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INTRODUCTION

The Lac du Bonnet Batholith is one of many late-tectonic granites emplaced in
the western Superior Province of the Canadian Shield towards the end of the 2760-
2670 Ma Kenoran event (McCrank et al. 1981; Davis et al. 1986; Stone et al. 1989). It
is a relatively undifferentiated and partly foliated porphyritic granite-granodiorite con-
sisting, like many other Archean batholiths, of broadly related but not sequentially frac-
tionated intrusions (Cerny et al. 1987).

In the late 1970's, the Lac du Bonnet Batholith was one of five research areas
that were selected for investigations by Atomic Energy Canada Limited (AECL) as part
of a broad program to assess the concept of nuclear waste disposal in plutonic rocks of
the Canadian Shield (Whittler 1987). The objectives of the field investigations were to
develop the methodology and instrumentation for screening and characterizing sites
and to develop an understanding of the field parameters that control fluid flow, mass
transport, and geomechanical response in plutonic rock. In the Environmental Impact
Statement submitted to the federal government on the concept for disposal of Canada's
nuclear fuel waste (AECL 1994), the geotechnical database on the Lac du Bonnet
Batholith was used in the case study for an illustrative assessment of the long-term
safety of a hypothetical disposal facility (Davison et al. 1994; Goodwin et al. 1994).

The Lac du Bonnet Batholith has been the most extensively studied of the AECL
field research areas. Surface and airborne field studies were complemented by a large
drilling program of more than 130 boreholes, most of them cored, to depths of up to
1100 m to develop a better understanding of the geology of the batholith and to
develop and test a conceptual model of the groundwater flow system. Detailed informa-
tion about subsurface characteristics of the Lac du Bonnet Batholith also is obtained
from the Underground Research Laboratory (URL), which was constructed by AECL to
a depth of 443 m below the surface to provide a realistic environment in which to con-
duct in situ geotechnical experiments in granitic rock. In addition to developing a
clearer understanding of the geology, specific studies at the URL include those on
groundwater movement and chemistry, in situ stress conditions, temperature-
dependent and time-dependent deformation characteristics and failure behaviour of the
granite, colloid migration, the absorption properties of the minerals in the host rock and
fractures, development of mining techniques that minimize excavation damage, and
tests of the performance of sealing and backfilling materials (Martin and Simmons
1992). No nuclear fuel waste is used for research at the site.

LAC DU BONNET BATHOLITH

Regional Setting
The Lac du Bonnet Batholith is located on the western margin of the Superior
Province (Figure 1), which comprises a number of east-west trending litho-tectonic
subprovinces in northwestern Ontario and eastern Manitoba (Card and Ciesielski
1986). The batholith is associated temporally and spatially with several other felsic
bodies of roughly the same exposed size and age in the Winnipeg River Subprovince,
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Figure 1. Subdivisions of the Superior Province (after Card and Ciesielski 1986).

Lac du Bonnet Batholith

[\

LDBB,



including the Betula Lake and Medika plutons (Figure 2). The relatively sparsely frac-

tured characteristics of large portions of these bodies, and of the Lac du Bonnet
Batholith, are attributed at least in part to their intrusion at or near the end of regional
deformation (Brown et al. 1989), to prolonged cooling--which delayed the onset of
brittle deformation--due to the size of the bodies and their proximity to each other, and
to the distance separating the intrusions regionally from later tectonic events in the
Superior Province (Everitt et al. 1990).

To the north, the batholith is in sharp contact with a narrow belt of metavolcanic
rocks in the Bird River Greenstone Belt, and to the south it is in gradational contact with
gneisses and migmatites of the Winnipeg River Subprovince (Beakhouse 1977). From
a tapered eastern margin, surface exposures of the batholith extend westward 85 km.
West of the Winnipeg River, the batholith is largely concealed by glacio-lacustrine
sediments and by Paleozoic carbonate rocks; however, geophysical data indicate that
the granitic rocks extend westward at least another 20 km (McRitchie 1971).
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Figure 2. Location of the Lac du Bonnet Batholith and nearby similar intrusions of the
Winnipeg River Subprovince in southeastern Manitoba.



Lithology
On the basis of mineralogy, texture, intrusive relationships, and geochemistry,
Cerny et al. (1987) identified five phases of the Lac du Bonnet Batholith (Figure 3), in
order of decreasing relative age:

1) gneissic hornblende-biotite tonalite (possibly xenoliths)

2) gneissic porphyritic hornblende-biotite granodiorite
3) gneissic to undeformed leucogranite

4) biotite granite (the main phase of the batholith)

5) late-tectonic biotite granodiorite dykes

In terms of field relations, -the oldest phase identified is strongly foliated
hornblende-biotite tonalite. Modally and chemically distinct from all the other rock
types, it occurs only as widespread but relatively minor enclaves in other rock types.
McCrank (1985) and Stone et al. (1984) mapped exposures of this phase in the late-
tectonic biotite granite as xenolithic material, and Cerny et al. (1987) noted that its
inclusion in the batholith sequence is arbitrary.

The two other early phases are restricted in occurrence to the eastern wedge of
the batholith (Figure 3), where they exhibit a structural complexity not evident in the
main portion of the batholith. The gneissic hornblende-biotite granodiorite contains
megacrysts of plagioclase and K-feldspar up to 15 mm in length. It is intruded by the
leucogranite, which is moderately to strongly foliated. The leucogranite is associated
geochemically and spatially with abundant interior pegmatites and with an evolved set
of pegmatites in the adjacent country rocks (Cerny et al. 1981).

Most surface exposures of the batholith consist of late-tectonic biotite-bearing
granite. Porphyritic biotite granite, described as porphyroblastic by Cerny et al. (1987),
is dominant in the central portion of the batholith and accounts for about one-fourth of
the exposures. Equigranular granite is more common near the margins.

The biotite granite has been subdivided into additional lithological units on the
basis of other textural and modal variations (Figure 3, inset) such as colour and biotite
content (e.g., Stone et al. 1984; McCrank 1985; Brown et al.1989), and it commonly
shows two or three faintly different variations on the scale of a single outcrop. These
variations are classified and described in more detail below, in the context of the
geology of the URL lease site and its vicinity.

The present topographic surface of the batholith is thought to be close to the
original roof zone of the intrusion. Pink, hematite-bearing granite predominates to
depths of about 200 m, below which the dominant phase is grey magnetite-bearing
granite, similar to the pink granite except for a lower Fe,04/FeO ratio. The “pinking”
appears to be partly primary in origin, partly deuteric, and partly due to paleoweather-
ing (late groundwater-induced alteration). Gascoyne and Cramer (1987) suggested that
the colour difference was primary, resulting from increased fO,) and f(H,O) in the
upper part of the crystallizing body. At the least, this process may be represented in
rare examples where grey granite is crosscut by pink pegmatitic or porphyroblastic
masses. However, where pink granite is found below 200 m, the colour change
consistently is associated with alteration in and around fractures. Within the interiors of
unfractured pegmatitic masses, the presence of hematite along grain boundaries,
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microcracks, and mineral cleavages is attributed to deuteric alteration (Everitt and
Brown 1987). The spatial distribution of “pinking” and variations in its intensity suggest
that the colour change resulted from one or more episodes of hydrothermal alteration
along the pervasive network of open fractures in the upper 200 m of the batholith
(Brown et al. 1989).

Late-tectonic, fracture-filling dykes of biotite granodiorite that intrude the biotite
granite in the central part of the batholith are the youngest of the major phases recog-
nized by Cerny et al. (1987). Although surface exposures are sparse, the extent and
proportion of granodiorite dykes increase progressively with depth at the URL. The
granite is also intruded by minor aplites and by numerous minor pegmatite dykes, par-
ticularly near the batholith margins. Irregular pegmatitic masses, and porphyroblastic
schlieren (Cerny et al. 1987), occur throughout the biotite granite but are commonly
associated with xenolith-rich zones (McCrank 1985; Everitt and Brown 1986). Various
auto-intrusive felsic dykes are widespread but minor.

Structural Geology

Geological and geophysical evidence indicate that the northern contact of the
batholith dips to the south at a relatively low angle (Brown et al. 1995). Drilling and
geophysical surveys across the batholith contact suggest that the southern contact of
the pluton dips outwards at an angle of 50-70°. The total volume of the batholith, based
on estimated thickness (Brisbin 1979; MacLeod 1980; Tomsons et al. 1995) and dip of
contacts, is between 9,060 km® and 45, 000 km® (Stone et al. 1989). In the vicinity of
the URL, the distribution of xenolithic and schlieric layers in the granite suggests that
the batholith was intruded locally along planes in gneissic host rock, then gently folded
by diapiric rise (Brown et al. 1989).

Partly as a consequence of its large volume and its regional setting, the Lac du
Bonnet Batholith cooled slowly and responded to deformation in a ductile manner dur-
ing much of its history of crystallization and cooling (Kamineni et al. 1990a; Stone et al.
1989). With the exception of some strike-slip faults, brittle deformation appears to have
been limited mainly to metre-scale displacements on chloritic thrust faults, most of
which are concealed by overburden in linear valleys and have low to intermediate ESE,
ENE, or WNW dips (Kamineni et al. 1990b). Discontinuities were subsequently rejuve-
nated without significant modification to the fracture style and extent. In general, except
near the surface the batholith has been relatively stable since emplacement of the main
phase, which is reflected in the low fracture intensity and the simplicity of fracture-filling
minerals throughout the batholith (Stone et al. 1989).

Large-scale faulting is rare, limited primarily to a NW-striking fault in the eastern
part of the intrusion (Trueman 1980) that offsets the northern contact of the batholith
and forms a contact between the early leucogranite and the main phase biotite granite
(Figure 3). Several large-scale lineaments, oriented ENE, are visible on satellite
imagery. The ENE orientation of these lineaments coincides with the long axis of the
batholith and with the structural fabric of the regional metamorphic rocks, and it is the
main orientation of many small-scale fractures throughout the batholith.

Subvertical fractures are common in outcrop. These are long and straight and
divide the rock into rectangular blocks that are eroded to form a stepped topography



marked by subvertical escarpments and flat to gently sloping outcrops (Stone et al.
1984). Subvertical fractures are rare below a depth of about 200 m, below which they
are limited to the margins of low-dipping thrust faults and splays, or to unusual rock
types such as dykes. Fracture zones conform to gross mineralogical or structural layer-
ing within the rock (Everitt and Brown 1986).

In large low-dipping fracture zones observed in the URL, hydrothermal alteration
has resulted in a second zone of "pinking" superimposed on the primary zone adjacent
to the fractures. More recent alteration in these fractures has bleached the rock and,
where intensive, has formed low-temperature mineral assemblages. U-series
disequilibria for some of these mineral assemblages indicate isotopic disturbance
within the last 10° a (Gascoyne and Cramer 1987).

Subvertical fractures are grouped into those striking NNE (015°-020°), those
striking ESE (110°-130°), and those striking SSE (160°-170°). Locally significant
groups strike S (180°) and NE (035°). The first two groups show many characteristics of
extension fractures, such as irregularity and lens-shaped infilling. Unequivocal right-
hand strike-slip movement is visible on fractures striking SSE; left-hand strike slip
movement occurs on fractures striking NE. These observations suggest a NNE-trending
compressive stress axis at the time of fracturing, similar to the stress field during the
formation of later pegmatite dykes and quartz veins. (Brown et al. 1989). In general,
subvertical fractures are partially or completely filled with a combination of chlorite, iron
oxides, carbonates, and clay minerals.

Low-intermediate-dipping fractures (10°-30°) are also common at surface and
are associated with fault zones in the subsurface. These fractures and the subsurface
fault zones are concordant at the URL with the mesoscopic-scale compositional layer-
ing of the batholith (Everitt et al. 1987). Exposures in the shaft of the URL, for example,
show that the strongly banded margins of xenolith-rich granite and associated pegma-
toidal lenses exerted a strong control on the localization of low-dip thrust faulting and
subvertical fractures.

Geochronology and Tectonics

Zircon U-Pb ages in the Winnipeg River Subprovince span a relatively long and
complex Archean history of about 500 Ma (Beakhouse 1985; Beakhouse et al. 1988;
Corfu 1988). Late- to post-kinematic granitoids derived by crustal melting of older rocks
are widespread in the Superior Province (Thurston 1991) and were emplaced between
2705 and 2660 Ma (Beakhouse et al. 1988). The Lac du Bonnet Batholith, with a U-Pb
zircon age of 2665 + 20 Ma (Krogh et al. 1976), was emplaced near the end of this in-
terval.

The Rb-Sr systematics of the Lac du Bonnet Batholith have been investigated by
a number of studies (Table 1). A Rb-Sr isochron for the leucogranitic rocks in the east-
ern part of the batholith gives t = 2550 + 190 Ma (Cerny et al. 1987); the high relative
error (more than 7 percent of the indicated age) is attributed to the high Rb/Sr ratio of
the leucogranite and to the high degree of recrystallization in the foliated rock. Whole-
rock analyses of biotite granite have yielded isochrons of 2621+ 162 Ma (Penner and
Clark 1971; Farquharson 1975) and 2603 £ 97 Ma (Cerny et al. 1987). Kamineni et al.
(1990b) analyzed 16 samples of unaitered biotite granite from drill cores at the URL



over a range of depths from 44 to 1068 m below the surface and obtained a whole-rock
Rb-Sr age of 2568 + 23 Ma.

Kamineni et al. (1990b) also obtained four internal Rb-Sr isochrons based on
mineral separates of unaltered granite (plagioclase, microcline, biotite) from cores at
depths between 57 m and 1068 m. In all four cases the high Rb of biotite controlled the
slope of the isochrons and gave Early Proterozoic ages of around 2300 Ma (Table 1).
The biotite dates are progressively younger with depth, indicating that Rb-Sr
systematics were influenced by cooling of the batholith. In contrast, microcline/whole-
rock isochrons of 2206 + 86 and 2298 + 48 Ma from strongly altered and oxidized
granite in a fracture zone record low-temperature hydrothermal alteration along one of
the subsurface thrust faults in the batholith, and a steeply dipping epidote-bearing fault
zone near the eastern margin gives an age of 2350 + 60 Ma. The overlap in ages from
the biotite (in pristine rock) and fault zone (altered rock) data indicate that fault-related
deformation occurred prior to the regional thermal stabilization of the batholith. This
points to a long cooling history for the intrusion (Kamineni et al. 1990a). Furthermore,
the timing of the faulting and other brittle structures in the Lac du Bonnet Batholith
show that the internal disturbance of the Superior Province did not terminate with plu-
tonism at the end of the Kenoran orogeny, but continued intermittently for at least sev-
eral hundred million years, possibly in response to events taking place beyond the
margins of the craton (Osmani 1992).

Table 1. Geochronological data for the Lac du Bonnet Batholith

Depth of
Material/method Age (Ma)' sample (m) Reference
Zircon (U-Pb) 2665 + 20 surface Krogh et al. 1976
Biotite granite (Rb-Sr) 2621 £ 162 surface Penner and Clark 1971;
Farquharson 1975
2603 + 97 surface  Cerny et al. 1987
2568 + 23 44 -1068  Kamineni et al. 1990b
Leucogranite (Rb-Sr) 2550 £ 190 surface  Cerny et al. 1987
Fault zone epidotized and 2206 + 86 FZ2? Kamineni et al. 1990b6
cataclastic rocks (Rb-Sr) 2298 + 48 Fz2
Mineral separates from 2308 + 48 57 Kamineni et al. 1990b
"pristine" biotite granite (Rb- 2340 *+ 36 326
Sr) 2343 £ 49 922
2270 + 47 1068
Near-surface altered rock ad- appx. 0.1 near-  Gascoyne and Cramer
jacent to fractures (***U/*%U; surface 1987

230Th /234 U)

all errors quoted at 2 sigma
2 Fracture Zone 2




Gascoyne and Cramer (1987) found disequilibrium values of Z*U/”%U and
2°Th/?*U in altered rock adjacent to fractures, in a surface sample and in drill core
samples at a depth of about 150 m, indicating that near-surface uranium has been
mobilized in recent geological time (within the last 10° a) but that Th has remained rela-
tively immobile. Apparently unaltered rock, slightly farther from the fractures, has lost
appreciable U but is no longer in disequilibrium, indicating that the loss occurred at
least a million years ago and perhaps much earlier, during deuteric or hydrothermal
alteration. In the same study, a drill core sample from the batholith from a depth of
730 m showed little evidence of U mobilization, either recently or ancient. When the U-
series results are correlated with observed concentrations and isotopic activity ratios of
U in groundwaters sampled from the same or adjacent fractures, samples from highly
altered rubble in the fractures show both excesses and deficiencies of ‘U and *’Th in
neighboring locations, possibly due to the presence of a redox front whose position is
controlled by modern groundwater composition.

Geochemistry

Detailed geochemical data for the Lac du Bonnet Batholith are presented by
Cerny et al. (1987). The various intrusive phases of the batholith span a relatively nar-
row range of silica content, with SiO, from about 64 wt.% for early, foliated hornblende-
biotite granodiorite to about 75.5 wt.% for early leucogranite; the main phase biotite
granite has average SiO, of about 73 wt.% and Al,O3; of about 14 wt.%. Except for the
early and possibly xenolithic tonalite, the intrusive phases of the batholith are of over-
lapping modal compositions, and all are calc-alkaline to slightly alkaline on a Peacock
diagram. Oxygen isotope data for the batholith show no significant variation by rock
type. The mean §'°0 values for the various phases are very similar, ranging from +7.8
to +8.4 per mil. Nevertheless, each phase defines specific compositional areas on
variation diagrams, with no direct chemical link between the rock types. All phases are
strongly enriched in LREE, but they have variable HREE contents consistent with each
phase.

On the basis of its oxygen and Sr isotopic characteristics, Cerny et al. (1987)
concluded that the granitic main phase of the batholith could not have formed by sub-
stantial melting of sedimentary supracrustal rocks, although small degrees of melting of
a less potassic source such as LILE-depleted tonalitic crust could generate the weakly
Eu-depleted and strongly HREE-depleted REE assemblages by leaving at depth a
plagioclase and hornblende-rich residue. However, the original biotite granite magma
also would have been modified by the separation of a volatile-saturated pegmatite melt,
and by the altered metasediments in the source region, the presence of which would be
required to account for the observed values of oxygen isotopes and of K,O.



UNDERGROUND RESEARCH LABORATORY (URL)

In 1980, AECL acquired a lease on a 3.8 km® area of the Lac du Bonnet
Batholith for construction of the URL as part of the geoscience research for the
Canadian Nuclear Fuel Waste Management Program. The site, chosen for the quantity
of outcrops and its proximity to AECL's Whiteshell Laboratories, is 2.5 km north of the
southern contact of the batholith and 14 km east of the town of Lac du Bonnet
(Figure 3).

The Lac du Bonnet Batholith is exposed in the subsurface in the URL by a
vertical access shaft that extends to a depth of 443 metres and by two major testing
levels at depths of 240 and 420 metres, each of which is a series of tunnels that extend
more-or-less horizontally for several hundred metres in a loop from the access shaft
(Figure 4). Access by hoist to the 240 Level is provided by a rectangular 2.8 m x 4.9 m
shaft with timber sets and to the 420 Level by a 4.6-m diameter circular shaft with steel
sets. Raise-bored ventilation shafts, a timber-framed raise at the 420 Level, and small
shaft stations in the main access shaft at depths of 130 m and 300 m also provide ex-
posures of the batholith at depth.

The excavations at the URL provide a cross section of the roof zone of the Lac
du Bonnet Batholith, of two low-dipping thrust faults and associated splays, and of the
subvertical intrablock fractures that flank the major faults. The roof zone is marked by
deuteric alteration and by shallow-dipping compositional layering. Low-dipping frac-
tures, including thrust faults, parallel the large-scale compositional layering, and are

generally confined to the contacts between massive leucocratic and foliated xenolithic
litho-structural domains.
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Figure 4. Surface facilities, ventilation raise, shaft, shaft stations, and major testing
levels in the Underground Research Laboratory.
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Litho-structural Domains

The dominant lithology at the URL is biotite-bearing granite, with lesser amounts
of quartz monzonite and granodiorite (Figure 5), that is representative of the main rock
type of the Lac du Bonnet Batholith. Outcrop-scale variations in colour, texture, and
mineral content are more clearly defined in the subsurface. One of the most significant
geologic results coming from the characterization of the URL was the discovery that the
batholith is coarsely layered rather than homogeneous as suggested in outcrop else-
where in the batholith. Xenolithic, leucocratic and heterogeneous zones within the
eastern two-thirds of the URL lease define a large-scale NE-striking, SE-dipping layer-
ing (Figure 6). These layers, or litho-structural domains, are distinguished from each
other on the basis of xenolith content, the relative abundance of late residual or meta-
somatic segregations, the presence of internal auto-intrusive contacts, and variations in
mesoscopic fabric (massive, gneissic, schlieric, xenolithic, etc.) as well as by the orien-
tation of their foliations.

The textural and compositional layering is clearly delineated in the URL shaft
(Everitt and Brown 1986), where it has been shown to exert a strong control on the
localization of low-dip thrust faulting (Figure 7). Fractures are the most common where
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Figure 5. Modal classification (IUGS 1973) of intrusive phases of the Lac du Bonnet
Batholith. Samples are from the URL lease site.
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layering is prominently developed in the granite (Figure 8). The subvertical fractures
also vary with respect to the litho-structural domains in terms of fracture orientation,
spacing, infilling, and other characteristics.

The litho-structural domains are not conspicuous at the surface, largely due to
low topographic relief and the subhorizontal orientation of the layering. However, field
mapping in the vicinity of the URL has identified a series of domes trending NNE in a
long antiform (Brown and Soonawala 1982), outlined by bands of xenolith-bearing
granite and associated pegmatoidal granite, that may represent surface expressions of
litho-structural domains.
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Figure 8. Variation in fracture frequency with granite fabric type, based on data from a
240-m scan-line down the URL upper vent raise.
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Auto-intrusives

In the subsurface, four systems of dykes, sills, and recrystallized zones crosscut
the main fabric types of the granite. In order of decreasing relative age, these intrusives
consist of;
rare early granitic dykes,

e early leucocratic segregations and metasomatized zones,
e granodioritic dykes, and
minor late pegmatite-aplite dykes and their derivatives.

The last group is transitional with mineralized fractures in the batholith. This
series of structures is thought to represent a continuous progression from late
magmatic to post-magmatic hydrothermal events.

Of the dykes and sills that intruded the main granite, the granodioritic dyke
swarm is the most extensive, and it has been traced in the subsurface through its inter-
section with boreholes and with the URL shaft (Figure 9). At surface, the swarm is
represented mainly by narrow zones of minor alteration and deformation in the host
granite. In the URL at the 130 Level Shaft Station and in the shaft at 200 m depth, the
dyke swarm becomes better defined as biotitic schlieren or as fine-grained ductilely
deformed zones that crosscut and offset compositional layering in the granite. The
dykes increase in size and number with depth such that at the 240 Level, clearly
defined dykes of strongly flow-banded, fine-grained granodiorite or granite are present,

Granodiorite dyke
from 420 to surface

Figure 9. Generalized extent and geometry of granodioritic dyke swarm at the URL.
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with an average dyke orientation of 160°%73° SW. In the deepest part of the URL,
granodiorite dykes are the dominant rock type and attain widths of up to 15 m. Defor-
mation in the tip region at and above the 240 Level was ductile, with the development
of drag folds and local foliations, and local boudinage of the adjacent host rock and the
dyke fillings, including quartz veins. Normal offset (west side down) was consistently
developed to the depth of the 300 Level Shaft Station. At the 420 Level, seemingly in-
consistent reverse dip-slip displacement may be due to rotation of blocks between in-
dividual dykes, as the proportion of dyke to host rock increases with depth.

Fracture Zones

The term “fracture zone” as originally employed at the URL (Davison 1982),
referred to regional scale, low-dipping, variously permeable horizons that contained
both low-dipping and steeply dipping fractures. Shaft mapping has shown that these
fracture zones consist of thrust faults, each flanked by lesser fractures and by an
alteration halo. The thrust faults have chloritic slip surfaces which grade into complex
cataclasite zones where fault movement has been significant (on the order of metres).
The cataclasites consist of recrystallized fault rubble cemented by a fine grained
chlorite-carbonate matrix, and they are crosscut by chloritic slip surfaces, minor
fractures, and seams of soft clay - goethite gouge. This assemblage is in varying
stages of groundwater-induced decomposition.

During construction of the URL, a working definition was developed for distin-
guishing the fracture zones in boreholes, in order to avoid inadvertent intersection with
the planned excavations. The boundaries of the fracture zones were arbitrarily defined
as the last low-dipping fractures encountered in the hangingwall and footwall about
either (1) the central cataclasite (rubble) zones(s), or (2) the centre of the zone as
based on the relative number and character of fractures and alteration zones. Steeply
dipping fractures were excluded from this definition, because shaft mapping has shown
that these extend well beyond the actual low-dipping faults and associated fractures.
The tops and bottoms so defined may be considered the limits within which the fracture
zones vary in thickness, orientation and complexity.

Fracture Zone 1, the deepest fracture zone identified during site
characterization, is not present in the area of the URL excavations. It terminates about
500 m up-dip from the excavations (Figure 7).

Fracture Zone 2, the deepest fracture zone intersected by the excavations, com-
prises a relatively simple system of conjugate shears and extension fractures (the
cataclasite zone/chloritic fractures, and the antithetic hematite-filled fractures respec-
tively). Displacement appears to have been reverse dip-slip only, with the overlying
block moving 7.3 m to the northwest.

The fracture patterns for Fracture Zone 2.5 and Fracture Zone 3, which are
located above Fracture Zone 2, are dominated by the same general arrangement of the
major slip surfaces, but additional low-dipping and subvertical fracture sets are present.
Overall, their geometry resembles two conjugate systems, superimposed to give
orthorhombic symmetry, as described by Davis (1984). Reverse dip-slip (up to 1 m)
dominates in these zones, but strike-slip and oblique slip lineations overprint the dip-
slip lineation.
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The fracture zones divide the rockmass into a number of tabular to
wedge-shaped blocks. These blocks are crosscut by one or more sets of subvertical
fractures, the pattern and frequency of which varies from one block (fracture domain) to
the next. The factors influencing the pattern of intrablock fractures include the overall
distance from the surface, the proximity to the bounding faults, and the local rock type.
With increasing depth, the subvertical fractures become less frequent, less continuous,
and simpler in pattern. They also become increasingly confined to the immediate
margins of the fault zones or to lithological heterogeneities such as dykes.

Fracture Domains

Four domains of fractures have been identified from surface and subsurface
mapping, and from drilling (Figure 7). Fracture Domain "A" extends from the surface to
the base of Fracture Zone 3. Within this domain, the predominant NNE-striking
subvertical set dips primarily to the NW (Figure 10). A NNW-striking set is less abun-
dant, but individual fractures have been traced from surface to the top of Fracture Zone
3, a distance of almost 100 m. Other directions of fracturing, such as a NW to WNW
subvertical set, are common near surface. Also present are non-systematic intrablock
fractures, and other fractures related to either local fabrics or to surface influences.
Low-dipping sheeting fractures have been encountered to a depth of 15 m from the sur-
face but are not common. Chloritic low-dipping fractures exposed in the upper 15 m of
the shaft show dip-slip lineations and are thought to be related to the major low-dipping
thrust faults. Subvertical fractures are terminated against these chloritic fractures and
against similar slip planes in Fracture Zone 3.

Fracture domain "B" extends from the base of Fracture Zone 3 to the base of
Fracture Zone 2.5. The pattern of fracturing here is more ordered than for fracture
domain "A” (Figure 10). Non-systematic or local fracture sets are minor in extent and
number. The dominant near-vertical NNE-striking set is well defined, dipping NW or SE
in approximately equal proportions. This set is largely confined to the upper and lower
thirds of the fracture domain (i.e., its margins adjacent to the low-dipping fracture
zones). The variety of infilling materials and the variability of this set about its mean
orientation also increase as the bounding fracture zones are approached.

Fracture domain "C" extends from the base of Fracture Zone 2.5 to the top of
Fracture Zone 2 (Figure 10). Fracture domain "D" encompasses the remainder of the
area in the URL below Fracture Zone 2. Natural fracturing in this domain is largely con-
fined to the immediate margins of the bounding fault zones, or to specific lithological
heterogeneities such as dykes and leucocratic zones. It is largely unimodal, with a
dominant subvertical NE-striking set, and a minor subvertical NW-striking set.

A comparison of the horizontal versus vertical trace lengths for the subvertical
fractures is provided in Figure 11. The data are from surface outcrop (Stone et al.
1984) and the shaft mapping respectively. The ratio of horizontal to vertical trace length
is roughly of 9:1. This appears to be due to a number of factors, including 1) the
truncation of most subverticals against the low-dipping fractures of various types in the
near-surface environment, 2) the truncation of the subverticals against the low-dipping
thrust faults, 3) the tendency for the subverticals to be constrained by the low-dipping
layering in the granite, and 4) fracture propagation under a horizontal oy stress axis.
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Figure 10. Summary of fracture domains as seen in the URL access shaft
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Relation Between Fractures and Stress Fields

The differences in the structure of the fracture zones, and in the fracture
domains between them, are explained using the model depicted in Figure 12. This
model is based on the underground mapping, and on data from surface and under-
ground boreholes in the URL vicinity, re-interpreted using the perspective provided by
the shafts. This model may have wider application, but is one of several models under
consideration for the regional scale.

The northeast face of the model is normal to the strike of the fracture zones as
seen in the area of the excavations. The geology of this face is shown. Fracture Zone 2
has a sharply arcuate outcrop pattern along the south and west side of the model. The
overlying rock block is "split" by Fracture Zone 3 and Fracture Zone 2.5, both of which
curve and merge with Fracture Zone 2 to the south.

The orientation of the present-day maximum principal in situ stress, relative to
this model, is shown in Figure 12. Two distinct stress domains have been recognized.
In the sparsely fractured rock below Fracture Zone 2, the maximum horizontal stress is
oriented NW-SE, perpendicular to the strike of the thrust fault. In the block above
Fracture Zone 2, the maximum principal stress is considerably lower and is oriented
NE-SW, parallel to the dominant fracture set and the strike of Fracture Zone 2. This
presumably represents a reduction and re-orientation of stresses through the formation
of fractures in the hangingwall block. These stresses were apparently not relieved in
the footwall.
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The geometry of the thrust faults suggests they were formed when the regional
stress field was oriented such that the plane containing the maximum and intermediate
principal stresses was subhorizontal, with the former aligned in the NW-SE direction.
This deformational event is believed to be associated with plate accretion on the
margins of the Superior craton during the late Archean - early Proterozoic (Ayres 1978;
Card and Ciesielski 1986). The present in situ stresses at depth (420 Level) in the URL
retain this geometry, which supports the suggestion by Haimson (1990) for a domain in
the mid-continent region in which the maximum horizontal principal stress is directed
NW-SE. ‘

In the case of Fracture Zone 2, the simple conjugate system of fractures
suggests that strain accommodated by fracturing was largely two-dimensional. In the
case of Fracture Zones 2.5 and 3, however, the orthorhombic pattern of low-dipping
major and minor fractures suggests that brittle strain was three-dimensional (Davis,
1984). This difference is seen as a consequence of Fracture Zones 2.5 and 3 being
"piggybacked" on Fracture Zone 2, which has had the major movement. As such, the
more complex displacements (strike, oblique, and reverse dip-slip) in Fracture Zones
2.5 and 3 probably represent a natural accommodation to displacement on the
underlying and dominant thrust fault (Fracture Zone 2).

The subvertical fracture sets are interpreted as extensional intrablock fracturing
initiated by geometric flexing and general expansion of the thrust plates, probably in the
early Proterozoic. The plane containing the maximum and intermediate principal
stresses was still subhorizontal, but the local maximum principal stress axis was now
aligned NE-SW. Reactivation and extension of some fractures must have occurred
during Paleozoic transgression, during subsequent removal of the Paleozoic cover, and
during continental glaciation. This is supported by the various ages of infillings in these
sets (Table 1).

The decreasing frequency, extent and complexity of subvertical fracturing with
depth from surface are seen as a consequence of both the stacking of the thrust plates,
and of the distance from surface. The greatest and most varied "flexing" and fracturing
would be suffered by the uppermost blocks. Within a single fracture domain, the pattern
and frequency of subvertical fracturing reflects the distance from, and configuration of,
the underlying thrust fault. In fracture domain "B" (the area of the 240 Level) for
example, the pattern of subvertical fractures varies from unimodal to bimodal
(orthogonal) as the wedge of rock between Fracture Zone 2 and Fracture Zone 2.5
thins out to the south. Similar variations are seen in the complexity and preferred
orientations of fracturing in Fracture Domain "A", as the plane of Fracture Zone 3
curves from NE- to N-striking.

Hydrogeology
Prior to construction of the URL, the natural, undisturbed hydrogeological condi-
tions at the site were characterized by small-scale tests on individual boreholes, large-
scale multiple-borehole hydraulic interference tests, and groundwater sampling for
aqueous geochemistry. Several types of multiple-interval completion systems were in-
stalled in the boreholes to measure the hydrogeological conditions within the rock
mass, and a program of both automated and manual monitoring was implemented to
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establish baseline piezometric conditions. These investigations revealed that the three
major, shallow-dipping fracture zones (FZ1, FZ2, FZ3) largely control the patterns of
groundwater movement and groundwater chemistry within the rock mass at the URL
site (Figure 13). The hydrogeological conditions of Fracture Zones 2 and 3 have been
determined in considerable detail using a variety of borehole testing techniques such
as straddle packer tests and large-scale multiple-borehole hydraulic pressure
interference tests. The results of the testing revealed a complex spatial pattern of per-
meability within each of the fracture zones which strongly controlled the patterns of
both groundwater movement and chemistry. Permeability of -unfractured rock in the
batholith generally decreases with depth, such that the permeability of unfractured rock
below about 700 m depth does not exceed 1072 m/s (Davison et al. 1994).

The baseline investigations were used to develop and to calibrate various
numerical computer models to describe the 3-dimensional hydrogeology of the site.
These models then were used to predict the piezometric drawdown that would develop
in the rock mass during and after the first stage of excavation of the URL shaft, to a
depth of 255 metres, and the modelled predictions were documented prior to the start
of excavation. The shaft was located such that it passed through Fracture Zone 3 and
an upper low-permeability limb of Fracture Zone 2, but it avoided the main high-
permeability portion of Fracture Zone 2. The time-variant rate of groundwater inflow to
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the shaft excavation was also predicted. As expected, most drawdown occurred within
Fracture Zone 3 and in a network of NNE-trending subvertical fractures extending
about 80 m above and below Fracture Zone 3. Very little drawdown developed in
Fracture Zone 2, also in accordance with the modelled predictions.

Hydrogeological experiments in the URL have continued to study the extreme
variability in the hydraulic characteristics of the fracture zones, and are used to develop
and test detailed models that simulate groundwater movement through rock and
through excavation damage around tunnels. Among other studies, travel time and the
recharge path of groundwater flow in the granite have been modelled; the results com-
pared well with groundwater residence times estimated from ?H/'®0 data from the URL
area (Gascoyne and Chan 1992).

Groundwater geochemistry

The groundwater salinity (i.e., total dissolved solids, TDS) in the Lac du Bonnet
Batholith, like that of many other localities on the Canadian Shield (Frape et al. 1984),
generally increases with depth (Gascoyne et al 1987). Variation in TDS and chlorinity
with depth in the vicinity of the URL site show that high TDS concentrations in shallow
groundwaters, due to bicarbonate and sulfate derived from overburden materials,
decrease in the subsurface to a depth of about 300 m, then increase exponentially with
linear increase in depth (Figure 14a). In contrast, groundwater chlorinity (Figure 14b)
shows a steep, continuous increase throughout the depths sampled. In both cases, a
reduction of slope occurs at a depth of between about 300 and 400 m; the rate of
increase in TDS and Cl below this depth is reasonably constant. Measurements of *Cl
in the groundwaters and in rock matrix solutions suggest that the groundwater salinity
is largely derived from dissolution of soluble salts in the host rock (Gascoyne et al.
1994).

Shallow bedrock groundwaters in the region are generally Na-Ca-(HCO,) domi-
nated. With depth, Ca, Na, and Cl increase and eventually account for more than 90%
of the TDS. The transition in chemistry from shallow to deep groundwater is also
marked by decreased concentrations of HCO3;. Complex mixing of deep saline waters
and near-surface recharge waters takes place in the fracture zones (Figure 15), and
continued interaction with the host rock causes near-surface discharging groundwater
to be quite saline.

Concentrations of natural U in groundwater are high in the upper 100-200 m of
the Lac du Bonnet Batholith, attaining concentrations of almost 1 mg/L in both overbur-
den and bedrock water samples (Gascoyne 1989). Much lower U concentrations (less
than 30 ug/L) are present below this depth range. The key control on U concentration
in these waters appears to be redox potential. Gascoyne and Barber (1992) attributed
the changes with depth to a combination of lower Eh groundwater and reduced avail-
ability of bicarbonate at depth to form soluble anionic U complexes. In contrast to U,
concentrations of natural Ra increase at depth. The increase may be caused by a re-
duction in the availability of sorption sites at high salinities at depth. The Ra enrichment
also may be the result of direct dissolution of alpha-recoiled Ra from U-rich fracture
linings, where U became less soluble and precipitated on surfaces in the deeper frac-
tures.
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DESCRIPTION OF FIELD TRIP STOPS

For logistical reasons, all stops on this one-day field trip are limited to outcrops
and excavations on the URL lease site, and most of the day will be spent underground.
The trip will emphasize the lithology of the equigranular to porphyritic biotite-bearing
granite which is the main rock type of the Lac du Bonnet Batholith, and the correlations
between litho-structural, hydrogeological, and in situ stress domains. The main features
to be observed are:

o large-scale compaositional layering in granite

o transition from roof zone to batholith interior

o transition from fractured and altered rock at surface to intact or sparsely
fractured pristine rock at depth

o influence of lithology on the fracture system

o relationship between subvertical fractures and the thrust faults and splays

The URL is located 14 km east of the town of Lac du Bonnet, which is about 130
km northeast of Winnipeg (Figure 2). From Highway 11 at Lac du Bonnet, drive east on
Provincial Road 313 for 12 km to Belluk Road (which is about 0.5 km past the Pinawa
Channel bridge). Turn right and proceed south on this gravel road for 1.6 km to the
entrance gate to the URL lease site. Turn left through the URL gate and proceed up the
hill to the URL parking area.

The URL is open for public tours at no charge year-round on Fridays at 10:00
a.m. and 1:30 p.m. Reservations are required by calling Whiteshell Laboratories at
1-800-665-0436.

Stop 1. Overview from hillside NW of URL parking lot.

This stop provides an overview of the surface facilities at the URL and an
orientation of surface topography relative to the major structural elements in the
subsurface (Figure 16).

After the initial overview (Stop 1), the field trip will focus sequentially on:

Stops 2 -9 Features of the roof zone

Stops 10 -13  The transition from altered and sparsely fractured rock to

unaltered and largely intact rock

Stops 14-18 The sparsely fractured main phase of the granite, high in situ

stresses, and extensive granodiorite dike swarm exposed in the
batholith interior.

As time permits and depending on accessibility, it may also be possible to view:

e ongoing experiments to design and test various components of the multi-
barrier geological disposal concept,

e the results of efforts to reduce excavation damage through progressive
improvements in excavation design and construction methods, and

e the correlations between lithology, fractures, in situ stresses,
hydrogeology and excavation damage which are applicable to the
general problem of site selection and investigation.
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Figure 16. Panoramic view (Stop 1) showing the relationship between surface
topography, the fault zone outcrop, and geology at the URL. The location of the trip
stops relative to the major structural features on site is also shown.

Stop 2. Fractured xenolithic granite in thrust fault (FZ3) hangingwall

Fracture Zone 3, the uppermost of the low-dipping thrust faults in this area, sub-
crops beneath the overburden at the base of the escarpment at this stop and has been
traced downdip through its intersection with the URL shaft (Figure 16). The exposures
consist of schlieric or layered granite with numerous mafic enclaves, many of which are
entrained in a felsic matrix of coarse to very coarse-grained segregations of apparently
late-stage differentiates. Individual xenolithic horizons, compositionally distinct, are
areally extensive and have been traced from surface downdip to the URL through
multiple borehole intersections.

An extensive network of fractures is present in the lower 100m of the hanging-
wall block of the fault. At least three subvertical sets are present in addition to low-
dipping sets. Some of the low-dipping fractures are related to surface relief, while
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others, with lower greenschist facies infilling assemblages, are older and are thought to
be genetically and geometrically related to events late in the crystallization of the roof
zone or to the development of the low-dipping faults. Shaft mapping reveals that the
subvertical fractures are truncated by the low-dipping shear fractures within Fracture
Zone 3. Faults and subvertical fractures tend to be preferentially developed at the
margins of the xenolithic granite. To the southeast, over the crest of the ridge, the
granite becomes increasingly homogeneous (stops 3,4), and fracture frequency is
substantially reduced.

STOP 3: Moderately fractured granite, epidote-filled fractures, and surface
exposure of the tip of the granodiorite dyke swarm. .

In a structural sense, this outcrop is located about 150 m above the thrust fault
(Fracture Zone 3), and it overlies the xenolithic granite of the previous stop. Features to
note at this location include:
fewer fractures and less alteration in general compared to previous outcrops
increased homogeneity of granite compared to the previous outcrops
epidote-filled subvertical fractures and localized alteration in granite
surface exposure of the granodiorite dyke

This is an example of moderately fractured rock at the URL (i.e., one or two
fracture sets, spaced 1-5 m apart). Several of the fractures exposed at this outcrop
contain epidote, which is relatively uncommon in the fracture mineral assemblage for
the batholith. Other stops in the field trip will show examples of highly fractured and
sparsely fractured rock. Surface exposures of the granodiorite dyke swarm, as typified
by this outcrop, are rare. The dyke swarm is much better developed at depth; good ex-
posures of well-defined, fine-grained granodioritic to granitic dykes will be viewed
underground later in the field trip.

STOP 4: Sparsely fractured granite, pegmatite dykes, strain measurements.
During URL site characterization, this locality was used for recoverable strain
measurements (Figure 17). Structurally, this outcrop is approximately 170 m above the
top of the thrust fault Fracture Zone 3. The subvertical fractures seen at the last stop
are absent, and the rock is unaltered. Features of interest include:

e decrease in alteration and frequency of fractures over the general outcrop

area compared to the previous stops,
e textural homogeneity of the granite at this location, and
e sheared pegmatite dykes with dilational, quartz-filled step-outs.
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Figure 17. Qutcrop of sheared fine-grained granite zones, with left lateral strike-slip
movement and pegmatitic terminations (Stop 4). The outcrop was also the location for
recoverable strain measurements

STOP 5: URL headframe

At this point, participants will proceed underground for the remainder of the field
trip. Boots, hard hats, coveralls, and accessory lights will be provided at the URL for all
participants. Depending on the total number attending, participants may be split into two
groups for transport in the hoist and for viewing stops at the 240 and 420 Levels. In
such an event, not all stops will be visited in consecutive order.

STOP 6: (Optional) Fracture Zone 3 in the URL shaft, 120 m depth

This exposure of Fracture Zone 3, the uppermost major thrust fault, is located in the
access shaft at a depth of 120 m. Access to this site is limited under normal circum-
stances, and will be at the discretion of Site Operations. All visitors must remain in the
cage. Features to note here include:
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¢ large-scale control of fractures by litho-structural domains

e small-scale control of fracturing by foliation in the granite

e overall appearance of fault zone, including basal cataclasite zone and
chloritic splays in the hangingwall block

e subvertical intra-block fracturing in both the footwall and hangingwall.

At this location, Fracture Zone 3 straddles the contact between a gneissic
granite domain and a xenolithic granite (Figure 18). This correlation between lithologi-
cal contacts and fault location has been traced through multiple borehole intersections
and extends over an area of at least 1 km®. In and near the exposure of the fracture
zone in the shaft, the compositional layering and the faulting have an average orienta-
tion of about 058° /16° SE. However, many individual fractures parallel the local-scale
gneissic and schlieric banding. This implies that where the local fabric approximately
coincides with the theoretical failure plane for fault formation, the fracturing follows the
orientation of the local, small-scale heterogeneities. This is most obvious in the
hangingwall above the basal cataclastic zone, where the average fracture and foliation
attitudes are 029°26° SE and 030°/30°, respectively.

The upper boundary of Fracture Zone 3 is marked by a single chloritic fracture
oriented 030°/30° SE and by a narrow zone of secondary fracturing and alteration. A
pegmatite dike and a quartz vein show reverse dip slip displacement, with an apparent
offset of 4 cm.

The base of the fault zone is more complex, consisting of a braided shear zone
about 1 m in width, with complexly fractured and altered rock blocks bounded and seg-
mented by chloritic slip surfaces and a cataclastic matrix. The cataclasites consist of
recrystallized fault rubble cemented by a fine grained chlorite-carbonate matrix. They
are crosscut by the chloritic slip surfaces, minor fractures, and seams of soft clay -
goethite gouge. This assemblage is in varying degrees of groundwater-induced
decomposition. Parallel and antithetic fractures occur throughout the hangingwall, and
to a lesser extent in the footwall.

Fracture Zone 3 is more structurally varied and complex than the deeper fracture
zones. There is a greater scatter to the orientations of all fracture sets in this zone
compared to the others, and there are two additional low-dipping fracture sets that are
not found in the deeper faults. In Fracture Zones 2 and 2.5, subvertical fractures have
propagated from the cataclasite zone upwards into the overlying block. In Fracture
Zone 3, subvertical fractures extend into the footwall as well as the hangingwall. This
greater complexity and degree of fracturing is believed to be a consequence of the
relative position of Fracture Zone 3 at the top of the thrust pile. In other respects,
however, Fracture Zone 3 resembles the deeper fracture zones. These similarities
include:

e a broad zone in the hangingwall with large low-dipping chloritic shear fractures
(splays) and subsidiary fractures. The abundance and variety of infillings in these
subsidiary fractures is greatest at their intersection with the fault zone, and
decreases with distance,

e a cataclasite horizon and major slip surfaces with offset at the base of each fault,
and
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e an encompassing alteration halo in which the granite is changed from grey or pink
to red brown or cream. (The dimensions of the altered and fractured regions: in the
footwall and hangingwall of this fault, and of the other faults, are quite variable but
generally decrease with decreasing fracture permeability.)

Like the other faults, Fracture Zone 3 is a boundary separating rock blocks with
differences in fracture density and pattern, and with different in situ stress orientations
and magnitudes. This last point is demonstrated by the changes in orientation of the
stress-induced fractures across the fault.

STOP 7: Xenolithic granite and subvertical fractures at the 130 Level

The 130 Level Shaft Station is one of two access stations apart from the main
testing levels in the shaft (Figure 4). The granite exposed at this stop is pink to red in
colour, coarse-grained to pegmatitic, and contains abundant xenoliths in a range of
sizes up to 10 m in length. Most of the xenoliths are metavolcanic and include amphi-
bolitic, quartz-pyrite-chloritic, and carbonate-bearing examples.

The 130 Level Shaft Station is about 15 m below the base of Fracture Zone 3
and so is within Fracture Domain "B", which extends from the base of Fracture Zone 3
to the base of Fracture Zone 2.5. Subvertical fractures are largely confined to the
margins of this domain, in its upper and lower thirds. The geometric pattern of
fracturing is simpler and more ordered than that seen above Fracture Zone 3. A single
NE-striking subvertical fracture set predominates, one example of which is visible at
this stop. The spacing in this fracture set is zonal, varying from one xenolith to the next.
Infillings include hematite and carbonate. Chlorite is preferentially developed in the
portions of the fracture within and below the xenoliths.

STOP 8: (Optional) Litho-structural domains in the shaft, 150m depth.

Access to this stop, at 150 m depth in the shaft, is limited under normal circum-
stances, and may be restricted at the discretion of Site Operations. All visifors must
remain in the cage.

This stop examines the contacts and the differences in deformation between
three litho-structural domains at depths between 150 m and 170 m in the shaft
(Figure 19). The domains consist of an upper and a lower xenolithic granite, separated
by a domain of massive to weakly gneissic granite.

The two xenolithic domains consist of amphibolitic and metavolcanic xenoliths in
a coarse-grained to pegmatitic granite matrix, with abundant flow banding and biotitic
schlieren. A number of features at this locality suggest differential movement and
mingling of incompletely solidified components of the batholith roof zone, with the
gneissic granite at this location behaving more rigidly than the xenolithic granite:

e A fold in the flow banding of the upper xenolithic granite is abruptly truncated
against the contact with the massive to weakly gneissic granite.

e Compositional layering in the gneissic granite, 5 m from this contact, displays
boudinage structure
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e Xenoliths, particularly those in the lower domain, are strongly flattened within 5 m of
the contact, whereas xenoliths at a greater distance are undeformed.

e Undeformed xenoliths adjacent to the gneissic granite tend to have their long axes
aligned parallel to the contact, but xenoliths further from the contact are more
randomly oriented.

e A pegmatitic lens with very coarse microcline porphyroblasts occurs against the
lower contact of the gneissic granite, and some of this material intrudes several
metres into the gneissic granite.

Drilling from the 130 Level Shaft Station has shown that the gneissic granite thins

rapidly and terminates 20 m up-dip, and a similar distance to the southwest along

strike.

This stop also illustrates the transition from moderately to sparsely fractured rock
in the centre of Fracture Domain B. The NE-striking subvertical fractures that character-
ize Fracture Domain B are largely limited to the xenolithic granite. The gneissic granite
is for the most part unfractured and unaltered.

STOP 9: Fracture Zone 2.5 in the shaft, 215 m depth.

Access to this stop, at 215 m depth in the shaft, is limited under normal circum-
stances, and may be restricted at the discretion of Site Operations. All visitors must
remain in the cage. Noteworthy points at this stop include:

¢ large -scale control of fracture zone location by litho-structural domains

¢ local-scale control of fracturing by foliation in the granite

e fault structure, including basal slip cataclasite zone, chioritic splays in the

hangingwall block, and

¢ subvertical intra-block fracturing in the hangingwall only, and the termination

of the subverticals at the base of the fault zone.

Fracture Zone 2.5 is a wedge-shaped splay with little apparent offset that
branches from the top of Fracture Zone 2. It is intersected by the shaft between depths
of 202 to 217 m, but it terminates less than 50 m from this location. The local orienta-
tion of Fracture Zone 2.5 here (WNW strike, SW dip) is markedly different from
Fracture Zones 2 and 3 (NE strike, SE dip). This difference may be attributed, at least
in part, to control by earlier rock structure. Fracture Zone 2.5 follows the contact
between litho-structural domains 5 and 6 (two gneissic granites), over an area of about
200m?, based on data from multiple borehole intersections and the vent raise. Fabric
control at the outcrop scale is most obvious at the base of the fault, where prominent
anastomosing chloritic slip surfaces follow biotitic schlieren bands.

There are few markers, but offset sense and displacement across Fracture Zone
2.5 appear to be very minor. A maximum of 10 cm of reverse dip-slip displacement has
been observed on the basal chloritic fracture of this zone, with no visible offset on any
of the other low-dipping fractures throughout the overlying 20 m of the hangingwall
fractures. Cataclasite has been found in this fault by boreholes drilled to the southwest
of the shaft, but the absence of a cataclastic horizon at this stop is consistent with
negligible offset across the fracture zone. Slickenlines on the large, low-dipping, sub-
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horizontal fractures indicate dip-slip movement, with an oblique component for the
NW-striking low-dipping fractures. Vertical fractures display horizontal and subvertical
lineations.

The most noteworthy feature of Fracture Zone 2.5 at this locality is its effect on
the distribution and extent of subvertical fractures (Figure 20). In the hangingwall above
Fracture Zone 2.5, one set of NE-striking subvertical fractures is abundant. The number
of fractures in this set increases with proximity to the base of Fracture Zone 2.5, and
the variety and amount of infillings within each fracture also increase. This subvertical
fracture set is abruptly terminated at the base of Fracture Zone 2.5. The footwall block,
which is exposed in the shaft raise, at the 240 Level, and in an extensive array of bore-
holes, is virtually fracture-free, with fractures restricted to minor rock types (such as
dykes), or to the margins of the fault zones (as described in the next stop).

STOP 10: 240 Level Station: Geology of the 240 Level

The uppermost of the two main levels, the 240 Level is the site of many URL
experiments. The arrangement of tunnels in the 240 Level is roughly pentagonal in plan
view, with rooms for experiments branching from the sides and ends of the tunnels
(Figure 4). Construction of the 240 Level involved the development and testing of a
number of engineering techniques to reduce excavation damage through improved
excavation design and execution. The success of these techniques, aided by relatively
low stresses in the rock at this depth, is illustrated by the smooth walls and high
percentage of perimeter blast hole tracers (half-barrels) remaining on the excavation
surfaces throughout most of the 240 Level.

Structurally, the 240 Level is situated within an open-ended wedge-shaped
block, the margins of which are defined by the upper and lower surfaces of Fracture
Zones 2 and 2.5, respectively (Figure 21). Fracture Zone 2.5 pinches-out approxi-
mately 65 m to the east of the shaft and merges with the top of Fracture Zone 2
approximately 80 m to the northwest. The gross scale permeability of Fracture Zone 2
increases to the northwest, apparently due to of its intersection with Fracture Zone 2.5,
and to the increasing frequency and complexity of fracturing between them. The transi-
tion between fractured ground to the west and largely intact ground to the east is
coincident with a grey (unaltered) and pink (altered) colour boundary in the granite
(Figure 22).

The batholith at this depth is medium grained and variably gneissic. It is host to
a variety of leucocratic segregations and metasomatized zones, most of which occur as
irregular lenses or sills concordant to the surrounding gneissosity. Amphibolitic or
tonalitic xenoliths may occur in association with these leucocratic zones but are
generally rare at the 240 Level.

Fractures exposed within the excavations and boreholes of the 240 Level are
NE-striking and subvertical. They occur either as major joint zones extending tens of
metres vertically and horizontally, or as non-persistent fractures confined either to the
granodiorite dykes or to the early granitoid (coarse granite to pegmatite) sills (Figure
22). The major joint zones truncate against the thrust faults, and are water-bearing.
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The following features will be examined at various locations on the 240 Level:

e transition from fractured and altered rock to unfractured and unaltered rock
granodiorite dykes

several generations of late auto-intrusive pegmatites / granites

outcrop-scale control of fracture distribution by lithology

efforts to reduce excavation damage through improved excavation design and
execution.

STOP 11: (Optional) Transition from fractured to unfractured granite near
Fracture Zone 2.5 (Solute Transport for Moderately Fractured Rock Experiment)

The Solute Transport in Moderately Fractured Rock Experiment (MFR) was
designed to determine hydrogeological and chemical transport properties in a large
volume (10° m®) of rock that has, on average, 1-5 fractures per metre on a line sample
(Simmons et al. 1992). The access tunnel (Room 214), and the drilling station tunnels
(Rooms 215 and 216) for this experiment expose a section through the alteration halo
underlying Fracture Zone 2.5 in which the transition can be observed from unaltered
and unfractured rock to altered and locally fractured rock (Figure 23).

MFR Experiment
Room 214

Room 215
Room 216

FRACTURE
ZONE

ALTERATION _
ZONE

Figure 23. Location of fracture zones and alteration haloes in relation to the access
tunnels for the MFR Experiment (Stop 11).
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The main rock unit in the MFR tunnels is a compositionally and texturally
banded, grey to pink gneissic granite. It is host to three auto-intrusive phases:

¢ early fine-grained to pegmatitic leucogranite segregations

e granodiorite dyke swarm

¢ |ate pegmatite dykes

The early leucocratic segregations are largely confined to an irregular layer
about 2 m to 2.5 m thick which strikes northeasterly and dips along the gneissosity
(about 25°NE). This heterogeneous layer is significant as it hosts nearly all of the sub-
vertical fractures seen in the MFR excavations.

A single metre-wide granodiorite dyke occurs at the junction of Rooms 215 and
216. Related small dykes and ductile shear zones are distributed throughout Room
215, where they comprise biotitic quartzo-feldspathic bands that offset and deform
earlier layering. The main dyke has an average orientation of 128°(218°)/47°, and it is
strongly flow banded.

The pegmatite dykes are uniformly distributed in all rock types present at the
240 Level. This is in contrast to the 420 Level, where pegmatite dykes are limited to the
interior of the granodiorite dyke swarm. The subvertical pegmatite dykes are hydro-
geologically significant because local parting along the dyke contacts has produced
open fractures.

At the URL, the frequency and complexity of fractures increases with proximity to
the fault zones. This pattern is apparent through the cross section provided by the
tunnels. The access tunnel (Room 214) is in unfractured and unaltered granite, but the
entire drill station area (Room 215-216) is within the pink alteration halo underlying
Fracture Zone 2.5. For any given rock type, colour grades from brick red near the
crown to light pink or grey in the floor. The alteration halo marks the extent of micro- to
outcrop-scale fractured rock beneath Fracture Zone 2.5. The process of “pinking”
occurs by deposition of hematite along grain boundaries and microcracks, and is
clearly evident in the coarser-textured units. The secondary nature of the pink / grey
alteration halo (associated with Fracture Zone 2.5 above the tunnel) is clearly evident
as it is superimposed across the dyke contact. Four sets of fractures are recognized on
the basis of orientation and mode of occurrence:

e NE-striking subvertical fractures confined to the early leucocratic segrega-

tions, trace length less than 0.75m, with hematite infilling.

e NW-striking subvertical fractures confined to the early leucocratic segrega-
tions, hematite infilling.

¢ one throughgoing NNW-striking subvertical fracture with hematite infillings,
exposed on the northeast wall of Room 215. This fracture is not confined by
lithology.

e one low-dipping fracture confined to a very prominent biotitic band (old ductile
shear zone). There is partial alteration of the biotite to chlorite along the
fracture, and lineations plunge along the dip-direction of its surface. As such,
this fracture is similar in geometry, mode of occurrence and appearance to
those which comprise the URL fracture zones. The extent of the fracture
beyond the tunnel is unknown at this time.
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STOP 12: Correlation between fractures, in situ stresses, and hydraulic trans-
missivity at the 240 Level

Hydraulic studies in the URL before, during, and after shaft construction have
revealed complex local and regional scale patterns of transmissivity within the fracture
zones. Within Fracture Zone 2, permeabilities range over six orders of magnitude, with
high and low permeabilities appearing to form distinctive channels at the site scale
(Figure 24). The prominent NE-trending transmissivity channel marks the intersection
of this fault with Fracture Zone 2.5. The remaining channels are thought to result from
some combination of structural controls and hydrogeological phenomena, such as the
precipitation of infillings due to mixing of groundwaters with dissimilar chemistries.
Areas of either high or low transmissivity appear as bands extending along the strike of
the fracture zone.
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Figure 24. Variations in permeability within Fracture Zone 2.
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The Solute Transport in Highly Fractured Rock Experiment defined a high
transmissivity, low-storage zone that is located immediately northwest of the shaft
(Figure 25). This zone is surrounded by extremely low transmissivity conditions, and it
has very limited hydraulic communication with a much more extensive region of high
transmissivity / high storage to the north and west.

These transmissivity anomalies are accompanied by:

o flexures in the fault zone, generalized here by structure contours representing

the middle of the central cataclasite horizon,

e anomalies in the rock type hosting the fault (Figure 26); the fracture zone
typically is confined to a xenolithic horizon (area 1 in Figure 26), but to the
west and northwest the fracture zone changes in orientation such that it
crosscuts the layering to intersect the neighbouring or gneissic granites, and

e occurrence of core discing in this area that represents locally high in situ rock
stresses normal to the fault zone (Figure 27).

60 50

40

=10"%0 1030 /s
=10"t0 10 ot /s
=100 107 m%s

USA9303

‘Figure 25. Variations in hydraulic conductivity within Fracture Zone 2 in the area below
the 240 level. Contours show the elevation (m) for the top of Fracture Zone 2.
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It is concluded that the variations in the character and transmissivity of the frac-
ture zones, and the variations in the stress magnitudes, are the direct result of undula-
tions in the fault surface. As was shown in Figure 21, movement on any undulating
surface can be expected to result in dilational gaps, restraining bends, fault-bounded
structural wedges (such as that between Fracture Zone 2 and Fracture Zone 1.9), and
secondary fractures in the fault-bounded blocks (such as the subvertical fracture in
Room 219 in upcoming Stop 13).

Variations in relative transmissivity correspond to variations in the thickness of
the alteration halo. This correlation is a useful one as it serves as a qualitative indicator
of the historic flow variation, which has practical application in designing drilling
programs and positioning excavations to minimize groundwater disturbance.

STOP 13: Special excavation techniques, prominent subvertical fracture in Room
209 (Quarried Block Fracture Migration Experiment)

This portion of the 240 Level was excavated for the Quarried Block Fracture
Migration Experiment, which is sponsored by the Japanese Atomic Energy Research
Institute (JAERI). The extremely smooth high-quality exposures at the end of the tunnel
were produced by diamond wire cutting.

Features to note at this stop include:

e a prominent subvertical fracture (known as the Room 209 Fracture) at the

transition from fractured to unfractured rock below Fracture Zone 2.5,

e the damage zone created directly ahead of a full face blast round, and

e lesser damage zone created adjacent to a pilot and slash round.

The Room 209 Fracture is significant in that it is the only water-bearing
subvertical fracture between Fracture Zone 2 and Fracture Zone 2.5; the remainder of
this block is effectively unfractured. The Room 209 Fracture comprises a wedge-
shaped zone of fractures that begins at the base of Fracture Zone 2.5 and narrows
downward until it terminates at the 240 Level, about 35 m above Fracture Zone 2. It
parallels the strike of Fracture Zone 2, and extends 35 m vertically to the base of
Fracture Zone 2.5, and at least 105 m horizontally. The fracture is thought to have
formed in response to flexing of the fault block due to the change in dip angle of the
fault directly beneath it. Such flexing would have led to a local reorientation of the
principal stresses. The maximum principal stresses below and above the fault zone are
perpendicular and parallel to the strike of the thrust fault, respectively. The stress field
above the thrust fault is oriented so that the subvertical fractures in this zone are open
and conductive.

The area in Room 219 cut by diamond wire saw provides a rare cross section of
an excavation damage zone which in this case has propagated a distance of 3 m ahead
of a tunnel face to intersect a subvertical water-bearing fracture 2 to 3 m from the
excavation. Propagation of excavation damage bears directly on the design of
excavations and the excavation method, as well as the integrity of the intact rock and
any water-bearing fractures bordering the disposal area. The presence and time-
dependent behaviour of any excavation damage also affect the design of excavation
seals and other engineered barriers.
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The geology and excavation damage visible in the walls as of 1995 June 05 are
shown in (Figure 28). Blast-induced excavation damage consists of microcracks
(hairline fractures) and whitened zones which stand out from the wall like miniature
pop-ups. The relief of these pop-ups is very low -- less than 0.5 mm at most -- but they
are clearly visible under low angle illumination. The whitening and relief appear to be
grain- scale microcracking and dilation at the intersection of the cracks with the wall.
This dilation appears to be time-dependent; the induced fractures had visibly advanced
since photographs were taken in May 1995.

The extent of damage varies significantly between the northeast and southwest
walls. This variation appears to be attributable to the type and orientation of the
previous blast rounds. For example, the southwest wall (Figure 28a) provides a section
along the centre-line and directly in front of a full face blast round. Remnants of the
high energy production holes (bootlegs) are preserved on the tunnel face, and the
cracks apparently propagate away from these points. Excavation damage, represented
by hair-line cracking, has developed up to 3 m from the former tunnel face, and extends
across the Room 209 Fracture. In contrast, the northeast wall (Figure 28b) is adjacent
to a portion of tunnel excavated by slashing (controlled blasting along low energy
perimeter holes). Excavation damage here is limited to a much less dense array of
cracks confined to an area no more than 0.5 m from the tunnel wall.

On the southwest side of the tunnel, damage is concentrated in the upper two
thirds of the wall. This may be a function of the location of blasthole remnants relative
to the plane of section exposed, or to the timing of the blasts within this round. There
may also be a structural control, as inspection of Figure 28a reveals that fractures
normal to the Room 209 Fracture are preferentially developed, and that induced
fractures in general are most frequent where the distance between the Room 209
Fracture and the blast round is at a minimum.

Local crack orientations are influenced by lithologic contacts and rock type, and
this influence increases as the distance from the face increases. Although coarse
feldspars are particularly prone to microcracking, there is no other clear tendency for
one rock type to be more fractured than another.

STOP 14 (Optional): Fracture Zone 2 in the shaft, 270m depth.

This stop is in the access shaft between 270 and 290m, at its intersection with
Fracture Zone 2 (Figure 29). Fracture Zone 1.9 (Figure 7), slightly below this point, is a
minor splay within the footwall of Fracture Zone 2 (Figure 21). Access to these
locations is limited under normal circumstances, and will be at the discretion of Site
Operations.

The general structure and total offset of Fracture Zone 2 are shown in Figure 30,
a cross section normal to its strike. Bracketed numbers (e.g.:{3}) refer to the annota-
tions in the figure. Features depicted include:

{1} cataclasite and weathered rubble zone,

{2}  limits of subvertical and low-dipping fractures in hangingwall and footwall,
{3} alteration halo in the unfractured rock surrounding the fault,

{4}  unfractured and unaltered granite.
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Figure 28. Geology and excavation damage in a tunnel segment cut by diamond wire
saw at the 240 level (Stop 13): (A) southwest wall adjacent to full-face blast round, (B)
northeast wall adjacent to pilot-and-slash-round.
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A granodiorite dyke {5}, intersected by the shaft and by several boreholes, is displaced
7.3 m by reverse dip-slip movement along the fault. The extent and relative orientation
of subsidiary, hematite-filled fractures are also shown {6,7}. The direction of slip is
indicated by the 90° pitch of slickenlines and other lineations on the fault surface, by
dilational gaps, and by numerous intersections of the displaced dyke and fault zone by
cored boreholes (only boreholes GC-5, GC-7 and GC-8 are shown). It is also confirmed
by the incremental movement visible within the fault (enlarged section of Figure 30).
Also shown in this enlargement are {8} - the cataclasite material, {9} - the major chloritic
slip surfaces, and {10} - the subsidiary, hematitic fractures.

<-—- Shaft -->

B. Footwall

Figure 30. General structure and total offset of Fracture Zone 2 as seen in a cross
section normal to its strike (Stop 14). Explanation of numbers on stereonets: 11 -
average plane of FZ2; 12 - pole to average plane of FZ2; 13 - poles to chloritic slip
surfaces within fault, 14 - lineations on 13; 15 - open circles - poles to hematitic
fractures. Other numbers, in boxes, are described in the text.
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Most chloritic fractures and slip surfaces parallel the large-scale fault orientation
and the compositional layering in the granite. Subsidiary fractures in the footwall and
hangingwall are predominantly hematite-filled, show no offset, and terminate within 1 to
2 m of the fault. They either parallel the fault zone, dip toward it with a dihedral angle of
20°-30°, or are low-dipping.

STOP 15: Granodiorite dykes in grey granite, excavation damage fractures at the
300 Level

The 300 Level Shaft Station (Figure 4) is located in unfractured grey granite
below Fracture Zone 2. The grey granite here is cut by three generations of auto-
intrusive dykes, the most noteworthy of which, a granodiorite swarm, is the predominant
lithology at this stop. The host phase of the batholith is represented by angular
inclusions of granite and by variously disrupted blocks between the dykes.

Special efforts were made during the excavation of the 300 Level Shaft Station
to optimize the amount and quality of exposure available in order to characterize the
damage zone around the circular access shaft. Prior to construction of the 300 Level
Shaft Station, the shaft was excavated to a depth of about 15 m, or 3 shaft diameters
below the floor of the station to accommodate any time-dependent behaviour in the
formation and propagation of the excavation damage, and to avoid the effect of stress
concentration. The 300 Level Shaft Station access station was then excavated using
controlled pilot and slash techniques for the walls, floor, and crown. This was done to
duplicate the quality of excavation characteristic of the shaft, and to avoid inadvertent
excavation of damaged rock. Two surfaces were then made available for observation of
the excavation damage zone about the shaft perimeter. These were a temporary 90°
brow formed by the intersection of the shaft walls and the station crown (once
photographed, this was trimmed to a more stable 45° slope), and the station floor. A
third area, referred to as the station ‘lip and lip pocket, provided a sample of the
damage zone beneath the floor of the station as seen from the shaft walls. The results
of the excavation damage zone mapping are shown in Figure 31. Although it may be
possible to distinguish in outcrop certain specific fractures that originated either
through excavation-induced stress or through blasting (chiefly on the basis of location
and pattern), most fractures are likely to be the result of a combination of processes.

The excavation damage zone about the circular shaft extension was mapped
during the excavation of this station. The reduction in damage zone thickness com-
pared to that seen in the previous rectangular shaft is attributed to improvements in ex-
cavation methods, to conversion to a circular cross section, and to increasing isotropy
of stresses with depth. Damage distribution may be correlated with rock fabric and with
the principal stress orientations.
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Figure 31. Simplified geological map showing the excavation damage at the 300 Level
station (Stop 15).

STOP 16: 420 Level Station: Geology of the 420 Level.

General Geology

Rock units present at the 420 Level (Figure 4) include gneissic, leucocratic and
minor xenolithic granite. These are crosscut by granodiorite dykes, which are in turn
host to pegmatite dykes and quartz veins. Large-scale layering persists at this depth in
the batholith, but xenolithic and heterogeneous zones are less common than at higher
levels. Exploration drilling from the 420 Level to depths greater than 1000 m indicates
that this trend continues at depth.
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Five major litho-structural domains, classified as domains 14 through 18, are
recognized at the 420 Level (Figure 32):

Domain 14 Gneissic grey granite. This domain is medium grained, weakly
gneissic to massive, with up to 10% biotite and magnetite. The out-
crop-scale layering or gneissosity has an average orientation of
172°/119°.

Domain 15 Xenolithic-leucocratic granite. The predominant rock type in this
domain is a schlieric to variously gneissic, grey, leucocratic granite.
Biotite and magnetite make up less than 2% of the mineralogy. The
texture ranges from medium-grained to pegmatitic. Metavolcanic
xenoliths are flattened in the plane of the compositional layering,
which is oriented between 195°/25° and 076°/14°. The upper contact
of this domain crosscuts the layering in Domain 14, is oriented 178° /
33°, and is marked by a porphyroblastic zone up to 350 mm thick. The
porphyroblasts (feldspars) range up to 80 mm in size, and are weakly
saussuritized. The lower contact is also discordant, and has an
average orientation of 110°/34°.

Domain 16 Gneissic grey granite. This domain is similar to domain 14. The
granite fabric ranges from weakly gneissic to locally massive. The
orientation of the gneissosity varies between 110°/27° and 101°/36°.
The contacts between this domain and the surrounding leucocratic
granites are largely obscured by granodiorite dykes that follow the
layering.

Domain 17 Leucocratic granite. This domain is similar to leucocratic granite
domain 15, but is not xenolithic. The fabric in this domain ranges from
weakly gneissic to locally massive, with the gneissosity averaging
128°/21°. The upper contact of this domain, oriented 203°/20° is
sharp and apparently concordant with the structure in Domain 16. The
lower contact of this domain is a transition zone, marked by 1.2 m of
interlayered leucocratic and gneissic granite, with these layers
oriented 108°/27°.

Domain 18 Gneissic grey granite. This domain is similar to domains 14 and 16.
Gneissosity is weakly developed, and averages 177°/27° and
101°/36°. The contacts between this domain and the surrounding
leucocratic granites are largely obscured by granodiorite dykes that
follow the layering.

The granodiorite dyke swarm crosscuts these litho-structural domains and is
widespread throughout the 420 Level. One dyke exposed in Room 406 has a width of
approximately 15 m. The gneissic granite adjacent to the dyke has been fragmented
and disrupted, with granite fragments separated by a network of granodiorite seams.
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This disrupted zone is 8 m wide in Room 406, and approximately 3 m wide elsewhere
on this level. The granodiorite dykes have two average orientations: 178°/70° W and
168°/26° SW. The latter orientation is seen only at the 420 Level.

Pegmatite dykes crosscut all other rock types but are mostly confined to the
larger granodiorite dykes at this level. They are quartzo-feldspathic with euhedral to
subhedral biotite and magnetite that may constitute up to 10% of the mineralogy.
Sphene is also present in trace amounts. The pegmatites are usually planar and thin
(orientation of 018°/74° NW). Some normal offset is assomated with the pegmatites but
offset magnitudes do not exceed several millimetres.

Fractures

The locations of Fracture Zones 1 and 1.5 relative to the 420 Level are not
known precisely, due to the limited number of borehole intersections with each
structure. Borehole intersections with Fracture Zone 1 are 500 m up-dip from the shaft.
The fracture zone is thought to terminate down-dip and/or along strike and so does not
intersect the 420 Level or any of the exploration boreholes drilled from the excavations.
Fracture Zone 1.5 was intersected in several boreholes located 124 to 192 m from the
420 Level. The fracture zones consist of several low-dipping, chloritic and hematitic
fractures. The adjacent rock displays the characteristic groundwater-induced reddish
alteration halo typical of other major water-bearing zones, but there is almost no seep-
age from this zone. The extent of this zone beyond these intersections is poorly
defined. Low-dipping, apparently coplanar fracture zones have been intersected to the
north, south and west of the excavations, but not in the shaft or in neighbouring bore-
holes. It is possible that the intersections identified represent subparallel but distinctly
separate surfaces.

Only six natural fractures have been encountered within or between the 420
Level excavations. All are confined to the granodiorite dyke swarm, where they are
thought to be cooling fractures formed by parting along compositional layering within
the granodiorite dykes. The six fractures are dry and tight, and were apparently closed
until opened by either drilling or excavation. Infillings include sericite, chlorite, and
carbonate. Sulphides exposed on the fracture surface are unoxidized. A low-plunging
mineral lineation was observed on the fracture surface at each intersection.

Excavation damage

Excavation damage is found to varying degrees at all levels of the URL, but
stress-induced spalling is particularly well displayed at the 420 Level with notches or
breakouts in the crowns of various rooms. Notch margins are defined by relatively
planar induced fractures, between which progressive spalling of thin tabular slabs has
occurred. Within the V-shaped apex of each notch, the granite has been "crushed" to
thin slivers, which are oriented approximately parallel to the margins of the "V". The
location and pattern of notch development appear to have resulted primarily from the in
situ stress magnitudes and orientations in combination with a number of factors, includ-
ing the sequence of excavation, room geometry, and variations in local geology. The
notch that developed just south of the shaft, for example, appears to align with the
margin of a granodiorite dyke. Variations in notch development may also be attributable



to the slightly higher uniaxial compressive strength of the granodiorite (225 + 20 MPa)
relative to the other rock types (213 + 20 MPa) (Read and Martin 1992). The distribu-
tion of rock types and the degree and orientation of foliations are considered in experi-
ment and excavation design.

STOP 17: Excavation damage study, Room 405

A 1.2m diameter borehole was drilled 5 m into the floor of a typical drill-and-blast
tunnel in unfractured granite. This borehole provides a cross-section through the blast-
and stress-induced damage zone beneath the floor of the tunnel, as well as examples
of borehole damage formed during and after drilling (Figure 33). The tunnel is a con-
ventional drill-and-blast tunnel with a horseshoe-shaped cross section. The tunnel was
widened from 3.4 to 5.0m by slashing the northwest wall. The borehole straddles the
lower right corner of the original tunnel profile. Two core segments totaling approxi-
mately 1.3m of disced, weakly gneissic grey granite were retrieved. The balance of the
core was disced to the extent that it disintegrated into rubble and had to be removed
from the borehole manually.

Three generations of excavation damage, each with their own distribution and
geometry, are present.

Tunnel Excavation Damage

The excavation-damage zone formed during the initial excavation and subse-
quent widening of the tunnel is confined to the top 300 to 400 mm of the borehole
below the concrete. Within this zone there are from 11 to 17 induced fractures, some of
which are partially filled with concrete that had seeped down during the pouring of the
floor. These fractures are generally low-dipping but their dip decreases with depth such
that, at the base of the damage zone, most fractures have curved into parallelism with
each other and with the average excavation surface. This observation is significant for
estimating damage zone thickness, and for modelling and interpreting its hydraulic
conductivity.

Displacement across the SE-dipping induced fractures is indicated by small
(<2mm) dilational gaps. The displacement, although very small, (<0.5mm), is sufficient
to indicate that the direction of movement is reverse-dip-slip, with the overlying blocks
moving to the northwest relative to the underlying blocks. In relative terms, this means
the floor slabs moved toward the floor notch. It is not possible to determine if this
movement took place in one or more, episodes, or if it is directly related to tunnel floor
notch development, but the displacement is consistent with the measured stress magni-
tudes and directions. It is also consistent with observations in Room 415 (Stop 18).

Borehole Drilling-Related Damage

Horizontal, closely spaced (<10mm) fractures were encountered in both the core
and the 100- to 150-mm section of the borehole wall directly below the tunnel floor
excavation damage zone (Figure 33). These fractures differ from the tunnel-related
induced fractures above them in several respects; (1) the planarity of their surfaces, (2)
the absence of fracture splay development, (3) their extremely tight spacing, (4) the
absence of detectable offset, and (5) their high degree of parallelism with each other.
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Given the dissimilarity between these fractures and known stress-induced (extensional)
floor fracturing, it is concluded they were probably initiated during drilling. The process
would have involved simultaneous initiation of fractures from the high stress concentra-
tions developed at the thin-walled drillbit tip into both the borehole wall and the core
(where it would be responsible for core discing). Having thus developed, these bore-
hole wall fractures may have subsequently been propagated by extensional fracturing
attendant with floor uplift.

Borehole Breakout Notches

Two breakout zones have developed in the borehole at azimuth 048° and 251°
approximately parallel to the tunnel axis, and nearly perpendicular to the maximum
horizontal stress at this level (Read et al. 1995). These breakouts begin within or just
below the discing zone, and have propagated to a maximum depth of 3.5 m (Figure 33).
The breakouts are a result of stress concentrations around the tunnel being magnified
by additional stress concentrations around the borehole. Notch formation occurs during
drilling, and ceases at the point where the tangential stress at the notch tip, resulting
from the combined influence of the room and borehole, equals the in situ rock strength.

Active propagation of the notches occurs within and at the lower end of each
notch apex primarily during drilling, by grain-scale microcracking and dilation of the
granite. At the lower end of the notches, this "failure initiation zone" bulges up to 15 mm
into the borehole cavity. Seepage from the damage zone beneath the concrete-granite
contact collects in this area, and possibly contributes to breakout advance.

The breakouts in this and other vertical holes are asymmetric, i.e., not
diametrically opposed. This observation is consistent with other findings at the URL
which suggest that the deviatoric stress ahead of the advancing borehole face
contributes to the development of damage around the borehole. This damage
influences the development of borehole breakouts and, for holes not aligned with a
principal stress direction, reflects the asymmetric pattern of stresses ahead of the
borehole during drilling.

STOP 18: Mine-by Experiment, Room 415

The Mine-by Experiment is being conducted, in part, to investigate the
characteristics of the excavation damage zone that forms during construction of under-
ground openings in crystalline rock (Read and Martin 1996). The experiment, which
has been in progress since 1989, has had three phases - the excavation response
study, the connected permeability study and the heated failure study.

The excavation response study is one of the foremost rock mechanics experi-
ments in the world, and the first to control temperature, excavation geometry and
excavation method to facilitate interpretation of the experimental results. It was con-
ducted at the 420 Level of the URL to investigate the response induced in the rock
mass by excavating a 3.5-m-diameter circular tunnel using a non-explosive technique.
The main objective of the experiment was to study the processes involved in progres-
sive failure and the development of excavation-induced damage around underground
openings. To this end, state-of-the-art geomechanical and geophysical instrumentation
was used to monitor the excavation of the 46-m-long Mine-by Experiment test tunnel.
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An essential feature of this type of experiment is that instrumentation is installed and
operating prior to excavation of the tunnel. In this way, it is possible to monitor the
complete excavation-induced response of the rock mass, including effects ahead of the
advancing tunnel face.

The results from the experiment show that progressive failure in compressive
regions around the tunnel initiates at stresses about 50% of the rock strength
measured in uniaxial compression tests in the laboratory. The difference between the
laboratory and in situ behaviour is attributed to complex stress changes that occur
during excavation of the tunnel, especially in the vicinity of the advancing face. These
effects are not simulated in standard laboratory tests. Numerical modelling and in situ
characterization studies were conducted to establish the extent and characteristics of
the damaged zone around the test tunnel. As part of this study, in situ stresses and
material properties were established through back analysis of measured displacements
and strains. Using these boundary conditions, it was shown that the damaged zone was
limited to within 1 m of the original tunnel perimeter. The characteristics of the
damaged zone, however, were found to be highly variable around the tunnel, and were
dependent on the nature of the stress concentrations, geology, stress magnitudes and
orientations and, to a lesser extent, the excavation method and sequence. Beyond the
damaged zone, the rock mass behaves in a linear elastic manner with strength
properties comparable to those found in the laboratory.

The following types of excavation damage have been observed in the Room 415
tunnel to date:

e breakout notches in the crown and floor of the tunnel,

e a stress-induced sub-horizontal fracture which propagated from the pilot

borehole, along the plane of gneissosity, prior to excavation,

e similar stress-induced fractures in Face 0 of Room 415,

e stress-induced damage to the line-drilling boreholes, and

e excavation-induced fractures of uncertain origin (i.e. blasting and/ or stress

redistribution) on the tunnel surface.

The connected permeability study is designed to characterize the flow properties
of the excavation-induced damage zone in granitic rock. As part of this study, a 1.5 m
high concrete dam was formed on the floor of the Mine-by test tunnel, and the gallery
behind the dam was filled with water. The water was allowed to flow underneath the
concrete dam and through the damaged zone under the floor of the excavation, after
which it was collected in troughs on the downstream side. The hydraulic properties of
the excavation damaged zone were characterized by comparing the quantity of water
that moved through the damaged rock during tests involving different flow path lengths
created by widening the dam in stages. The testing has indicated that all of the flow in
this experiment occurred very near the surface of the excavation, either through
surface-parallel fractures or through a small zone of highly fractured rock at the
surface. Although the damage zone is hydraulically connected throughout its length,
virtually no flow takes place in the rock at depths greater than 15 cm below the floor.

The heated failure study was designed to investigate the effects of thermally-
induced stresses on progressive failure in large-diameter vertical boreholes excavated
in highly stressed rock. Preliminary results from acoustic emission (AE) monitoring
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indicate that progressive failure in the rock is affected by the stress path near the bore-
hole face during drilling. Boreholes that were heated prior to drilling experienced more
extensive breakouts than boreholes that were heated after drilling. The study also
found that the combination of stresses from two adjacent boreholes can increase the
extent of progressive failure, both radially and vertically, in the web of rock separating
the two holes. Breakouts in this case extended to a maximum radial distance of 10 cm,
resulting in a decrease of 40% in web thickness. Breakouts also extended the full 4-m
depth of the boreholes in this case.

The Room 415 tunnel geology is depicted in Figure 34. The tunnel is excavated
in unfractured and unaltered gneissic grey and leucocratic granite. Orientation of the
gneissic layering is highly variable due to disruption by the granodiorite dykes. The
contact zone (about 9.7 m thick) between the leucocratic and gneissic granites, is
oriented 034°/23° SE. The granodiorite and pegmatite dykes have average orientations
of 052°/85° NW and 028°/66° NW, respectively.

The granodiorite dyke swarm has disrupted the layering of the earlier granites to
a considerable degree. As much as 4 m of reverse dip-slip separation of the gneissic
granite/ leucocratic granite contact is visible at the entrance of the Mine-by tunnel.
Within Room 415, the grey and leucocratic granites occur as either variably oriented
fragments in a granodiorite groundmass, or as disrupted blocks in a network of grano-
diorite dykes.

Only one natural fracture has been encountered in the test tunnel. It covered the
lower half of face 24, but it is no longer visible because it did not extend to either the
walls or crown. This fracture contained a chlorite-sericite infilling, and was oriented
130°/84° NE, approximately coincident with the flow banding in the dyke.

Entrance

centre of floor
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Figure 34. Geological map of the Mine-by Experiment test tunnel (Stop 18).
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