drift and the NE end 
of the validation access drift lie at the 385 level. The validation drift is inclined down to the WNW 
at approximately 3°. The validation access drift is inclined down to the SWat approximately 14° 
and its SW end is approximately at the 410 level. The third inclined drift extends up and NW from 
the 3-D access drift (from near x = 300, Y = 1050) to drifts at the 335 level west of the SCV site. 

The hydrologic tests at the SCV site relied primarily on four sets of boreholes designated W, 
N, C and D (Fig.3.2 and Appendix 2). The two W holes (WI and W2) trend to the west from the 
3-D migration drift and are inclined down at angles of 4-5°. They effectively lie in the same plane. 
Holes N2, N3, and N4 are very nearly parallel (all are inclined 18° down to the north), but the three 
are not coplanar. N4 was bored from the top of the inclined drift, N3 from the 3-D access drift, 
and N2 from the northern crosshole access drift. The five C-holes extend down to the west or 
northwest from a common point near the mouth of the WI hole and range in inclination from 15° 
to 43°. Any pair of C holes would be coplanar. Finally, the six D-holes were drilled along a bear­
ing of 288° at an inclination of 3° (down to the west). These holes were designed to lie along the 
surface of a cylinder with a diameter of approximately 2.5 m. The Validation drift has been exca­
vated along these holes. 

Before proceeding further we clarify the use of some terms used in this report. A fracture (Le. 
a geologic structural discontinuity) is classified as either a fault or a joint depending on whether 
there is clear evidence for or against appreciable shear displacement across it. The term "joint"'is 
used where there is evidence for a lack of appreciable shear displacement across a fracture and the 

'J term "fault" is used where there is clear evidence of appreciable shear displacement. The term 
"fracture zone" refers to an extensive tabular body of highly fractured rock. 
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Figure 3.1. Map showing the location of the Stripa mine. 
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Figure 3.2. Map showing the location of drifts and boreholes near the SCV block at the Stripa 
mine. Boreholes and drifts are projected orthogonally onto a horizontal plane. 
Angles denote overall inclination of the boreholes and are rounded off to the nearest 
degree. Borehole C3 is not shown; it projects along the line of the D-holes. The 
north arrow points in the direction of mine north. 
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4 REVIEW OF THE GEOLOGY AT STRIPA 

4.1 Summary of Local Geologic History 

4.1.1 Svecokarelian crystalline basement rocks 

The Stripa mine lies in the Bergsalgen district of central southern Sweden. Bergsalgen rocks 
share an affinity with rocks that extend west from the Baltic Sea to the Protogine zone (Welin, 
1990), an ancient north-striking zone of deformation about 70 kIn west of Stripa (Fig. 4.1). 

Metamorphosed rocks and plutonic rocks formed during the Svecokarelian orogeny (1.6 - 2.0 
Ga) constitute most of the Bergslagen basement rocks (Lundqvist, 1979; Olkiewicz et al., 1979; 
Wollenberg et al., 1980; Carlsten, 1985; Carlon and Bjurstedt, 1990; Welin, 1990). The oldest 
rocks exposed in the district, and the oldest rocks at Stripa, are metamorphosed volcaniclastic 
rocks (schists, halleflintas, and leplites) and carbonate rocks (Fig. 4.2). The sedimentary protoliths 
for these rocks were deposited more than 2 billion years ago. These rocks were folded 1.85-1.95 
billion years ago and again approximately 1.8 billion years ago. Two ages of Svecokarelian plutons 
are recognized. The older plutons (termed synorogenic or gnejsgranit in the Swedish geologic lit­
erature) were intruded during the older episode of folding and are locally foliated (Olkiewicz et aI., 
1979). The younger (serorogenic) suite of plutons were intruded during the second half .of the Sve­
cokarelian orogeny. Except for dikes, which are discussed below, these plutons are the youngest of 
the basement rocks that are widely exposed in central southern Sweden. The Stripa granite is 
among the youngest plutons; Wollenberg et al. (1980) dated muscovite from the granite at 1691± 
16 m.y. using potassium-argon methods. 

4.1.2 Post-Svecokarelian tectonic history 

Post-Svecokarelian tectonic events 
Quaternary glacial, alluvial and lacustrine deposits mantle most of the Bergslagen basement 

rocks at the surface. Other than these deposits and igneous dikes, geologic units younger than 1.6 
billion years are scarce. This pronounced gap in the geologic record between the end of Svecokare­
Han time and the beginning of the Quaternary period presents many difficulties in establishing the 
tectonic history of central southern Sweden over the last 1600 m.y. Examinations of dikes, fracture 
systems, and shear zones suggest that the region has been tectonically active since Svecokarelian 
time; establishing a tight tie between local deformation and major Scandinavian tectonic events is 
somewhat problematic however. A key theme that does emerge in studies of southern Sweden 
(and of Scandianavia as a whole) is that deformation has been repeatedly localized along ancient 
(Precambrian) fault zones or shear zones (Talvitie, 1979; Roshoff, 1979; Morner, 1979; Edstrom, 
1987; Lopez-Montano and Nisca, 1987; Talbot and Heeroma, 1989; Talbot and Munier, R., 1989, 
Tiren and Beckenholm, 1989; Backblom and Stanfors, 1989; Andreasson and Rodhe, 1990; 
Talbot, 1990). Post-Svecokarelian tectonic events in which Precambrian basement fracture zones 
were reactivated include the Sveconorwegian orogeny at 850-1200 Ma (Daly et al., 1983; 
Andreasson and Rodhe, 1990) and the Caledonian orogeny at approximately 400-510 Ma 
(Dallmeyer et al., 1985; Dallmeyer and Gee, 1986; Simon, 1987; Dallmeyer et al., 1990). Talbot 
and Slunga (1989) suggest that Swedish fault zones have also been reactivated in association with 
the opening of the Norwegian Sea in the last 50 million years. Ancient faults have also been 
reactivated since the retreat of Pleistocene glaciers (Backblom and Stanfors, 1989). 
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Figure 4.1. Generalized geologic map of southern and central Sweden showing dolerite 
intrusions a) older than 1150 Ma and b) younger than 1150 Ma (modified from 
Patchett, 1978). The Protogine zone (PZ) lies along the boundary between rock as­
semblages labeled Sveconorwegian and Svecofenninan (Svecokarelian). The lake 
southeast of Lake Viinem is Lake Vlittern. 
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Geologic map of the Lindesberg SV quadrangle (from Olkiewicz et a/., 1979). 
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Regional jracturepatterns 
The regional pattern of fractures (i.e. joints, faults, and dikes) in the Bergslagen district is ex­

pressed by geomorphic lineaments which have been investigated at a variety of scales. Lineaments 
of numerous orientations occur at the scale of the district (Fig. 4.3). In the general vicinity of 
Stripa, Carlsten (1985) concludes that the lineaments trend primarily NNW or E-W. However, 
Tiren (see Black et al., 1991) interprets the most prominent lineaments in a 400 km2 area about 
Stripa as trending NE, with subordinate sets trending E-W and N-S (Fig. 4.4). A more-tightly 
focused map of a 48 km2 area about Stripa (Fig. 4.5) shows the longest lineaments trending NW. 
According to Carlsten (1985) the regional NNW set is less pronounced on Fig. 4.5 than in adjacent 
areas and the regional E-W set is not present at all. Figure 4.5 shows two linear features about 3 
km long intersecting near the Stripa mine; one (inferred from aeromagnetic work) trends at 3530

, 

the other E-NE. At an even finer scale, 75% of the 26 linear features measured at the ground 
surface above the mine "in the immediate area of the granite outcrop" trend NE or NNE 
(Olkiewicz et al., 1979, p. 14). Based on the work cited above, it is clear that a broad spectrum of 
fracture orientations exists in the Bergsalgen district. One also could conclude that the dominant 
fracture orientation near the Stripa mine varies as a function of scale. The fracture systems ex­
pressed at the surface at Stripa do not fit neatly into a simple regional pattern; at least some of the 
major fracture systems at the Stripa mine could potentially be restricted to the Stripa pluton. 

Dikes 
One way that post-Svecokarelian deformation is manifest is by patterns of dikes. Patchett 

(1978) has established three broad periods of post-pluton dolerite dike intrusion east of the Pro­
togine zone (dolerites are pyroxene-rich rocks of basaltic composition). Patchett used single-sam­
ple Rb-Sr mineral methods for dating. The oldest dikes (Fig. 4.1a), those of the Breven-HlUlefors 
dike swarm, were intruded at approximately 1530 Ma. The dikes· strike roughly E-W and dip 
steeply (Patchett, 1978; Wikstrom, 1985). They are located WSW of Stockholm, with the north 
edge of the swarm being 20-3Q km south of Stripa. The second major episode of dike intrusion is 
manifest by the Tuna dikes; these were intruded at approximately 1370 Ma. The Tuna dikes strike 
NNE and are located near Falun, about 70 km north of Stripa. The third and youngest set of dikes 
(Fig 4.1 b) range in age from 850-1000 Ma. These dikes generally strike parallel to the Protogine 
.zone, striking NNE near the southern part of the zone and NNW near the northern part of the zone. 
In addition to the dikes, Patchett has calculated a mean age of 1218±18 Ma for thirteen dolerite sills 
in central Sweden. Patchett interprets the ages of these dikes and sills as reflecting ages of 
intrusion. 

Three groups of mafic dikes can also be distinguished on the geologic map of the Lindesberg 
SV quadrangle. The oldest set (not shown on Fig. 4.2) consists of metamorphosed dikes that 
strike ENE to ESE. These dikes intrude the older suite of plutonic rocks but apparently predate the 
younger suite of plutons, so although they are subparallel to dikes of the Breven-HlUlefors dike 
swarm, they would be distinctly older. The second and third sets are shown on Figure 4.2. This 
second set strikes E to NE. Although this set is considered to be post-date the younger suite of 
plutons, no dikes of this-orientation-are-shown"cutting the younger plutons. The third set strikes 
approximately N-S, contains some dikes more than 50 m thick, and cuts the plutons of the 
youngest suite. Lopez-Montano and Nisca (1987) consider these north-striking dikes to belong to 
the youngest set of dikes defined by Patchett (1978). 
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Figure 4.3. a) Rock block map of the Bergslagen district and surrounding environs (from Tit·en 
and Beckenholm, 1990, p. 198). Lines denote geomorphic lineaments. 
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Figure 4.4. Lineament map of a 400 km2 area centered about the Stripa mine (from Black et 
al., 1990, p. 197). Lakes are shown in grey. This figure was prepared using a 
computer-assisted terrain analysis with the direction of synthetic "illumination" 
being from the northwest. This "illumination" direction would preferentially em­
phasize northeast-trending features. 
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Figure 4.5. Lineament map of a 48 km2 area about the Stripa mine (from Carlsten, 1985, p. 
34). 
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The dikes described above 1) have fairly constant orientations over large distances, 2) mostly cut 
rather massive rocks, and 3) maintain their orientation independent of the character of the host 
rocks. These observations indicate that the dike orientations were controlled either by pre-existing 
fractures of regional extent or by strongly anisotropic regional stresses at the time of dike intrusion. 
Patchett (1978) notes that prominent fractures east of the Sveconorwegian fault zones (i.e. Pro­
togine zone) commonly parallel dolerite dikes, but there has not yet been sufficient detailed study 
of the type outlined by Delaney et al. (1986) to establish in general whether the dikes pre-date, 
post-date or accompanied the formation of these fractures. However, if the dikes themselves do 
not reflect strongly anisotropic regional stresses at the time of their intrusion, then the pre-existing 
fractures the dikes must have intruded would reflect strongly anisotropic regional stresses at the 
time the fractures formed. The metamorphosed dikes of the Lindesberg quadrangle thus reflect at 
least one episode of pre-serorogenic fracturing during which the least compressive horizontal 
stress was oriented approximately N-S. This fracturing event would pre-date the intrusion of the 
Stripa pluton. The Lindesberg dikes that strike E to NE might represent a second dilation of those 
pre-serorogenic fractures. The north-striking dolorite dikes of the Lindesberg quadrangle reflect at 
least one episode of post-serorogenic fracturing during which the least compressive horizontal 
stress was oriented approximately E-W. This fracturing event, which affected much of southern 
Sweden, would post-date the intrusion of the Stripa pluton and most likely occurred during or 
prior to the interval from 850 Ma to 1000 Ma. 

Faulting along the Breven-HaIlefors dike swarm could also have occurred during the opening 
of regional north-striking fractures. Wikstrom (1985) and Lopez-Montano and Nisca (1987) show 
NW-striking faults offsetting dikes of the Breven-HaIlefors dike swarm (as well as older leptite 
units) in a right-lateral sense. Lopez-Montano and Nisca also show left-lateral slip on faults that 
strike NE, and Wikstrom also notes vertical displacements of some of the dikes across faults that 
strike N-S. The faulting could have occurred contemporaneously when the most compressive 
stress was vertical, the most compressive horizontal stress was oriented N-S, and the least 
compressive horizontal stress was oriented E-W. If the lateral separations reflect only strike slip 
and not dip slip, then right-lateral slip along the northwest-striking faults is also required before the 
dikes were intruded in order to account for the offset of the leptites. 

The Protogine zone 
The Protogine zone (Fig. 4.1) is one of the most prominent ancient zones of deformation in 

Sweden, and it reflects a long and complicated history of deformation. It is several hundred kilo­
meters long, has a maximum width of 30 km (Andreasson and Rodhe, 1990), and passes about 
80 km west of Stripa. The zone extends north from near the southern tip of Sweden, along Lake 
Vattern and the northeast end of Lake Vlinern, and up along the Klaralven River into Norway, 
where it is cut off or concealed by rocks of the Caledonian fold belt. The Protogine zone consists 
of a series of steeply-dipping, anastomosing fault zones and narrow shear zones that range in strike 
from NNW to NNE (Andreas son and Rodhe, 1990). Numerous north-striking dolerites intrude 
the zone and the rocks adjacent to· it; the zone also contains the 60-km-long Vaggeryd syenite body 
(Klingspor, 1976; Patchett, 1978; Lundqvist, 1979; Andreasson and Rodhe, 1990). 

Field observations indicate that the Protogine zone has experienced multiple episodes of de­
formation. Larson et al. (1986) documented several generations of superposed folds and deforma­
tion fabrics in rocks in and along the zone.lundqvist (1979) noted that some Protogine dolerites 
are strongly deformed and metamorphosed, whereas others show little sign of metamorphism, 
indicating that dikes were intruded along the zone in at least two different periods. Members of the 
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older set of dikes have experienced two episodes of folding (Lundqvist, 1979). Along the southern 
half of the zone, offset markers and S-C rock fabrics indicate that left- and right-lateral strike slip 
as well as dip slip displacement have occurred across north-striking faults and shear zones within 
the Protogine zone, with the imprint of normal slip being pronounced (Andreas son and Rodhe, 
199.0). 

Radiometric ages from intrusions along the Protogine zone vary over a broad range, but inter­
preting the ages in terms of times of intrusion or slip along the zone is complicated by the effects 
of a pronounced thermal event of Sveconorwegian age (Magnusson, 196.0; Welin and Blomqvist, 
1966). Priem et al. (1968) dated five dolerite dikes from the Protogine zone using K-Ar whole 
rock techniques. The ages clustered into two sets, one at 8.0.0-9.0.0 Ma, the other at 1500-1600 Ma. 
They considered the group with the greater age to reflect an episode of dike intrusion and the group 
with the lower age to reflect a reheating event. Klingspor (1976) obtained a whole-rock Rb-Sr 
isochron age of 1600±23Q Ma from fourteen Protogine dolerite samples. She also dated thirty 
seven Protogine dolerite samples using K-Ar whole-rock and K-Ar mineral-separate analyses. Her 
K-Ar ages are distributed between 8.0.0 and 1500 Ma, with clusters at -12.0.0 and -900 Ma. She 
interpreted her results to reflect an episode of intrusion at 145.0-16.0.0 Ma and a reheating event at 
9.0.0-95.0 Ma rather than successive intrusion events over a 7.0.0-8.0.0 m.y. span. Klingspor consid­
ered all of her samples with dates less than - 1 45.0 m. y. to have been affected by reheating. In con­
trast, Andreasson and Rodhe (199.0) and Bylund (1992) consider the dike age clusters of -15.0.0 
Ma, - 1 2.0.0 Ma, and -9.0.0 Ma to represent separate dike intrusion events, the younger two events 
being Protogine zone counterparts to dolerites east of the zone dated by Patchett (1978). Even 
where constraints have been placed on the timing of some of the deformation along the Protogine 
zone, the constraints are broad. Patchett (1978) interpreted his Rb-Sr dates on whole-rock, on 
metamorphic muscovite, and on metamorphic biotite samples from the deformed Vaggeryd 
syenite to reflect an intrusion age of -1 13.0 Ma and a Rb-Sr thermal closure age of the micas of 
approximately 900 Ma. These ages would bracket the time of deformation above 300°-500° C for 
the syenite, but they do not constrain deformation of the dolerites. In light of actual or potential 
overprinting effects due to the Sveconorwegian thermal event and to dolerite dike intrusion, addi­
tional careful dating seems necessary to establish the timing of pre-Sveconorwegian faulting 
episodes in the Protogine zone. 

Although most of the fracturing along the Protogine zone is of Precambrian age, some fractur­
ing has occurred subsequently (Roshoff, 1979). Andreasson and Rodhe (199.0) note that steep 
north-striking faults of the zone can be mapped out into Vattern graben sedimentary units with an 
age of -7.0.0-8.0.0. Some Jurassic intrusions occur along the southern part of the zone (Hjelmqvist, 
1975; Klingspor, 1976), and faulting is cited along the zone in Permian, Jurassic, and late 
Quaternary times (Morner, 1979). 

As a tectonic feature, the Protogine zone has been considered to represent an ancient crustal 
suture zone based on plate tectonic reconstructions (e.g. Zeck and Mallin, 1976) or to be a major 
intraplate thrust fault front (Gorbatschev, 198.0). Some investigators consider the Sveconorwegian 
thermal event of -9.0.0 Ma to be associated with uplift of the crust west of the Protogine zone (e.g. 
Magnusson, 196.0; Welin and Blomqvist, 1966; Klingspor, 1976) without specifying whether the 
uplift was by thrust faulting or normal faulting. Patchett and Bylund (1977) proposed that the do­
lerite intrusions along the zone occurred contemporaneously with widespread fracturing to the east 
and uplift of the crust to the west during Sveconorwegian time. Andreasson and Rodhe (199.0), 
reasoning that the presence of normal faults and multiple parallel sets of dikes along one narrow 
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zone is characteristic of rift systems and not collisonal thrust fronts, suggest that Precambrian 
defonnation along the Protogine zone reflects, at least in part, an episode of regional rifting. 

4.1.3 Neotectonics, seismicity, and post-glacial rebound 

Regional defonnation in Sweden is not restricted to the ancient geologic past. The crust of the 
region has flexed measurably in isostatic response to the retreat of Quaternary ice sheets. The 
Swedish crust at the latitude of Stripa has rebounded 500-600 m in the last 13,000 years (Mt>rner, 
1980); the uplift continues to this day. Several faults in Scandinavia displace recent glacial deposits 
by 10-30 m (Lagerback, 1979; Muir Wood, 1989; Backblom and Stanfors, 1989). 

Much of the historic seismicity and Holcene faulting in the Scandinavian region has occurred 
along ancient (Precambrian) fault zones or shear zones. Post-glacial faulting in the Lansjarv area of 
northern Sweden occurred along pre-existing ancient faults (Backblom and Stanfors, 1989). 
Talvitie (1979) has observed that seismicity in Finland is largely concentrated along ancient faults. 
He has also noted that seismicity is most concentrated where ancient faults intersect each other. 
Tiren and Beckholmen (1989) argue that ancient north-striking faults along the southeast Swedish 
coast between Vastervik and Oskarshamn have been reactivated repeatedly. They note that maps of 
relative post-glacial upliftshow relative-uplift contours that trend N-S in that area, and they infer 
that post-glacial slip has occurred along some north-striking faults. Historical seismicity has also 
been concentrated in the area where the Protogine zone passes beneath Lake Vattern (Stephansson, 
1979). 

4.1.4 Conclusions regarding post-Svecokarelian fracturing 

The fracture patterns near Stripa are complex, as they are for southern Sweden as a whole. 
These patterns reflect the cumulative effects of defonnation over a period of at least 1.6 billion 
years. Many ancient Swedish fracture zones have been reactivated during this period, and some are 
actively defonning now. Given the occurrence of distinctly different regional orogenic events and 
the existence of dike sets of different ages and orientations, episodes of fracturing (and fracture re­
activation) must have occurred under distinctly different regional stress fields. At least one fractur­
ing event of regional extent has left a strong imprint on the youngest plutons near Stripa. This 
event occurred during or prior to the interval from 850 Ma to 1000 Ma and is reflected by the 
opening of steeply-dipping fractures that strike N-S. 

4.2 The Stripa Granite 

The two main rock types at the Stripa mine are layered metamorphic rocks (collectively re­
ferred to as "Ieptites") and the Stripa granite (Olkiewicz et al., 1979). The leptites are the older 
rocks and contain the iron ore at the mine. The leptites occupy a synclinal fold that dips gently to 
the ENE (Olkiewicz et al., 1979). The SCV block is located in the Stripa granite, which intrudes 
the leptites, below the north limb of the syncline. The generally massive nature of the granite has 
been interpreted to reflect a low level of plastic defonnation in the granite since its emplacement 
(Carlsten, 1985). 

The size and shape of the Stripa pluton are not well resolved. The Stripa granite is exposed at 
the surface amidst glacial deposits over an area of approximately 4000 m2 (Olkiewicz et al., 1979); 
this provides a minimum area for the granite at the surface. A borehole at the mine shows that the 
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pluton extends to a depth of more than 1.2 km (Carlsson et al., 1982). Heat flow calculations indi­
cate that if the Stripa pluton formed an extensive horizontal layer it would most likely be less than 
1.5 km thick, but the available data on pluton geometry are sparse and do not require the Stripa 
pluton to be a sheet-like body (Wollenberg et al., 1980). According to Olsson et al. (1989) the 
contact between the leptite and the granite has been identified in the subsurface only along mine 
workings on the south side of the pluton, but no mention is made of the nature of the contact there. 
The nature of the granite-leptite contact is not well constrained based on the surface exposures. 
Nearby plutons of comparable age to the Stripa granite typically intrude their host rocks con­
formably (Olkiewicz et al., 1979); that is, the pluton boundaries typically parallel layering in the 
host rocks. Although the contact between the Stripa granite and the leptites could be subparallel to 
layering in the leptites (Carlsten, 1985), a wide variety of shapes for the Stripa pluton are permitted 
based on the data at hand. The available infonnation on the geometry of the Stripa pluton is so 
limited that it cannot be used to infer possible fracture geometries within the pluton. 

The granite is generally grey or pink, massive, and medium-grained. For the most part the 
granite is low in iron relative to other nearby plutons (Wollenberg et al., 1980; Carlsten, 1985). Lo­
cally, however, the granite is red due to the presence of finely disseminated hematite (Carlsten, 
1985). Hematite is the primary iron ore mineral in the leptite, so the granite may have been colored 
by hematite derived from the leptite. Although the granite is massive on a macroscopic scale, on a 
microscopic scale the granite is highly fractured and shows abundant evidence for recrystallization 
due to deformation (Wollenberg et al., 1980). 

Fluid inclusions are abundant in the Stripa granite (Lindblom, 1984). The inclusions are over­
whelmingly of a secondary (i.e. post-intrusion) nature and occur along healed fractures. The inclu­
sions show a wide range of chemistries, indicating that they formed over a broad range of tem­
perature and pressure conditions. Some fracture fillings contain multiple generations of fluid inclu­
sions, indicating repeated displacements along fractures. In keeping with the microstructural obser­
vations, the fluid inclusion data indicate that the Stripa granite has been deformed repeatedly since 
its emplacement (Lindblom, 1984). 

4.3 Previous Mapping of Fracture Systems at the Stripa Mine 

A compilation by Olkiewicz et al. (1979) of maps and cross sections published between 1938 
and 1966 shows that most of the mapping done before the 1970s (i.e. when iron ore was being 
mined) concentrated on areas south and west of the SCV site, areas where the leptite occurs. 
Olkiewicz shows dozens of faults with a variety of orientations in the leptite; in this sense the 
fracture pattern resembles regional patterns. Several faults extend into the granite. Some mapping 
extended into the granite near the SCV site, but the maps show little detail. 

Fractures in the granite have been mapped in detail only since the onset of cooperative work 
between Sweden and the United States in the late 1970s. Detailed maps of fractures have been 
made at several places at the 335- and 360-m levels near the edges of the SCV block (Olkiewicz et 
al., 1979; Thorpe, 1979; Abelin and Birgersson, 1987). Although some of the maps show areas of 
abundant fractures with diverse orientations, those areas are not shown as being part of extensive ," 
fracture zones. A generalized map of the 335 level (Fig. 4.6) reveals that steeply-dipping fractures 
that strike north and northwest are prominent, and a detailed map of the ventilation drift (Fig. 4.7) 
shows a 10-m-Iong fracture zone that strikes north. Driftwall information has also been collected at 
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the SCV block by Gale and StrAhle (1988) and Gale et ale (1990), but this infonnation has been 
presented in the fonn of tables rather than geologic maps. 

4.4 Fracture Fillings 

Wollenberg et ale (1980) examined fracture fillings at Stripa in detail and recognized two dis­
tinct sets of fracture-filling minerals. Chlorite, quartz, sericite, feldspar, and epidote are the major 
minerals in the older set. Calcium carbonate is the primary mineral in the younger set. The sets of 
minerals indicate at least two episodes of fluid flow under distinctly different environmental condi­
tions; these episodes may have been widely separated in time. Interestingly, the detailed descrip­
tions that Wollenberg et ale (1980) provide indicate that even where the granite is red (i.e. hematite­
bearing) that hematite typically is absent or scarce within the older fractures. This indicates that 
hematite was introduced into the granite before many (if not all) of the older, chlorite-beariilg frac­
tures fonned. 

In addition to the mineral fillings, two kinds of defonnation products are common in fractures 
at Stripa: breccias and mylonites (Wollenberg et al., 1980, Carlsten, 1985). The presence of breccia 
(a product of brittle defonnation) and mylonites (a product of ductile defonnation) suggest that the 
fracture systems at Stripa contain faults that have been reactivated at different strain rates, tempera­
tures and/or pressures. Some of the breccias contain clay-rich fault gouge. The fracture-filling ma­
trix in some breccia-bearing fractures (faults) is red, suggesting that hematite was remobilized and 
incorporated into the faults. No recurring cross-cutting relationships have been identified between 
breccia-bearing and mylonite-bearing fractures to determine their relative age. 

4.5 Conclusions Based on Previous Work on Fractures at Stripa 

As is the case for the Bergslagen district as a whole, the fracture pattern at Stripa is complex. 
Fractures of numerous orientations are present, and some of the fractures are faults. The nature of 
the fracture fillings, fluid inclusions, and the microscopic character of the Stripa granite indicates 
that the Stripa fractures have opened and/or slipped repeatedly. As is the case for the Bergslagen 
district, some of the most prominent SCV fracture systems strike N-S, and they appear to dip 
steeply. 
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5 CONCEPTUAL MODEL OF FRACTURE ZONES AT STRIPA 

The conceptual model of the fracture zones at Stripa, as defmed in the site characterization re­
port by Black et al. (1990), has been constructed principally on the basis of (1) geophysical and 
hydraulic data collected from single boreholes and (2) geophysical remote sensing techniques. 
Geophysical information was weighted more than hydraulic data in constructing the model. The 
single-borehole information was used to identify and define fracture zones at points within the 
SCV block. Weighted single-hole measurements of normal electrical resistivity, sonic velocity, 
hydraulic conductivity, abundance of coated (open) fractures, and radar reflection values were used 
to pinpoint fracture zones. The extents and orientations of the fracture zones away from boreholes 
were determined using radar and seismic tomography together with radar and seismic reflection 
techniques. Where available, directional radar reflection data were relied upon heavily to evaluate 
fracture zone orientations. The resulting set of fracture zones in the conceptual model do not ac­
count for every single-hole anomaly, nor are all the single-hole anomalies that are accounted for 
perfectly intersected by fracture zones; the focus was on obtaining a "best fit" with as small a 
number of zones as seemed reasonable. Geologic data were used sparingly in constructing the 
conceptual model of the SCV site; this reflects the scarcity of bedrock exposures at the surface and 
the scarcity of immediate geologic data on this relatively deep, remote portion of the mine. For a 
more detailed discussion of how the conceptual model was constructed and for more information 
on the geophysical techniques used, one should consult the report by Black et al. (1990) and the 
references cited therein. 

The conceptual model of Black et al. (1990) contains seven major fracture zones (A, B, H, Hb, 
I, M and K); these are shown in Figures 5.1,5.2, and 5.3. Zones M and K were designated as 
major fracture zones after completion of the field studies conducted for this report. The orientations 
of the zones and the coordinates of a point in each zone are shown in Table 5.1. The calculated 
intersections of the zones (as defined in Table 5.1) with several boreholes at the SCV site are listed 
in Table 5.2. The recorded intersections of the zones with the boreholes are listed in Table 5.3. A 
comparison of Tables 5.2 and 5.3 shows a good correspondence between the calculated and 
recorded values (Fig 5.4). All of the zones have been interpreted to be planar features, but as Ols­
sonet al. (1989) note, these zones all have irregular appearances on geophysical tomograms and 
probably vary considerably in thickness and in their bulk material properties. Deviations from pla­
narity probably account for some of the differences between the recorded and calculated points of 
intersection. 

These zones can be grouped into three sets based on their orientation (Fig. 5.2). Zones H and 
Hb, which together form the feature with the most prominent geophysical fmgerprint, dip steeply 
to the east, as does zone I. Zones A and B dip moderately to the SE. Zones M and K dip steeply to 
the NE. Zones H, Hb, A, and B are considered to be extensive and continue well outside the SCV 
test volume (Black et al., 1990). Of these extensive zones, only zone H (together with Hb) is ori­
ented such that it would intersect accessible drifts within or adjacent to the SCV site. Zone H 
should intersect accessible drifts at the 310-, 365- and 41O-m levels. Zones I, M and K are inferred 
to have in-plane dimensions roughly equivalent to the length of the SCV block (approximately 100 
m). Of these nonextensive zones, only zones M and K might extend to drifts bordering the SCV 
block. 
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Figure 5.1. Maps showing traces of the major inferred SCV fracture zones at the 310 level. 
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Figure 5.2. Maps showing traces of the major inferred SCV fracture zones at the 360 level. 
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LOCATIONS OF FRACTURED INTERVALS IN STRIPA BOREHOLES 
VS. PROJECTED LOCATIONS OF MAJOR FRACTURE ZONES 
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Figure 5.4. Comparison of SCV borehole core characteristics against the locations where SCV 
fracture zones project into the boreholes. The column labeled D is a composite from 
all the D holes. 
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Direct infonnation on the unexposed portions of the SCV fracture zones comes from cores 
from the W, N, C and D boreholes. Nearly 100% of the core was recovered from these holes. The 
vast majority of the open fractures in the cores occur along pre-existing, sealed, chloritized joints 
and faults. Not all the pre-existing fractures in the cores have opened; the percentage of sealed 
fractures that are cracked open in the cores is actually rather small. The sealed fractures are usually 
no more than a few millimeters thick and typically are most closely spaced in the intervals of the 
core that are red. Along some of the faults mylonite and cataclasite could be identified. 

Table 5.4 and Figure 5.4 show intervals of enhanced fracturing, red color and pitting that were 
observed by the author either in photographs of the cores or from direct inspection of several SCV 
cores. Sealed and open fractures were considered together in evaluating the extent of fracturing. 
Fractures do exist in many intervals of the core that were not considered as highly fractured. Des­
ignations here of intervals of core as being highly fractured were made on a subjective basis, and 
as a result, in some places the interpretations here differ from quantitative measures of fracture 
abundances (Fridh, 1987; Andersson, 1989; Gale and StrAhle, 1988; Black et a/., 1990). Still, with 
few exceptions, intervals considered here to have enhanced fracturing occur at or near all the places 
where the zones intersect the boreholes (Fig. 5.4). Intervals of enhanced natural fractures also were 
identified in places that are not part of recognized fracture zones, so fracturing by itself is not nec­
essarily diagnostic of the presence of a zone; this conclusion is consistent with the quantitative data 
presented by Gale and StrAhle (1988) and Black et al. (1990). However, all intervals in Figure 5.4 
identified as being red or as being pitted are near projected borehole-zone intersections. All inter­
vals intersected by zone H are red, and pitting occurs where zone H intersects holes Cl, C2, C3, 
and C5. In no other zone was red color or pitting as pronounced as in zone H. Interestingly, an 
isolated feature tenned RQ which was identified by geophysical means (Olsson et a/., 1989) coin­
cides with an interval of fractured, red, pitted granite encountered by the D-holes at a depth of -85-
95 m. One would expect that highly fractured, hematite-rich portions of the granite would in many 
places have different geophysical characteristics than sparsely fractured grey granite. 

Table 5.1. Orientation and position of SCV fracture zones (from Black et a/., 1990). 

Strike Dip Thickness Fixed Point Coordinates 
Zone (degrees) (degrees) (m) x y z 

A 47° 48° I-10m 598 1100 360 

B 40° 43° I-10m 567 1100 360 

H 355° 76° -20m 450 1097 360 

Hb 353° 60° -5? 450 1085 360 

I 356° 63° I-10m 450 1033 360 

M 300° 87° I-10m 450 967 360 

K 305° 65° I-10m 479 1100 360 
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Table 5.2. Calculated depths of intersection of SCV fracture zones with SCV boreholes. 
Fracture zone geometries are defined in Table 5.1. 

! 

Zone WI W2 N2 N3 N4 Cl C2 C3 C4 C5 Dl 

A 125.5 179.5 168.7 141.1 112.1 119.5 110.5 

B 141.7 87.4 196.3 139.1 122.8 98.0 82.6 86.7 82.2 79.7 

H 49.1 56.6 53.0 68.0 52.4 56.6 81.7 25.7 

Hb 60.3 70.7 54.7 67.4 61.1 59.0 77.1 29.7 

I 110.9 118.1 104.4 125.9 110.9 85.9 

M 18.2 39.9 102.1 -
K 149.0 

Table 5.3. Recorded depths of intersection of SCV fracture zones with SCV boreholes (from 
Black et 01., 1990). No intersections are recorded for borehole C4. 

Zone WI W2 N2 N3 N4 Cl C2 C3 C4 C5 Dl 

A 124- 162- 153- 138- 109- * 119 

145 170 155 148 112 

B 130- 78- 188- 133- 122- 96- 76- * 90 81-

138 91 190 145 126 100 82 89 

H 46- 50- 45- 63- 59- * 84- 23-

50 57 54 69 61 85 28 

Hb 59- 67- 45- 63- 59- * 84- 23-

60 71 54 69 61 85 28 

I 108- 116- 105- 122- * 83 

112 121 109 124 

M 29- 39 111 * 
31 

". K 151- * 
153 
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Table 5.4. Characteristics of SCV borehole cores as detennined by inspection by the author. 

WI F 

R 
p 

W2 F 

R 
p 

N2 F 

R 

P 

N3 F 

R 

P 

N4 F 

R 

P 

Cl F 

R 

P 

C2 F 

R 

P 

C3 F 

R 

P 

C4 F 

R 
p 

Intervals of pronounced fracturing (F), red color (R), or pitting (P) are noted. Regular 
and bold fonts mark observations from photographs and cores, respectively. In gen­
eral, drilling-induced fractures are not distinguished here. 

Distances in meters from mouth of borehole 

45.5-49.2, 108-109, 112-113.5, 142-145 

45.5-53.5 (granite is pink) 

25-33,52.8-55.6,55.6-58,69-75,83-94,99-106, 108-118, 120-129, 133-147 

50.2-59 (granite is pink) 

20-22,27-32,87-93, 113-114, 158.5-163.5, 183.5-184.5, 196-198,206-207 

0-10,23-48,117-138,166-171,189-191 

26-27.5 (drilling induced), 82-84.5, 122-125, 154-165,216-220 

47.3-51.8,91-101.55 

47.4-56.3,91-101.55, 135.5-145 

47.3-56.3 

55-70,98-120 

52-61.6,62.0-71.3,98-120 

61.6-71.3 

17-21,48.4-57.5,57.5-63 

48.4-62 

51.4-60.0 (Core photographs not reviewed) 

51.4-60.0 

42.67-61.5 
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Table 5.4 (cont'd) 

Distances in meters from mouth of borehole 

C5 F 80.35-88.0, 90.85-92.35 (Core photographs not reviewed) 

R 80.35-88.0,90.85-92.45,93.25-100.25 
p 76.65-100.25 

Dl F 21-28,81-100 

R 21-31,86-100 (salmon-colored) 
p 82.2-85.9 

D2 F 21-28,56-66,84-88.5 

R 20.5-30.5, 61-100 (salmon-colored) 
p 

D3 F 23-31, 79-82 

R 21.5-31,64-100 (salmon-colored) 
p 

D4 F 21-31,84-96 

R 24-30.5 

P 

D5 F 69-70,80-96 

R 23-31.5, 80-100 (salmon-colored) 
p 

.D6 F 21.5-31.3,58.3-66.2,69.5-100.1 

R 20.5-31.3,60.5-100 (salmon-colored) 
p 93.45-94.1 

-. 
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6 OBSERVATIONS AND INTERPRETATIONS OF FRACTURE ZONES EXPOSED IN DRIFfS 

Individual fractures and fracture zones in and near the SCV block were examined to define the 
fracture patterns within the major zones and to gain insight into how fluid might flow along the 
·zones. A total of ten days was devoted to the subsurface observations. Six days were allocated to 
mapping fractures on base maps with scales of 1:1500 and 1:500. These observations provide a 
base for interpreting the history of fracturing. They also provide an alternative source of fracture in­
fonnation that can be compared with drillhole infonnation and scanline maps of fractures on drift 
walls (e.g. Gale and StrAhle, 1988). 

6.1 Zone H 

Zone H is the most prominent SCV structure, and it might be associated with the regional are­
omagnetic anomaly shown in Fig. 4.5. Zone H projects through accessible drifts at the 310, 360 
and 410 levels, as well as through the validation access drift. Exposures near all of the places of 
intersection are distinguished not so much by the style or intensity of the fracturing, but instead by 
the red color of the granite. The margins of the red coloration are somewhat irregular in shape at a 
given level, and the apparent thickness of the red exposures decreases with depth. The red color is 
distinctly different from the grey color typical of the Stripa granite in most of the SCV block and is 
considered to reflect the presence of finely disseminated hematite (Wollenberg et ai., 1980). Be­
cause the red color pervades zone H granite and is not confined to fracture faces or coatings on 
mineral grains, it may well be that hematite is pervasively distributed in microcracks along zone H. 
It was not possible to distinguish zone H from its companion Hb. 

An average strike and dip for zone H can be estimated using three points from zone H expo­
sures at the 310, 360 and 410 levels (Table 6.1). The plane through these points strikes N-S and 
dips 64° east. The local strike and dip of zone H could differ from these values by several degrees 
owing to the apparently irregular shape and variable thickness of the zone. The uncertainties asso­
ciated with the strike and dip are estimated to be about 12° each. As defined in Table 5.1, zone H 
strikes N5°W and dips 76°E, and zone Hb strikes N7°W and dips 600 E. The orientation deter­
mined from the red exposures can not be distinguished from the orientations of zones H and Hb in 
Table 5.1 given the uncertainty in the orientation estimates and the possibility that the exposures 
provide.infonnation on both Hand Hb. The field observations are more in keeping with zones H 
and Hb constituting a single zone that narrows with depth rather than H and Hb being separate and 
distinguishable zones of slightly different orientation. 

Table 6.1. Coordinates of central points zone H exposures (as defined by red granite) at 310, 
360 and 410 levels. 

Level 

310 

360 

410 

x 

367 

365 

332 
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6.1.1 360 Level. 

Zone H is most extensively exposed at the 360 level where it can be observed in the 3-D ac­
cess drift and the northern and southern access drifts to the crosshole site (Fig. 6.1). The borders of 
zone Hare defmed by the transition from red granite (inside the zone) to grey granite (outside the 
zone). The transition in most places occurs over a distance of a few meters or less. The overall 
strike of the zone is to the north. The width of zone H in map view varies from approximately 20 
m to 45 m. Assuming a dip of 64° for the zone, its true thickness would vary from approximately 
18m to 40 m. 

The borders of the zone are not sharply defined on the basis of its fracture characteristics. The 
zone is not delimited by fractures parallel to the zone, or by a sharp gradient in the intensity of 
fracturing. An inspection of the drift walls reveals no marked difference in the range of fracture 
orientations inside and outside the zone. Fractures show a broad range of orientations both inside 
and outside the zone. Many of the fractures contain a dark green (chloritic?) material that appears to 
be mylonitic or catac1astic. 

Although fractures of numerous orientations occur within zone H, the distribution of fractures 
is not completely random. The longest fractures in the zone consistently strike to the north or 
NNW and dip steeply to the east, that is, they are subparallel to the zone as a whole. Some of these 
fractures can be traced for several meters from one drift to another (Fig. 6.1). There is some ten­
dency for the longest fractures west of the zone to strike NW and the fractures east of the zone to 
strike NNE. Smaller fractures tend to splay off of the north-striking fractures in the zone. 

Three different lines of evidence suggest that many of the fractures in zone H are faults. The 
most direct evidence comes from offset 'features. For example, in Figure 6.1, fault F7 (the east­
ernmost labeled fault in the crosshole access drifts) displaces a 2-cm-thick quartz vein with an ap­
parent normai separation of 180 cm. The fault strikes N43°W and dips 57°E, whereas the vein 
strikes N75°E and dips 65°N, so the apparent separation could be due to either right-lateral slip or 
normal slip on the fault. About 7 m west of this fault is another fault (F6, Fig. 6.1) that strikes 
NNE and dips -450 NW. It shows an apparent reverse offset of 15-20 cm. 

The second type of evidence of fault slip comes from short fractures that splay from long 
zone-parallel fractures (Fig. 6.2). The long fractures are interpreted as faults and the short fractures 
are interpreted as having opened in response to slip on the faults (e.g. Martel and Pollard, 1989). In 
some cases the faults will be isolated. In other cases the splay fractures are confined between a pair 
. of parallel faults, and the splay fractures and faults together constitute part of a narrow fault zone. 
Faults and fault zones like these have been well documented in the Sierra Nevada of California 
(Segall and Pollard, 1983; Martel et 01., 1988; Martel, 1990). Examples of apparent fault/splay 
crack combinations at the 360 level are shown in Table 6.3. A normal component of dip-slip 
and/or right-lateral component of strike slip is indicated for all the faults in Table 6.3. 

The third type of evidence for faulting is slickensided (polished) surfaces on fractures. In some 
cases these-surfaces display striations. The striations are interpreted as being parallel to the direc­
tion of the most recent slip on the fault. As Table 6.4 reveals, the slickenline orientations collec­
tively suggest that several distinctly different episodes of slip have occurred, for subparallel faults 
show different directions of slip. 
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Figure 6.1. Map showing traces of major fractures within zone H at exposures at the 360 level. 
Faults are labeled drift by drift, with increasing numbers from left to right. The 
scale is given by the 50 m grid. The swath of red granite is strippled. 
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Figure 6.2. Diagram showing splay cracks along a) an isolated fault, and b) a fault zone that is 
bounded on both sides by faults (heavy lines). The fault zone here strikes north, 
dips steeply to the east, and has slipped in a right-lateral, nonnal oblique fashion. In 
map view, the traces of the splay cracks (light lines) trend ENE. In cross section 
view, the traces of the splay cracks are vertical. 
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Even some individual faults show evidence for multiple directions of slip. For example, two 
sets of slickenlines on calcite patches on fault Fl (see Table 6.4) suggest two different episodes of 
slip. The slickenlines of fault F4 plunge directly down the fault dip (see Table 6.4), indicating that 
the most recent slip involved pure dip slip movement. However, some splay cracks a few meters 
south along the fault strike nearly N-S (see Table 6.3), suggesting that at an earlier time the fault 
had slipped right-laterally. 

Table 6.2. Evidence for faulting at 360 level based on offset markers. 

Location Fault Name Fault Offset Marker Inferred Slip 
(x, y, z) On Fig. 6.1 strike, dip strike, dip Sense 

(367, 1102, 360) Fl* N5°W, 77° E NE, dip uncertain Uncertain 

(328, 1109,360) F6* N26°E, 45° NW uncertain Reverse(?) 

(332, 1116, 360) F7* N43°W, 57° E N75°E,65°N Normal or 

reverse 

(372, 1102, 360) Not shown N22°W, -70° E -North, -50° E Right-lateral 

*Denotes faults in zone H. 
tDenotes faults not in zone H. 

6.1.2 310 Level 

on mapt or reverse 

Zone H is projected to intersect the 310 level near x = 365, Y =1070 (Fig. 6.3). Red granite is 
exposed in the interval from y = 1056 to y = 1085 and may extend somewhat farther to the east 
(higher y-values). Assuming the zone strikes to the north and dips 64°E, the minimum thickness 
of the zone would be 26 m. 

The nature of fracturing in the 310 level exposure resembles that at the 360 level. First, much 
of the fracture pattern appears chaotic and fractures of many different orientations are exposed 
(Fig. 6.3). Second, the longest continuous fractures strike north (or northwest) and dip steeply to 
the east. Third, there is clear evidence for normal faulting. A fault near y = 1059 offsets a peg­
matite dike, with a normal separation of 19 cm. The observed separation is probably close to the 
actual displacement, because a) the fault and the dike share nearly the same strike (the fault strikes 
N200E and dips 57°E, and the dike strikes approximately NI00E and dips 78°E) and b) slicken­
lines on the fault plunge nearly directly downdip. What appears to be a small left-lateral, normal 
fault zone is present near y = 1064. The fractures (faults?) that bound this small zone strike ." 
N300W and dip 600E, and they are linked by shorter fractures that strike N400W and dip 78°W. 
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Table 6.3. Evidence for faulting at 360 level based on splay cracks. 

Location Fault Name Fault Splay Crack Inferred Slip 
(x, y, z) On Fig. 6.1 strike, dip strike, dip Sense 

(372, 1102,360) Fl* N5°W, 77° E N28E,85° Nonnal/ 

right-lateral 

(371, 1106,360) F2* N35°W, 70° E uncertain, steep Nonnal(?) 

(375, 1109, 360) F3t NI00E, 70° E N68OW,700N Nonnal/ 

right-lateral 

(384, 1112, 360) F4t N37°W, 63° NE N-S, uncertain Right-lateral 

(331, 1103,360) F5* N22°W, -70° E NNW?, -75° E Nonnal 

(332, 1116, 360) F7* N43°W, 57° NE N28°E,79°W Nonnal/ 

right-lateral 

(326, 1060, 360) F8t N45°W, 67° NE N3°W, 81°W Nonnal/ 

ris!!t-Iateral 

(318, 1063, 360) F9t N46°W, 80° NE N200W, 85°W Nonnal/ 

ris!!t-Iateral 

(320, 1109, 360) F12* N35°W, 68° NE N35°W, 76°W Nonnal 

(319, 1064,360) Not shown N46°W, 80° NE NI00E,90° Nonnal/ 

on mapt right-lateral 

*Oenotes faults in zone H. 
tOenotes faults not in zone H . 

. . 
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Table 6.4. Evidence for faulting at 360 level based on slickenlines. For oblique slipsenses, 
N=nonnal, R=reverse, RL=right-lateral and LL=left-lateral. 

Location Fault Name 
(x, y, z) On Fig. 6.1 

(372, 1102, 360) Fl* 

(372, 1102, 360) Fl* 

(384, 1112, 360) F4t 

(326, 1077, 360) FI0t 

(324, 1094, 360) Fl1t 

(440, 1163,360) Pegmatite/Faultt 

(location of striae) (see NE comer of 

Fi~ 6.1) 

(326, 1077,360) Not shownt 

*Denotes faults in zone H. 
tDenotes faults not in zone H. 

Fault Slickenline 
strike, sip trend, plunge 

N5°W, 77° E N32°E,46° 

N5°W, 77°E SlOOW, 25° 

N37°W, 63° NE N53°E,63°E 

N25°W, 69°E . NlOoE,50° 

N64°W, 77° NE S800E,50° 

NlOOW, 47°E N88°E,45° 

(fault dip is vari-

able) 

N13°W, 69°NE northeast, moder-

ate 
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Figure 6.3. Map showing traces of the major fractures of zone H at the 310 level. The scale is 
given by the mine coordinate grid lines. The traces of zones H and Hb as dermed in 
Table 5.1 are shown for the 310 level. Numbers by fractures give fracture dips. 

6.1.3 410 Level ' 

Exposures of zone H at the 410 level were sought in the drift that trends N500E and passes 
immediately northwest of x = 350, Y = 1150 (Fig. 6.4). This drift will be referred to as the 410A 
drift. The portion of the drift that was examined extends from y = 1114 to y = 1145. One zone of 
red granite was identified in the 410A drift, but it is much thinner than the exposures of red granite 
observed at the 310 and 360 levels. Starting from y = 1122 along the north wall of the 410A drift, 
the red granite extends northeast for only 4 m; on the south wall red granite extends over a 9-m 
interval. 

" One prominent fracture cuts through this interval of red granite. It strikes to the north and dips 
72° to the east. This fracture (as will be explained below) is interpreted to be a normal fault. The 
fault appears to extend on.,strike into the next drift to the south of the 410A drift and is thus at least 
15 m long. A few bands of mylonite parallel the trace of the fault in the 410A drift. The mylonites 
are a few millimeters thick and occur within a meter of the trace of the fault. 
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Figure 6.4. Map showing traces of the major fractures in the vicinity of zone H at the 410 level 
and in the validation access drift. The traces of zones H and Hb as defmed in Table 
5.1 are shown for the 410 level. Numbers by fractures give fracture dips. 
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Figure 6.5. Controlled sketch showing the trace of the nonnal fault on the south wall of the 
410A drift. View is along fault strike. 

The most compelling evidence for nonnal slip along the fault comes from its exposure on the 
south wall of the 41 OA drift (Fig. 6.5). Three calcite-filled cavities occur between echelon strands 
of the fault. These cavities are interpreted as having opened as a result of nonnal slip on the fault 
strands (Fig. 6.5). A dark grey gouge occurs along the east edge of the lower calcite-filled cavity. 
Along the north wall of the fault a series of steeply-dipping fractures splay down off the fault and 
crosscut some of the adjacent mylonites. The geometric relationship of these fractures to the fault 
is consistent with them having fonned as. a result of nonnal slip on the fault. 

Hydrothermal deposits and hydrothennal alteration provide clear evidence for fluid circulation 
along the fault. Fluorite has precipitated in several locations along the south wall exposure of the 
fault, and the granite along the fault is hydrothermally altered and pitted (Fig. 6.5). The edge of the 
zone of altered granite extends as much as 55 cm from the fault. Fluorite occurs in a small percent­
age of the pits. The 41 OA exposure is the only place along zone H where I observed fluorite min-
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eralization along a fault and the pitting in the adjacent granite. However, pitted granite has been 
penetrated by several boreholes at Stripa and may have been detected in part of the SCV block by 
geophysical techniques (Feature RQ, Olsson et al., 1989). The pitting in the cores reflects the loss 
of quartz (Carlsten, 1985). The 410 level observations suggest that the pitting in the SCV block 
may be due at least in part to the concentrated flow of reactive fluids along fractures. 

6.1.4 Validation Access Drift 

Only a cursory review was made of exposures in the validation access drift (Fig. 6.4). My ob­
servations were concentrated near y = 1130, approximately where zone H would project into the 
drift. Unlike the other drifts into which zone H projects, no red color in the granite was noticed in 
the validation access drift, although the lighting was poor when the observations were made. With 
one exc~ption, the fractures more than a few meters long strike NNW to NNE and dip steeply to 
the east. 

6.1.5 Conclusions Regarding Zone H 

Zone H generally is defined in the drift exposures by a zone of red granite. The thickness of the 
zone thus defined varies from 5~0 m. The thickness of zone H appears to decrease steadily from 
the 310 level down to the 410 level; this would be consistent with the downward convergence of 
zone Hb with zone H as the 400 level is approached. Based on the drift exposures, the style and 
relative abundance of fractures inside the zone does not appear markedly different from that out­
side the zone. Within the zone, fractures of numerous orientations occur. The vast majority of the 
fractures are sealed with chloritic material; the fractures are old, not fresh. The longest fractures in 
the zone strike to the north and dip steeply to the east, subparallel to the zone as a whole. Many of 
the fractures in zone H are faults. Multiple senses of slip on zone H faults can be inferred, and the 
variety of fracture orientations observed in zone H is consistent with several episodes of slip on 
zone H faults. Normal faulting along north-striking faults has left a particularly pronounced im­
print, and normal slip is expected to have produced steeply-dipping fractures that strike subparallel 
to the zone as a whole. Normal faulting may account in large part for a reported abundance of 
steeply-dipping, north-striking fractures in the SCV block (Long et al., 1990, Figs. 2.6 and 2.7; 
Long et al., 1991, Figs. 7 and 8). 

6.2 Zone M 

Zone M strikes WNW, is nearly vertical and projects to intersect the 360-leveI3-D access drift 
very near the spot where zone H intersects the drift (Figs. 5.2 and 6.1). Given the varied orienta­
tions of zone H fractures, distinguishing fractures of zone M from those of zone H would be diffi­
cult. One might expect that zone M would contain numerous fractures that strike northwest, but 
fractures of that orientation are scarce where zone M projects into the 3-D access drift (Fig. 6.1). 
Northwest-striking fractures are numerous in the drift exposures west of zone H, but these frac­
tures do not appear to extend on strike SE across zone H. Although there is no strong evidence at 
the 360 level for a northwest-striking fracture zone cutting zone H at X = 375 (Fig. 6.1), one might 
extend into zone H from the northwest and terminate against it at X = 325. 
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6.3 Zone K 

Zone K strikes N600 W and dips 650 to the northeast. It projects to intersect the 3-D migration 
drift at the 360 level (Fig. 5.2) and fractures there have been mapped in detail (Abelin and Birgers­
son, 1987). There is no evidence of a prominent fracture zone that strikes WNW where zone K 
would intersect the drift (Fig. 6.6). Several fractures that strike WNW are exposed on the drift roof 
several meters north of the projected intersection. However, these fractures dip shallowly to the 
southeast, not steeply to the northeast as zone K is supposed to, and none are shown as cutting 
completely through the drift. The mapping suggests that zone K does not extend to the 3-D migra­
tion drift. 

6.4 Evidence for Multiple Generations of Fractures 

A variety of observations, both of the drift walls and of borehole cores, indicate that the Stripa 
fracture zones are ancient structures that have been reactivated repeatedly. First, the pervasive red 
color along zone H points to an early episode of pervasive fracturing, fluid flow, hematite precipi­
tation, and fracture healing along the zone. Munier and Tiren (1989) have likewise attributed 
reddening of the granite in the Finnsjon coastal area NNE of Stockholm to the effects of fluid flow 
along fractures. Much of the trans granular fracturing along zone H must post-date the precipitation 
of the hematite. Second, several episodes of slip are indicated in light of evidence for both normal 
and reverse dip-slip and both left- and right-lateral strike-slip on subparallel faults. Third, the 
materials in the fractures indicate repeated episodes of fluid flow and faulting. At least two distinct 
sets of minerals (in addition to the hematite) have precipitated from water circulating along the 
fractures. The mylonitic and catac1astic materials in the faults suggest that episodes of faulting oc­
curred under different pressure/temperature conditions. Although the apparent lack of foliation has 
been taken as evidence for a lack of plastic defonnation in the granite, the evidence cited above in­
dicates that the granite has a long and complicated history of faulting, fracturing, and fluid flow. 
Multiple episodes of defonnation are also consistent with the tectonic history of central Sweden 
since the emplacement of the Stripa granite. 
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36 Fracture number 

==== Fracture zone 

Figure 6.6. Map showing traces of fractures identified in the walls (side panels) and ceiling 
(central panels) of the 3-D migration drift (360-level) and the projected intersection 
of zone K with the drift. Mine north is to the top of the page (modified from Abelin 
and Birgersson, 1987). 
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6.5 Porosity due to Alteration of the Granite 

Although most of the flow at Stripa is inferred to occur through fractures, some flow might 
occur through regions where porosity exists due to dissolution of quartz (Carlsten, 1985). Pitted 
granite has been reported in several cores recovered from boreholes at the Crosshole Site at the east 
end of the crosshole access drifts (Carlsten, 1985). Pitting apparently occupies a large enough vol­
ume in part of the SCV block that it can be identified on geophysical tomograms (feature RQ; Ols­
son et al., 1989). As shown in Table 5.4, pitting can be observed in cores from boreholes Cl 
(47.3-56.3 m), C2 (61.6-71.3 m), C4 (42.67-61.5 m) and C5 (76.65-100.25). In these intervals 
the holes penetrate zone H. These portions of the cores are also pink or red and contain many 
healed fractures (these include potential bands of mylonite and cataclasite). Pitting of granite was 
also noticed adjacent to the nonnal fault in the 410A drift (Fig. 6.5). Pitting was not observed in 
the portions of these cores well removed from zone H. The pitting seems to be localized near 
fractures and hence may contribute to "fracture flow" through the granite. 

6.6 Comparison with scan line information 

Scanline maps of driftwall fractures were prepared along the 3-D access drift (Gale and 
StrMtle, 1988) and the ventilation access drift (Gale et aI., 1990). These maps were prepared as 2-
m-tall strip maps along selected portions of selected drift walls. Fractures were documented 
through a combination of photographs and driftwall measurements. The function of the scanlines 
was to provide a data base allowing a statistical characterization of fracture orientations, trace 
lengths, and spacing. The scanlines provide information on fractures with trace lengths as small as 
0.5 m in order to represent a statistically large number of fractures. In contrast, information for this 
report was collected so that the structure and evolution of the fracture systems could be interpreted; 
for that reason the larger fractures were targeted. This section does not compare the outcomes or 
objectives of the two approaches, but rather highlights some differences in the styles of data col­
lection prompted by the different approaches. 

The level of detail used in preparing the scanline database was in general considerably fmer 
. than what was used in the preparation of this report, so one might expect that all the fractures 
shown on the maps of this report would be readily identifiable in the corresponding scaruine data 
tables. This is not the case. First, scanline information was collected on one wall of a drift (Figure 
6.7), whereas the information presented on the maps herein was collected from both walls and the 
drift roof. Some fractures with traces that are prominent or structurally significant appear on one 
wall but do not extend to the other. Second, the locations of fractures in the scanline data base re­
flect where a fracture would intersect the scanline, which was -1.5 meters above the drift floor. 
The maps of this report show the traces of the fractures as they would appear at the level of the 
drift floor. Some fractures in the scanline database have apparently different locations than shown 
on the maps of this report because of this. Third~ some splay cracks which were used to estimate 
the direction of fault slip have trace lengths less than 0.5 m, and these would not be part of the 
scanline data base. Fourth, some splay cracks are very difficult to detect on scanline photographs, 
and others occur just outside the edges of the scanline maps. Fifth, some features on the map be 
slightly mislocated. However, even if scanline data and mapping information were collected in a 
perfectly accurate manner, the two data sets could be somewhat difficult to compare unless they 
were collected in a carefully coordinated manner. Just as the mapping presented here cannot substi­
tute for the scanline data as a statistical database, the scanline data is not a complete substitute for 
geologic mapping. 
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Figure 6.7. Location of scanlines at the Stripa mine. From Gale et al. (1990). 

6.7 Comparison of geophysical model with drift-wall observations 

Of the seven fracture zones (A, B, H, Hb, I, M and K) inferred within the SCV site based on 
remote sensing techniques, the drift-wall exposures provide evidence for only zone H and/or zone 
Hb. These two zones could not be identified separately. The geophysically-based model does not 
require that the other zones intersect the drifts, and no evidence was found to indicate the five other 
zones extend to intersect the drifts. The seven-zone model and the drift-wall exposures are consis­
tent with each other, but other fracture zone models could also be consistent with the driftwall ob­
servations. Given the evidence for multiple episodes of fracturing and faulting, fractures of many 
orientations are likely to be present in all the fracture zones. 
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7 BOREHOLE FRACTURE ORIENTATION DATA 

In this section the driftwall observations of SCV fractures are compared with fracture orienta­
tion data on the SCV block as a whole obtained from boreholes. The two most important points 
pertaining to the observed geometries of zone H fractures in the drift walls are (1) the multitude of 
fracture orientations, and (2) the tendency for the longest fractures to parallel the zone (Le. strike to 
the north and dip steeply to the east). The results here will also be compared to those obtained by 
Gale and his co-workers using cluster analyses of borehole and scanline data. Gale and StrAhle 
(1988) concluded 1) that fractures could be grouped into three major clusters (one steeply-dipping 
set that strikes N-S, another that strikes NW, and a subhorizontal set), and 2) that "the north-south 
striking fracture set has a much higher density than the other sets or clusters." Gale et ale (1990) 
analyzed a larger data set and concluded that the fractures could be interpreted as falling into one 
large cluster (N-S strike), one intermediate-size cluster (WNW-strike), and ten small clusters. 

Gale and his co-workers noted that the censoring effect of borehole bias is a critical factor to 
account for in analyzing the borehole orientation data. In this section the concept of borehole bias is 
introduced. The distributions of fractures actually encountered in several SCV boreholes is then 
compared to some synthetic distributions obtained by sampling a uniform random distribution of 
imaginary fractures with imaginary boreholes. 

7.1 Introduction to Borehole Bias 

Boreholes have a higher probability of intersecting (i.e. sampling) a fracture the more nearly 
perpendicular to the hole the fracture is (Terzaghi, 1965); this effect is referred to here as borehole 
bias . This effect can be quantified, because the reciprocal of the spacing between fractures can be 
thought of as a linear density or, alternatively, as a measure of the probability of intersecting a 
fracture of a given orientation. For a set of uniformly spaced, uniformly distributed, identically­
shaped planar fractures, the distance between fractures along a given line scales as llcos 9, where 
9 is the angle between the line and the normal to the fracture plane (Fig. 7.1). For a set. of uni­
formly spaced, uniformly distributed, identically-shaped planar fractures, the relative linear density 
(or relative probability of fracture intersection) is defined here as cos 9. The relative probability 
thus measures the linear density of a set along a given line relative to its linear density along a per­
pendicular line, and it gives a measure of borehole bias potential. Figure 7.1 illustrates that the rela­
tive probability of intersecting a fracture is 50% over a given distance along a borehole for a set of 
infinite fractures where 9 = 600

• Changing the spacing between fractures or the size of fractures 
would change the absolute probability of intersecting fractures of a given orientation but would not 
change the relative probability of intersecting them. 

To explore the effect of borehole bias, some synthetic cases will be presented. In these cases 
the imaginary rock mass under consideration contains fractures of identical size and shape, with 
the orientation of the fractures being uniform and random. The term "uniform" means that the 
poles to the fractures would have a uniform density if projected onto an enclosing sphere or onto 
an equal area diagram (Fig. 7.2a). A uniform distribution sampled at random is quite different 
from a distribution formed by combining randomly selected fracture strikes and randomly selected 
fracture dips (Fig. 7 .2b). In the latter distribution there is an over-abundance of subhorizontal frac­
tures; their poles cluster near the center of an equal area plot. 
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Borehole 

Fractures of set A 

Fractures of set B 

Figure 7.1. Relative probability of a borehole intersecting a fracture. For fractures of set A, 6= 
60°, and the relative probability of intersecting a fracture is 0.5. For fractures of set 
B, 6= 90°, and the relative probability of intersecting a fracture is 1.0. Over a given 
distance along the borehole, twice as many fractures of set B are intersected as from 
set A. 
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Figure 7.2. Equal area lower hemisphere plots of synthetic distributions of 500 fracture poles 
from a) a uniform distribution sampled at random and b) a distribution prepared 
from combinations of fracture strikes and fracture dips selected at random. Note the 
concentration of poles to subhorizontal fractures in b. 
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Now suppose an imaginary 'hole is bored through the imaginary rock mass. The radius of the 
hole is considered to be tiny relative to the in-plane dimensions of the fractures. The relative prob­
ability of intersecting a fracture is taken as cos e. In the case of a vertical borehole, e would also be 
the dip of the fracture, and the strike of the fracture would not affect the probability of intersection. 
A fracture will be considered as being intersected by the borehole if N S cos e, where N is a num­
ber selected at random between 0 and 1. The fractures nearly perpendicular to the borehole will be 
over-represented in the borehole sample (Fig. 7.3). If the hole is vertical, subhorizontal fractures 
will be over-represented in the borehole records (Fig. 7.3a). If a hole trends E-W, steeply-dipping 
fractures that strike N-S will be over-represented (Fig. 7.3b). For inclined holes the poles have 
skewed distributions on equal area plots (Fig. 7.3c, d). Three points emerge. First, clustering of 
fracture poles about the orientation of the borehole is a sign of borehole bias. Second, the magni­
tude of the borehole bias effect can be so pronounced that a cursory review of borehole fracture 
orientation data could lead to a grossly incorrect estimate of the in situ fracture orientation distribu­
tion. Third, the orientation of a borehole must be accounted for in an analysis of the fracture orien­
tation distribution revealed by a borehole survey. The same in situ distribution of fractures can 
yield markedly different samples if investigated by boreholes of different orientation. The difficulty 
of interpreting borehole fracture orientation data can be compounded if the fractures are not per­
fectly planar (Le. the fracture orientation changes as a function of position) and the in situ distribu­
tion of fractures is nonuniform in space, situations that are not uncommon (Segall and Pollard, 
1983; Martel et ai., 1988; Martel and Peterson, 1990). 

7.2 Interpretation and Discussion of SCV Borehole Data in Light of Borehole Bias 

In order to test whether the fracture orientations recorded from SCV boreholes were compati­
ble with a model based on the driftwall observations, a series of comparisons were made. The 
recorded fracture orientation distribution for each borehole was compared to a uniform random 
synthetic distribution (of the type described above). If the synthetic distributions match the 
recorded distributions well, then the recorded orientation distribution would be consistent with a 
uniform random in situ fracture orientation distribution. If the synthetic and recorded distributions 
are similar except that fractures of a certain orientation are more concentrated in the recorded distri­
. bution than the synthetic distribution, then the recorded orientation distribution would be consistent 
with an in situ distribution that had a significant random component but also contained a certain set 
of fractures that was longer and/or more numerous than fractures of other orientation. The number 
of fractures in each synthetic plot was selected to match the number of fractures in the correspond­
ing recorded distribution so as not to introduce a bias there. 

Recorded distributions (courtesy of John Gale and his co-workers) and synthetic distributions 
are compared in Figures 7.4, 7.5, 7.6, and 7.7. An inspection of these figures reveals three key 
points. First, there is a strong clustering of fracture poles in the direction of the borehole. Second, 
the boreholes individually and collectively detect a range of fracture orientations. Third, the patterns 
of the recorded and synthetic distributions are similar at a gross level for nearly all of the bore­
holes, but most of the recorded and synthetic distributions show distinct differences in detail. 
These observations collectively suggest that fractures in the SCV block are oriented in a largely 
chaotic manner, with the recorded distributions being strongly influenced by borehole bias. How­
ever, there also appears to be a distinct heterogeneity in the fracture-orientation distribution within 
the SCV block. The recorded distributions show different degrees of clustering about the orienta­
tion of a borehole (relative to the corresponding synthetic distribution) depending on the orientation 
and location of a borehole. For the W holes (Fig. 7.4) and the D holes (Fig. 7.7) the poles are more 
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Figure 7.3. 

. . 
N 

' • •• tII •• , :- ... :. 
•• •• _. I • . - . \" .. :': . .~... . . , .... , ........ , . 
• • •• _ ' •. - r. ,. ........ • .... ~ .. ~ ... ~. . -. \ .. : .... ", .. 

•• • •• - •• rt.. • . . ..... , .... ' , .... 
a. • .... , •• ""11..-: .• 

• • ~,'&". .. • -i;' -: • {.. .. . .. . ~ '.,::~ .;.~.,,:.:. , .. ,)' ...... ~ .... . 
, )' •• • ~.\ .... ~ I .. '., . : . . 

, . . 

• 

N 

.. . ' .. 
\. • a ...... , •• : •• 

; •• : ...... .... 01.: .. ~. '" •• 
.. ·t····: •. :~ . . r. 
:.~ •• :,.:iI..~ ... ~ . . ~.. . .. . ..... . • J ....... -t :.;,: ••• ~ a •••• 

iI". • • (. •• - a. :'t' .'. • ...... ~.:s: •••• 
.! .... . I".~'; • ~ ••• :." ... .. :.-,. \,.,.. . 

'1' •• ,---~, =. a. :­
\i I. i:... ~.I a.. . . . ." .. 

c 

:-. 

N 

b 

N 

. . .. 
... ... • a.I •• fJ.:... ., 

• •• ••• # ,.a. .:,. • 
• ... t e •• ~ •• ~ • • 

• ... , ••••••••••• a. 'I. \ :'.~ • , .~. .... . ...... . -._. a, :\~ •. ~I.- :.;; :.~ ••• "t. 
.. Ja •• - • ..t. a._. a. __ 

< .•• : ~ .~~., .... II!I .... ; • • :. a.' .... ' .. .. ': .... •. ~.~ Ir"·, .. 
•• I •• ~. C .r .... :. ~ .~. 

• •• •• la. •• • \, . . . . . . ~: ... . 
~ . \ ... ~ ..... ,. :-: 
.,. . .•. .. '. 

d 

Comparison of synthetic distributions of 500 fracture poles selected from a uniform 
fracture distribution sampled along boreholes of four orientations. Plots are equal 
area lower hemisphere projections. Borehole orientations are marked by large dots. 
Note the clustering of fracture poles about the borehole orientations. a) Vertical 
borehole. b) Borehole trends west and is horizontal. c) Borehole trends southwest 
and plunges 450

• d) Borehole trends east and plunges 600
• 
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Figure 7.4. 
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Figure 7.5. 
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Comparison of recorded (left) and synthetic (right) fracture orientation distributions 
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for the sake of clarity. 
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Figure 7.6. 
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Comparison of recorded (left) and synthetic (right) fracture orientation distributions 
for boreholes a) CI, b) C2, and c) C3. Orientations of boreholes are marked by 
large dots. Data points touching the borehole orientation dots have been removed 
for the sake of clarity. 
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Figure 7.6. (continued). Comparison of recorded (left) and synthetic (right) fracture orientation 
distributions for boreholes d) C4 and e) C5. Orientations of boreholes are marked 
by large dots. Data points touching the borehole orientation dots have been removed 
for the sake of clarity. 
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Figure 7.7. 
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Comparison of recorded (left) and synthetic (right) fracture orientation distributions 
for boreholes a) 01, b) D2, and c) D3. Orientations of boreholes are marked by 
large dots. Data points touching the borehole orientation dots have been removed 
for the sake of clarity. 
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tightly clustered about the boreholes for the recorded distributions than for the synthetic distribu­
tions. These holes, which penetrate zone H, intersect a distinctly higher proportion of fractures with 
northerly strikes and steep dips than would be the case for a uniform distriubtion. A similar, but 
somewhat less pronounced concentration of steep fractures with northerly strikes can be inferred 
for the C holes (Fig. 7.6), which also intersect zone H. In contrast, for the N holes (Fig. 7.5), two 
of which do not intersect zone H, the recorded and synthetic distributions match quite well. The N 
holes yield recorded fracture-orientation distributions that are difficult to distinguish from ran­
domly sampled uniform distributions. 

The comparisons thus suggest that the SCV fractures have both a chaotic component and a 
component parallel to zone H. The chaotic component is most pronounced outside zone H, and the 
zone-parallel component is most pronounced within zone H. This pattern is consistent with the 
fracturing having accompanied repeated slip along steep north-striking faults during distinctly dif­
ferent episodes of deformation. The borehole data are thus compatible not only with the driftwall 
observat!ons but also with the inferred history of faulting and fracturing at the mine. 

The conclusions reached here regarding the orientations of fractures in the SCV block are 
compatible with those of Gale and StrAhle (1988) and Gale et al. (1990) but have a sligblty differ­
ent emphasis. As was the case in this study, Gale and his co-workers detected fractures of numer­
ous orientations and concluded that steep north-striking fractures formed the most prominent set. 
They chose to group fractures of other orientations into a variety of sets. The somewhat simpler 
interpretation presented here is that these other fractures are largely chaotic. 

Gale and his co-workers emphasized the need to carefully collect and analyze borehole orien­
tation data in order to avoid introducing errors into an analysis of fracture orientation data. This 
point should not be taken lightly. A variety of errors can compound or obscure borehole bias ef­
fects. Orientation errors can be introduced in evaluating the orientations of fractures on televiewer 
or borehole camera logs. Errors can also be introduced when fracture orientations are measured in 
cores and when these measurements are transfonned to give the in situ orientations. Finally, the in 
situ orientations of individual segments of core must be determined accurately in order to properly 
transform the fracture orientation data obtained from core measurements, and this is not a trivial 
matter. Core orienation errors will tend to randomize the orientation data, increasing the difficulty 
of detecting fracture sets in largely chaotic fracture distributions. 
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8 THE MODERN STRESS STATE 

The hydraulic conductivity of a fracture depends on its aperture distribution, which in tum is a 
function of the nonnal stress acting across the fracture (Tsang and Witherspoon, 1981; Black et 
al., 1990). The excavation of a tunnel will significantly perturb the stress state around tunnel and 
thus could significantly affect fluid flow in fractures near the tunnel. This section reviews the data 
on the modem stress state in the vicinity of the Stripa mine as a prelude to examining how excavat­
ing the Validation drift might influence fractures in the SCV block. 

The orientation and magnitude of the maximum horizontal compressive stress (8H) in the 
vicinity of Stripa can be identified through a combination of regional and local examinations. In 
southern Sweden SH is oriented NW-SE based on modem seismicity (Slunga, 1989). This orien-
tation is consistent with the findings from the Fennoscandian Rock Stress Data Base 
(Stephansson, 1989). The most recent measurements on the stress state at Stripa are by McKinnon 
and Carr (1990). Their description of the "virgin" stress state for the SCV block is tabled below: 

Table 8.1. "Virgin" stress state for the SCV block 

Principal Alternative Magnitude (MPa) 
Stress Name Trend Plunge by Depth (0) in m 

O'} SH 285° 0° 7.5 +O.044D 

0'2 Sh 195° 0° 2.5 +0.035 D 

0'3 Sv 0° 90° 0.0+ 0.026 D 

The respective magnitudes of SH, Sh and Sv at a depth of 352 m (mine level of 382 m) are 23.0 
. MPa, 14.8 MPa and 9.9 MPa. These values compare favorably with earlier values reported by Doe 
et al. (1983). The vertical stress gradient of 2.6 Mpa/m is the unit weight of Stripa granite. 
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9 POSSIBLE DRIFI' EXCA VA TlON EFFECTS 

Possible effects on the inflow to the Stripa Validation drift can be examined in light of the elas-
tic stress perturbations induced by the excavation of the drift to assess whether they are the likely '. 
cause of an estimated 8-fold reduction of flow to the Validation region (Olson et al., 1992). The 
. analysis is restricted exclusively to elastic effects associated with drift excavation, so potentially 
important non-elastic excavation effects (such as those accompanying the advance of the front of 
the drift or those due to blasting) are not considered. Only the changes in conductivity due to 
changes in nonnal stress were examined. Changes in nonnal stress induce relatively straightfor­
ward effects on fracture aperture (i.e. increases in the compressive stress applied across a fracture 
causes the average fracture aperture to decrease) and have been measured in the laboratory (see 
work by Gale in Black et al., 1990). The effects on fracture aperture due to changes in resolved 
shear stress are not so straightforward but are probably small on average provided the amount of 
slip across the fracture is small (Black et al., 1990). Changing the shear stress parallel to a fracture 
mayor may not cause it to slip. If it does slip, then its average aperture may increase or decrease, 
whereas if it does not slip its average aperture should change very little. 

For the purposes of a stress analysis, a drift can be modeled as a long cylindrical cavity under 
plane strain loading if one of the pnncipal stresses acts parallel to the drift/borehole axis (Fig. 9.1) . 

. The Stripa validation drift trends 2870 and plunges 30 to the west and the most compressive prin­
cipal stress is considered to trend 2850 and be horizontal, for an angular mismatch of only 40

• The 
excavated length of the drift as of the writing of this report is approximately 50 m and zone H in­
tersects the drift between 25 and 30 m from the east end of the drift; Figures 5.1-5.3 show the drift 
before it had been fully excavated. The stresses away from the ends of the drift (i.e. near zone H) 
are amenable to continuum plane strain modeling. Details of the stress analysis are given in Ap­
pendix 3. 

Four key points emerge from the stress analysis. First, the elastic stress changes due to the 
presence of the drift are nearly insignificant more than a few diameters away from the drift (Fig. 
9.2). Second, the magnitudes of the elastic stresses or elastic stress changes at the walls of a cylin­
drical cavity are independent of its radius. The stress levels will be the same along the walls of a 4-
cm borehole as along a 2-m-diameter bored drift. However, the perturbing effects of a small-di­
ameter borehole will die off within a shorter distance than the effects of a drift. Third, the maxi­
mum and minimum stress levels and stress changes will occur at the walls of the drift (9 = 00 or 
1800

) or at its roof and floor (9 = 900 or 2700
). The magnitude of stress or stress change predicted 

along the Validation drift perimeter (see Table 9.1) were calculated assuming that v = 0.25 and that 
SH, Sh and Sv equal 23.0 MPa, 14.8 MPa and 9.9 MPa, respectively. Fourth, as averaged around 
the drift perimeter, the radial stress (O'rr) becomes less compressive, the hoop stress (0'99) be­
comes more compressive as a result of drift excavation, whereas the drift parallel stress (O'zz) and 
first stress invariant (11) do not change. 
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Figure 9.1. Orientation of far-field principal stresses, the Validation drift and the cylindrical 
coordinate system about the drift. 
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Figure 9.2. Stress changes near a drift plotted as a function of normalized distance from the 
drift center. a) Stress changes at the drift wall. b) stress changes at the drift floor and 
roof. 
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Table 9.1. Predicted post-drift stresses and stress changes along the Validation drift at Stripa 
(MPa). Positive values are compressive. 

Stress Grr AGrr Gee AGee 'tre A'tre Gbar AGbar Gzz AGzz It All 

Wall, 0 -14.8 14.9 5.00 0 0 7.45 -4.9 20.55 -2.45 35.45 -12.25 

9= 0° 

Roof, 0 -9.9 34.5 19.70 0 0 17.25 4.9 25.45 2.45 59.95 12.25 

9= 90° 

Floor, 0 -9.9 34.5 19.70 0 0 17.25 4.9 25.45 2.45 59.95 12.25 

9 = 270° 

Excavation of the drift clearly results in a significant redistribution of stress near the drift. The 
vertical compressive stress acting before the drift was excavated was 9.9 MPa; after excavation the 
vertical compressive stress along the wall (9 = 0) would be 14.9 MPa, for an increase of 51 %. 
Horizontal fractures at the drift wall would tend to squeeze shut in response to the elastic effects 
caused by excavation of the drift. The elastic effects are even more pronounced at the top of the 
drift and at its floor. The post-drift level of hoop stress at the roof is 34.5 MPa. This represents an 
increase of 133%. As a result, vertical fractures at the roof that parallel the drift would tend to close 
down more than horizontal fractures at the drift walls. 

Fractures oriented perpendicular to the drift are affected less by the excavation of the drift. At 
the walls of the drift, the drift-parallel compressive stress would be reduced by 11 %; at the roof 
and floor the compressive stress is increased by this amount. An inspection of Eq. A31 (Appendix 
3) reveals that the net effect around the perimeter of the drift is zero. 

The normal stress acting on the drift walls is atmospheric pressure, so the excavation of the 
drift results in a radial compressive stress decrease at the drift walls of essentially 100%. As a re­
sult of the decompression, fractures that ring the drift will open; points of contact which locally had 
propped the fractures open will now cause the fracture walls to separate more. However, because 
. of their orientation, fractures parallel to the drift axis would not conduct water directly into the drift. 

According to laboratory work by Gale and co-workers (presented by Black et al., 1990) on the 
effect of normal stress on fracture conductivity, fracture hydraulic conductivity varies as ana, 
where Gn is the applied normal stress and a is an experimentally determined coefficient that ap­
pears to range between 0 and -1. Because the absolute magnitude of a is generally less than one, 
the hydraulic conductivity changes at a lower rate than the applied normal stress; if a = -0.25 (a 
reasonable value based on the laboratory tests), then doubling the compressive stress across a 
fracture will decrease conductivity by only 16%. Given the results of the stress analysis, fractures 
oriented radially with respect to the drift would sustain conductivity losses no more than 55% near 
the drift even if a = -1.5. The normal stress changes on fractures oriented approximately perpen­
dicular to the drift (i.e. the longer fractures in zone H) will result in only minor changes to their 
conductivity. 
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A more detailed analysis of the conductivity response of the fractured rock to the stress 
change-s bears these conclusions out. The fracture hydraulic conductivity after opening of a drift 
can be normalized by the ambient (pre-drift) conductivity in the following manner 

k r* = C Gn(post-drift)a I C Gn(pre-drift)a (I) 

kr * = {Gn(post-drift) I Gn(pre-drift)} a (2) 

By using the equations for post-drift stresses in Appendix 3 (equations A6, A7, and A15) and the 
pre-drift (ambient) stresses from Table 9.1, one can calculate normalized fracture conductivities as 
a function of distance from the drift using equation 2. Figure 9.3 shows normalized conductivity 
values for vertical fractures that radiate from the Validation drift roof. Those fractures would be 
subject to the greatest changes in nonnal stress and the greatest attendant decrease in conductivity. 
Figure 9.3 also lists effective conductivities as averaged over a distance of four drift radii beyond 
the drift; Appendix 4 gives details for how the effective values are calculated. Beyond four radii the 
stress redistribution effects should be negligible. Even if a has the unusually large magnitude of 
-1.50, the effective fracture conductivity on the most significantly affected fractures would de­
crease by less than 10%. The analysis strongly suggests that the estimated 8-fold reduction to the 
drift is due largely to factors other than elastic stress redistribution effects. 
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10 CONCLUSIONS 

Of the major fracture zones inferred within the SCV block, zone H (together with HB) has the 
most prominent radar and seismic fmgerprint. It may coincide with a structure several kilometers 
long identified through a regional aeromagnetic survey. Based largely on geophysical evidence, 
zone H is inferred to strike 3550 and dip 760 to the east, and zone Hb is inferred to strike 3530 and 
dip 600 to the east. Zones H and Hb cannot be distinguished from one another in the drift expo­
sures and are considered to represent a single zone, zone H. Zone H exposures are characterized by 
a red granite that contrasts sharply with the grey granite typical of the mine. The thickness of the 
red granite across zone H appears to vary from -5 m to -40 m. The color of zone H is its most 
distinguishing feature; its edges are not sharply defmed based on either the intensity or orientation 
of its fractures. The plane that passes through the center of zone H exposures at the 310-, 360- and 
410-m depth levels in the mine strikes N-S and dips _64° to the east. This orientation has an un­
certainty of several degrees in strike and dip and cannot be distinguished from the orientations for 
the separate zones given above. The zone thickness decreases from the 310 level to the 410 level; 
this is consistent with geometry inferred from geophysical data for the H-Hb combination. 

Sealed fractures of numerous orientations occur at zone H exposures. Most individual fractures 
are difficult to trace more than a few meters. However, the longest fractures in zone H exposures 
typically strike to the north and dip steeply to the east, subparallel to the zone as a whole. Many of 
the fractures in zone H are faults. At the 360 level, the longest fractures west of the zone generally 
strike 20° or somewhat more to the west and east of the zone they strike 20° or more to the east. 

The steeply-dipping faults with a northerly strike apparently have accommodated different 
styles of slip. Evidence for nonnal dip slip on these faults is most pronounced and is evidenced by 
a) fault surfaces with slickenlines that plunge down dip, b) faults being linked by steeply inclined 
fractures or cavities and c) displaced subhorizontal veins. The strong fingerprint for nonnal slip 
along the north-striking faults suggests that the H-zone may have been active when north-striking 
dikes were being intruded in southern Sweden and/or when nonnal faulting occurred on the Pro­
togine zone, a large north-striking fault/shear zone belt 80 km west of Stripa. Some faults show 
evidence for reverse slip. Finally, some faults have accommodated right-lateral strike slip based on 
steeply-dipping fractures that splay to the northeast. The rather chaotic arrangement of fractures in 
zone H, the structural evidence for at least three episodes of slip on zone-parallel faults and previ­
ously published evidence for at least two episodes of mineralization along fractures at Stripa are 
consistent with zone H being an old reactivated fault zone. 

Although most of the penneability and much of the porosity in the Stripa granite is due to the 
fractures, some porosity occurs in the fonn of pitting. Some borehole cores are pitted and in one 
case a pitted region in the SCV block has been located through geophysical techniques. The pitting 
has been interpreted to reflect dissolution of quartz from the granite. Pitting also occurs in a drift 
exposure at the 410 level along an H zone fault. At that spot fluorite was precipitated in pits in the 
granite and calcite was precipitated in cavities along the fault. These observations suggest that some 
secondary porosity in the SCV block may be due to the concentrated flow of reactive fluids along 
fractures. 

Direct infonnation on the fractures within the SCV site comes from four sets of boreholes. 
Although these holes trend in a variety of directions, most are shallowly inclined, so they are best­
oriented to detect steeply-dipping fractures. Most of the fractures that are open in recovered drill 
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cores are along pre-existing mineralized (or otherwise sealed) fractures. Independent of the location 
and orientation of a borehole, there is a strong tendency for the fractures intersected by a hole to be 
nearly perpendicular to the borehole. To test the extent to which this reflects borehole sampling 

.? bias, the actual fracture orientation distribution encountered in each borehole was compared with a 
synthetic distribution obtained as if the borehole had sampled a uniform distribution of fracture 
orientations. The comparison indicates 1) there probably is a strong uniform component to the ac­
tual distribution of in situ fracture orientations and 2) the observed distribution is strongly affected 
by the orientation of the borehole. The holes through zone H do show a higher density of steeply­
dipping fractures that strike subparallel to the zone than would be expected if the in situ distribution 
of orientations were uniform. Zone-parallel fractures are therefore larger and/or more abundant 
within zone H than fractures of other orientations. The conclusion that zone H contains fractures of 
numerous orientations, but with fractures subparallel to the zone being largest or most common, 
squares with the drift wall observations by the author. 

The hydraulic conductivity of a fracture in zone H is expected to reflect the orientation of the 
fracture and the current stress field. Based solely on the varied orientations of fractures.in zone H, 
one might expect its bulk conductivity to be nearly isotropic. However, because the stress field at 
the mine appears to be strongly anisotropic, the hydraulic conductivities of the fractures in the zone 
should vary as a function of their orientation. The most conductive fractures are likely to be per­
pendicular to the least compressive stress and the least conductive perpendicular to the most com­
pressive stress. The stress measurements in the mine to date indicate that the most compressive 
horizontal stress is oriented WNW and the least compressive stress is vertical. Steeply-dipping 
fractures that strike NNE would tend to have the smallest apertures on the average and be least 
conducive to flow. This is approximately the orientation of the longest fractures in zone H. 

The opening of a drift will significantly perturb the stress field in the adjacent rock and hence 
could potentially change the fracture conductivity within a few diameters of a drift. The elastic ef­
fects will be strongest at the drift walls and will die out within a few diameters of a drift. The 
magnitude of these effects will depend on the orientations of the drift, on the far-field principal 
stresses, and on the orientation of the fractures near the drift. In most cases, the excavation of a 
drift at depth will promote the opening of pre-existing fractures that parallel the perimeter of the 
drift, whereas pre-existing fractures oriented such that they radiate from the drift will tend to close. 
The effect on fractures that are approximately perpendicular to the drift axis would be minor. Be­
cause the radial and drift-perpendicular fractures would carry water into the drift, the stress effects 
on these fractures are particularly important. The perturbing effects would be greatest for drifts that 
trend perpendicular to the most compressive far-field principal stress (crt) and least for drifts that 
trend parallel to cr}; the latter case describes the situation with the Validation drift at Stripa. For a 
drift oriented obliquely to the principal stress axes, perturbation effects will vary significantly along 
the drift. 

The elastic stress perturbation caused- by the-excavation-of the Validation drift was analyzed to 
examine the possible effect of inflow to the drift along zone H. The Validation drift at Stripa trends 
at 287°, and is inclined down to the WNW at 3°, and has a radius of approximately 1.5 m. Zone H 
intersects the drift approximately 30 m from its east end. The orientations of the drift and the most 
compressive far-field horizontal stress differ by only 4°, indicating that a 2-D plane strain analysis 
is useful for analyzing the stress effects on zone H due to excavation. Using the most recent stress 
measurements for the SCV area, the compressive normal stress tangential to the drift should in­
crease between 50% (at the drift walls) and 133% (at the roof and floor of the drift); these effects 
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decay t.o less t.han ·10% wit.hin a few met.ers from t.he drift At. the levels of normal stress near the 
Validat.ion drift, the experimental work of Gale (Black et al., 1990) suggest.s t.hat. the ratio of the 
change in fract.ure hydraulic conductivity t.o t.he change in nonnal stress is between zero and one; 
the changes are relat.ed by a power .law. The hydraulic conduct.ivity along fractures orient.ed radially \. 
t.o t.he drift. should decrease by less t.han 10% as averaged over a 6-m dist.ance from the drift The 
absolut.e magnitude of the normal stress changes parallel t.o the drift are small «15%) and average 
t.o zero around t.he perimet.er of t.he drift There should be little direct. effect. on the inflow along 
drift-perpendicular fract.ures (i.e. the longest. H zone fractures). The excavation of the drift causes 
the compressive stress nonnal t.o the drift walls t.o be reduced t.o atmospheric pressure and pre-ex-
isting fractures t.hat. ring t.he drift should open. The hydraulic conductivity of these fractures should 
increase, but. they would not. be orient.ed t.o conduct. wat.er int.o the tunnel; they might. be able t.o 
st.ore wat.er or air, however. Elast.ic stress changes should have little direct. effect. on fracture con-
ductivity along zone H near the Validat.ion drift and are unlikely t.o account. by themselves for an 
inferred 8-fold reduction in flow int.o the drift region. 
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APPENDIX 1: Coordinates of SCV Block Corners (From Olsson et al., 1989) 

,. 
1 2 3 4 5 6 7 8 

X 400 400 550 550 400 400 550 550 
Y 1000 1150 1150 1000 1100 1150 1150 1000 
Z 310 310 310 310 460 460 460 460 

Note: Positions are in mine coordinates 
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APPENDIX 2.1: Information on SCV Boreholes WI, W2, N2, N3, N4 

(From Black et a/., 1990) 

'I. 

WI W2 N2 N3 N4 

Collar Position 

X 440.0 510.0 333.3 347.4 321.1 

Y 1146.8 1147.4 1139.2 1079.1 1023.1 

Z 356.1 355.3 356.7 356.9 345.0 

Bottom hole position 

X 441.7 511.4 530.1 527.4 529.0 

Y 1000.3 1000.8 1141.0 1082.6 1025.5 

Z 368.1 365.9 420.7 414.2 413.7 

Length (m) 147 147 207 189 219 

Overall hole direction 

Bearing (trend) 270.66 270.55 0.52 1.11 0~66 

Plunge 4.68 4.14 18.01 17.65 18.28 

Collar direction 

Bearing (trend) 269.94 269.90 359.85 359.97 359.25 

Plunge 4.99 5.02 18.59 18.59 18.80 

Bottom hole direction 

Bearing (trend) 271.39 271.19 0.87 2.20 2.12 

Plunge 4.13 3.32 17.31 17.01 17.47 

Note: Positions are in mine coordinates. Bearings are relative to mine north. Overall 
hole directions are from collar and bottom coordinates. 
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APPENDIX 2.2: . Information on SCV Boreholes Cl, C2, C3, C4, C5 

(From Black et a/., 1990) 

#' 

Cl C2 C3 C4 C5 

Collar Position 

X 438.5 442.5 432.8 441.1 443.3 

Y 1147.0 1147.0 1147.6 1146.6 1147.1 

Z 356.2 356.3 355.9 356.2 356.2 

Bottom hole position 

X 435.6 509.4 462.8 459.0 519.1 

Y 1029.0 1054.4 1056.6 1099.8 1077.9 

Z 448.8 453.4 380.9 392.1 451.0 

Length (m) 150 150 100 62 140 

Overall hole direction 

Bearing (trend) 268.61 305.86 288.22 290.93 317.61 

Plunge 38.11 40.38 14.65 35.62 42.72 

Collar direction 

Bearing (trend) 267.94 305.35 287.42 290.84 317.61 

Plunge 38.95 40.53 14.68 35.51 42.84 

Bottom hole direction 

Bearing (trend) 269.35 306.06 288.82 291.09 317.67 

Plunge 37.52 39.91 14.36 35.41 42.45 

Note: Positions are in mine coordinates. Bearings are relative to mine north. Overall 
hole directions are from collar and bottom coordinates. 
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APPENDIX 2.3: Information on SCV Boreholes Dl, D2, D3, D4, DS, D6 

(From Black et al., 1990) . 
... 
<-

01 02 03 04 05 06 

Collar Position 

X 439.1 437.9 438.3 439.7 440.1 438.9 

Y 1127.9 1127.7 1128.1 1128.3 1128.4 1128.3 

Z 383.3 383.6 382.3 382.3 383.6 384.4 

Bottom hole position 

X 469.5 468.1 468.3 469.9 470.3 469.4 

Y 1033.9 1033.6 1033.8 1034.2 1034.3 1034.3 

Z 389.0 389.4 387.6 388.3 389.5 389.9 

Length (m) 100 100 100 100 100 100 

Overall hole direction 

Bearing (trend) 287.91 287.75 287.63 287.81 287.78 287.96 

Plunge 3.32 . 3.33 3.09 3.47 3.42 3.16 

Collar direction 

Bearing (trend) 287.45 287.41 287.35 287.39 287.45 287.47 

Plunge 3.32 3.10 3.26 3.41 3.35 3.37 

Bottom hole direction 

Bearing (trend) 288.39 287.75 287.95 288.26 288.25 288.50 

Plunge 3.24 3.95 2.80 3.43 3.38 3.00 

Note: Positions are in mine coordinates. Bearings are relative to mine north. Overall 
hole directions are from collar and bottom coordinates. 
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APPENDIX 2.4: Calculated Fracture ZonelBorehole Intersection Depths 

(all distances in meters) 

~'b 

Hole Length A B H Hb I M K 
of hole 

WI 147 * 141.74 49.11 60.27 110.93 * * 

W2 147 125.52 87.39 56.57 70.71 118.08 * 102.44 

N2 207 * 196.31 * * * 18.22 149.01 

N3 189 179.49 139.12 * * * 39.88 182.17 

N4 219 168.74 122.81 * * * 102.05 * 

Cl 150 141.14 98.02 53.01 54.73 104.40 * * 

C2 150 112.10 82.55 67.96 67.38 125.86 * * 

C3 100 * * 52.44 61.11 * * * 

C4 62 * * 56.58 59.04 * * * 

C5 140 110.51 82.20 81.71 77.11 143.76 * * 
01 100 * 79.71 25.76 29.65 85.88 * * 
02 100 * 79.96 25.30 29.03 85.29 * * 
03 100 * 81.87 26.06 30.31 86.50 * * 
04 100 * 80.45 26.39 30.62 86.63 * * 
05 100 * 78.95 26.24 30.03 86.13 * * 
06 100 * 79.07 25.90 29.42 85.83 * * 

*Zone does not intersect borehole. 
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APPENDIX 3: Equations for Calculating the Redistribution of Stress 
about a Cylindrical Excavation 

The loading boundary conditions can be visualized as follows. Imagine a rock mass (with no 
drift) which is loaded by compressive stresses SH, Sh and Sv that act WNW, E-NE and vertically, 
respectively (Fig. 9.1). The stresses acting in planes perpendicular to the axis of the not-yet-exca­
vated Validation drift are the tangential normal stress (aee), the radial normal stress (arr) and the 
shear stress (tre): 

arr = O.S (Sh + Sv) + O.S (Sh - Sv) cos 2e (AI) 

aao = O.S (Sh + Sv) - O.S (Sh - Sv) cos 2e (A2) 

tre = - O.S (Sh - Sv) sin 2e (A3) 

The term e is the angle between the normal to the plane of interest and the horizontal. The stresses 
above would act on planes that strike parallel to the drift axis. The mean normal stress (abar) 
equals O.S (arr + aoo): 

(A4) 

The stress acting parallel to the not-yet-excavated drift axis is azz: 

(AS) 

This stresses would act on planes that strike perpendicular to the drift axis. 

Now replace SH by rigid walls (plane strain conditions) and consider that a drift of radius R is 
excavated. The new stresses acting in planes perpendicular to the drift are (Jaeger and Cook, 1979, 
p.251): 

tre = - O.S (Sh - Sv)(1 + 2 R2/r2 - 3 R4/r4) sin 2e (AS) 

where r is the distance from the drift axis. Note that the pre-drift (i.e. far-field) stress conditions are 
recovered at large distances from the drift (i.e. r »R). The changes in stress due to the excavation 
of the drift are obtained by subtracting the pre-drift stresses from the post drift stresses: 

(AIO) 
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(All) 

(AI2) 

(AI3) 

Under the plane strain assumptions, the change in stress parallel to the drift (ozz) would be 
(Timoshenko and Goodier, 1970, p. 30): 

(AI4) 

The post-drift stress acting parallel to the drift axis is then: 

(AI5) 

Another useful quantity is stress invariant II, a measure of the mean stress for three dimen­
sions: 

II = Orr+ O'aa+ O'zz (AI6) 

II = (Sh + Sv) - 2(Sh - Sv)(R2/r2)cos 29 + SH - 2v (Sh - Sv)(R2/r2)cos 29. (AI7) 

Note that at large distances from the drift, II = Sh + Sv + SH. 
The change in II due to the drift is: 

Substituting for L\ozz 

(A18) 

(A19) 

(A20) 

The stress effects of the drift are most pronounced at the drift wall (R = r). The post-drift 
stresses are: 

Orr = 0 (A21) 

(A22) 

'tre = 'tar = 0 (A23) 

(A24) 

(A25) 
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· II = (Sh + Sy) - 2(Sh - Sy)(R2/r2)cos 29 + SH - 2v (Sh - Sy)(R2/r2)cos 29. (A26) 

The changes in stress at the drift wall are: 

.1arr = - 0.5 (Sh + Sy) - 0.5 (Sh - Sy) cos 29 

.1cree = 0.5 (Sh + Sy) - 1.5 (Sh - Sy) cos 29 

.1'tre = 0.5 (Sh - Sy) sin 29 

.1abar = - (Sh - Sy) cos 29 

.1crzz = - 2v (Sh - Sy) cos 29 

.111 = - 2 (1 + V)(Sh - Sy) cos 29. 
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APPENDIX 4: Equations for Calculating the Effective Hydraulic Conductivity for Radial 

Flow into a Cylindrical Excavation 

Flow into a drift can be likened to the steady state radial flow of heat into a cylinder. The rate of 
heat (fluid) flow q through the walls of a hollow cylinder can be written as (Kreith, 1967, p. 38; 
Carslaw and Jaeger, 1984, p. 189): 

q = (Touter-Tinner) (21tkl)/{ln (router/rinner)) (A33) 

where Touter and Tinner are the respective temperatures (heads) at the outside and inside walls of 
the cylinder, k is the thermal (hydraulic) conductivity of the cylinder, I is the cylinder length, router 
is the outer radius of the cylinder, and rinner is the inner radius. 

Now consider the case of a composite cylinder of n layers bounded by inner and outer radii (rt, 
r2), ... , (ri' ri+l)' ... , (rn, rn+l) with conductivities of kl' ... , ki' ... , kn. For constant heads inside 
(r=rl) and outside (r=rn+t) the cylinder, the steady state flow through each layer i will be the same. 

(q/l) {In (r2lq)}/21tkl = (TrTt); ... (A34a) 

(A34b) 

(A34c) 

Summing over all n layers 

n 
(q/l) 1: {In (ri+l/ri) /21tki } = (Tn+1-T1)= (Touter -Tinner)' (A35) 

For a single-layer cylinder with the same dimensions as the composite cylinder and the same 
boundary head conditions, a single effective conductivity keff can be obtained 

(q/l) {In (router/rinner)} /21tkeff = (Touter -Tinner) 

Equating equations A35 and A36 

n 
(q/l) 1: {In (ri+t/ri) /21tki } = (q/l) {In (router/rinner)}/21tkeff 

Solving for the effective conductivity keff 

n 
keff = {In (router/rinner)}/ 1: {In (ri+l/ri) Iki }. 

-81-

(A36) 

(A37) 

(A38) 
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