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ABSTRACT

The likelihood that future fracturing, arising from geologic causes, could occur in the vicinity
of a nuclear fuel waste repository in plutonic rock of the Canadian Precambrian Shield, is
examined. The report discusses the possible causes of fracturing (both past and future) in
Shield rocks. The report then examines case histories of fracture formation in Precambrian
plutonic rocks in AECL's Research Areas, especially the history of the Lac du Bonnet
Batholith, in the Whiteshell Research Area, Manitoba.

Initially, fractures can be introduced into intrusive plutonic rocks during crystallization and
cooling of an intrusive magma. These fractures are found at all size scales; as late residual
magma dyking, hydraulic fracturing by retrograde boiling off of hydrothermal fluids, and, in
some cases, through local differential cooling. Subsequent fracturing is largely caused by
changes in environmental temperature and stress field, rather than by alteration of the material
behaviour of the rock.

Pluton emplacement during orogeny is commonly accompanied by uplift and erosional
exhumation, altering both the tectonic and the lithostatic stresses, the rock temperature
gradient and the pore fluid characteristics. In the Canadian Shield, there have been no major
tectonic disturbances accompanied by plutonic intrusion since the Late Proterozoic, whether
associated with the creation of new crust, or the reworking of old crust. Since the Late
Proterozoic, and for some rocks of Archean age since the Early Proterozoic, tectonism in the
Shield has been restricted to the passage of hotspots, intrusion of major dyke swarms,
epeirogenic downwarping and sedimentary loading followed by uplift and erosional stress
relief, and a similar loading cycle during glaciations. However, through an increase in
confining pressure, sediment and ice loading may have inhibited rather than promoted
fracturing.

Current stresses over most of the Canadian Shield seem related to plate movements, and are
fairly uniform, with a maximum compression oriented east-northeast. A small mid-
continental area, which includes the Lac du Bonnet Batholith and AECL's Underground



Research Laboratory, appears anomalous, with the maximum stress oriented southeast.
Though very infrequent, large intracratonic earthquakes that cause new or rejuvenated faulting
are known to occur worldwide, in the Shield rocks of continental Canada such earthquakes
are concentrated towards the Atlantic margin, in New Quebec, near grabens, in the
Kapuskasing zone and in north and south Hudson Bay. In the western Superior Province,
where the effective elastic lithosphère is thick, only a few (-20), very weak seismic events
have been recorded in the last 10 years, and these events were confined to areas of structural
complexity.

Studies of fracture characterization, the environments of fracture formation, and both relative
and absolute fracture histories, have been conducted on plutonic rocks at AECL's Atikokan,
East Bull Lake, and Whiteshell Research Areas. These studies suggest that the common state
in the western Superior Province of the Canadian Shield is one of superimposition of two
fracture populations. The first population is related to early events: pluton cooling, orogenic
and postorogenic deformation, including the effects of later orogenies, and early exhumation.
There is some relationship for some of these fractures and faults with proximity to the surface
at the time of their formation. The fracture sets that overprint this earlier population are all
related to changes in stress and other environmental factors proximal to the earth's surface.
Except where associated with faults, the case studies show this population to be largely
encountered above 300 m depth. It is therefore of importance that much of the surface of the
Canadian Shield lies close to an exhumed paleoplain, which, at the Lac du Bonnet Batholith,
is at least Ordovician in age.

At the depths proposed for a nuclear fuel waste disposal vault in plutonic rocks of the shield
(0.5 to 1.0 km), almost all fracture and fault formation in the Lac du Bonnet Batholith and
most of the later, intermittent fracture propagation, occurred in Precambrian times more than
570 Ma ago. Some further movement on faults and their associated fractures in the Lac du
Bonnet Batholith has been dated to the Pleistocene, as recently as the last interglacial period
approximately 400 ka ago. However there is no evidence of any more recent rejuvenation.
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RÉSUMÉ

Le présent document examine la probabilité que la fracturation future, provenant de causes
géologiques, pourrait se produire dans le voisinage d'un dépôt de déchets de combustible
nucléaire dans la roche plutonique du bouclier précambrien canadien. Le rapport étudie les
causes possibles de fracturation (à la fois passée et future) dans les roches du bouclier. Il
examine ensuite des cas concrets de formation de fractures dans les roches plutoniques, datant
du Précambrien, dans les aires de recherche d'EACL et spécialement les antécédents du
batholite de Lac du Bonnet, dans l'Aire de recherche de Whiteshell au Manitoba.

Au départ, les fractures peuvent être introduites dans les roches plutoniques intrusives lors de
la cristallisation et du refroidissement d'un magma intrusif. Ces fractures se présentent sous
diverses formes : dykes de magma résiduel de formation récente, fracturation hydraulique par
ebullition rétrograde des fluides hydrothermiques, et, dans certains cas, refroidissement
différentiel local. La fracturation ultérieure est en grande partie due à des variations de la
température et du champ de contraintes, plutôt qu'à une modification du comportement
matériel de la roche.

La mise en place du pluton au moment de l'orogenèse est couramment accompagnée d'un
soulèvement et d'une exhumation par l'érosion, modifiant à la fois les contraintes tectoniques
et lithostatiques, le gradient de température de la roche et les caractéristiques du fluide
interstitiel. Dans le bouclier canadien, il n'y a pas eu de perturbations tectoniques
d'importance accompagnées par une intrusion plutonique depuis la fin du Protérozoïque, soit
associées à la création d'une nouvelle croûte ou au remaniement de la vieille croûte. Depuis
la fin du Protérozoïque, et dans le cas de certaines roches de l'Archéen depuis le début du
Protérozoïque, le diastrophisme dans le bouclier est restreint au passage de points chauds, à
l'intrusion d'importants groupes de dykes, à la subsidence épirogénique et au chargement
solide suivi par un soulèvement et une détente des contraintes par l'érosion, et à un cycle de
chargement semblable lors des glaciations. Toutefois, à cause d'une augmentation de la
pression de confinement, la charge des sédiments et des glaces peut avoir empêché plutôt que
favorisé la fracturation.



Les contraintes actuelles sur la majeure partie du bouclier canadien semblent liées aux
mouvements des plaques et sont assez uniformes, avec une compression maximale à
orientation est-nord est. Une petite zone au centre du continent, qui comprend le batholite de
Lac du Bonnet et le Laboratoire de recherches souterrain d'EACL, paraît anormale, les
contraintes maximales ayant une orientation sud-est. Bien que de forts tremblements de terre
intracratoniques très infréquents qui provoquent le jeu ou le rejeu de failles se produisent dans
le monde entier, dans les roches du bouclier du Canada continental, de tels tremblements de
terre se concentrent vers le littoral de l'Atlantique, dans l'orogène du Nouveau-Québec, près
de grabens, dans la zone de Kapuskasing et dans l'orogène trans-hudsonien. Dans la province
du Supérieur ouest où la lithosphère élastique effective est épaisse, seuls quelques (-20)
événements sismiques très faibles ont été enregistrés au cours des dix dernières années, et ces
événements étaient confinés dans des zones de complexité structurale.

Les études de caractérisation des fractures, des milieux de formation des fractures, et des
historiques relatifs et absolus des fractures ont été effectués sur les roches plutoniques dans
les aires de recherche d'Atikokan, d'East Bull Lake et de Whiteshell d'EACL. Ces études
semblent suggérer que l'état courant dans la province du Supérieur ouest du bouclier canadien
consiste en la superposition de deux populations de fractures. La première population est liée
à des événements anciens : refroidissement du pluton, déformation tectonique et post
tectonique, incluant les effets d'orogenèses plus récentes, et exhumation ancienne. Il y a une
certaine relation pour certaines de ces fractures et failles avec la proximité de la surface au
moment de leur formation. Les ensembles de fractures qui surimposent cette population
ancienne sont tous liés aux changements des contraintes et d'autres facteurs environnementaux
à proximité de la surface de la terre. Sauf si elles sont associées à des failles, les études de
cas montrent que l'on rencontre surtout cette population au-dessus d'une profondeur de 300 m.
Il est par conséquent important que la majeure partie de la surface du bouclier canadien
s'étende près d'une paléoplaine exhumée, qui, dans le batholite de Lac du Bonnet date au
moins de l'Ordovicien.

Aux profondeurs envisagées pour une enceinte de stockage permanent des déchets de
combustible nucléaire dans les roches plutoniques du bouclier (0,5 à 1 km), presque toutes les
formations de fractures et de failles dans le batholite de Lac du Bonnet et la majeure partie de
la propagation des fractures intermittentes plus récentes sont survenues dans le Précambrien il
y a plus de 570 millions d'années. D'autres mouvements sur les failles et leurs fractures
associées dans le batholite de Lac du Bonnet ont été datés du Pleistocene, soit aussi
récemment que la dernière période interglaciaire il y a environ 400 000 ans. Toutefois, il n'y
a pas d'indice de rejeu plus récent.
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INTRODUCTION

1.1 OBJECTIVES

Our main purpose in this report is to assess the likelihood from geological causes of further
fracturing in the vicinity of a nuclear fuel waste disposal vault in plutonic rock on the
Canadian Precambrian Shield at a depth of 500 to 1000 m; and, in particular, at a
hypothetical vault located in the Lac du Bonnet Batholith of the tectonic Superior Province.
We do this by discussing the probable causes of past and future fracturing in the Superior
Province; by examining the present distributions of fractures and faults at AECL's Research
Areas in the Precambrian Shield of southeastern Manitoba and northwestern Ontario
(Figure 1 ); and then by discussing whether the present geological environment, or possible
changes to it, may cause further fracturing. Present-day (geologically speaking) deformation
is commonly known as neotectonics. Neotectonics encompasses the tectonic regime acting
today and the older tectonic regimes that, although no longer active, have shaped the present
landscape commonly considered in Canada to be restricted to the last 10 ka. The term,
however, remains vague (Adams and Clague 1993). From the perspective of regulatory
guidelines for nuclear fuel waste disposal we are interested in changes that may happen in the
next 10 ka, and to a lesser extent in the next 100 ka (AECB, 1987). We are particularly
interested in further fracturing, since the formation and reactivation of fractures and faults are
transient deformation events with concomitant interaction between solid rock, rock particles
and groundwater so as to re-achieve a state of equilibrium. Many geological processes can
change the subsurface environment, and the complex interaction of these needs to be
considered in any study of possible future changes in the fracture population.

The movement of solutes through plutonic crystalline rock is largely by groundwater
advection through interconnected networks of macroscopic faults and mesoscopic fractures.
(The usage of these scales for structural elements and fabric is defined in Turner and Weiss
1962.) The movement of solutes by diffusion is important in rock where only a network of
microscopic (intergrain and intragrain) fractures or pores are present, rather than larger
interconnecting fractures. With respect to fluid migration three important pathways can be
recognized: bulk movement through microscopic pores and fractures in the rock mass,
localized movement through networks of discrete fractures, and very localized movement
along larger fractures and fault zones. The detailed analysis of mineralogy and structures
associated with the fractures can provide an understanding of the characteristics and origins of
these pathways (Knipe et al. 1991) through the study of

• the evolution of porosity/permeability in different migration pathways,
• the histories of deformation mechanisms that have promoted different fluid flow

characteristics in these pathways,
• the interconnectivity of migration pathways; and
• the histories of geochemical alteration along these pathways.



- 2 -

In order to assess the long term integrity of the rock surrounding a nuclear fuel waste disposal
vault it is necessary, therefore, to understand the likelihood of new fracturing or faulting
occurring in the vicinity of such a vault. For a disposal vault in plutonic rock of the
Canadian Precambrian Shield this involves understanding the local geology of the site and the
general geological processes expected to operate in rocks of the Shield during the next 10 ka,
especially within the Superior Province of Ontario. This understanding would embrace:

a) The present distribution of fractures and faults at all scales.
b) The past history of fracturing, which includes probable fracture genèses and

their relationship with other aspects of the geology.
c) The present stress field in the rock and likely changes to that field within the

next 10 ka (and possible changes within 100 ka).
d) The present material behaviour of the rock mass and likely changes in the

environment within the next 10 ka (and possible changes within 100 ka) that
could alter that behaviour.

Changes in c) and d) can be natural or man-made.

1.2 SCOPE

In this report we examine the general methods, results and analyses that we have used to
study the distribution and sequence of fracture and fault formation at several field study sites
in the Canadian Shield. We summarize the results of these fracture studies at our three main
research areas, Whiteshell, Atikokan and East Bull Lake with particular emphasis on the
geology of the Lac du Bonnet Batholith and the Whiteshell Research Area. Our initial
fracture studies at the research areas were undertaken to investigate whether there is any
regular (i.e. predictable) pattern to fracture genèses in the Superior Province of the Canadian
Shield. Subsequently, in order to investigate the stability of these plutonic rock masses on the
Shield over geologic time, brittle deformation histories were compiled for the research areas
by: studying field relations; examining fracture infillings; radiometric dating; and
investigating the pressure and temperature environment of fracture formation through
comparison with the experimental stability fields of minerals and the distribution of stable
isotopes. Much of the research has been aimed at delineating faults and fracture zones that
not only act as the dominant groundwater pathways through the rock but also bound blocks of
relatively unfractured (or sparsely fractured) rock.

Price and Cosgrove (1990) discuss very clearly the problems of rock fracture styles and their
nomenclature (e.g. faults, joints, fissures, gashes, shear and extension fractures, and veins)
from the point of view of the field geologist. Differences in individual use of nomenclature
may cause misconceptions; there is no generally accepted system, for example, to distinguish
tensile failure, shear failure and hybrid extension/shear fractures (Figure 12 in Section 2.4.2).
We have therefore defined our usage of the terms fracture, fault, fracture zone and microcrack
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in Appendix 1. Like Price and Cosgrove (1990) we have avoided the use of the word "joint"
for the mesoscopic scale fractures (cf Section 2.4.4) in outcrop because of ambiguity in its
use by writers in different geological disciplines.

Speaking in general terms, rock faulting and fracturing are caused by episodes of mountain
building, by episodes of gentle up- and down-warping, by geomorphic changes (including
glaciation and proximity to the earth's erosion surface) and by man-made disturbances such as
excavations. Fractures from all these causes may be superimposed on one another throughout
the rock mass, especially in the old (Archean) rocks that dominate the Superior Province of
the Canadian Shield.

In this report we examine the different mechanisms and factors that may be responsible for
the types of fractures and faults that occur at the Whiteshell Research Area or more generally
in the Shield (Section 2); we give a brief history of AECL's investigations at different
research areas into techniques for studying natural fracture formation (Section 3); we describe
the faults and fractures at the Lac du Bonnet Batholith (Section 4) and discuss their origins,
history and likely future behaviour (Section 5).

2. SHIELD CONDITIONS AND FACTORS IN FRACTURE/FAULT FORMATION

2.1 INTRODUCTION TO FACTORS

Fracturing and faulting in a rock mass can be caused by the following disturbances to the
regional stress field:

• crystallization and cooling of a magmatic intrusion or of metamorphosed rock,
• natural tectonic deformation episodes (commonly divided into orogenic and

epeirogenic),
• natural changes in the atmosphere or hydrosphere that may be of importance to the

environment at 1 km depth, such as glacial or pluvial periods; and
• man-made changes such as excavation. Excavation-related disturbances are not

addressed here but are discussed in a report by Martin and Chandler (1993).
(Fracturing associated with compaction and diagenesis of sedimentary rocks is not
pertinent to this report.)

For our purpose here, fracturing in granitoid plutonic intrusions rather than gabbroic
intrusions, and fracturing in rocks under low temperatures (<300°C) and low depth of burial
(<2 km) are most relevant, though deeper fracturing during cooling and exhumation, that has
been shown to localize later fracturing, is also discussed. In gabbroic intrusions, fracturing
and water-rock interactions associated with the fracture formation tend to be more complex
than with granitoid intrusions. With respect to high-grade metamorphic terrains, the rocks
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have undergone complete recrystallization during orogenic deformation and thus, though their
later behaviour is similar to that of granitoid plutons, fracture fabrics associated with
intrusion, crystallization and cooling are missing.

The timing of plutonic intrusion relative to different stages of tectonism is discussed in
Section 2.2. This timing strongly affects the level of deformation of a pluton.

In Section 2.3 the ways in which plutons are intruded are discussed. This aspect affects the
rate at which plutons cool and also affects their relationship with the country rock, and hence
their degree and style of fracturing. This is followed by a description of the formation of
brittle and semi-brittle structures in a crystallizing magma. These structures form, in many
cases, the discontinuities around which later deformation is concentrated.

Following this section is a brief description of tectonic mechanisms of fault formation and
fracture (Section 2.4), and then a full discussion of the general causes of stresses in
continental plates, with special reference to the Canadian craton and to intraplate seismicity
(Section 2.5). These stresses drive tectonic fracturing, both past and present. Next is a
discussion on the effects of glaciation (Section 2.6), a non-tectonic loading that may trigger or
inhibit tectonic fracturing, and following this is a discussion of stress changes associated with
isostatic recovery following erosion and déglaciation (Section 2.7).

2.2 TECTONIC STAGES OF PLUTON INTRUSION

The deformation of plutonic intrusions and their structural relations with the intruded rock are
often classified according to the timing of their intrusion relative to a period of deformation
and metamorphism. The terms pre-, syn- and post-orogenic, or pre-, syn- and post-tectonic,
or pre-, syn- and post-kinematic partially overlap but have major differences in implication
for their degree of fracturing. Orogenies are more broadly defined chronologically in the
Precambrian than in more recent eons. A Precambrian orogeny may thus encompass several
major periods of deformation. The Archean Eon terminated at the end of the Kenoran
Orogeny, 2500 Ma ago (Figure 2) and the plutons in the Superior Province are largely
Archean in age. However, though U-Pb dating is now precise, sometimes to within ±1 Ma,
disentangling the periods of local orogenic action within the Kenoran Orogeny, in the same
detail that has been done within the Appalachian Belt through the Tectonic (450 to 500 Ma),
Acadian (360 to 400 Ma) and Alleghany (230 to 260 Ma) (Rodgers 1970), so that the history
and causes of fracturing at the scale of our interest can be constructed, has not been done.

Tectonism and orogeny, however, are broad terms. To some geologists tectonism implies a
major deformation, whereas to others it implies the specific stages of deformation at active
plate margins. We use it in the first sense. Tectonic fracturing and faulting are the result of
brittle and semibrittle deformation driven by the stresses generated in the crustal plates as
they move relative to one another and to the underlying mantle. A wide range of activity is



involved: spreading at mid-ocean ridges, mountain building and magmatism at subduction
zones, transform faulting at plate boundaries, the pulling apart of continental plates by local
thermal imbalance, and surface loading or isostatic compensation.

Accepting the modern concept that the Superior Province is made up of microcontinents
welded together, (Hoffmann 1989; Williams 1990), any subprovince is likely to have
experienced at least one major deformation stage of welding during the Archean Eon, which
will have had associated plutonic magmatism. The tectonic stage at which a pluton was
intruded will affect that pluton's degree of deformation and the brittle and ductile style of that
deformation. Feng and Kerrich (1992) have suggested that "post-tectonic" p'utons may be
the least deformed and may have a recognizable geochemical signature. However, the
manner of pluton intrusion, the size and rate of cooling, and the association with subsequent
tectonic events may have a stronger, local effect on the degree of fracturing within a pluton.

2.3 PLUTON INTRUSION AND COOLING

A plutonic granitic mass commonly reaches the location of its final crystallization by ascent
during an orogeny, an ascent due to Theological and density contrasts between the magma and
the surrounding rock. The upper surface of this intruding magma usually solidifies 10-15 km
below ground (Figure 3). Many granitic bodies are huge, hundreds of cubic kilometres in
volume, so that a substantial quantity of magma has travelled to the site of crystallization. In
some cases the intrusions, formed by melting of the rocks already present, have crystallized
slowly in place as the tectonism wanes. In other cases, where there is a large viscosity
contrast between magma and the intruded rocks, the magma incorporates country rock,
melting fragments that are engulfed by it as the magma creeps upwards through fractures and
faults under buoyancy pressures. If the viscosity contrast is a little lower, a geometric
blob-with-tail (diapir) shape can form. Diapirism can only occur at deep crustal levels. In
general, the incorporation of country rock cools magma of granite composition down too
rapidly for diapirism to be an effective mechanism for emplacement over more than a short
distance (Petford 1991).

During emplacement, several styles of magma-country rock relative movement can occur
(Figures 4 and 5). In general, however, ductile processes dominate the early ascent of the
magma, and brittle fracture processes dominate the later stages when the magma has risen to
the upper crust (Hutton 1988a and b). Both processes are important for understanding the
development of faults and fractures, as the earlier structures may affect the later.

Generalized relationship with depth in the crust of the likely viscosity contrasts between
intruding magma and country rock, both the mechanical behaviour and the activity of the
granite magma, and the probable present-day erosion levels are shown in Figure 3 (Kukowski
and Neugebauer 1990). The relationship between magma buoyancy and the tectonic
formation of space (and hence the type of magma emplacement) is shown schematically in
Figure 4. The various mechanisms or modes of ascent, and the types of tectonic locality for
granite pluton emplacement are shown in Figures 5a and 5b respectively (Hutton 1988a;
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Clarke 1992); Figure 4 relates directly to Figure 5b, and indirectly to Figure 5a. These styles
and the different crustal levels of emplacement strongly control the types of structural
discontinuity formed during emplacement that are available to affect later brittle deformation.

Upward movement of magma along faults and fractures forming contemporaneously with the
magma intrusion is now the most accepted mechanism for emplacement, together with
features associated with ballooning, formed by internal pumping of new magma into that
depth-region where buoyant forces and viscous drag counteract one another (Petford 1991).
Indeed, some plutons, extremely asymmetric in cross-section like the Lac du Bonnet
Batholith, are thought to have been magmatic intrusion along regional thrusts.

Magma ascent stops when the upward forces of buoyancy are balanced by the internal
thermodynamics of crystallization and the external strength of the country rock (Clarke 1992).
However, magma still crystallizing and cooling, together with the intruded country rock,
commonly continue to be uplifted, post-orogenically through erosional isostasy (Section 2.7).

Crystallization starts drring the ascent, changing the magma to a mush, and this process
continues once the magma comes to rest. Not only does the process gradually provide a
mineral framework sufficiently solid to support any differential stress derived from the
regional tectonic field, but it also gradually changes the composition of the melt, enriching it
in volatiles to a point where the vapour pressure may exceed the lithostatic confining pressure
and the fracture strength of any intrusion chillzone or bordering country rock (Figures 6 and
7). Repetitive fracturing and faulting caused by this retrograde boiling (shown schematically
in Figure 6) is the origin of many of the dykes, economic hydrothermal veins and porphyry
stockworks that are associated with granite intrusions (Phillips 1973). The geometry of this
fracturing may be strongly affected by the external regional stress field (Figure 8) (Moore
1975). Retrograde boiling can occur at very shallow levels (<2 km) which seems to concur
with data from the Lac du Bonnet Batholith (cf Section 4).

The common stages of formation of ductile and brittle structures, and the transition from one
to another, are discussed at length in Paterson et al. (1989) and the relation of the stages to
cooling temperature and reducing pressure are shown schematically in Figure 9. Figure 10
shows how the mineral fabric, which itself can affect fracture formation, may be affected at
the grain scale by this transition. All the structures common to granitoid intrusions listed by
Clarke (1992) are present in the Lac du Bonnet Batholith: enclaves of divers origins; in'ornal
contacts; foliations of divers origins including those developed by recrystallization in
semi-solid rock; shear zones developed at the brittle-ductile transition; and fractures and faults
that may be related to cooling and contraction, to ballooning of the intrusion at a particular
crustal level, to external tectonic forces, to inflation of the pluton by new magma pulses, or to
unroofing by erosion. Brittle features may develop while there is still magma in the system.
At any of these stages strong fluid-rock interaction may take place, not only with residual
magmatic fluids but also by entrainment of groundwater in thermally-driven convection cells
during cooling of the intrusion (Figure 7).
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Even in the host rocks, thermally induced differential expansion between isolated pores and
the enclosing minerals decreases effective pressure at the pore-mineral interface. Thermally
induced hydraulic fracturing of the host rocks is inevitable in hot plutonic environments.
Knapp and Knight (1977) have estimated that a fracturing front propagates away from the
cooling plutons at a rate of 1000 mm a"1 for the first 400 a and at 10 mm a"1 at 100 ka. The
effective pressure continually increases with depth for geothermal gradients less than
10°C km'1. For larger geothermal gradients the effective pressure first increases but
eventually decreases with depth.

2.4 TECTONIC MECHANISMS

2.4.1 Introduction

Orogeny is the process of mountain building, metamorphism and molten rock intrusion
associated with tectonic plate margins. Though it is uncertain whether plate tectonic
processes, exactly similar to those today, were active in the Archean, they are thought to have
controlled tectonism in the Proterozoic, and possibly the Late Archean in the Canadian Shield
(Krones, 1980; Hoffman, 1988; Brown and Musset; 1993; Rogers, 1993). Figure 11
(modified from Sun, 1989, and similar to others, e.g. Figure 9.5 in Brown and Musset, 1993)
illustrates schematically the common plate processes (but not the detail of deformation and
magmatism at different plate boundaries) involved in the growth of Precambrian continents.
Such processes are likely to have affected the Lac du Bonnet Batholith, located between two
different subprovinces, the Winnipeg River Plutonic Complex of orthogneisses and more
massive plutons, and the English River/Bird River volcano-sedimentary-plutonic subprovinces.
Within the Superior Province of the Canadian Shield orogenic processes have not taken place
since 2500 Ma, though the margins of the Province have been affected by orogenies as late as
1000 Ma (Figure 2). Batholiths such as the Lac du Bonnet Batholith, though they were
intruded after the major phase of deformation, are considered to be part of an orogeny, ie. late
synorogenic. Most episodes of major wrench- and thrust-faulting are also associated with
orogeny.

Epeirogeny is the relatively gentle warping of continental plates, both upwards and
downwards, due to changes in the stresses applied to the upper or lower surfaces of the plate.
The North American continental plate has drifted considerable distances over the surface of
the earth, not just passively but with considerable epeirogenic deformation.

Plates can also be carried across mantle hotspots, which generate crustal stresses and new
intrusions. Examples of such activity are the intrusions forming the Monteregian Hills of
Quebec and the general crustal extension that gives rise to large areas of mantle-derived
dykes which occupy regional extension fractures, such as the Lake of the Woods swarm to
the southeast of Lac du Bonnet Batholith. As well as orogeny, epeirogeny can cause major
changes in elevation of the rock mass. For example, intracratonic (within a continental plate)
sedimentary basins can be depressions up to 10 km deep. The Superior Province was once
covered by Proterozoic (2500-550 Ma) and Palaeozoic (550-250 Ma) sedimentary rocks that
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have now, in large part, been eroded away. For most of the Superior Province, therefore, the
ground has been depressed and uplifted by more than one major sedimentation cycle
(Figure 2). In addition, it has been flexed by several glaciations which have the same effect
as sediment deposition and erosion.

2.4.2 Fault Orientation and Principal Stresses

In general, tn-situ stresses in the elastic part of the Earth's lithosphère are compressive (that is
below the upper few tens of metres; Zoback et al. 1989). The principal stresses lie in
approximately horizontal and vertical planes, where:

• av = vertical stress - lithostatic load,
= maximum horizontal stress,
= minimum horizontal stress.

The relative magnitudes of the principal stresses along these axes determine the type of brittle
deformation. Brittle fracturing is commonly divided into pure extension fracturing, where the
fracture walls just move apart, shear fractures where walls just move past one another, and,
under special conditions, hybrid extension/shear failure, depending on the relationship of the
shear stress along and the normal stress across the fracture plane (Figure 12) (Price and
Cosgrove 1990).

• Vertical extension fracturing occurs where ov and o"hmilx > Ohmin

• Horizontal extension fracturing (sheeting) occurs where ohmax > ohmin > av

• Normal faulting, commonly with 60° dip and hanging wall moving down, occurs
where ov > Chmax > chmin.

• Strike-slip faulting, commonly with 90° dip and with either right- or left-hand
relative movement between walls, occurs when ahmax > CTV > ohmin

• Thrust or reverse faulting, commonly with 30 ° dip and hanging wall moving
relatively up, occurs where chmax > ohmin > av

These orientations, relative to the principal stress orientations, are illustrated in Figure 13.
Though normal faults do occur, brittle deformation in the Superior Province is dominated on
the regional scale by both strike-slip and thrust faulting. These major faults are not numerous
in most regions, but brittle deformation at the scale of a few kilometres down to the
microscopic scale has occurred in all rocks of the Superior Province, as both shear and
extension fractures. These smaller features are usually classified as tectonic fractures where
they have been "healed" by recrystallization or have high-temperature hydrothermal mineral
infillings.

Because of their high temperature infillings, and probable formation at depths greater than
about 1 km, it is assumed that the healed fractures are caused by a build-up of tectonic forces
or by changed environmental conditions (e.g. circulation of heated groundwater), rather than
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by stress changes due to the creation of a new location of the unstressed ground surface
through erosion. However, the distinction, made in this report, between tectonic fractures and
fractures associated directly with the earth's free surface through erosion or déglaciation is
somewhat artificial. The processes of tectonic deformation, non-glacial isostatic rebound and
erosion are in many cases linked. In addition glacial isostatic recovery can act as a trigger to
tectonic forces, rather than directly causing new fractures.

Evans (1988, 1990) has discussed the onset of faulting in granitoid rocks from observations
on natural faults, and compares his data to experimental results at 200-400°C. In his work he
shows that precursor cracks were nucleated in the mica-rich regions (cf. Section 4.2.2 where
control of faulting at Whiteshell Research Area by schlieric layering is discussed). Initial
deformation is by cleavage- controlled fracture in feldspar, and though quartz grains deform
by fracture, they become mechanically isolated. Slip is concentrated along regions of
cataclasis within the fault. Intragranular fracture orientations in the quartz and feldspar do not
reflect the orientation of the macroscopic foliation in the slightly deformed rocks.

Alteration of feldspar to phyllosilicates (platy minerals) occurs after the initial fracture has
developed and as cataclasis increases. Through-going fractures permit fluids to move through
the fault and continued fracture and cataclasis during fault evolution allow fluids to access
feldspar grains and cause further alteration. Highly deformed zones of strain-softened
phyllonite or clay-rich cataclasite represent the late stages of fault development in which
phyllosilicate deformation dominates the behaviour of the rock. This sequence of deformation
has occurred within thrust faults in the Lac du Bonnet Batholith, though Kamineni et al.
(1993) showed that the rate of plagioclase alteration, as opposed to microcline fracturing,
controlled the early strength of the fault.

2.4.3 Fault Strength

Fault strength and stability may be influenced by several competing effects, each of which
has a different characteristic timescale. During the build-up of regional stress magnitudes,
cracking in the surrounding rocks, pore fluid diffusion, or dilatancy hardening along the fault
zone may delay the onset of a sliding instability so that when reached it acts over larger slip
distances than commonly predicted. Pressure-solution deformation might reduce long-term
strength, whereas the mechanism of isolating pore fluids within faults during transgression
(discussed later in this section) would reduce short-term stability of sliding. But in
competition with these two effects, cementation, sealing and lithification could harden the
fault rocks, causing the fault to strengthen, reducing permeability of the surrounding rocks
and increasing their elastic stiffness. Along natural faults, with complicated geometry and
mineralogy it is possible that all of these various processes occur in combination, and it is
likely, with the extremely long period of time (from Early Proterozoic) since their initiation
that such processes have acted in many Lac du Bonnet Batholith faults, and may do so again
in the future.
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ln a region undergoing tectonic deformation different segments of a fault tend to rupture at
different times and with different periodicities. This implies the presence of local structural
controls that govern the nucleation and the arrest of ruptures. The effect of rupture arrest is
not just important seismtcally. Sibson (1985,1986) showed that the rapid linking of
extenstonal fracture systems to allow passage of aseismtc ruptures through dilational fault jogs
in fluid-saturated crust is opposed by transient suctional forces induced near rupture tips.
Rupture arrest may then be followed by delayed slip transfer as fluid pressures re-equilibrate
by diffusion. Figure 14a shows the likelihood of forming bridging extension fractures at
dilational and antidilational jogs. Figure 14b models the type of bridge that may occur as a
fault zone grows, and Figure 15 illustrates the dynamic interaction of fabric and fluid flow
within a propagating fracture zone. These effects lead to geometric irregularities such as
those encountered in Lac du Bonnet Batholith faults, and the irregularities partly control
variations in present hydraulic conductivity within the faults. The irregularities also provide
loci for stress concentrations or reductions that may cause or inhibit further fracturing.

Some faults are associated with arrays of parallel extension fractures and veins that seem to
be the product of repeated hydrofracturing under a shared stress regime. This type of
hydrofracture dilatancy is a phenomenon that occurs at a low differential stress (Sibson 1981).
It can only develop in association with thrusts when fluid pressures exceed the lithostatic load
(Figure 16). It is possible that the zones of subhorizontal secondary fractures associated with
thrusts in the Lac du Bonnet Batholith have formed this way. Most of these fractures have
low-temperature fillings, or none at all, and are thus probably due to a rejuvenation when the
fault was closer to surface than at the time of formation of the chlorite-filled shear fractures.

As well as changes in fluid pressures within a fault, the material behaviour of the actual fault
rock under the given environmental conditions affects the fault strength. For instance the
presence of a "gouge" layer between the harder wall rock can also reduce the effective shear
strength of a fault. In addition, as the shear stress across a fault increases the stress state
within the fault zone evolves to a limiting condition in which the maximum shear stress
within the zone is parallel to the fault, which then slips with a lower apparent co-efficient of
friction than the same material unconstrained by the fault (Lockner and Byerlee 1993). They
attribute this to the local accommodation of the bulk deformation by cooperative slip on
conjugate Coulomb yield surfaces, or Riedel shears (Figure 17). Thus the effective yield
strength of the fault is a function of the geometry and orientation of the fault and the regional
stress field.

The repeated failure of old fault zones rather than the formation of new ones has recently
been explained by an "isolation-compaction" mechanism, both from experimental evidence
and from field studies (Blanpied et al. 1992; Sleep and Blanpicd 1992; Byerlee 1993; Chester
et al. 1993). The hypothesis is that pore pressure within the fault fluctuates during the
earthquake cycle as a natural consequence of the cycle itself. The fault contains a core of
porous material which undergoes ductile flow, in both shear and compaction modes. As the
fault core, which is sealed from the surrounding rock, is slowly compacted during the
interseismic period, the pore pressure progressively builds up in the fault core, eventually
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triggering an earthquake at a low level of stress. The coseismic movements increase the
porosity in the fault core again; the pore pressure drops just after the earthquake and
groundwater "rushes" into the fault core. The fault core then becomes isolated again by
several sealing mechanisms: compaction increases, groundwater reacts with the fine material
in the new cataclasite, silica in solution is forced in through the network of secondary
fractures in the fault and country rock, where the water will no longer be in equilibrium with
rock and will deposit quartz, silicates, clays and even carbonates. The fault core is thus
sealed off from the country rock and the cycle repeats (Scholtz 1992; Chester et al. 1993).
The suggested repetitive nature of the slip on some faults at Whiteshell Research Area, e.g.
based on the ages of clays, and quartz in gouge from FZ2, may be due to such a mechanism.

2.4.4 Extension Fractures

Many mesoscopic fractures show no evidence of shear movement or faulting, though in some
cases they are aligned parallel to theoretical shear planes. Most of these are true extension
fractures in that the walls only move apart, not relatively past one another. In true extension
the local least principal compressive stress acts perpendicular to the extension fracture plane.

Segall (1984) has proposed a scenario for the formation of extensional fracture sets in granitic
rocks that seems to apply to many of the mesoscopic fractures that occur in the
Lac du Bonnet Batholith. Initially the rock is loaded by remote stress and internal fluid
pressure. The rock has a microcrack population. Remote strains are imposed slowly, and the
stresses acting on the microcracks are heterogeneous. Those microcracks with the greatest
crack extension force will begin to grow, the remote strains increase and more microcracks
grow. The complex interaction between the remote strains, local grain-scale stress
heterogeneities, microcrack interaction, and the length distribution of suitably oriented
microcracks, determines which microcracks grow and which do not.

After some time the growing cracks become considerably larger than the grain scale of the
rock. The relevant stress variations are now dominated by the cracks themselves. At this
stage, the crack distribution is highly anisotropic: the cracks are essentially parallel. When
the cracks are significantly larger than the grain size a macroscopic continuum description of
the array becomes appropriate.

The continued growth of individual cracks is governed by the respective crack extension
forces. For initial conditions in which the density of cracks is a little less than a critical
value, the driving forces increase and pass through a maximum. Substantial increases in
crack length will occur with little or no increase in the remote strain. If, on the other hand
the crack density is greater than the critical value, the crack lengths increase only with
increases in the remote strain.
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As cracks propagate, they interact elastically with one another. This interaction inhibits the
growth of smaller cracks, so that, as time proceeds, fewer and fewer cracks continue to
propagate. The resulting distribution of fracture lengths reflects this evolution, with the
frequency of occurrence decreasing with increasing length.

The degree to which fluid pressure, or an actual tension in the stress field, plays a major part
in the development of the fractures, is a function of the proximity to the earth's surface and
that surface's topography. This is discussed in relation to fracture populations in the
Lac du Bonnet Batholith in Section 5.

2.5 SHIELD STRESSES

2.5.1 Introduction

The most probable sources of broad-scale stress fields in the lithosphère are the major forces
acting on lithospheric plate boundaries (Figure 18a). These forces include: shear tractions at
the base of the lithosphère that can either drive or resist plate motions; a "slab pull" force
representing a balance between the negative buoyancy of the subducted oceanic slab, viscous
drag on the slab and frictional resistance to subduction; resistance to continent-continent
collision; a "ridge-push" force resulting from excess thermal elevation of young oceanic
lithosphère; and a "trench suction" on the overlying plate in a subduction zone (Zoback et al.
1989). More localized sources are flexing stresses caused by surface load, e.g. mountain
building; by subsurface loads required for isostatic compensation; by down- bending of
subducting plates; and by membrane stresses generated by the motion of plates over an earth
of varying radius of curvature.

In-situ stresses in the elastic part of the earth's lithosphère are compressive (below the upper
tens of metres). At a global scale the most significant of these forces is the combined effect
of the surface load and buoyancy of a low-density region supporting a region of high
topography. If buoyancy forces dominate they can produce a broad zone of deviatoric tension
beneath major mountain ranges and high plateaus (Figure 18b).

Though such forces must have been active in the rocks of the Canadian Shield in Precambrian
times, the strongest tectonic boundary stresses now present in this part of the crust are
thought to be either shear tractions at the base of the lithosphère or buoyancy forces.
However, Zoback et al. (1993) report that their estimates of the magnitude of in situ stress to
a depth of 6 km in the KTB borehole in southern Germany indicate a high-strength upper
crust is transmitting most of the plate-driving forces in western Europe.

Lateral variations in strength or elastic properties can result in locally induced stresses. In
some cases these variations are so profound that they dominate the general tectonic field,
e.g., the 50°-60° rotation of the stress trajectories adjacent to the San Andreas Fault. The
stress field is particularly distorted in the vicinity of fault bridges, i.e. where faults are either
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en passant or en echelon (Gamond 1987). Such bridge areas are likely to have occurred in
thrust faults in the Lac du Bonnet Batholith, to cause wider than normal zones of secondary
fracturing.

However, at the local scale where observations are made, inferential data on stress fields may
suggest very different conditions. A classic example of mixed mesoscopic structures occurs
near Picton, Ontario, where "pop-ups' in limestones, over a metre high and hundreds of
metres long, were mapped by the Ontario Geological Survey (partly funded by Magnec) in
the same area as extension fractures that in some cases are tens of metres long and up to
0.5 m wide at the surface. Both features are thought to have occurred after a glacial retreat.
On a smaller scale, in situ stress measurements in a basal Cambrian sandstone in Texas, in
flat lying fractureless outcrops tens of square-metres in extent, and with a homogeneous stress
field, occur adjacent to other areas with a different homogeneous stress field (Brown 1974).
Even in the generally compressive regime some areas were in active tension.

2.5.2 Intraplate Strain

The basic tenet of plate tectonics, the rigid body motion of large plates of lithosphère, fails to
apply to continental interiors where buoyant continental crust can detach from the underlying
mantle and form either mountain ranges and/or broad zones of diffuse tectonic activity
(Molnar 1988). Mapping of relative velocity fields for plate movement within New Zealand
shows diffuse simple shear of varied degree across both islands (Molnar 1988), and such
strain must have occurred in the microcontinents that made up the early Canadian Shield.
The relative motion of the Pacific and Australian plates has been accommodated by a
combination of compressional and tectonic motion over a belt several hundreds of kilometres
wide. Geodetic observations of strain over this century indicate that it is continuous when
viewed on a scale of about 50 km (England 1988). Though this is a better scale to
understand the continental dynamics, the real, discontinuous deformation is in actuality broken
up on a scale of a few to a few tens of kilometres, the scale of structures which would affect
a disposal vault site. A typical example of the heterogeneity of strain transient fields during
stress relaxation on a local scale relevant to individual plutons is given by Foulger et al.
(1992). Foulger et al. have measured the strain field, using the Global Positioning System,
following an episode of dyke intrusion in northeast Iceland. The pulse of dyke swarm
expansion was accompanied by contraction of the adjacent plates for distances up to 50 km
from the dyke swarm. Displacement vectors vary largely in magnitude and up to 75° in
orientation (Figure 19). Such transient strain periods following a stress change are not well
studied and may be pertinent to the way fractures might propagate after a movement on the
major faults.

The work of Foulger et al. (1992) implies that some continental plates are not rigid monoliths
which deform only at their edges. As data on cratons accumulate, it appears more and more
that this statement is applicable to a limited extent to Shield areas. Some differential stress
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does build up to cause the few earthquakes that occur within cratons and which are actually
measured, though a degree of recent shear strain similar to that in New Zealand seeins unlikely
to be found with the thick effective elastic plate of the Canadian Shield (cf. Section 2.5.3).

2.5.3 Lithosphère Anisotropv and Thickness

Silver and Chan (1988), on the basis of seismic evidence of shear wave splitting, suggest that
a 200 km-thick layer beneath the Canadian Shield has been stable for over 2500 Ma. The
seismic monitoring station RSON, from which some of this evidence comes, lies between the
Uchi and English River subprovinces near Red Lake in northwestern Ontario. The seismic
response shows a strong 075° azimuth anisotropy which Silver and Chan attribute to aligned
olivine crystals in the mantle (Figure 20). They argue that this must have been produced in
the last significant deformation of the area, during the late Archean (-2700 Ma ago). This
anisotropy within the 200 km thick zone has been maintained through all subsequent break-up
and rafting of the craton, moving with the crustal plate.

The orientation of this anisotropy is symmetrical with the measured and interpreted regional
stress field (Section 2.5.4). Whether this is the effect of the anisotropy on the transmission of
the basal mantle traction to the upper crust is arguable, but seems likely. Silver and Chan's
(1988) idea of a 200 km thick, elastic, welded crust and mantle root to the Canadian Shield in
the region of Manitoba and northwestern Ontario has received limited support from Bechtel et
al. (1990). They use the flexural rigidity of an elastic plate overlying an inviscid
asthenosphere, and the buoyancy forces associated with the deflection of density interfaces, to
estimate the distribution of effective elastic thickness of the Northern American continent
(Figure 21). Although their estimate loses coherence in the extreme north, their distribution
of this thickness suggests that the extreme western area of the exposed Superior Province has
an elastic thickness of -128 km, a thickness unlikely to lead to major earthquakes caused by
asthenosphere deformation.

Gravity domains in the Superior Province seem to reflect the general geological grain of the
surface rocks (Figure 22) e\cept for a zone, known as the Midcontinent Rift, trending
southwest from the western tip of Lake Superior (Thomas et al. 1988).

In the mid-plate portions of some plates there is a striking correlation between ahmax

orientations and azimuths of absolute plate velocity, e.g., North America (Zoback et al. 1989,
cf. Section 2.5.4). This correlation can be explained by resistive drag at the plate base or by
the parallelism of the absolute velocity vectors with the expected direction of the ridge-push
force from the Mid-Atlantic ridge. Silver and Chan's suggestion of a mantle crystalline
anisotropy may then account for the obliquity between these two in the Superior Province.
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2.5.4 Stress Field

Regional stresses are commonly deduced from study, over a long period, of various types of
in situ stress measurements (e.g. oil-well borehole breakouts) and interpretation of the patterns
of geologic structures measured in the field, such as fold axes, faults and dykes (Price and
Cosgrove 1990). Commonly the latter method is used for paleostress determination, but in
some areas measurement of present-day fracturing and slab "pop-ups" have been used, as at
AECL's Underground Research Laboratory (Brown et al. 1986b; Brown et al. 1994b). In situ
stresses are commonly the sum of local topographic loads, active tectonic loads, residual
stresses and rémanent stresses.

The differences between rémanent and residual stresses are not always understood: since, as
with many other natural phenomena, there is no clear cut distinction (Price and Cosgrove
1990). When a block of rock is isolated and removed from its position in the crust (e.g. by
overcoring a strain gauge) the boundary stresses that were acting on the block are completely
dissipated. The rémanent stresses are those measured by the recovery of the block as the
boundary stresses at surface are removed. They are rémanent in origin since the rock was
originally deformed thermally, mechanically and chemically at greater depths, and has
suffered incomplete retrograde deformation as it was uplifted and exhumed to its present site.
Residual stresses are those still left in the rock after the boundary stresses have been
removed. In a polymineralic rock, such as granite, there is a complex fabric of grains with
different elastic moduli and coefficients of thermal expansion. On removal of the boundary
stresses each grain endeavours to attain its unloaded shape and dimensions but is partially
restrained by cohesive and frictional forces between it and the surrounding grains (Figure 23).
Some, or even all of the residual stresses can be released by any mechanism that causes a
breakdown of the rock on a grain to grain basis. The larger the number of the internal
boundaries disrupted, the more general is the release of the residual stresses. But
geologically, for instance through surface weathering or groundwater alteration, the process of
residual stress release may take considerable time.

The simple continental stress field, suggested by Gough (1984) in his study of mantle flow
under North America (Figure 24) and by Hasegawa et al. (1985), has been found to be
oversimplified at the local (100 km) scale on the basis of new measurements (Zoback et al.
1989; Zoback 1992; Adams 1987; Figure 25, Figure 26). However, most midplate regions are
characterized by horizontal compressive stress regimes, that is by thrust and/or a combination
of thrust and strike-slip deformation. Broad regions of the earth's crust are subjected to a
nearly uniformly oriented stress field: for example, the 2 x 107 km2 region of northeast to
east-northeast compression in central and eastern North America (Zoback et al. 1989).

Hasegawa et al. (1985) consider that the confinement of the trend of the maximum deviatoric
compressive stress axis to within, or close to the east-northeast octant implies the presence of
a uniform stress component overprinting localized stresses in the upper crust of the Canadian
Shield. Herget (1980) considers departures from this are due to residual stresses from
previous deformations, but the effect of a dominant fabric on elastic constants may be a
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greater factor. In fact, Herget (1980) partially suggested this latter possibility, or a control by
residual stress, when he published a map for the Superior Province from Sudbury west to the
Palaeozoic cover in Manitoba, in which he compares past directions of compression for major
and subsequent deformations, with the orientation of present-day stress orientations
(Figure 27). The stress measurements can concur with either the major deformation
(Onaping), or with a subsequent deformation phase (Red Lake) or with both (Wawa).

The Midcontinent Rift seems to form the eastern boundary to an anomalous zone of stress
orientation in the North American plate whose western edge lies somewhere within the
Dakotas (Haimson 1990). On the basis of very shallow (to 30 m depth) hydraulic fracturing
measurements in the Sioux quartzite (probably age 1200 to 1700 Ma) supported by a focal
plane reconstruction of an earthquake in north-central Kansas at a depth of 13 km, Haimson
suggests that the maximum horizontal compressive stress in the Sioux Falls region trends
150° azimuth (Figure 28). Recent stress measurements at Whiteshell Research Area, which at
300 m depth indicate a southeast-trending maximum compressive stress axis (Martin and
Chandler. 1993), may extend his anomalous stress province 400 km to the north.

This extension, however, is unlikely if Haimson's explanation of regional stress re-orientation
near the Midcontinent Rift, which is a middle Proterozoic zone of northeast-trending, steeply
dipping reverse faults, is correct.

At Whiteshell Research Area, we have discovered a 90° change in azimuth of the maximum
compressive stress axis from the northeast octant in the near surface environment, to the
southeast octant in depths below 300 m (Martin and Chandler 1993).

Hasegawa et al. (1985) used Herget's (1980) data compiled for the Shield to compose a
summary graph of change in the principal stresses with depth to 2 km, and then to calculate,
using earthquake fault plane solutions, the changes to 20 km depth (Figure 29). These graphs
imply a change from a thrust fault environment to a strike-slip environment below 2 km (or
higher). However, a reversion to a thrust fault stress environment occurs somewhere between
2 km and 6 km depth.

In a more modern environment the change from a thrust to a strike-slip environment occurs at
an even shallower depth. The Cammenellis Granite in southeastern Britain is a 12-15 km
thick Hercynian post-tectonic batholith. Stresses have been determined to a depth of 2.6 km
(Willis-Richards 1990). The cross-over from a thrust to a strike-slip environment occurs at
400 m (Figure 30). In this high heat production granite a possible brittle-ductile transition
may occur as shallow as 6 km depth. The pattern of stress at the Carnmenellis Granite is
close to that expected from a fractured rock under condition of hydrostatic pore pressure. In
limited support of these data Martin and Chandler (1993) suggest that the high horizontal
stress at the Whiteshell Research Area at 300 m may not increase further with depth until it
intersects the general value for the Canadian Shield at 1200-1300 m (Figure 31). This trend
then starts to look very similar to the stress changes at Carnmenellis Granite, but seems to
disagree with Hasegawa's contention that a thrust fault regime occurs below 6 km.
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2.5.5 Intraplate Seismicity

Most of the larger earthquakes in the Canadian Shield are associated with the Palaeozoic or
younger rift systems that surround or break up the integrity of the North American craton.
By contrast, the largest earthquakes in the unbroken craton (in Canada, outside the marginal
zones) are not much larger than M = 5 (Adams and Basham 1987). Elsewhere, Adams and
Clague ( 1993) consider most of the cratonic interior of Canada to be essentially aseismic,
suggesting the there is currently little tectonic deformation occurring. Although
glacio-isostatic uplift has taken place and is still occurring (Section 2.6) it is not known to
have been accompanied by significant earthquakes deep within the craton. This is not to say
that earthquakes, even large ones, cannot occur in the Shield, only that they are very
infrequent. Even in eastern Canada the actual ground movements due to the contemporary
seismicity are insufficient to create a new topography or to maintain the old topography.

Most intraplate earthquakes cannot be assigned to an identifiable fault zone, in part because
the low level of intraplate seismicity makes it difficult to identify active zones. Most
continental interiors are characterized by a rather uniform state of stress, arising from forces
acting on the edges and base of the plate. Typically the deformation rate of the intraplate
regions is only one thousandth of that of an active plate boundary (Garwin 1990; summary of
intraplate seismicity).

Johnston and Kanter (1990) have pointed out that world wide, most of the intraplate
seismicity and the largest intraplate earthquakes (71% of all intraplate seismicity and all 17
earthquakes M > 7) are associated with areas of continental crust that have been weakened by
an episode of stretching and thinning, during the formation of a new rift or ocean basin as
Adams and Basham (1987) suggest for Canada. However, this correlation breaks down in
some cratons; for instance, some of Australia's largest on-shore earthquakes have occurred in
very old, unrifted crust.

Long gaps occur between large intraplate earthquakes: for example, 500-1000 a for the
recurrence of an M = 7 earthquake on the New Madrid zone (USA) (Johnston, 1992). In
another striking example, the Meers fault in Oklahoma, which has only recently been
recognized, the recurrence interval, if it will actually take place, will be much longer. The
fault scarp, 30 km long, was formed by a movement at about 1.2 ka ago. If the movement
was seismic in depth, the earthquake would have had a magnitude of about M = 7. At
present the Meers fault area, unlike the New Madrid zone, is essentially aseismic, and prior to
the 1.2 ka event the fault had not moved for at least 100 ka.

An example of slip occurring on ancient fault systems, not in cratonic rocks, but well within a
very large tectonic plate (Mid-Atlantic through Europe and Russia to Japan) occurred in
Britain in 1990 (Woodcock 1990). The history of earthquakes in this region suggests that,
though the initial activity on this particular zone of faulting may have occurred 250 Ma ago,
the major deformation of the area was in the Caledonide orogeny 400 Ma ago and the last
major deformation occurred when the area was re-activated in the Variscan orogeny 290 Ma
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ago. The current deformation, which produced the latest M = 5.1 earthquake, is attributed to
ridge push stress from the mid-Atlantic 2000 km away. This example suggests that tectonic
stresses can re-activate zones of weakness in parts of continental plates that are far away from
active plate margins.

Ellsworth (1993) suggests that, in active tectonic areas, a viscoelastic, weak lower crust
underlies the elastic, seismogenic upper crust. Moderate-magnitude earthquakes, occurring on
faults exhibiting both aseismic creep and seismicity, suggest a model in which the eventual
earthquake slip zone remains locked during the strain-accumulation phase. Smaller magnitude
earthquakes happen outside this zone, thus elastically loading the locked zone. In time the
stresses in the lower crust relax introducing an additional time-dependent load on the locked
zone.

Zoback et al. (1985) suggest that the same mechanism may be occurring in cratonic plates,
i.e., that intraplate seismicity may indeed be associated with on-going ductile deformation in
the lower crust beneath an elastic-seismogenic upper crust. They found rates of crustal
deformation in southern New York (calculated at several centimetres per year) within an
upper crust of approximately 20 km, that they feel support this idea. With the general plate
motion in this vicinity of -27 mm a-1 they suggest that, in a geological sense, this is a
relatively short-term strain episode. However, in the western portion of the Canadian Shield,
the asthenosphere (the visco-elastic weaker layer) may be as deep as 200 km and this is likely
to inhibit seismic activity associated with ductile deformation in the lower crust.

Das and Scholz (1983), who modelled spontaneous rupture models for tectonic earthquake
initiation, suggest that ruptures nucleated in shallow, low stress-drop regions are inhibited
from unstable propagation, but those nucleated in high stress-drop regions can propagate
movement over the entire fault plane. This seems to suggest that the majority of faults in the
western Superior Province on which minor earthquakes are currently occurring will not be
those on which a major movement occurs (cf Section 2.5.6).

2.5.6 Potential Seismicity in the Western Superior Province

One of the ways to estimate the potential for new or, more especially, reactivated fracturing at
megascopic scales within a region is to examine the potential for seismic activity through past
earthquake records. AECL supports a number of seismogram stations in northern Ontario
(ULM, SOLO, GTO, KAO and ELO) that are managed by the Geological Survey of Canada
and integrated into their National seismic monitoring network. The earthquakes recorded by
these (and STLN) in this area during 1982-1992 are shown in Figure 32, with the tectonic
subprovinces superimposed on the map. These locations have been compared to the geology
in the new bedrock geology map sheets (2541, 2542 and 2543) published by the Ontario
Ministry of Northern Development and Mines. To the west of the Kapuskasing high (an
upthrust area of highgrade gneiss) the earthquakes seem to be associated with zones of greater
geological complexity or major lithologie change. The suggested associations for groups of
earthquakes (groups labelled 1 to 7) are listed in the caption for Figure 32 (after Wetmiller
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and Cajka 1993). Subprovincial boundaries and transecting zones of regional dyking or
faulting (especially for Group 5) seem to the most common factors associated with the
different clusters of earthquakes.

Group 6 lies underneath the Palaeozoic cover rocks. While this group could be localized by
either or both of the above factors, they and a single earthquake at the extrapolated north end
of the Kapuskasing high, do lie on the path of the Great Meteor hotspot beneath the craton
(Figure 33), along whose path other earthquakes may be aligned (Sykes 1978).

Adams and Fenton (1993) and Fenton and Adams in Atkinson (1993) have examined the rate
of earthquake occurrence both for stable cratons and for an area encompassing northwestern
Ontario (Figure 34). As well as the distributions of earthquakes in space and time, their
distributions of earthquakes in terms of energy release provide a basis for the physical
understanding of the occurrence of future strong events and for assessing the likelihood of
their occurrence (Kisslinger 1992). Adams and Fenton's H 993) magnitude-recurrence
relationship (Atkinson, 1993), illustrated in Figure 35, tends to confirm the observations in the
western Canadian Shield over the last 10 years, that small seismic adjustments are moderately
common over a large region. However the adjustments appear to be strongly localized
(Figures 32, 34 and 36). Such events would lie within Das and Scholz' (1983) low
stress-drop region (Section 2.5.5) and, as such, the faults on which they occur are unlikely to
propagate so drastically so as to cause a major earthquake.

In a specific area the common empirical connection between activity of occurrence and
earthquake size is the Gutenberg-Richter relation, N(M) = A - bM, where N(M) is the number
of earthquakes with a magnitude equal to or greater than M, A is a constant describing the
level of activity and b is a number close to 1, both determined by the corresponding data set.
Adams and Fenton (1993) project their magnitude-recurrence relation as a single-slope
straight line on a logarithmic scale. Kisslinger (1992), however suggests that where log N is
plotted against M the data tend to follow a linear trend over some part of the range, but the
data often fall below this line for small events and do not fit it very well at the top end, since
there are either too many or too few recorded events. Seismic networks tend to catch too few
of the smaller events, and the catalogue commonly covers too short a time for a good sample
of the large events. But Pacheco et al. (1992) show that a single b-value does not
characterize the entire magnitude range; in many cases there is a slope break between small
and large earthquakes. This implies that lapse times and their probabilities, based only on
extrapolating the straight line portions, are likely to be wrong. The maximum magnitude of
the probable earthquakes in specific regions are estimated from the statistics based on the
history of the site, but a deterministic approach based on examination of the geological
structures that could produce earthquakes has much to recommend it in seismic areas such as
the Whiteshell Research Area.

High b-values indicate a highly fractured regional fault zone, with variable properties. Some
regional differences in the b-value have been related to differences in the ambient shear
stress, but Pacheco et al. (1992) show that the break between small to moderate earthquakes
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and large earthquakes occurs when the depth of the earthquake rupture occurs over the entire
siesmogenic zone. Their measured slope breaks for different areas occur at between 5.9 and
7.5 (Ms and Mw mixed magnitudes).

Recent seismic events have not been recorded recently in central and southern Manitoba.
However they have been recorded in Saskatchewan and the adjacent states of the USA
(Figures 36, 37 and 38). Nine earthquakes are known to have occurred in southern
Saskatchewan to the present time, but earthquakes smaller than M-4 could not be located
before the mid-1960s (Homer and Hasegawa 1978). The largest was Mb = 5.5 (Figure 36).
There is a general spatial correlation between the observed seismicity and the more
structurally disturbed areas of the Precambrian basement (Figure 37). Four of these
earthquakes show a spatial correlation with a large salt-solution structure (Figure 38).
Although salt solution may be a direct cause of the earthquakes, the evidence for basement
zones and their control on structures in the Phanerozoic sequence suggests that reactivation of
the basement structures, in response to the contemporary stress field, is likely to be indirectly
responsible for the seismicity. This implies that earthquakes could occur in some parts of the
basement of the Superior Province in Manitoba in spite of the deep effectively elastic zone
(Bcchtel et al. 1990), provided the geology is propitious.

More importantly to potential seismicity in Manitoba, the Nelson River Bouguer gravity high
(Figure 37), believed to represent the boundary between the Churchill and Superior Provinces,
coincides with at least one earthquake, suggesting this boundary could be "active". No
earthquake has been recorded in the Superior Province of Manitoba east of this particular
seismic event, but further north in the Thompson area seismic profiles suggest that
Trans-Hudsonian rocks underlay the Superior craton for a considerable distance Lucus et al.
1993). This may extend a zone of potential seismicity into the ostensible Superior Province.

If a slope break in the Gutenberg-Richter relationship is valid for central and southern
Manitoba and northwestern Ontario, then, taken together with the spatial distribution of
known earthquakes and the apparent thickness of the welded crust and upper mantle in this
area (Section 2.5.3), the likelihood of an important earthquake occurring near enough to affect
faulting and fracturing at the Whiteshell Research Area is less than that suggested by Adams
and Fenton (1993). This statement, however, does not affect the likelihood of minor seismic
events associated with the tentative advances and retreats of an ice front during the onset of a
glaciation within the next 10 ka, or even more so with its retreat within the next 100 ka.

2.6 GLACIATION AND DEGLACIATION

2.6.1 Introduction

The potential of continental glaciations to affect the environment of a hypothetical vault has
been discussed in genera! in Davison et al. (1994), in Ahlbom et al. (1991) and in Eronen and
Olander (1990). Ates et al. (in preparation) have summarized in detail the likely effects on a
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vault of the onset of an ice sheet similar to the Laurentide in Canada. The questions which
are particularly important to the possibility of fracturing and faulting near a vault are:

a) What is the likelihood of glaciation and déglaciation occurring within the time
frames 0-10 ka or 0-100 ka in the future.

b) What are the effects of lower temperature, both under the ice sheet and in
periglacial regions.

c) What are the stress effects due to the loading, movement and unloading of an
ice sheet.

d) What are the effects on the subsurface hydrology of loading, movement and
unloading of an ice sheet.

2.6.2 Fluctuation at Onset and Conclusion

Currently Canada is in a period of isostatic recovery, following the loss of the Laurentide Ice
Sheet about 10 ka (14 ka to 6 ka) ago. Interglacial-glacial cycles tend to last -100 ka and are
interrupted by several interstadials (Ahlbom et ai. 1991). Davison et al. (1994) suggest that a
further glaciation is unlikely to occur in Canada within the next 10 ka but could occur within
the next 20 ka. Conditions associated with glaciation and déglaciation could therefore affect
fracturng around a disposal vault within a time frame of 100 ka. Both Davison et al. (1994)
and Eronen and Olander (1990) indicate that the onset of glaciation may occur over a long
(50 ka) period of time, whereas déglaciation may occur very rapidly. Certainly the recent
data on fluctuating global temperatures at déglaciation e.g. Lehman et al. (1992) on ocean
temperatures, Taylor et al. (1993), Hecht (1993) on ice cores from Greenland, Fairbank's
(1993) summary of these, and the work on borehole measurements of ground temperature
down to -200 m, and especially in permafrost layers, summarized by Sass (1991) suggest
warming rates of 5°C in 40 years or even faster during periods of déglaciation.

The data on temperature and ice advances and retreats of the initiation of the last glaciation
cycle are known only on a much coarser time scale. The onset of cold temperatures at
110 ka ago was interrupted by warm periods (Ahlbom et al. 1991) and glaciation proper
began only around 70 ka (Eronen and Olander 1990). Boulton and Clark (1990) have studied
the waxing and waning of the margins and the change in location of the centres of ice domes
in the Laurentian ice sheet during the last glacial cycle using crossing lineations of glacial
drifts (Figure 39). They interpret shifts of 1000 to 2000 km in these centres over time; these
shifts with time of the margins and centres of the ice caps are shown in Figure 40.

This implies that throughout a glacial cycle, from onset to beyond termination, there is a
"continuous" fluctuation in the conditions in the rock caused by glaciation, both underneath
and in the peripheral areas of an ice sheet. These changing conditions can affect fracturing.
We believe that the effect is analogous to cyclic strain weakening of laboratory specimens.
The extent of such fluctuations is likely to be greater further away from an ice centre
(Figure 41).
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2.6.3 Suhglacial Erosion

Erosion can bring subsurface rocks closer to the unconfined free ground surface. Davison et
al. (1994) discuss several lines of evidence. They suggest that with the Shield's flat
topography, Shield rocks are likely to have only suffered a general erosion of 2 to 20 m in
the last glacial cycle. Eronen and Olander (1990) suggest that Finland was only eroded a few
metres during the last glaciation and the sum effect of all the Quaternary Laurentide
glaciations (over 700 ka) was a loss of 120 m of rock. Ahlbom et al. (1991) predict an
average erosion of 5 - 10 m in the low relief areas of Scandinavia during a future glacial
cycle.

This does not necessarily suggest that any noticeable effect due to glacial erosion would occur
on rock at 500 m to 1000 m depth. However, erosion under an ice sheet can vary
considerably, depending on conditions beneath the ice (Figure 42a,b). The location and basal
conditions of "ice rivers" i.e. bands of swifter flowing ice with sporadic surges in the
Antarctic ice sheet, which may cause deep local erosion, have been studied recently (Wellman
and Tingcy 1981). Though deep erosion by ice, with concomitant isostatic rebound and
further erosion, up to depths of 1.5 km, has been measured under the Antarctic ice cap, this
has been restricted to areas of high subglacial topography (Wellman and Tingey 1981).
Wellman and Tingey concur with the general opinion that in the Canadian Shield only a few
tens of metres of rock has been removed by glacial ice action.

2.6.4 Subglacial Rock Temperatures

Ahlbom et al. (1991) and Eronen and Olander (1990) discuss subglacial temperatures and
areas of permafrost. Ahlbom et al. (1991) suggest that permafrost could possibly reach
depths of more than 500 m in a future glacial cycle, but they do not indicate the rock
conditions under which this might occur. If there are cycles of freezing and thawing in the
rock, fracture propagation is likely to occur at all scales. Such cycles seem unlikely to be
effective at proposed disposal vault depths. Under permafrost conditions any stable crack
growth is likely to be balanced by stable crack closure. Both sets of authors discuss the
formation of cold-based vs warm-based ice sheets. Eronen and Olander's (1990) model is
shown in Figure 42b. Ahlbom et al. (1991), whose model is shown in Figure 42a, consider
central Antarctica to be cold-based (their Figure 5) with basal temperatures well below the
pressure melting point. As mentioned in an earlier section, the Antarctic cold-based ice sheet
has warm-based ice rivers within it, and similar local zones of melting would be likely to
occur in a new Canadian ice sheet, indirectly affecting fracturing through changes in
groundwater pressure.

2.6.5 Glacial Loading

Continental ice sheets can affect the rock mass directly by: 1) induced elastic stress changes
from the increased overburden of ice; 2) induced pore-pressure changes; and 3) induced
thermal stresses (cf Section 2.6.4). Glacial loading is thought to depress the land surface
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beneath the ice a maximum of 25-30% of the thickness of the ice load (Ahlbom et al. 1991).
The ice thickness possibly reached 3 km during the last glaciation in Scandinavia (Eronen and
Olander, 1990) but the estimates for the Laurentide ice sheet that covered the Canadian Shield
are less, 1-2 km. Ice sheets appear quickly with respect to their duration (cf Section 2.5.1)
and disappear even more quickly. This imposes a static load on the underlying crust
extremely rapidly that would require an unbelievable 600-60,000 Ma to accumulate at normal
tectonic strain rates. This rapidity in loading does not allow the crust to adjust through
faulting. In addition, it is believed that they build up sufficiently rapidly that isostatic
equilibrium is not achieved, especially with ice sheets having the type of history suggested by
Boulton and Clark (1990) for the Laurentide ice sheet. In consequence, the maximum
deformation, and hence potential for faulting in the brittle part of the crust, is not achieved.
During glaciation a forebulge to the ice-induced depression (Figure 42a), to a maximum
excess height of 150 m, may be created and would migrate with the ice sheet. This forebulge
is likely to affect the near surface zone of subvertical fracturing. Ates et al. (in preparation)
expect this to be a zone of real tension during glaciation. In general, due to flexure, a
maximum compression of about 20 MPa occurs in the rock under a 2 km-thick ice sheet.
Glacial drag may exert a 1 MPa stress near the earth's surface. Differential post-glacial uplift
may generate vertical shear stresses of a few MPa (Hasegawa 1988), but during glaciation
most fault movement should be suppressed by the increased confining pressure.

2.6.6 Earthquake Suppression

Johnston (1987) explains the mechanisms whereby earthquakes could be suppressed when the
land is covered by large continental ice sheets. The interior regions of ice-covered Antarctica
and Greenland are aseismic; no earthquake larger than M = 4.5 - 5.0 has been recorded for
either landmass, in 20 years of seismic monitoring in areas away from the coasts and
continental shelves. In contrast most stable continental interiors show a low but persistent
level of seismic activity exceeding Mp = 5.0. The lack of earthquakes in Antarctica and
Greenland cannot be attributed to any great dissimilarity in geological age, composition or
crustal thickness compared with the other cratons. It is most likely to be the effect of the
thick ice sheets.

Johnston (1987) discusses the stress changes due to the weight of ice in terms of the
Navier-Coulomb failure criterion, both for a normal fault environment (i.e. crustal extension)
and for the more common Shield environment of thrust faulting (i.e. crustal compression).
Since ice-free continental masses experience a significant number of internal earthquakes
compared to ice covered masses, Johnston (1987) expects crustal stress regimes in which
some favourably oriented faults are near the threshold of failure, and also assumes that faults
are likely to be weaker in shear than is the intact rock mass. The result of his calculations
are summarized in Figure 43; the pore fluid is a brine, a, is vertical and an empiric value of
0.63 is assumed for the a/cr, ratio. (A pore fluid, at least at lithostatic pressure, is
commonly regarded as necessary to bring faults to the verge of failure). Johnston (1987)
concludes that the net effect of a continental ice sheet on the rock beneath is to remove faults
from the threshold of failure and to suppress earthquake faulting, especially under a lateral
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constraint of no horizontal deformation. Though in the past it was thought that restoration to
a near-failure condition by increase in pore pressure beneath an ice sheet would be inhibited
because ice sheets insulate the upper crust from significant surface fluid recharge,
Blankenship et al. (1986) and Alley et al. (1986) have now shown that conditions of fluid and
fluid pressure at the base of ice sheets can be very close to the hydrostatic equivalent of the
ice thickness and so affect the internal fluid pressure within faults and fractures.

2.7 EROSION AND DEGLACIATION: ISOSTATIC RECOVERY AND
ASSOCIATED STRESS CHANGE

2.7.1 Introduction

The evolution of a mountain range includes two distinctive phases, one of active tectonism
and construction, followed by a phase of erosion and passive isostatic rebound. The rate of
erosion at any given time is proportional to the elevation at that time. The flexural stresses
associated with erosion initially increase with time, possibly up to 100 MPa, and then
decrease. Since the relaxation is time-dependent, erosional stresses are applied continuously
throughout a post-tectonic period. The predicted principal stresses vary considerably in sign
and orientation over the distances of several tens of kilometres in an example from
southeastern Australia (Stephenson and Lambek 1985). This implies that under these
conditions markedly dissimilar principal stress orientations can be expected over short
distances, whether they are inferred from fault plane solutions or result from in situ stress
measurements.

Much fracturing observed at or near the earth's surface is not directly caused by orogenic
deformation. Amongst other factors, such as the magnitude of the differential stress in the
horizontal plane, or of the stored strain energy, this near surface fracturing is a function of
proximity to the ground surface. If there is no large, tectonically-caused differential stress,
the continuous removal of the confining load on the upper side of the rock mass, by the
erosion of the earth's surface, will cause an uplift and horizontal extension that is commonly
expressed by subvertical extension fractures or high- intermediate-dip (-60°) normal faults,
very near the surface. Commonly, however, a compressive regime exists only a short
distance (a few to few tens of metres) below the surface where there is no topographic effect
on the stress field.

Uplift, whether orogenically or epeirogenicaily derived, is accompanied sooner or later by
erosion, during which three simple changes occur. The lithostatic load (due to the weight of
the overlying rock) is reduced, the ambient temperature is reduced and the rock is lifted into a
larger circumference of the earth. This is erosional-isostatic adjustment. Consequently, not
only is the confining stress lowered but the relative magnitudes of the vertical and two
horizontal stress axes change, and there is likely to be a change in the fluid content and
pressure within the rock mass.
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Parallel uplift during exhumation and erosion (cf Section 2.7.3) gives rise to an extensile
strain in the horizontal direction, -1.56 x 10"4 for a 1 km uplift. Similarly, with a geothermal
gradient of 25°C km'1 a 1 km uplift will give rise to a strain of -1.25 x 10"4 for a rock with a
coefficient of linear thermal expansion of 5 x 10'6oC' (Price and Cosgrove 1990). These
values can be entered into equations for the major and minor horizontal stresses together with
appropriate fluid pressures. Price and Cosgrove (1990), starting at 5 km depth, suggest, for a
strong sedimentary rock, a reduction of horizontal stress with uplift as shown in Figure 44a.
They assume that, in the absence of tectonic stresses, the horizontal stresses are about 70% of
the total vertical stress, and will become lower than the fluid pressure when uplift has raised
the rock to a depth of 2.7 km and will become tensile when the rock has been raised to a
depth of 1.5 km. This is not in fact realized because new fractures form or pre-existing
fractures are reactivated during the uplift.

In Figure 44b the reductions in Figure 44a have been superimposed on probable values for
the initial stresses and fluid pressures, together with the probable changes due initially to
normal faulting and subsequently to a system of orthogonal hydraulic fractures (Figure 44c).
Some such set of conditions and responses is likely to have prevailed in the Whiteshell
Research Area (cf Section 5), and Price's (1980) calculations for a granite undergoing cooling
and exhumation are summarised in Section 2.7.3. It should be remembered that in spite of its
great age, tectonic forces are acting now on the Canadian Shield and have to be
superimposed on the above calculations.

Shear strain is one factor neglected in the above discussion and is important in relation to the
early development of fractures in granite (Price and Cosgrove 1990) and possibly to some late
fracture sets in the Lac du Bonnet Batholith (cf Section 5).

In addition, because the basement rocks of the Superior Province are covered in part by
remnants of thick Proterozoic and Phanerozoic sedimentary rocks, the basement rocks must
have suffered both periods of down warping to form the sedimentary basins, and also periods
of uplift and exhumation to erode the sedimentary rocks. In large sedimentary basins this
implies a flexure through a chord to the earth's curvature that would provide episodes of both
horizontal compression and extension (Price and Cosgrove 1990). Some vertical extension
fracturing in the basement rocks may have been formed this way.

Glacio-isostatic adjustment is similar to adjustment to erosion, but, with the rapid melting of
continental ice sheets, the time-dependency of the rock mass recovery becomes a major
factor. The Canadian Shield is undergoing this adjustment now, has been for the past ten
thousand years, and is likely to be loaded again by ice before all deformation from the last
ice load is recovered.

Such erosional-isostatic uplifts can be large and so the consequent adjustment in the brittle
crust is also likely to be large. In addition, the cycles of uplift and subsidence during the
long time assigned to a single Precambrian orogeny are likely to be more numerous than
commonly envisaged. A typical example of burial and unroofing in marginal basins during a
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series of orogenies (which would be considered one orogeny in the Precambrian) has been
worked out in the northern Appalachian Basin by Friedman (1987). Diagenetic minerals in
outcrop indicate paleotemperatures of 100-200°C, and maximum depths of burial were
calculated from these temperatures assuming a gradient of 26°C km"1. Silurian (-420 Ma)
strata reached maximum burial depths of 5.0 km; Devonian (-380 Ma) strata -6.4 km; Lower
Ordovician (-490 Ma) strata >7 km; Middle Ordovician (-470 Ma) strata ~5 km; and Devonian
(~390 Ma) carbonate strata 4.5-5 km. Such large-scale vertical movements of the crust
probably represent isostatic unroofing. Similar movements must have taken place in the past
in the Canadian Shield, and particularly with respect to the Lac du Bonnet Batholith
(Section 5).

2.7.2 Results of Déglaciation Unloading

Though long wavelength phenomena related to glacial loading and unloading and post-glacial
rebound can be represented by an elastic lithosphère and viscoelastic asthenosphere, the
spatial and temporal behaviour of the pattern of the short-wavelength non-linear phenomena
which are associated with déglaciation recovery, depend on the characteristics of the
individual heterogeneities in the rock e.g. faults and fault blocks (Hasegawa et al. 1985;
Hasegawa 1988). This is especially important at the scale of a disposal vault.

There is considerable geological evidence in Canada, in Scotland, and in Scandinavia that
local deformation, perhaps including faulting and large earthquakes, may have accompanied
déglaciation (Dyke et al. 1991; Adams and Basham 1987; Ringrose et al. 1991; Lagerbach
1991). Minor faulting with millimetre to decimeter offsets of glaciated bedrock is widespread
in outcrops in southeastern Canada (Oliver et al. 1970; Adams 1981, 1989).

A major consequence of glacio-isostatic uplift is radial horizontal compression, concentrated
around the periphery of the former ice sheet. Shortening may amount to several millimetres
per year, though distributed over hundreds of kilometres (Adams 1987). This shortening is
likely to be achieved by thrust or reverse faulting on old structures, rather than by creating
new shear fracturing. Quinlan ( 1984) supported this idea when he modelled the stress caused
by post-glacial uplift as a perturbation on an ambient stress field for several tectonic regimes
(Figure 45). His results suggest that the rebound is capable of triggering seismic events on
faults in prestressed regions, but it is rarely capable of dictating the focal mechanisms of
these earthquakes. This is the same conclusion reached by Fenton (1992) from his work in
Scotland.

2.7.3 Results of Erosion

As mentioned in Section 2.7.1, much fracturing is related to proximity to the free (unconfined
on one side) ground surface. Nichols (1980) thoroughly discussed rebound, defined as the
expansive recovery of surficial crustal material, either instantaneously, or time-dependently or
both, and initiated by the removal or relaxation of superincumbent loads (e.g. by erosion).
The applied loads resulting from past or present geological processes can be removed or
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relaxed either by natural or by artificial processes, but rebound is most pronounced if the time
period of load removal is short relative to the relaxation Cime of the material (if this is
considered as a material property). Erosional, and even glacial, processes are relatively long
term compared to the lifetime of man-made structures; however, under the above condition of
quick load removal the final displacements, though slower, are much larger, the rock fabric
attains a greater degree of weakening, and subsequent fractures or faults are both more dense
and extensive than those associated with human-induced unloading (e.g. quarrying). An
example of results from modelling the waxing and waning of flexural stresses due to
relaxation following erosion is shown in Figure 46 (Stephenson and Lambeck 1985).

Redistribution and/or release of stored strain energy within the rock mass may be major
factors contributing to rebound. As new free surfaces are formed the rock mass changes bulk
volume. Long-term stability is achieved by changing the fracture density, balancing stresses
between grains, and the rate at which strength decreases within near-surface weathered rock
material.

Stress fields in shallow rocks are thought to be generated: either 1) by present-day,
boundary-applied tectonic loading (discussed in other sections) or 2) by residual and rémanent
stresses in the rock. (At very shallow depths topographic loads and diurnal and seasonal
thermal stresses also occur). The residual and rémanent stresses in unconfined blocks, or in
blocks of rock that are poorly confined topographically, are complex and some domains
within the rock mass will even be in tension. The limit to the magnitude of these stresses is
set by the strength of the rock, generally the uniaxial tensile strength, which is commonly an
order of magnitude less than the uniaxial compressive strength. A tensile component of these
stresses can therefore reduce the effective tensile strength of the rock. This is one way in
which extension fracturing can occur in rocks which, at surface, contain gravitational and
rémanent stresses that are all compressive. Commonly this effect will cause exfoliation
fractures parallel to the topographic surface, but there are some situations (cf Section 5)
where one of the horizontal rémanent stresses could be almost zero and vertical extension
fractures could develop. Herget (1973) calculated stresses at 305 m depth, caused by the
removal of 2135 m of overlying rock, assuming rigid lateral confinement. He found values of
oh-47 MPa and av~9.9 MPa. He concluded that horizontal stresses of this magnitude could
not be sustained on a long-term basis and that failure would have occurred at depths a little
greater than 1 km. If these conditions reflect the true compressive boundary loads there
should be low-angle thrusting or subhorizontal extension failures. In contrast, zone of
extension fracturing exist in many rock outcrops of the Shield, that imply extensile boundary
loads and suggest that regional rock masses do not act as mechanical continua. Nevertheless,
much of this extension fracturing is near surface and related to topography and does not
vitiate the general state of compression suggested by Herget (1973). That would appear to
apply at disposal vault depths.
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Price (1966) demonstrated that, as a result of uplift, a near surface compressive stress field
may lead to shear failure followed by increasing horizontal extension as uplift continues (cf
Section 2.7.1). Voight and St. Pierre (1974) recognized that compressive stresses may be
imparted to the rock mass on a macroscopic scale as a consec îence of "unlocking" residual
strain energy on the microscopic or grain scale.

In some cases the measured near-surface stress field is rotated approximately 90° from the
deeper stress field determined from hydrofracturing and earthquakes (Gay 1975; Talwani
1977). A 90° azimuthal rotation of a, between surface and 250 m depth at the Underground
Research Laboratory was referred to in Section 2.5.4.

As mentioned earlier the rebound process is partly time dependant, indicating that rock
masses have a "memory" of past loads. Modelling the behaviour of a core extracted from a
rock mass assumed to have been prestressed for 1 ka, Nichols and Savage (1976) noted an
instantaneous extensional response followed by a time-dependant compressional response in
the axial direction and the reverse in the radial direction.

Residual stress is a system of stresses within a body, which are in metastable equilibrium,
where neither normal nor shear stresses are transmitted across its exterior surfaces. Since
stored strain energy is relieved in a time-dependant manner when the stress equilibrium is
disturbed, it can be treated in a viscoelastic fashion. Residual stresses can be balanced in
very small volumes (down to individual quartz grains, Friedman 1972) implying that seldom
is all the stored elastic energy released. Nichols (1971, 1975) demonstrated recoveries in a
block of Barre Granite. He drilled sequential and concentric holes into the block, which had
been excavated from 67 m below the natural ground surface. The deformation appeared to be
elastic, with cumulative strain changes of as much as 330 x 106 (his expansion) and
-275 x I0'6 (his contraction). Nichols found that his average stress recovery of 4 MPa was a
significant fraction of the in situ stress of 14 MPa measured at 100 m below surface in an
adjacent quarry. However the recovery path of his block was complex over the several days
of the experiment, in part because of some inelastic behaviour. Brown (1974) demonstrated
diminishing recovery towards the centre within a sandstone core. The major factors in
triggering recovery of stored strain energy are: I) removal of external constraints; 2) creation
of new rock/mineral surfaces; 3) the addition of fluids e.g. groundwater; and 4) thermal or
mechanical cycling e.g. glaciation and déglaciation and perhaps heating from spent nuclear
fuel in a vault. That residual stresses can be large in some rocks was demonstrated by Price
(quoted in Price and Cosgrove 1990) in a specimen of siltstone recovered from a depth of
1100 m that had been buried to a depth 3500 m. The specimen had been subjected to five
loading cycles in a uniaxial compressive creep test. The total duration of all the tests, which
includes the recovery time between tests, was well over 1 year: a length of test which is
"pathetically short from the view point of a geologist" (Fyfe et al. 1978). At the sixth cycle
the specimen shortened instantly and elastically in response to a load of 64 MPa, and then
started to behave anomalously. Within 2 hours, without any change in experimental
conditions, the rock had expanded by over 10° against the uniaxial applied load. This
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happened again during the ninth cycle with an applied load of 80 MPa, to provide a final
expansional strain against applied load of 2 x 10 \ corresponding to a residual stress of about
60 to 70 MPa.

Rebound fractures caused by erosion or human activity may be dominantly extension fractures
or a combination of extension and shear fractures. If rebound is merely an elastic response to
the removal of external loads, it would seem there should be little or no failure unless large
stress concentrations are created by unloading. Non-tectonic shear failure probably does
indicate local stress concentrations. But long-term time-dependant extensional strain relief is
not explicable by Coulomb's criterion and can cause extension fractures in a compressive
stress field. Initial near-surface fracturing results from the propagation of microfractures by
viscoelastic rebound, aided by crack weakening as groundwater enters the crack.

Until a few years ago little was known about the fractures or stresses which exist in
unmineralized granite bodies at 1 km depth. Fractures formed during the magmatic stage in
many intrusions tend to be concentrated in parts of the intrusion adjacent to the country rock,
and in some cases are related to economic mineralization. The early fractures tend to be
dykes produced by "magma" pressures and the fracture walls are welded together by their
infilling. As crystallation and cooling occur, an intruded body can carry more of the tectonic
differential stress load, and magma pressure (as a factor in fracture formation) is replaced by
high vapour pressure during the retrograde boiling that causes high-temperature hydrothermal
veins. As unroofing proceeds, high-temperature vein formation is replaced by fracturing
related to surface proximity. Price (1980) investigated the depth at which surface-related
fractures are likely to occur within a high-level cupola intruded at 6 km depth at 650°C. The
ambient temperature he fixed at ~150°C and he considered the country rock to be elastic. He
calculated the stresses 1) in the liquid magma, 2) after in situ cooling and subsequent uplift
and exhumation from 6 km to 1 km and 3) during further uplift and exhumation to surface.

He envisaged a magmatic pressure of around 150 MPa equal to lithostatic pressure for rock
with a density of 2.5. After solidification the rock cooled during a period greater than 1 Ma
to 150°C. The thermal contraction, provided it is an elastic recovery, gives a potential
cooling stress of -200 MPa. But felsic rock, at 650-250°C creeps at 10" sec"1 at differential
stresses of a few megapascals. The most important elastic recovery will occur during cooling
from 250-150°C. Price (1980) estimated the decrease in stress from this source would be
unlikely to exceed 40 MPa. The vertical stress would remain at 150 MPa while the
horizontal stress would be reduced to 110 MPa. The country rock would be unlikely to
sustain greater than 50 MPa tectonic differential stress as the intrusion and country rock
remain in equilibrium. Depending on the tectonic activity, horizontal stresses are likely to
vary, therefore, between 110 and 20 MPa during cooling to 150°C.
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During unroofing from 6 km to 1 km a reduction in pressure and further cooling would take
place. If the temperature drop is 150°C to 25°C the reduction in lateral stress is -50 MPa.
With parallel (radial) uplift the reduction in lateral stress would be -87 MPa to give a total
reduction of -137 MPa. The horizontal stre.ses therefore should be in the range -27 to
+62 MPa.

The tensile strength of granite is about -20 MPa reducing the horizontal stress to within the
range -20 to +62 MPa. A further 1 km uplift to surface decreases the lateral stress by a
further -22 MPa. Hence, below the zone of weathering the horizontal stress could still be as
high as 40 MPa. These values of horizontal stress, +40 MPa near surface and +62 MPa at
1 km depth, are geologically realistic for the Shield, as they match many actual
measurements.

But the rocks in the Canadian Shield are also undergoing differential uplift due to
glacio-iso.static rebound, e.g. Figure 47. Calculations show that the tilt due to this may reach
1 in 1500, leading to shear stresses of 48 MPa. At 1 km, the vertical stress is 25 MPa and
the horizontal stress may be -20 to +62 MPa. Under the first condition a least compressive
stress value of -50 MPa could develop were it not for the tensile strength of granite. With
the second condition the principal horizontal stresses would be -15 MPa and +82 MPa. Thus
a differential stress of -100 MPa could develop at 1 km, to give a hybrid extension/shear type
fracture failure. However measurements show that these conditions are not reached except
very near surface (cf Sections 5.2.3; Martin et al. 1994).

3. FRACTURE/FAULT STUDIES IN RESEARCH AREAS

3.1 INTRODUCTION AND SUMMARY OF METHODS

In 1978, AECL initiated studies of fractures, fracture zones and faults in the Canadian Shield,
to understand their origin(s) in that environment. This understanding is needed to predict the
physical and chemical characteristics of the fractures and faults; their spatial distribution; and
their relationship to particular types of pluton. When these studies began little was known
about the timing, pressure, temperature and differential stress conditions of fracture formation
in plutonic rocks in the particular aspects necessary for siting a disposal vault. However,
work on fracturing in granite, not necessarily associated with mineralization, and the reaction
of groundwaters with fractured and faulted granites was initiated in several centres at about
the same time as AECL began its studies, for example Segall and Pollard (1983a, 1983b),
Segall (1984), Norton and Knight (1977), and Knapp and Knight (1977). Conventional
techniques of investigation were further developed by AECL staff and used in combination
with new techniques to pursue its study of fracturing. These techniques have been described,
evaluated and the field results documented in three major reports, written to describe the
geological conditions at Atikokan, East Bull and Whiteshell Research Areas (Stone et al.
1994; McCrank et al. 1994; Brown et al. 1994b). These techniques include:
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1) The use of cross-cutting relations to document various generations of fractures;
this was carried out on both natural outcrops and improved rock exposures
(Stone and Kamineni 1982; Brown and Soonawala 1982).

2) The study of fracture-infillings in outcrop or from sampled material to divide
fractures into various populations (or sets). The fillings are characterized by
field identification, or by microscopic examination and X-ray and SEM analysis
of samples either broken from outcrop or of drill core (Kamineni and Bonardi
1983; Stone 1984; McEwen and Hillary 1985; Brown et al. 1989; Kamineni
1989).

3) The use of length and orientation statistics to divide fractures into populations
using field observations (Stone 1984; Brown et al. 1994a; McCrank et al.,
1994).

4) The deduction of the P-T conditions at the time of fracture formation from
experimental mineral stability data (Kamineni et al. 1988; Kamineni and
Kerrich, draft report), supplemented by temperatures calculated from i8O
fractionation between co-existing minerals (Kerrich and Kamineni 1988).

5) Radiometric dating techniques to obtain ages for the formation of fracture
filling minerals, and so to constrain the ages of periods of faulting and
fracturing (Kamineni and Stone, 1983; Brown et al. 1989, Everitt and Brown
1986).

6) Microstructural studies to assess conditions of initial mineral failure and to
examine the fractures' reactivation history. This involves examining
cross-cutting microfractures filled with low-temperature minerals and also
examining the breakdown of high-temperature minerals to low-temperature
phases (Stone and Kamineni 1982; Kamineni and Stone 1983; Kamineni et al.
1983; Kamineni 1983; Kamineni et al. 1993).

7) The study of orientation and kinematic evidence from fracture populations (or
sets) in order to assess orientation of paleostress fields and their relationship to
the associated plutons (Brown et al. 1990; Stone 1984; McEwen and Hillary
1985; Brown et al. 1986; Brown et al. 1989).

3.2 FRACTURE HISTORIES

3.2.1 Features in Common

Significant faults/fracture zones in the rocks at Atikokan, Whiteshell and East Bull Lake
Research Areas have certain common characteristics. The faults bound blocks of rock which
have relatively low fracture frequency (in many cases below 1 fracture per 10 m on a straight
line-scan). The important faults were initiated more than 2000 Ma ago. They have
cataclastic structures formed slightly earlier or synchronous with brittle fracture infillings of
high temperature mineral assemblages that are compatible with greenschist faciès conditions
of metamorphism (~300°C and 200 to 300 MPa confining pressure). This indicates the initial
brittle faulting did not take place under the current geothermal conditions where the faults are
found. Radiometric dating indicates these early fracture-associated minerals are ancient
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(>2000 Ma), and are only a few hundred million years younger than the minerals in the
host-rock. For example the Rb-Sr whole rock ages of the Lac du Bonnet Batholith
(Whiteshell Research Area) and the Eye-Dashwa Lakes Pluton (Atikokan Research Area) are
2568 ±213 Ma and 2637 ± 33 Ma respectively, whereas the oldest infillings and
neomineralization in the fault zones in these plutons give ages ranging from 2200 to 2350 Ma
(Kamineni et al. 1990). Similarly the East Bull Lake Pluton has an age of 2472 +
76 Ma (Sm-Nd age) and the infillings following the first movement on the Foison Lake Fault,
which is a major structure in the area, have been dated at -2000 Ma.

3.2.2 Brief Site-Specific Infilling Histories

Systematic study of fractures in AECL's main three research areas clearly shows some
underlying patterns. In each case a sequence of fracture events has been established using
cross-cutting relationships, and this sequence also follows a trend of decreasing temperature.
For example, at the Atikokan Research Area four groups of fractures were identified in the
granitic Eye-Dashwa Pluton. These are listed here in order of decreasing age and temperature
(Stone and Kamineni 1982):

1 ) aplite dyke-filled fractures,
2) epidote-filled fractures,
3) chlorite-filled fractures and
4) low-temperature-mineral-filled fractures.

Stone and Kamineni (1982) estimated the average fracture lengths in outcrop and abundances
of each of these groups, particularly for those filled with aplite, epidote or chlorite. The
average lengths are approximately 20 m, 6 m and 2 m respectively, and their abundances are
14, 20 and 66 percent of the total number of fractures. Fractures with low temperature
infillings are <1 m in length and are commonly found in reactivated zones of epidote-filled
fractures within the upper 300 m of the current surface of the pluton.

A sequence of fracture-filling events, very similar to that at Eye-Dashwa Lakes Ptuton, has
been derived for the Lac du Bonnet Batholith (Brown et al. 1989; Stone et al. 1989; and
Brown et al. 1990):

1 ) several ages of pegmatite dykes,
2) quartz veins,
3) epidote-filled fractures,
4) chlorite-filled fractures and
5) low-temperature mineral-filled fractures.

These fractures have been relatively and, in part absolutely, dated. This dating has allowed
the sets to be related to stages in the crystallization and cooling of the batholith and to its
subsequent periods of deformation. These stages have also been related to changes in
temperature and confining pressure in variously oriented regional stress fields (Brown et al.
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1989). Length distributions have been assigned to sets based on orientation (Stone et al.
1984; Brown et al. 1994a) and the distribution of orientation sets with depth has been studied
(Everitt et al. 1986). (Fracturing associated with the Lac du Bonnet Batholith is discussed in
more detail in Sections 4 and 5).

In addition, a fracture history has been deduced for the gabbroic pluton at the East Bull Lake
Research Area (Kamineni et al. 1987). This fracture history is more complicated than in the
two granitic intrusions of the other two Research Areas because of mafic dyke intrusion and
the proximity of this area to the Grenville (tectonic province) front and to the Southern
Province boundary. Four fracture filling events have been recognised that have led to the
following mineral assemblages:

1 ) fractures filled with epidote-amphibolite facies minerals (-2000 Ma, Ar-Ar
dating of minerals),

2) prehnite-pumpellyite facies (-940 Ma, Ar-Ar age of adularia),
3) zeolite-facies (-500 Ma, Rb-Sr ages on laumontite-bearing samples),
4) low-temperature-filling minerals.

The stability fields and ages of these minerals are shown in Figure 48.

The rocks in the western Canadian Shield have also been buried by thick sequences of
Proterozoic and/or Phanerozoic sedimentary rocks that have subsequently been eroded, and, in
addition, each area has suffered several periods of glaciation and déglaciation (Figure 2).
Fractures associated with these depositional and erosional events have low-temperature
mineral fillings. These younger fractures are present at both microscopic and mesoscopic
scales and, except near the current erosional surface, are commonly confined to the
reactivated domains of the older/high-temperature fractures.

For example, at the Atikokan Research Area low-temperature minerals are associated with the
reactivation of epidote-filled fractures. This reactivation of ancient fractures presumably was
associated with epeirogenic-related changes in physicochemical conditions within the rock
mass that initiated a re-equilibration between the groundwater and the rock. High-temperature
minerals such as epidote altered to produce low-temperature clays, gypsum and calcite: a
common association that strongly indicates existing fracture reactivation rather than the
creation of new fractures. Gypsum (calcium sulphate) is very largely associated with epidote
(hydrous Fe, Ca silicate) in fractures at depths >500 m, and it is rare to find fractures
exclusively filled by gypsum.
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4. WH1TESHELL RESEARCH AREA: LAC DU BONNET BATHOLITH

4.1 GENERAL DESCRIPTION

The granitic Lac du Bonnet Batholith, dated at 2680 ± 91 Ma (U-Pb in zircon, Krogh et al.
1976), intrudes gneisses, greenstones and earlier plutons of the Bird River volcano-plutonic
subprovince and Winnipeg River plutonic subprovince in the western Superior Province of the
Canadian Shield (Card, 1990; Figure 49). It is exposed over an area of 70 x 20 km, and an
equal area may be covered by Palaeozoic rock and lake sediments to the west (Stone et al.
1989). The current and best interpretation of its cross-section (Tomsons et al. 1995) is a
shallow wedge in the northwestern half (longitudinally), thickening abruptly into a
subvertically tabular body to the southeast that dips steeply south and possibly reaches 15 km
in depth (Figure 50). There is field geological evidence to suggest that the granite and
country rock are interlayered and that this interlayering was probably more extensive at a
higher erosional level, especially to the south, than is currently exhibited at the present
surface.

The batholith is a mesozonal late syn-orogenic to post-orogenic pluton, whose present surface
crystallized at a depth of about 10 km under confining pressures of 320 MPa (Brown et al.
1989). A porphyritic granite-granodiorite and an equigranular granite-quartz monzonite,
which together form the main phase of intrusion, have crystallization temperatures of 600°
and 650°C, respectively, based on feldspar geothermometry (Brown et al. 1989). This main
phase was intruded along the Bird River- Winnipeg River subprovince boundary, following
the intrusion of two earlier phases much smaller in volume. It is separated from them by
mafic dyking that is deformed by the intrusion of the main phase. Zones of coarse
lithostructural layers, comprising schlieric/gneissic and xenolithic granites are accompanied by
coarse-grained pegmatoidal granite. These have been folded about east-northeast and
southeast trending axes, which are roughly parallel to and across the length of the batholith
respectively (Brown et al. 1989).

Country rocks near to the north and south contacts of the batholith exhibit differential
stretching parallel to the plane of the contact. This stretching becomes linear rather than
planar at the blunt eastern end of the main phase intrusion (Brown 1982). Slow cooling of
the batholith is indicated both by theoretical calculations (Stone et al. 1989) and by a decrease
of biotite ages (K-Ar) from 2300 to 2100 Ma from surface to a depth of 1 km (Brown and
Kamineni 1989). The slow cooling allowed deuteric recrystallization and alteration at a time
when the batholith could support differential stress (cf Section 2.3).

During the magmatic, and very early hydrothermal stages of cooling and recrystallization
(Figure 51), several "ptnetrative" structures were formed that suggest the batholith crystallized
under a regional differential stress field. These include handspecimen-scale foliations
(gneissic and schistose), mylonitic shear zones, schlieren, pegmatite and aplite dykes, and
quartz veins. During the later hydrothermal stages of cooling, and up to the present day,
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mesoscopic-scale fracturing (joints) and refracturing of pre-existing fractures have continued
intermittently accompanied by different infillings, some of which have been dated. Thrust
faulting has occurred; it comprises zones of mylonitization and brittle fracturing down to at
least a modern depth of I km and probably deeper. Some of the later brittle structural
elements have been influenced, both in orientation and location, by earlier structural fabrics.
From field evidence the sequence of formation of these structures does not seem to be
complex (Figure 52). Even though some faulting was initiated early: wrench faults at 2350 ±
60 Ma (Rb-Sr epidote, Stone et al. 1989) and thrust faults at 2298 ± 48 Ma (Rb-Sr
microcline, Stone et al. 1989), the restriction of later strains largely to the rejuvenation of
these older faults has kept the overall deformation pattern simple.

4.2 TECTONIC FRACTURES/FAULTS

4.2.1 Regional Faults

Only two major regional faults have been clearly identified within the Whiteshell Research
Area, both of which lie outside the main phase of the Lac du Bonnet Batholith (Figure 49).
Both are subvertical complex zones of fracturing and locally intense ductile deformation.
One, striking north-northwest, lies to the east of the main phase of the Lac du Bonnet
Batholith, is 15 km long and is probably part of a 50 km long zone of faulting. Even though
it has some component of dip-slip, its movement is dominantly right-lateral strike-slip. The
other regional fault, striking east-northeast, is probably over 50 km in length and lies just
south of the batholith in a gneissic terrain. Movement on this fault is also thought to be
largely transcurrent; although some evidence suggests right-lateral movement, most of the
internal structures observed in the field suggest left-lateral movement.

4.2.2 General Early Fracturing

Within the Lac du Bonnet Batholith itself the common tectonic fractures and faults have been
summarized in Brown et al. (1989), Brown et al. (1990) and specifically for fracturing at the
Underground Research Laboratory, in Everitt et al. (1990). A more detailed description is
given in Brown et al. (1994b). The relative timing of the formation of fractures and other
structural features, together with temperature, depths of formation and stage of magmatism of
the batholith when they were formed, are presented schematically in Figures 51 and 52.

During cooling and deuteric recrystallization, the stage at which paleostresses might first start
to be preserved in the rock, a pair of conjugate mylonitic ductile shears (at the Underground
Research Laboratory lease), and boudinaged granite dykes (at the northern, hornfelsed
batholith contact), were formed, suggesting a period in which the maximum compressive
principal stress axis (G,) trended 005° subhorizontally and the intermediate (CT2) axis was
subvertical. The development of the ductile shears at this stage is uneven; the right-hand
strike-slip set between 150° and 160° is larger, suggesting an element of left-hand shear
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strain across the batholith. In the Underground Research Laboratory, structures associated
with a local zone of granodiorite dykes suggest east-northeast stretching of the batholith,
possibly due to the forceful intrusion of the granodiorite.

During the later stages of cooling and deuteric recrystallization, in a period of considerable
(4-6 km) uplift (Brown et al. 1989), the granite developed penetrative sets of foliations and
sets of pegmatite-aplite dykes. The G2

 a x ' s remained vertical, but the O, axis was rotated
from 005° to O2O°-O30°. An asymmetry in the pattern of dykes (Brown et al. 1989) indicates,
once again, an element of left-hand shear strain across the batholith.

A stage of brittle fracture and high-temperature hydrothermal infilling followed, beginning
early in the Proterozoic (Kamineni et al. 1990), with localized, epidote-filled, fracture sets
(Brown et al, 1989). Fractures filled with epidote are commonly subvertical, or have
low-intermediate dips. These fractures are short, but, in many cases, are encountered as
swarms of conjugate shear and extension fracture sets with specific orientations within major,
but constrained, subvertical zones from which a vertical <J2 axis and a o, axis trending 125° to
140° have been deduced. The episode of epidote-filled fracturing was followed by an episode
of thrust faulting accompanied by cataclasis and the formation of shear fractures with chlorite
infilling. These faults were partially controlled by the coarse layering fabric in the granite
(Brown et al. 1989). In this episode the trend of the o, axis remained the same (125-140°),
but the a2 and o3 axes interchanged.

Later mesoscopic fracture sets, with lower-temperature chlorite and/or white mica infillings, in
several orientations, commonly exhibit slickenlines and are interpreted as shears. These
fracture sets are either subvertical or have intermediate dips and can be considerably larger
than the epidote-filled fractures. Though few in number, they are more common than
epidote-filled fractures and are ubiquitous within the batholith and have been encountered at
all depths investigated. However, those encountered below 300 m depth do not show any
signs of rejuvenation or of acting as open pathways for fluid flow once formed.

Right-hand strike-slip, north-northwest striking, chlorite-filled fractures occur throughout the
batholith. They are locally associated with quartz veins and some left-hand strike-slip
north-northeast striking shear fractures. They imply a return to northerly compression in
some locations and after the initiation of the thrust faults, for at least some time while
chlorite-forming conditions existed.

At the Underground Research Laboratory, the only mesoscopic fractures found at the 420 m
level, in rock not directly affected by thrust faulting, are short (under 1.5 m), subvertical, and
filled with chlorite and sericite (Everitt et al. 1993). The infillings are commonly
slickenlined; it is uncertain whether the slickenlines formed during growth or by later
movement, though, from inspection, the latter is less likely. Both at the Underground
Research Laboratory and in unfaulted rock from elsewhere in the batholith the occunence of
these fractures is sparse, based on surface mapping and borehole cores. These fractures
appear to be the last of the fractures with high-temperature infillings to form.
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At the Mt. Givcns Granodiorite, California, USA, Segall and Pollard (1983b) showed that
epidote- and chlorite-filled fractures formed at depths of only several hundred metres though
possibly some were formed much deeper. These fractures (as at Lac du Bonnet Batholith) are
also cut by later fractures (largely subhorizontal) related to the topography, implying tha» the
earlier fractures are not related directly to the present erosion surface. In the Mt. Givens
fractures, shear definitely occurred after precipitation of the infillings, but they resemble the
deep fractures at the Underground Research Laboratory in being unbranched, a characteristic
of fractures formed in a quasi-static environment rather than being associated with dynamic
propagation. Segall and Pollard calculate that, at the time of initiation of crack growth, the
driving stress would lie between 1 and 40 MPa, which would be the sum of the remote stress
acting perpendicular to the fractures and the fluid pressure within them. These stress values
are important to the discussion of fracturing in the Lac du Bonnet Batholith (cf Section 5).

The microcrack (cf Appendix 1) population in the granite at the Underground Research
Laboratory is intragranular across both quartz and feldspar, and is moderately homogeneous in
orientation if not in development (Figure 53). Approximately orthogonal (southeast- and
northeast-striking) subvertical fracture sets are present, except at the 420 m level where only
the southeast striking set is present but very weakly developed. This is contrary to the
pattern of development of the mesoscopic fracturing filled with low-temperature minerals,
where, from evidence in the Underground Research Laboratory shaft, those striking southeast
die out with depth before the northeast-striking set. This difference at the 420 m level may
be due to the proximity of a 50 m wide granodiorite dyke to the samples examined. (Such
problems emphasize the need for careful consideration of lithostructural domains in the
interpretation of structural data.)

The manner of development of the sets of microcracks, based on early work on the 240 m
level of the Underground Research Laboratory (AECL unpublished data), suggests that the
orientation of the microcracks is related to the general stress field rather than directly to
pluton-related mechanisms, and to the depth of unroofing rather than to the topography of any
erosion surface. Several healed and cross-cutting sets of microcracks in quartz grains suggest
repeated periods of formation.

The partial independence of the microcrack population from lithologie fabric orientation, and
the independence of the basic symmetry of the microcrack pattern to depth below surface in
granite of the Underground Research Laboratory, resembles that of microcracks described in a
study of granites in New Hampshire, USA, by Warren and Tiernan (1981). Laboratory
experiments on core from a 1 km-deep borehole in this area showed that the microcrack
population frequency spectra correlated with grain size and with the degree to which the
mineral phases are homogeneously mixed, rather than to the mineral modes or the original
in-situ depth. Warren and Tiernan (1981) suggest their data shows that coring and removal to
surface have intensified the amount of microcracking over that actually present in-situ, but did
not introduce any important new distinct crack populations. Microcracking at 460 m level
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depth at the Underground Research Laboratory, does not show the full range of sets present in
rocks in the upper levels, implying that a mechanism other than relief of confining stress is
acting here.

4.2.3 Low-Intermediate-Dip Faulting

Within the Lac du Bonnet Batholith, AECL has identified by borehole drilling seven
moderately well defined, large, low-intermediate-dip (LID) faults. Several other LID faults
have been suggested by fracture zone intersections in single borehole intersections (Brown et
al. 1994b). These faults are the discontinuities that outline blocks of sparsely fractured rock,
some without open fractures, below depths of about 300 m. They act as the dominant
groundwater flow paths through the upper 1 km of the batholith.

There is good evidence that, as well as hosting the deep-reaching (over 500 m) LID faults,
there are areas of the batholith where the present surface is underlain by smaller LID faults.
The possibility of two or more ages of fault formation that this suggests in view of the
Proterozoic ages for some fault initiation, is discussed later.

The known LID faults in the Lac du Bonnet Batholith have two common strikes,
north-northwest and north-northeast to northeast. Extrapolation of drilling-defined members
of the latter group using topographic signatures suggests that the strike range may extend to
east-northeast. It is uncertain whether faults of one of the two orientation groups intersect
faults of the other orientation , or whether they change orientation from one to the other
either over a short distance or over a larger distance (e.g. at the Underground Research
Laboratory). Both of these last interpretations would cause a volumetric difficulty with pure
dip-slip movement on each orientation.

LID fault dips are commonly 20° - 25° but range between 11° and 40°. In the
north-northwest striking group only faults with northeast dips have been well defined
(Underground Research Laboratory and Permit Area D) whereas in the northeast-striking
group both southeast (Underground Research Laboratory) and northwest (Permit Area A) dips
have been defined. Some faults have been shown to shallow and then die out with depth
below the present surface (Figure 54). Borehole intersections on a major fault at the
Whiteshell Laboratory site suggests fault flattening towards the surface. One fault at Permit
Area A is possibly blind towards surface. Some of these data suggest that the fundamental
cross-sectional geometry of early-formed LID faults may have been sigmoidal.

An anastomosing set of subparallel faults has been interpreted from topographic information,
extending the fault system at the Underground Research Laboratory site to the northeast
(Ejeckam et al. 1990). However unequivocal evidence of splay faulting, that might be a
precursor to an anastomosing geometry, has only been found at the Underground Research
Laboratory associated with the best developed fault, FZ2. The intersection angle of these
splays with the main fault, all acute facing updip, suggests growth extension of FZ2 from
upper levels downwards. However, the splays are found in the footwall as well as in the
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hanging wall, are not large in dip extent, and do not step in en echelon fashion; these last
geometric factors do not support a downward extension model. Overall thickness tends to
decrease with depth, though local thickening of the zone of primary and secondary fractures
and associated alteration occurs (Figure 55). Overprinting of slip-lines, for example in FZ3,
and an increase in complexity of the mesoscopic fractures as the faults approach surface
(shown in Figure 53) suggest that erosional stress relief fracturing and weathering may have
caused the widening of the fracture zones towards the present ground surface.

Two LID faults and a splay have been thoroughly mapped in the Underground Research
Laboratory shaft, and one fault outcrop has been cleared of surficial material and mapped at
Permit Area D. In general the faults comprise several distinct components (Everitt et al.
1990). Thin, in some cases anastomosing, cataclastic horizons are surrounded by zones of
thin, low-intermediate-dip to subhorizontal, mesoscopic fractures, some of which are
definitely shears. Subvertical mesoscopic fractures, more common in the hanging wall than
the footwall, terminate against the shallowly dipping fractures. A progressive alteration of the
granite through the action of circulating hydrous fluids throughout the life of the fault has
formed a recognizable halo around the fracture zones. Normally grey, or deutertcally pinked
granite becomes progressively redder towards the fault until it becomes a deep orange-red,
associated with bleached, illite-rich, white zones containing only residual quartz and feldspar
fragmentary grains. From grouting experiments these zones have high porosity. Hydraulic
tests and groundwater tracer tests reveal that cataclastic zones provide the most conductive
segments of the faults (Davison et al. 1993; Frost et al. 1992).

The zone of primary and secondary mesoscopic fracturing comprises the bulk of the fault
zone thickness. Though the major zones of thickening occur at changes in fault zone dip and
at splay junctions such as that between FZ2 and FZ2.5. Using the evidence of strong
groundwater alteration of the rock mass, much of the past strong groundwater flow in the
fault zone has been related to the thickness of the zone of secondary fractures, although the
present zones of higher permeability occur within "weathered" (altered by low-temperature
fluids) cataclasite zones. Where the fault zone is simple, such as the thin intersection of FZ2
in the shaft, most fractures are shear fractures subparallel to the general fault attitude (Stone
and Kamineni, 1988). All slickenlines mapped in FZ2 in the shaft intersection indicate
dip-slip (Figure 56), and the 7.3 m total mapped offset by the fault of a granodiorite dyke is
the maximum movement yet measured on a thrust fault in the FZ2.

Though this simple pattern of secondary fracturing is seen in the shaft intersection and in the
boreholes at the Underground Research Laboratory that intersect FZ2 (eg. 206-010-PH1),
more complex secondary fracturing is best exhibited in the shaft intersection of FZ3
(Figure 57). In FZ3 one group of secondary fractures parallels the main fault attitude and
two sets are antithetic to this (when distinguished by infilling and location). One of these last
two sets appears from its orientation to represent the theoretical conjugate shear to the fault
shear, though confirming slip-lines have not been observed, and the other, an ill-defined,
subhorizontal set, bisecting both the other sets, is thought to represent the extensional fracture
of the secondary system bisecting the conjugate shears. A fourth, moderately well-developed
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fracture set strikes perpendicular to the main fault and dips southwest. Though slickenlines
on the main chlorotic fractures in FZ3 indicate dip-slip these are overprinted by subhorizontal
slickenlines, and other sets have similar mixed movement indicators (Figure 57). These
observations suggest an initial, major period of southeast-northwest compression (in
agreement with stress field measurements in the shaft below FZ2), followed by
northeast-southwest compression (in agreement with stress field measurements above 200 m
depth in the Underground Research Laboratory, Martin 1990; Brown et al. 1990).
Alternatively, as is suggested later in this paper, the four fracture sets in FZ3, and elsewhere a
fifth set antithetic to the fourth and dipping northeast, are adjustments to a three-dimensional
strain field dependant on the southeast-northwest trending maximum compressive stress.

From the evidence of neomineralization dated at 2298 ± 91 Ma (Rb-Sr whole rock, Brown et
al. 1989), major LID faults were initiated about 300 - 400 Ma after the crystallization of the
batholith dated at 2571 ±33 Ma (Rb-Sr whole rock, Brown et al. 1989). These LID faults
were initiated towards the end of a long period of ductile and brittle deformation while the
batholith was both slowly cooling and being uplifted (Brown et al. 1989, Brown et al. 1990).
At the time of emplacement of aplite- pegmatite dykes (in response to a north-northeast,
subhorizontal, maximum compressive stress) the present surface of the batholith had been
raised 5 km, from about 12 km to within about 7 km of the then surface. Epidote-filled,
strike-slip, subvertical mesoscopic fractures, which are commonly not now hydraulically
active, are dated at 2350 ± 60 Ma (Rb-Sr epidote, Stone et al. 1989). Like the LID thrust
faults, these strike-slip shear fractures formed in response to a southeast, subhorizontal
maximum compressive stress. Though relative magnitudes along the principal stress axes
changed from favouring strike-slip faulting to favouring thrust faulting, there is little evidence
of change in axis orientation (Brown et al. 1990). Such a change of the intermediate stress
axis from vertical to horizontal is a normal consequence of rock mass uplift. Slow cooling of
the batholith during this period of uplift is evidenced by Ar-blocking temperatures in biotite
not being reached in rock that is now at 1 km depth below present surface until -2100 Ma
(K-Ar biotite; Kamineni et al, 1990; Brown and Kamineni 1989).

The above data suggest there was a long period of time for high-temperature hydrothermal
fluids to develop and to circulate through an open, interconnected fracture flow network of
vertical and low-dipping fractures in the batholith subsequent to the formation of the
cataclasite horizons. Rejuvenation of the LID fault zones as pathways for the flow of
low-temperature fluids after the formation of the chlorite-filled, dip-slip fractures, is indicated
by successive infillings, clay, iron oxides, and carbonates (some of which have been dated
using U disequalibrium series at 20 ka to 55 ka, D. Yorke, unpublished data).

Both the location and the orientation of LID faults have been strongly controlled by
compositional layering and gneissic foliation within the granite (Brown et al. 1989; Everitt et
al. 1990). At the north end of the Underground Research Laboratory lease the faults striking
northeast are parallel to the schlieric foliation on the east flank of an antiform, except in one
case where a splay fault (FZ2.5, mapped at its intersection in the shaft) closely parallels a
strong southwest-striking, local foliation (Brown et al. 1994b). Measurements of coarse
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mesoscopic foliation at D Permit Area strongly support a fabric control on the location of
LID faults. Orientations parallel to the best-defined fault, striking north-northwest, are absent
in surface measurements but are present near the fault in borehole observations (AECL
unpublished data).

Distinct patterns of fracture orientations are associated with fault zones at different depths in
different lease areas in the Lac du Bonnet Batholith. For example, at Permit Area D fault
zones are located both at shallow depths (-130 m) and at deeper depths (~900 m) along
borehole WD3 (Figure 58), and a different number of secondary fracture sets is associated
with each fault zone. The deep fault zone is characterized by two slip surfaces enveloping a
reticulate network of secondary fractures. In the case of the shallow fault zone, in addition to
the secondary fractures between the slip surfaces, a high frequency of fractures is
concentrated in the hanging wall and this high frequency possibly reaches up to the present
erosional surface. In some areas of the batholith, for example at the Underground Research
Laboratory (Figure 55) and at D Permit Area (Figure 54), several LID faults are stacked one
above the other. These features suggest that, at the present time, the rock mass above fault
zones that are only at shallow depth is probably decoupled from the stress field in the
footwall rock mass. They also suggest that the upper fracture network may have evolved
separately, possibly equilibrating with the current surface topography.

The origin (or origins) of the LID faults in the Lac du Bonnet Batholith is in some doubt, but
their origin(s) will directly bear on the distribution of these faults within the batholith. To
sum up the points pertinent to their origin:

1. they flatten in dip at their lower end, and, in cases where they are not truncated
by the current surface probably flatten at their upper end as well; in addition
some faults appear to be blind, i.e. to terminate before intersecting the surface;

2. they are known to occur within the upper 1 km of the rock mass and some
appear to continue to greater depth (though boreholes do not go deeper then
this).

3. there are many more small LID faults near surface and, in some areas, sets of
mesoscopic fractures parallel the primary and secondary fractures of the LID
fault fracture zones;

4. some LID faults were initiated during cooling of the batholith, and have been
rejuvenated at least twice between the Late Proterozoic and the Holocene.

5. this early initiation of some faults implies that they were probably first formed
beneath a depth greater than 1 km of overlying rock and are therefore not
related genetically to the present-day ground surface, or to the very late
Proterozoic surface on which Phanerozoic sediments were laid down;

6. there are two strike sets (and three observed dip sets) that are not orthogonal,
and the strike of the more important of these is perpendicular to the southeast
trend of the maximum compressive stress axis in this region during the Late
Proterozoic (Kamineni et al., 1990, Brown et al. 1989);

7. as small features, they form near surface in modern times where the ground is
disturbed by quarrying (cf Section 4.3).
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4.3 FRACTURES ASSOCIATED WITH THE INTERVAL: SURFACE TO 25Q M
DEPTH

Lac du Bonnet Batholith provides a very good example of the superimposition of two types
of fractures; fracture sets related to the free ground surface are superimposed onto sets of
fractures caused by tectonic (orogenic or earlier epeirogenic) deformation. This is shown
schematically in Figure 59. The early fracture sets of the second type have been discussed in
Section 4.2; the later-formed fractures are discussed in this section.

Over the whole of the exposed surface of the batholith there is a very homogeneous set of
subvertical to high-intermediate-dip mesoscopic fractures striking north-northeast. There is
also an orthogonal, not-so-homogeneous set of fractures striking east-southeast. This latter set
only occurs in the western half of the exposed batholith, but a subparallel, southeast striking
set, parallel to a rock foliation, is well developed in the south half of the batholith
(Figure 60). A less common, but well developed subvertical set strikes north-northwest and
another set strikes east-northeast (Brown et al. 1994b). The sets with north-northeast and
southeast strikes have approximately the same fracture density at surface at the Underground
Research Laboratory site. In addition, at surface, there is a set of subhorizontal to very
low-intermediate-dip fractures. This last set only occurs within a few tens of metres of
surface in areas where there is little topographic relief. The rock in the Underground
Research Laboratory shaft displays what is probably a fracture distribution with depth that is
typical of the batholith (Figure 53, after Everitt).

At the Underground Research Laboratory site, on the basis of both borehole and excavation
information, mesoscopic fractures with infillings are represented by two important
populations: 1) fractures filled partly by calcite that occur down to about -200 m depth and 2)
"tectonic" chlorite-filled and chlorite-sericite-filled fractures that occur to at least 400 m
depth (though, in part, this distribution may be controlled by host rock composition). The
orientation distribution with depth for fractures with these two and other fillings are described
in Brown et al. 1994b, and the distribution in the Underground Research Laboratory
excavations is described in Everitt and Read (1989); Everitt and Brown (1986); Everitt et al.
1987, Everitt et al. (1990), and Everitt et al. (1993). The interpretation of the asymmetry of
the pattern of smaller, secondary fractures associated with large members of mesoscopic
fracture sets observed in outcrop (Brown et al. 1994b) concurs with the near surface (to
200 m depth) northeast to north-northeast maximum compressive stress as suggested by in
situ stress measurements (Martin and Chandler 1993; Brown et al. 1988b). Possibly in
response to this near surface stress field, the fracture set trending east-southeast dies out at
about 100 m below surface in the Underground Research Laboratory, whereas the fracture set
striking north-northeast continues to at least 250 m depth. However, at these greater depths
the members of this north-northeast striking set are large in planar extent, complex in
infilling, and very sparsely distributed. Only a very few such fractures have been encountered
in excavations and boreholes at the 240 m level of the Underground Research Laboratory.
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The orthogonal pattern of niesoscopic fractures in the upper tens of metres of the rock mass
implies a general extension of the ground. Many of the larger extension fractures also show
evidence of normal (hanging-wall down) movement, breaking earlier low-temperature
infillings, such as calcite, to form pathways for groundwater. At 250 m depth in the
Underground Research Laboratory some small, open, subvertical extension fractures are still
observed, confined to coarse grained, leucocratic granitoid lenses that commonly parallel the
low-dipping compositional layering. These lenses are generally less than 1 m thick and
individually less than 100 m: in plan. They do not provide major, interconnected pathways
for significant groundwater flow. No such fractures have been observed in similar lenses at
420 m depth in the Underground Research Laboratory.

The calcite in some of the partly filled fractures of the Lac du Bonnet Batholith has been
dated by U-series and I4C methods. The ages commonly lie within the range 20 ka to 55 ka,
but which extend back in time to the last interglacial period (125 ka Szabo et al. in prep.).
No age yet measured in calcite from deeper fractures suggests postglacial extension of the
surface-related zone of fracturing, although some glacial chattermarks have been filled by
calcite, probably due to subglacial pressures (M. Gascoyne, personal communication). This
suggests that post-glacial isostatic recovery does not necessarily, or even typically, strain the
interior of fault-bounded blocks to the point of propagation of mesoscopic fractures within
them.

All types of mesoscopic fractures appear to act as pathways for groundwater recharge to the
main LID fracture zones in the Underground Research Laboratory site. The chlorite-filled
fractures in some areas show strong signs of water-rock interaction, represented by chlorite
breakdown and formation of a goethite/hematite residue. Calcite, on the other hand is stable
in the bicarbonate-dominated groundwater at these shallower depths.

5. DISCUSSION

5.1 INTRODUCTION

The purpose of this report has been to assess the likelihood of new fracturing or faulting, or
of movement on old geologic structures in the vicinity of a hypothetical disposal vault
excavated in sparsely fractured granitic rock at a depth of 500-1000 m. More especially the
assessment considers a vault in rock under conditions similar to that of the Lac du Bonnet
Batholith, but within the tectonic Superior Province of the Canadian Shield of Ontario within
a time frame of at least 10 ka and possibly 100 ka. To do this, our understanding of the Lac
du Bonnet Batholith must include:

i) the present distribution of fractures and faults at all scales,
ii) the past history of fracturing, which includes probable fracture genèses and

their relationship with other aspects of the geology,
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iii) the present stress field in the rock and likely changes to that field within the
next 10 ka (or possibly 100 ka), and

iv) the present material behaviour of the rock mass and likely changes in the
environment within the next 10 ka (or possibly 100 ka) that could change that
behaviour.

The data on which points i) and ii) can be discussed are presented in Sections 2.3, 3 and 4 of
this report. Discussions of points iii) and iv) are addressed in Martin et al. (1994) and, to
some extent, in this report in Section 2, where the factors involved in forming fractures and in
introducing initial stresses and stress changes into the rock are introduced. A recent paper by
Stewart and Hancock (1994) discusses in detail, under the title Neotectonics, the actual and
likely effects of these factors (amongst others), and the ways in which current (or recent)
movement may be recognized.

The fractures and faults in the Lac du Bonnet Batholith have been formed by:

i) pluton intrusion, cooling and changes in fluid composition and pressure during
the Early Proterozoic (Section 2.3).

ii) changes in the regional stress field and hydraulic conditions due to periods of
orogenic and epeirogenic deformation of the Shield from the Late Archean to
the Cretaceous Period (Section 2.5).

iii) the loading, unloading and frictional drag caused by continental ice sheets:
effects largely during the Pleistocene Epoch (Section 2.6).

iv) changes in the stress field and hydraulic conditions caused by unloading during
erosion and exhumation associated with i), ii) and iii) (Section 2.7).

We have used the divisions above for convenience in explanation. In many cases the factors
causing fracturing are interconnected, e.g. many plutonic rocks are intruded under the high
regional differential stress fields acting during orogenies.

Our discussion in this report tries to address 3 questions: first, how has the Lac du Bonnet
Batholith rock mass undergone brittle fracturing in the past; second, how likely are future
changes in surface loading, by erosion, glaciation or déglaciation to produce changes in the
local fracture state (this question is also addressed in part by Martin et al. (1994)); third, what
is the likelihood of tectonic stresses causing changes to the local fracture state. A fourth, but
related question, how the vault and contents may induce changes in the fractures in the
surrounding rock is addressed in Martin et al. (1994).
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5.2 DEVELOPMENT OF THE FRACTURES AND FAULTS IN THE LAC DU
BONNET BATHOLITH

5.2.1 Summary of Fracture Families

The prominent families of fractures and faults in the Lac du Bonnet Batholith and the
surrounding rock are:

i) two large regional subvertical fault zones, one striking north-northwest and the
other east-northeast, that have had a long history of ductile and brittle
deformation, probably since the Late Archean. These fault zones can be traced
for distances greater than 50 km, and they transect rocks of the batholith as
well as adjacent rocks.

ii) sets of magmatic mesoscopic fractures associated with the crystallization and
slow cooling of the Lac du Bonnet Batholith magma under gradual uplift and
exhumation of the batholith. These extend to the depth of our investigations
(about 1 km), and consist of granodioritic dykes, aplite and granite pegmatite
dykes and quartzofeldspathic veins.

iii) sets of mesoscopic fractures filled with high-temperature hydrothermal minerals
which occur sparsely through the rock mass, again to the depth of our
investigations (about 1 km). These are both extensional and shear in origin.
They also show evidence for continued environmental cooling (epidote to
chlorite-sericite infilling) and continued batholith unroofing.

iv) two strike-sets (one having members dipping in either direction) of megascopic
low-intermediate-dip faults with thrust movement that developed during the
period of high-temperature-infilling. Many of these faults were initiated in the
Early Proterozoic and exhibit evidence for periods of rejuvenation. Some
thrust faults, within 200 m of the present bedrock surface, may have developed
later, even recently as a response to human excavations. Within the depth of
our investigations these faults are less frequent and are thinner with depth in
the batholith. They have haloes of secondary mesoscopic fractures, commonly
of several ages of formation, that resemble fractures of both type iii and type v.

v) sets of mesoscopic fractures either filled with low-temperature hydrothermal
minerals or unfilled. The surfaces of these fractures are either fresh or show
low-temperature alteration by groundwater. Various sets of these differ in the
depth from the present bedrock surface, below which they are either not found
or are very rare. This depth of disappearance depends on the particular fracture
set and on other physico-chemical conditions of the rock, but is generally
around 250-300 m unless associated with faulting or other discontinuities.
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5.2.2 Timing of Initial Fracturing and Rejuvenation

During a long, early cooling history of the Lac du Bonnet Batholith following its intrusion at
the end of a period of orogenic deformation (the Kenoran orogeny) a large number of
structural discontinuities were introduced into the batholith. These have provided loci for
later deformations. The measured ages of the intrusion are 2665±20 Ma (U-Pb zircon) and
2568±23 Ma (Rb-Sr whole rock) for the main phase of the batholith (Kamineni et al. 1991).
At the time of intrusion the present surface of the batholith was at a depth of 10-12 km. This
estimate is derived from comparison of isobaric minima in the normative quartz-albite-alkali
feldspar system (Brown et al. 1989; Brown et al. 1994b). The subsequent cooling rate,
deduced from K-Ar dating of biotite from various depths in boreholes was slow, but not
uniform throughout of the batholith. With a few exceptions, the age difference of the
temperature (~300°C) of Ar-blocking in biotite in the very shallow northern part of the
batholith is -2400 Ma at < 1 km to 2350 Ma at < 100 m, whereas the difference is from
2300 Ma to 2100 Ma for the same depths in the much deeper southern part of the batholith
(Kamineni et al. 1991).

The Lac du Bonnet Batholith is cut by a suite of pegmatite and aplite dykes. These were
emplaced at depths of 3-6 km (Brown et al. 1989; Brown et al. 1994b). Coarse grained
granite, a lithologie unit related to the pegmatite suite, i.e. to the late stage of water-rich
magmatic activity, crystallized at ~500°C (Brown et al. 1989). Epidotized cataclastic rocks
from thrust fault zones in the batholith have ages of 2350±60 Ma (Rb - Sr) and
neo-mineralization microcline and whole-rock samples from the same fault zones have ages of
2298±48 Ma and 2206±86 Ma respectively (Rb - Sr). Altered granite associated with those
fault zones has a calculated temperature of crystallization of 400°C (Brown et al. 1989).
These ages, temperatures and depths of crystallization or infilling are summarized very
approximately in Figure 61 a, b and c. The inference from this figure is that the batholith
cooling rate was slow (66°C per 100 Ma) from the stage of granite crystallization to that of
epidote infilling associated with thrust fault cataclasites. The rate of batholith uplift and
exhumation was also slow during this period (4 km per 100 Ma). The total time involved in
this stage is approximately 300 Ma, roughly from 2665 to 2350 Ma, (or close to twice the
length of time between the Taconic and Acadian Phanerozeric orogenies in the Appalachian
belt). Though the rates of uplift and exhumation must have varied considerably within this
period, the data imply that the present erosion surface of the batholith was probably at a
depth of 1 km or less at the time when epidote vein infilling occurred. Explicitly, the present
surface of the Lac du Bonnet Batholith was close to the earth's surface around 2 Ga ago.
This conclusion is supported by the change from strike-slip, epidote-filled, subvertical shear
fractures, to dip-slip, LID thrust faults, also associated in part with epidote-filled fractures.
Hasegawa et al. (1985) (Section 2.5.4) present evidence that the change of stress conditions in
the Canadian Shield, from wrench faulting at depth to thrust faulting, occurs now at a little
under 2 km in depth. Willis-Richards (1990) presents evidence that, within a pluton having
conditions which are probably similar to those of the young Lac du Bonnet Batholith, this
change occurs at 500 m depth. Moos and Zoback (1993) suggest, based on borehole
measurements at 3 sites in the southeastern U.S.A., that the same conditions favourable to
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thrust faulting pertain near surface (above about 800 m), especially where favourably oriented
planes of weakness already exist. They favour the hypothesis that high stresses near surface
are a function of strong, elastic rock, such as the granite of the Lac du Bonnet Batholith, that
extends to surface and carries most of the plate-related forces, rather than being caused by
erosion and exhumation. Following this period of probable exhumation of Lac du Bonnet
Batholith (up to about 2000 Ma), it is likely that the western Superior Province suffered
several periods of subsidence, with platform and marginal basin sedimentation prior to the
Hudsonian orogeny at around 1700 Ma. A similar cycle occurred on the Shield before the
Grenville orogeny around 1000 Ma but this probably did not much affect the environs of the
Lac du Bonnet Catholith (Figure 2). These periods of deformation, which include a major
glaciation around 2200 Ma as suggested by the Gowganda tillite, and which are likely to have
accompanied these disturbances and to have affected the fault and fracture population near the
then surface, are discussed in Everitt and Brown (1994a).

The effects on fracturing of such flexing during a sedimentation and erosional sequence are
discussed in Section 2.7.1. As a likely platform area, with no remnants of Proterozoic
sedimentary rocks, the basement surface in the region of the Lac du Bonnet Batholith is
unlikely to have been buried by much more than 1 km of sediments. However, remnant belts
of rocks involved in Hudsonian orogeny lie only 400 km away on three sides of the region,
and the plate stresses associated with these must have affected the batholith and its fracture
population. Two uncertain Ar-Ar dates on illite from a thrust fault in the batholith, suggest at
least alteration, if not renewed movement at 832 ± 1 Ma and 510 ± 1 Ma. This was probably
related to epeirogenic events and the formation of new erosion surfaces. Major mafic dyke
swarms occur in the western Superior Province of Canada and the U.S.A. One swarm,
striking west-northwest, dated 1750-2099 Ma, that might have affected the Lac du Bonnet
Batholith region lies 300 km away, but the Lake of the Woods swarm, striking northwest and
dated at 2120 ± 76 Ma lies only 150 km away from the region. By analogy with the pattern
of dyke flow recently suggested for the McKenzie dyke swarm (Ernst and Barager 1992), the
a, axis at this time in the region of the Lac du Bonnet Batholith is likely to have been
horizontal, paralleling the dykes, and a,, though probably not actively tensile, would have
been in the northeast direction subparallel to the batholith axis.

There is direct evidence of a Late Proterozoic or Early Phanerozoic surface in the vicinity of
the Lac du Bonnet Batholith on which Ordovician (post 505 Ma) sediments were laid down.
The margin of these sedimentary rocks lies 40 km to the west-southwest of the Underground
Research Laboratory along the direction of the sedimentary basinal dip. Seismic reflection
profiles and two boreholes were undertaken by the Geological Survey of Canada northeast of
Beausejour (McCabe, 1983) to determine the nature of the Precambrian - Phanerozoic
boundary. In one borehole the Ordovician Winnipeg Formation rests on a 0.4 m thick
weathered zone at the top of the Precambrian basement. Though there is a local topographic
relief of 35 m within a 3 km distance is the regional dip for the Precambrian surface is about
2.5 m per km. Utilizing this regional dip, the old Early Phanerozoic erosion surface projects
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rectilinearly to 100 m above the present bedrock surface at the Underground Research
Laboratory. This projection is probably a maximum, as the regional dip is likely to decrease
eastward as the environment of sedimentation changes from marginal basin to platform.

That the present ernsion surface is, in many places in the Shield, close to a very old late
Proterozoic or early Phanerozoic erosion surface has been suggested several times in the past
(e.g. Ambrose, 1964). The evidence is largely from remnants of Proterozoic and Phanerozoic
rocks, but also in some cases from interpreted weathering/alteration profiles. At Lac du Bonnet
Batholith the near-surface pinking of the granite has been attributed to both deuteric alteration
and to weathering (Brown et al. 1989). Though deuteric alteration was supported by the
chemistries of different rock units, as yet there is no definite distinguishing factor between the
above two types of granite alteration. If the near surface pinking is largely due to weathering it
would support the proximity of the present surface to a very old erosion surface. This old
surface, however, would have been slightly flexed (other than by continental glaciation) at least
once during the Phanerozoic Era. Cretaceous sedimentary rocks, resting on both Ordovician
rocks and Precambrian basement lie 80 km to the south of the Lac du Bonnet Batholith.
Because the Phanerozioc cover rocks here have been identified as platform sediments, the
formations that formerly overlaid the Lac du Bonnet Batholith are likely to have been thin.
Therefore the vertical movements, due to sedimentary loading and erosion of the Precambrian
surface, are likely to have been small.

In the Phanerozoic Eon, the only major tectonic disturbances that might have affected the
interior of the craton, in the region of the Lac du Bonnet Batholith, have been changes in
applied plate stresses at the craton margins as the continents drifted, and the passage of the
craton across the Great Meteor Hot Spot in the Mesozoic Era as the Atlantic opened
(Section 2.5.1; Figure 33). No evidence has been found as yet in the batholith for any
deformation directly attributable to these disturbances, even though the hot spot passed within
500 km of this region.

The inference from the above discussion is that the present bedrock surface in the
Lac du Bonnet Batholith has been near the earth's surface, or not far from it, for a very long
time (at least 400 Ma). For various reasons (Brown et al. 1989; Brown et al. 1994b) the
present erosional surface of the batholith is thought to be near the roof of the original
batholith, and that it was either exposed, or within 2 km of the then surface during the long
400 Ma period of cooling following intrusion at about 2.6 Ga (Section 4.1). During this
period of cooling and near exhumation much of the brittle fracturing and faulting now present
in the batholith was initiated. Subsequently this erosional surface of the batholith horizon
was probably buried by younger sediments and re-exhumed several times, but was never very
far from the earth's surface. The current erosional surface of the batholith is probably within
a 100 m of the erosional surface present 400 Ma ago. The fracture systems now observed in
the Lac du Bonnet Batholith have had a very long period to develop in response to a very
near surface environment.
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Unfortunately there is a hiatus in the dating of the initiation of the various fracture systems
and the time of their reactivation. There are no absolute dates between the Early Proterozoic
faults and fracture infillings associated with the Pleistocene glaciations. However, dates
(404 ± 64ka and 475 ± 33ka) from recent electron spin resonance analyses of quartz from
fault gouge zones (Lee and Schwarcz 1994) suggests that part of the LID fault zone FZ2
moved at the start of the Illinoian glaciation, whereas other parts did not.

5.2.3 Very-Near Surface Conditions and Fracturing

Extension fractures occur in many granite outcrops, including those in the Lac du Bonnet
Batholith. The common state, at or very near the outcrop surface, as measured by over- or
under-coring, is one of compressive stress, but the surface stress field is complex, both in
magnitude and orientation. In a single area the mapped visible structures may be both
extensile and compressional in nature (cf Section 2.5.4).

Such a complex state seems to occur in the near-surface environment at the Lac du Bonnet
Batholith. Overcoring measurements of in situ stress at the surface of outcrops in the
batholith suggest areas of up to a few tens of square metres of similar principal stress
orientation or of similar magnitude. In no case was the stress tensile, but this is to be
expected since the measurements were taken on a flat-lying outcrop with little nearby
topographic relief and no post-magmatic stage fractures. Using published elastic constants for
granite samples taken from surface, the average mean horizontal compressive stress,
calculated from the measurements in outcrops, is 30 MPa, a figure likely to be too high,
(Brown et al. 1988). "Pop-ups" occur close-by, indicating horizontal compressive stresses of
6 to 17 MPa, using a crude critical stress buckle formula. This value is closer to the expected
value from other sources. The relative quantities of topographic, active tectonic, rémanent
and residual stress are unknown. Multiple overcoring experiments at the Underground
Research Laboratory (Martin et al. 1994) suggest that the residual component is very low.
Nevertheless this component in granite of the Lac du Bonnet Batholith may be higher since
much of the recovery of residual stress depends on loosening of the intergranular framework
of the rock. Nichols (1971, 1975) had strain recoveries suggesting a relief of 1.4 MPa of
residual stress, in a free block of Barre granite in which this "loosening" had floi taken place,
(cf Section 2.7.3) . Price obtained a relief of 60 MPa from specimens of greywacke after the
matrix bonding had been broken (Price and Cosgrove, 1990; Section 2.7.3). It is possible
that, in the zone of weathering in the Lac du Bonnet Batholith granite, more than a few
megapascals of residual stress is available. This suggestion is partly supported by the
expansion of wire-sawn blocks, of a few metres dimension, in a granite quarry in the Lac du
Bonnet Batholith (Cold Spring Granite (Canada) Ltd). Here, wires in a west-northwest
orientation tend to be nipped, and in some cases blocks snap free of the main mass with a
loud report. These observations imply that there is some residual elastic energy in the
granite; but it seems both too low magnitude, and also to be unavailable for fracture
propagation below a few metres depth.
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In the Lac du Bonnet Batholith "pop-ups" occur in outcrops free of mesoscopic fractures, and
high near surface stresses have been found in the Medika pluton (30 km to the south of
Lac du Bonnet Batholith) in outcrops that are almost fracture free (Everitt et al, 1994b;
Martin et al, 1994). However, in the Lac du Bonnet Batholith most outcrops are strongly cut
up by subvertical extension fractures. Some are filled with calcite, and, in those which are
unfilled, variations in fracture surface alteration suggest a long history of formation, the
difference in size and depth extent of the two main orthogonal sets of fractures (cf,
Section 4.3), suggests that in some areas of the batholith there may be either a general state
of tension or an active west-northwest trending tension.

Field observational evidence suggests that the residual ridges and knobs of the current surface
of the batholith are broken up by three orthogonal sets of unfilled fractures (parallel and
vertical to the ground surface), the smaller knobs being the most fractured. From this
outcrop evidence and data from boreholes it appears that the ridges show extension, whereas
the rocks beneath the overburden covered valleys remain in compression, exhibited by
shallow, minor thrust faulting (R.I. Sikorsky personal communication). This idea can be
extended to the areas of flat outcrop with little local topographic relief, where subvertical
fractures are sparse due to continued lateral constraint, but true subhorizontal fractures are
commonly present near the surface. We infer from these data that the unfilled, or
very-low-temperature-mineral infilled mesoscopic fractures observed on outcrop or at shallow
depths in the batholith are likely to be related to the topographic relief on present or past
erosion surfaces.

Re-orientation and magnitude changes of the in situ, non-tectonic stress field by local relief
have been studied, for example by Pan and Amadei (1993). Their modelling of asymmetric
topography showed several compressive stress maxima and minima in ridges and of tensile
stress in valleys. Though such topographic stress variation has probably caused some of the
fracturing at the surface of the batholith the surface relief seems too little to control fracturing
much below 100 m depth.

Though both subvertical and subhorizontal extension fracturing are common, mesoscopic
fractures with normal fault attitudes have only been observed to any extent in the
Lac du Bonnet Batholith above FZ3 at the Underground Research Laboratory and in the Cold
Spring Quarry. This again suggests that active tension may be involved in some of the near
surface fracturing. In addition, observation of some of the larger, steeply inclined,
mesoscopic fractures in the upper section of the Underground Research Laboratory shaft has
shown several ages of infilling (Everitt et al. 1990). Calcite infilling in some fractures at less
than 100 m depth has been broken apart and the surface has been "weathered" by
groundwater. Dilational and lineation evidence suggest that the breakage was caused by
normal fault movement i.e. the ground was under extension in an east-west direction.

Mesoscopic fractures with LID attitudes control the topography in some areas of
Lac du Bonnet Batholith (unpublished AECL data; Stone and Kamineni 1987). These
fractures may be large, 100 m x 30 m in a single plane in one example. It has been shown in
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two studies at the Underground Research Laboratory site that the surface fracture attitudes
tend to mimic the attitudes of the secondary fractures in the local LID faults (Brown et al.
1994b.). In two quarries at the east end of the batholith fresh fractures with LID attitudes are
thought to have formed recently, at least in one case with "walking stick" structures (Price
and Cosgrove 1990) suggesting thrust movement under very little vertical confining pressure.
These observations support the idea that, in many areas uninfluenced by local topography, the
near-surface rock of the batholith is still in general compression. Thus, many of the smaller
interpreted thrust fault structures, such as those which shallow rapidly in dip with depth at
Permit Area D in the batholith (Ejeckam et al. 1994), could be related to erosion surfaces of
later date than 2200 Ma, but they do not reach below 200 m depth (Figure 54).

If the upper part of the Lac du Bonnet Batholith rock mass is divided into blocks defined by
LID faults with two strike orientations and possibly two dip orientations for each strike, there
are probably large prisms of rock detached from the underlying mass. Near-surface these
prisms may be free to expand. It has been suggested that part of this expansion will be
through subvertical extension fractures, which because they are in the hanging wall, could
build up the thrust movement. We consider this to be unlikely except under very local
conditions, especially at depths of 500 - 1000 m. There are several reasons for saying this:
the two strike-sets of faults; the strong asymmetry of development of the orthogonal sets of
subvertical fractures; the overprinting by strike-slip lineations near surface on FZ3; the
irregular geometry of the thrust fault planes; the absence of subvertical fractures at the deeper
levels in some faults; and the difficulty in granite of releasing the residual stress.

It is apparent that near-surface stress conditions in the Lac du Bonnet Batholith are complex
and that the responses to near-surface stresses are not only complex but, in turn, the responses
affect the complexity of the stress field. Shear strains may develop that are accommodated
by brittle fractures on which no shear is visible. In granite at the Underground Research
Laboratory site groups of smaller fractures have developed coevally around some of the larger
unfilled mesoscopic fractures. The geometric pattern of these groups tends to be asymmetric.
Interpreting the common strain fields as if these larger fractures had obvious shear movements
leads to the conclusion that all major fractures in the north-northwest octant are right-hand
shears, all those in the east-northeast octant are left-hand shears, and those in the
north-northeast and west-northwest octants have mixed shear interpretations. These results
are in agreement with the north-northeast trend of the near-surface, in situ maximum
compressive stress axis (Brown et al. 1994b). This demonstrates that, even in near-surface
areas of the batholith which are probably dominated by topographically induced stress, the
tectonic stress (and possibly the residual stress) plays an active part in the formation of new
fractures.

5.2.4 Probable Natural Changes to the Environment

AECL's nuclear fuel waste disposal concept rests in part on there being a stable fracture
population in the rock surrounding the waste emplacement areas of a disposal vault for at
least 10 ka, or, with less certainty, up to 100 ka. We have presented evidence in past
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sections of this report that the current stress field is not causing continuing fracture growth in
sparsely fractured blocks within the Lac du Bonnet Batholith at vault depths of 500 - 1000 m,
in spite of continued post-glaciation isostatic recovery. The companion paper by Martin et al.
(1994) shows that the current stress field in the Lac du Bonnet Batholith allows stable crack
growth when it is disturbed by local perturbations such as underground excavations, but does
not allow unstable crack growth.

Natural changes to the stress field which are likely to be important in the western Superior
Province were introduced in Section 2. Of these, tectonic mechanisms are very unlikely to be
active, though the stress perturbations introduced by the passage of a "hot spot" beneath the
craton may still be present in the same locations. The onset of a continental glaciation is
likely to occur within the next 10 - 100 ka. Once established, the load of a continental ice
sheet has been shown to inhibit fracture growth and faulting. However, during ice sheet
growth, major fluctuations in the ice front are both likely to occur and also likely to cause
fracture propagation and closure, but not at the proposed disposal vault depths (500 to
1000 m). Changes in the bedrock topography beneath the ice sheet are unlikely to be
important for fracture propagation, except in areas of high relief. Enhanced local erosion and
transport of material by ice-rivers within an ice-sheet seems to occur largely in areas of
already high bedrock relief. In most of the Shield and in the western Superior Province
especially, where bedrock relief is low, this sort of erosional stress change will probably not
be significant.

There is a chance for the onset of an interglacial (or interstadial) period during the next
100 ka. Past history shows that the time immediately following déglaciation can be one of
increased fault activity. This activity appears to be caused not only by the isostatic rebound
but also by build-up of tectonically induced elastic strain energy beneath the ice load. In
addition, post-glacial pore pressure gradients in some fractures are likely to be high, due to
slow drainage of residual pressures from the ice load. Some stable crack growth is to be
expected following déglaciation, and seismic movement may occur on some faults which
could alter the faults' mesoscopic fracture halo. The data presented in this report suggest that
the fracture population in the Lac du Bonnet Batholith, related to the present-day erosional,
unconfined free bedrock surface has reached a stable depth. As the present erosional surface
of the batholith has remained about the same for 400 Ma, the last glaciation, which ended
about 10 ka ago, is unlikely to have driven the zone of fracturing deeper than previous
Pleistocene glaciations or sedimentary cycles during the past 400 Ma have done, even though
isostatic recovery is not complete. At the 500-1000 m depths proposed for a disposal vault in
the batholith there is insufficient energy available for unstable crack growth, though
concentrations of rémanent stress occur due to the presence and interplay of discontinuities
within the Lac du Bonnet Batholith. On the basis of experiments at the Underground
Research Laboratory, residual stress in the granite is largely unavailable i.e., remains
"locked-in".
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The probability of a major earthquake (M>6) occurring in the western Superior Province of
the Canadian Shield in the next 10 ka, sufficiently close to a disposal vault to cause loss of
integrity through activation of a minor fault, seems low (Sections 2.5.5 and 2.5.6). Due to the
short historical record, the uncertainty of the causes of mid-cratonic earthquakes, and the
ignorance of the way mid-cratonic regions are tectonically loaded, the possibility of a major
earthquake occurring in this part of the Shield within 100 ka exists. However smaller seismic
events, probably on small faults at 0-3 km depth, do happen infrequently, presumably on
those structures oriented favourably to the local stress field. For these shallow faults to move
it seems that a changing stress field due to continuing glacial isostatic rebound is more likely
than a cyclic time-dependant relief of the current plate tectonic stresses.

Observations of structures from past deformations at our geologic Research Areas suggest that
rejuvenation movements on shallow faults will cause secondary fractures in the fault halo to
re-adjust but will not cause new fractures to form or old fractures to propagate in the adjacent
blocks of sparsely fractured rock. As isostatic adjustment wanes, movement on these faults
should die out.

6. SUMMARY

New fracturing or the propagation of existing fractures will not occur in a mass of rock unless
there are changes to the stress field. In this report we have examined the factors involved in
fracture formation, the current stress conditions, and the factors that could have changed these
conditions. Pluton intrusion and the tectonic mechanisms of fracture formation are described
first, followed by a summary of the measured stress field and the potential for seismic
movement on faults within the western Superior Province. The probability of future
continental glaciation and déglaciation occurring on the Shield within the next 10 ka or
100 ka is discussed. The likely effects of glaciation and déglaciation and of further erosion
and exhumation on fracturing in plutons in the Shield are examined.

To show the stability of the plutonic rock masses we have studied at our Shield Research
Areas, brittle deformation histories were compiled for these plutons. These histories are
based on field relations, fracture infillings, radiometric dating, and pressure and temperature
of formation through experimental mineral stabilities and stable isotopes.

In general terms, geological faulting and fracturing are caused by episodes of mountain
building (orogeny), episodes of gentle up- and down-warping (epeirogeny), by geomorphic
changes (including glaciation and proximity to the earth's erosion surface) and from
man-made excavations. Fractures from all these causes ma/ be superimposed on one another.
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In the Superior Province an orogeny has not occurred since 2500 Ma though the Province's
margins have been affected as late as 1000 Ma ago. Batholiths such as the Lac du Bonnet,
though they have been intruded after the major deformation phase, are considered part of an
orogeny, and the most important regional faulting that has affected them is also associated
with an orogeny.

Epeirogeny has also caused major changes in elevation in the Shield. The Precambrian rocks
were once covered by marine sediments, that have now, in large part, been eroded away after
uplift. In addition the ground has been flexed by three Pleistocene glaciations.

Uplift is accompanied sooner or later by erosion. Two simple changes occur. The weight of
the overlying rock is reduced and deeper rock is lifted into a larger circumference of the
earth. In consequence, not only is the confining stress lowered but the relative magnitudes of
the vertical and two horizontal stress axes change, and there is likely to be an accompanying
change in the fluid content of the rock mass. If there is no large tectonic compressive
differential stress, the continuous removal of the confining load by the erosion of the earth's
surface will cause a horizontal extension commonly expressed by subvertical extension
fractures or high-intermediate-dip (-60°) faults.

Our studies of the plutons in the Atikokan, Whiteshell and East Bull Lake Research Areas
show that, the significant faults and fracture zones have certain common characteristics.
These features bound blocks of rock which are of relatively low fracture frequency (at least
below 1 fracture/10 m). Within the fault-bounded blocks, radiometric dating of fracture
fillings indicates that most of the fractures below 200 m depth were initiated more than 2000
Ma ago and are younger than the host-rock by only a few hundred million years. They have
internal structures exhibiting mechanical grinding between the fracture walls nearly
synchronous with the formation of minerals compatible with conditions of ~300°C and 20 to
30 MPa pressure, i.e. not those of their present location. However, in zones of fractures
associated with the significant faults, fracture propagation or reactivation has possibly
continued up to the last déglaciation.

Both microscopic and mesoscopic fractures form during the later epeirogenic events and have
low-temperature mineral fillings. In many cases they occur in reactivated domains of the
older fractures/faults where the high-temperature fillings re-equilibrate with the groundwater
to the new conditions, to produce, for example, clays, gypsum and calcite. These minerals
can reblock groundwater pathways in the fractures, especially at deeper levels.

The types of fractures and faults we consider to be the potentially significant grcundwater
flow pathways within the Lac du Bonnet Batholith are summarized in a conceptual block
diagram (Figure 59). Sparse subvertical fractures of tectonic origin have been encountered at
all depths investigated, but below 300 m depth do not show signs of rejuvenation or of acting
as open flow paths. Chlorite-filled shear fractures are more common than epidote-filled
fractures and can be considerably larger than those that are epidote-filled.
Chlorite-sericite-filled fractures are very sparse but are ubiquitous and small (1-2 m).
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Within the Lac du Bonnet Batholith several low-intermediate-dip (~10°- 35°) thrust faults have
been discovered. Others are expected to be present, possibly in periodic zones at the same
spatial frequency throughout the batholith. These faults are the major pathways for
groundwater flow through the batholith. They bound blocks of rock that are very sparsely
fractured and are without any open fractures at depths of 500-1000 m. These fault zones
have developed a reticulate network of secondary fractures, and the amount of this secondary
fracturing is related to depth as well as to local flexures in fault geometry.

The present bedrock erosional surface of the Lac du Bonnet Batholith is at, or lies close to, a
very old erosion surface. Marine sedimentary rocks, which were deposited on this surface
about 500 Ma ago, lie only 40 km from the west. Any fractures which are related to the
erosional relief of confining stress and topography-related stress changes have therefore had a
long time to develop. A very homogeneous set of subvertical mesoscopic fractures striking
north-northeast, has developed close to the current surface of the who! batholith. A similar
set of fractures, striking east-southeast to southeast, is found with varied degrees of
development in different parts of the batholith. In addition, a set of subhorizontal to very
low-intermediate-dtp fractures also developed close to the current surface of the batholith.
Where the topographic relief is not large this last set dies out within 10-20 m of surface. The
axis of the current horizontal near-surface (to 200 m depth) maximum compressive stress
trends north-northeast in the batholith, and, probably related to this stress field, the fracture
set trending east-southeast dies out at 100 m below surface. On the other hand, though the
fracture set striking north-northeast also diminishes with depth, it continues to at least 250 m
depth from evidence at the Underground Research Laboratory. However, at this depth these
fractures are complex and large in planar extent, and are very sparse.

Some chlorite-filled fractures show strong signs of water-rock interaction at depths below
250 m. This alteration is probably caused by groundwater movement along the fracture after
the chlorite was deposited. It seems likely that these fractures, together with some large
trosional relief fractures, provide recharge paths for groundwater moving to the
low-intermediate-dip faults in the batholith. At 250 m depth in the Underground Research
Laboratory, some small, open, subvertical, extension fractures are present, but these are
confined to coarse grained, leucocratic granitoid lenses that commonly parallel the
low-dipping compositional layering in the batholith. These lencoratic lenses are commonly
short and are almost, if not completely, unfractured at the 420 m level of the Underground
Research Laboratory. They are not considered to form groundwater paths through the
batholith at these depths.

There is no evidence at the Underground research Laboratory that new fractures have formed
(as opposed to propagation of old fractures) much below depths of 250 m in the batholith
except in association with fault zones. Movement within the rock mass below 250 m since
500 Ma seems to have been confined to the rejuvenation of existing fractures, faults and fault
zones, but the magnitude of the later movement is insignificant compared to the original
deformation.
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Within the next 20 ka the most likely change to the stress field in the Lac du Bonnet
Batholith will be caused by the onset of continental glaciation on the Shield altering the
incumbent load and the groundwater flow. The most likely result will be inhibition of further
fracturing, though fluctuations of the ice front during the onset may cause some fracture
propagation. Déglaciation could occur within 100 ka and it is likely to be accompanied by
rejuvenation of faults and some mesoscopic fracturing associated with existing faults or other
discontinuities.

Major deep seismic events occurring in the western Winnipeg River Plutonic and the
Bird River subprovinces within the next 10 ka are improbable. Seismic events of low
magnitude on shallow faults are occurring infrequently in parts of the Shield now, but this
activity will likely decrease, until a further peak occurs following a later déglaciation.
Topographic changes due to local erosion or glacial ice build-up will probably cause some
local propagation of mcioscopic fracturing near the bedrock surface but not to the depths
being considered for a disposal vault (500-1000 m below surface). There appears to be an
insufficient source of energy to drive unstable growth of mesoscopic fractures within fault-
bounded blocks of Lac du Bonnet Batholith granite. Our observations of the fractures in the
batholith suggest that, although some pre-existing fractures have been periodically reactivated,
no significant new fracturing has occurred at vault depths in the past few hundred million
years. Some stable crack growth, such as is found in the coarser-grained, pegmatoid lenses in
the batholith has probably occurred, but these fractures are very small and have not formed
important pathways for groundwater movement.
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FIGURE 3: Tectonic-Mechanical Model for Intrusive Processes in the Lower and Middle Crust (after
Kukowski and Neugebauer 1990).

a) depth dependence of viscosity contrast between magma and intruded rocks for non-linear
temperature fields. (The line 6c refers to the lowest viscosity contrast, in their modelling
experiments, in which the rising magma separated into several, separate intrusions).

b) long term mechanical conditions in the upper lithosphère under tectonic compression and
extension.

c) regions of origin, uprise and emplacement of granitoid magmas.

d) erosion level.
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FIGURE 4: Schematic Relationship Between Buoyancy of the
Magma Relative to the Country Rock and the Rate of
Tectonic Cavity Opening; Dependent in Part on the
Type of Tectonic Opening (Figure 5a) that Leads to
the Observed Country Rock/Magma Relationships
(Figure 5b) (after Hutton 1988a)
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FIGUÏŒ 5: Pluton Emplacement

a) Tectonic Locations in Which Intrusions Commonly Take Place (after Hutton 1988a). Six
generalized modes of ascent and emplacement of granitoid intrusions, all starting as diapiric
detachment of melts: the source region is arbitrarily placed in the lithosphère mantle.

1 ) diapiric uprise in absence of tectonic activity; arrest due to density equillibration followed by
late ballooning.

2) uprise into major vertical tectonic extensional system; magmas rise to high crustal levels
with ponding and caldera formation.

3) diapiric uprise arrested by viscosity/strength changes at the Mohorovicic discontinuity (or
higher), leading to lateral spreading and possibly to late spawning of upper crustal plutons.

4) diapiric rise into middle crust, followed by rise along uppercrustal strike-slip faults; leading
to horizontally elongate plutons.

5) diapiric rise into middle crust, followed by rise along listric extensional faults, leading to
flat-lying granite sheets and possible to caldrons or calderas.

b) Styles of Plutons Emplacement Relative to the Intruded Country Rock (after Clarke 1992).
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FIGURE 6: Schematic Diagram of the Relative Changes in Pressure and Temperature of
Undersaturated Magma During its Ascent, Cooling and Crystallization, and of the
Exsolved Hydrothermal Fluid (from Phillips 1973); Saturated Solidus and Liquidus Lines
are Based on Approximate Melting Relationships of Granodiorite, and Solubility Figures
of Water on Andésite; Lithostatic Pressure - LP, Vapour Pressure of Water - VP, Tensile
Strength of Rock - T Intrusive Fluid Pressure of Magma - IP, Pressure of Hydrothermal
Fluid - FP, Nucleation Forces - N; the Increase in Hydrothermal Fluid Pressure Before
Fracturing is Schematic Only. A-B represents magma rise; at B magma stops rising
through host rocks (but may continue rising through exhumation): from C-D anhydrous
minerals crystallize and at D magma is saturated; B-C- D-F is the constant load pressure;
D-E and F-G are the retrograde increase in vapour pressure in the crystallizing magma and
the consolidated outer shell respectively; E-F and G-X are the abrupt drop in the pressure
of the released hydrothermal solution; X-Y-Z are repeated episodes of hydraulic
fracturing.
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FIGURE 8: Stress Configuration Around Hercynian, Late Syntectonic Granitoid
Plutons in Cornwall, UK, Emplaced as Magma Cells into a Regional
Stress Field; Based on the Mapped Orientations of Dykes and
Hydrothermal Veins (after Moore 1975).

a) approximate form of stress trajectories exerted from within an
elliptical cavity; 1 - with no regional stress field, 11 to IV - emplaced
into various combinations of matrix confining regional stress fields.

b) a composite model of the idealized mapped stress trajectories
around fluid cores placed within the present granite body outcrops
after displacements of later regional faults have been removed.
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FIGURE 9: a) Schematic Pressure and Temperature Conditions of Ductile to Brittle
Deformations at the Grain-Scale Within a Cooling and Crystallizing
Magma Undergoing Uplift (after Paterson et al 1989).

b) Schematic relationship between strain fabrics at the grain scale and the
crystallization state of a granitoid magma, (after Hutton 1988a). The
diagram relates to rock fabrics illustrated in Figure 10a and b.
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a) Pre-full crystallisation fabric

b) Crystal plastic strain fabric

Qr subgrains

Q/Otlg.

Approx scale

c) Shear strain

FIGURE 10: Schematic Sketches of Rock Fabrics Related to Crystallization of
Granitoid Magmas, (a, and b, after Hutton 1988a and c, after
Simpson 1985).

a) fabric prior to full crystallization.

b) fabric due to crystal plastic strain.

c) fabric planes (currently known as C and S) introduced into
cooling and crystallizing granitoid magmas under an applied
shear stress.
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FIGURE 11 : Schematic Cross Section Through the Earth Showing Plate Tectonic
Features and Mechanisms Likely to have Affected The Superior Province
(after Sun 1989). (The asthenosphere is a shell within the earth, tens of
kilometres below the surface, of undefined thickness and relative
weakness, where plastic deformation takes place, as in isostatic
readjustment. The lithosphère is a layer of high strength relative to the
underlying asthenosphere, to a depth of pc^ibly 100m, that includes the
crust and possibly part of the upper mantle).
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FIGURE 12: Moh's Stress Circles, Representing Rock Conditions
that will Give Rise to A. Tensile Failure, B. Shear
Failure, or C. Hybrid Extension/Shear Fractures. The
sense of movement exhibited by the fracture planes,
and their orientation with respect to the axes of greatest
and least prinicipal stress are also shown (from Price
and Cosgrove 1990).
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FIGURE 13: The Relationship of the Orientation of Three Types of Simple Faults
(Normal, Thrust or Reverse and Strike-Slip or Wrench) to the
Relative Magnitudes of the Vertical and Horizontal Principal Stress
Axes Common in the Earth's Crust (after Price and Cosgrove 1990).
S.S. indicates the "standard state" produced by gravitational loading;
the magnitudes of the principal stresses are shown relative to S.S.
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FIGURE 14: Connections at Jogs in Faults (from Sibson 198S).

a) Likely development of extension fractures in association with dilational and
anti-dilational jogs along a segmented fault, shown in relation to far-field
principal compressive stresses (cl >a2

> o3).

b) Mixed extensional-shear fracture model mesh linking fault segments across a
dilational jog; compressional field (+), dilational field (-), suctional force F,),
wall rock fluid pressure (Pw), internal fluid pressure within link (Pt ).
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FIGURE 15: The Dynamic Interaction and Possible Changes in a Sediment Fabric, Porosity and
Fluid Flow Associated with the Migration of a Strain Wave Along a Propagating
Fault. Graph (e) represents the permeability at point marked by a solid ellipse
(from Knipe et al. 1991).



0

FIGURE 16: Graph Showing the Range of the Ratio of Fluid Pressure
to Overburden Pressure (X,v) With Respect to Confining
Pressure (as Depth) for Shear Failure and
Hydrofracturing (on the Barbed Side) in the Fault Modes
T - Thrust, W - Wrench and N - Normal (Where Density
• 2.55 g cm"3 the Coefficent of Internal Friction = 0.75,
Cohesive Strength = 5 MPa and the Shear Stress = 1 MPa
(after Sibson 1981)
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FIGURE 17: Schematic Cross Section of a Fault in Which
During Slip the Local c, Trajectory is Re-Oriented
to a 45" Alignment to the Slip Plane, to Show the
Various Types of Secondary Fracture Plane that
May Develop in the "Fault Zone" or Within Fault
Gouge (after Petit 1987 and Lochner and Byerlee
1993). R, and R2 are Riedel shears, T are extension
fractures and P are either propagation shears or
elastic rebound fractures; M represents the main
shear fracture set if an external zone of secondary
fractures is present.



- 9 0 -

a) SOURCES OF TECTONIC STRESS

ÎÎ
BROAO-SCALE TECTONIC FORCES

1 Shear traction at base of lithosphère
2 Net slab pull at subduction zones
3 Ridge push from oceanic ridges
4 Trench suction on over-riding plate

LOCAL TECTONIC STRESSES
5 Bending due to surface loads
6 Isostatic compensation
7 Downbending ol oceanic lithosphère

FIGURE 18: Sources of Tectonic Stress

a) due to plate and related local surface loading forces (after Zoback
et al. 1989).

b) due to "hot spot" or mantle plume loading (after Gough 1984).
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FIGURE 19: Displacement Field Vectors in Rock Surrounding
an Opening Fissure System of Dykes and
Volcanoes in Northeastern Iceland (from Foulger
et al. 1992).

a) location of study and mean rate of plate
opening.

b) horizontal point displacements, 1987-1990;
lengths of the vectors are proportional to the
displacements; thick lines represent vectors
significant to >99% confidence level.
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FIGURE 20: Location of Seismic Station RSON
Between the Uchi and English River
Subprovinces of the Western Superior
Province (after Silver and Chan 1988). The
arrow gives the fast azimuth (075°) of the
seismic anisotropy.
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contours 4 -128 km thick

FIGURE 21 : Spatial Variation in Effective Elastic Thickness of the
North America Lithosphère Based on Calculations of
Flexural Rigidity (after Bechtel et al. 1990). Contour
values are labelled in kilometres assuming E = 1.0 x
10llNm'2.
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FIGURE 22: Gravity Domains in North America Derived from Horizontal,
Gravity Gradient Features (after Thomas et al. 1988).

a) gravity trends drawn by tracing axes of horizontal gravity
gradient features.

b) first-order gravity domains derived from Figure a;
successively younger terrains (VI11 to 1), believed to be
accreted by collision tectonics, are encountered along the
arrows.
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FIGURE 23: Photograph of Strains at the Grain-Scale in a Block of Bane Granite by Birefringence in a
Photoelastic Plastic Sheet (after Brown et al. 1988)
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FIGURE 24: Stress Orientations in North America (from
Gough 1984). Pairs of broad arrows show
the directions of the greater horizontal
compressive principal stress in the craton;
two-headed arrows indicate the lesser
horizontal principal stress in S extensional
stress provinces.
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FIGURE 25: Orientation of Maximum Horizontal Compressive Stress Axis in the Earth's Crust
Throughout the World, Interpreted from Various Data Sources (from Zoback 1992)
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FIGURE 26: Orientation of Maximum Horizontal Compressive Stress Axis in the Crust of Eastern to Mid-Canada from
Various Data Sources (from Adams 1992)
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FIGURE 27: Suggested Direction of Compression During Periods of Tectonic Deformation, and Orientation of Principal Stress Axes Measured by
Overcoring Plotted on the Lower Hemisphere of an Equal-Area Projection in the Western Superior Province of the Canadian Shield
(from Herget 1980)
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FIGURE 28: Directions of the Maximum Compressive
Principal Stress Axis as Measured in South
Dakota, U.S.A. (SQ) and Inferred Seismically in
Kansas (P), Compared to the Location of the
Mid-Continent Rift (MCR) and Measured Stress
Axis Orientations in the Mid-Continent East of
the MCR (from Haimson 1990)
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FIGURE 29: Stress Distributions in Upper Crust of the Canadian Shield from Measurement
Inference (from Hasegawa et al. 1985). av - Vertical Stress, <Jh raax - Major Horizontal
Stress, oh min - Minor Horizontal Stress.

a) distribution near surface from measurements reported by Herget (1980).

b) distribution from 5 - 20 km in depth of relative stress magnitudes (not absolute
values) inferred from earthquake solutions. No stress data are available from 2 - 5 km
depth, therefore no stress values are shown on the x - axis.

c) suggested distribution from various measurements, calculations and inferences.
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FIGURE 30: Variation in Rock Stress Magnitude with Depth in the Carnmenellis
Granite Pluton in Cornwall, England, ( after Willis - Richards 1990).

a) Location of granite plutons in southwest England (cf Figure 8).

b) Rock stress measurements in the Carnmenellis Granite, by hydraulic
fracturing.
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Magnitudes Measured at the Underground Research Laboratory
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FIGURE 32: Locations of Earthquakes in Northwestern Ontario Recorded by the AECL/GSC Seismogram
Network (after Wetmiller and Cajka 1993), Spatially Grouped into Areas (1-7) that Might
have the Same Regional Geological Cause, as Suggested Below for Each Area.

1) Presence of northwest-striking McKenzie and unknown dyke swarm; intersection of
northeast - and northwest - striking faults.

2) Presence of northwest-striking faults.
3) Presence of major east-striking fault and location on the English River subprovince

northern boundary.
4) Possible presence of northeast-striking fault and location on the Winnipeg River

subprovince southern boundary.
5) Presence of a knot of splayed east- and southeast-striking faults and northwest-striking

Lake of the Woods dyke swarm.
6) Under the Paleozoic cover. Possibly along the northeast trending Marathon dyke swarm,

or at the intersection of the Marathon with the Matachewan dyke swarm, or faulting along
the English river subprovince northern boundary. Possibly along the Great Meteor Hot
Spot path.

7) Possibly an intersection of dyke swarms to the south of the Quetico subprovince south
boundary fault. Possibly the presence of an alkalic carbonatite intrusion.
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FIGURE 33: Seismicity in Eastern Canada and Northeastern United States Compared to the Path of the Great Meteor Hot Spot (after Sykes
1978). Inset shows the paths of several hot spots as the continental plates drifted over them during the Mesozoic Era (after Vink
et al. 1985) ; G labels the Great Meteor Hot Spot path.
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FIGURE 34: Epicentres of Seismic Events Recorded from Northwestern Ontario from 1900 to 1992
(from Atkinson 1993)



FIGURE 35: Earthquake Magnitude Recurrence per 1 x 106 km Relation
for Northwestern Ontario Zone. Triangles show observed
rates of activity in the zone. Heavy solid line is the best -
estimate relation. Light solid line shows pessimistic
alternative used in the sensitivity analysis. Dotted line shows
another alternative discussed in the text. Squares are average
rates given by Johnston and Kantor (1990) for all stable
continental interiors (top square), and for unrifted stable
continental interiors (bottom square). Dots are average rates
given by Fenton and Adams in Atkinson (1993) for
comparable regions within North America (bottom dot) and
globally (top dot).
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FIGURE 36: Known Seismicity in Western Canada and Adjacent Areas of the United States (to
the End of 1976 in Saskatchewan and the United States, and to the End of 1975 in
the Rest of the Map Area) (from Homer and Hasegawa 1978)
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FIGURE 37: Known Seismicity in Saskatchewan and
the Adjacent United States in Relation to a
Major Anomaly in Electrical Conductivity
Running from the Churchill Province in the
Canadian Shield to the Southern Rockies,
and to the Nelson River Gravity High and
Local Positive Gravity Anomalies in
Saskatchewan (from Homer and Hasegawa
1978)
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45*

FIGURE 38: The Spatial Correlations Between
the Observed Seismicity, the
Present-Day Distribution of the
Prairie Evaporite, and the Principal
Salt-Solution Features in Southern
Saskatchewan and Adjacent
Regions of Montana, North Dakota,
and Manitoba (from Homer and
Hasegawa 1978)



FIGURE 39: Trends of Data Sets of Glacial Drift Lineations Observed on Landsat Images (after
Boultonand 1990).

a) Inferred sequence (A-F) of flow stages; flow centres or divides are
shown by thick lines; the numbers label each flow set.

b) Superimposed sets; (numbers are irrelevant to this report).
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FIGURE 40: Postulated Time-Distance Envelope of Ice
Sheet Extent Along an East-West Line
Across Canada Starting at an Arbitrary 0 km
Location (from Boulton and Clark 1990);
Lines Marked C Show Inferred Ice Sheet
Culmination Locations and Lines Marked S
Show the Inferred Saddles Between the
Domes or Ridges; Letters Down the Left-
Hand Side Correspond to the Stages in
Figure 39 Marked with the Same Letters
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FIGURE 41 : Schematic Diagram of the Different Changes Observed at Various
Distances from the Ice Centre Due to the Major Climatic
Fluctuations During an Ice Age (from Eronen and Olander 1990).
At site A only one long glacial can be distinguished; at site B two
glacial periods can be recognised; at side C one short glacial can be
seen.



- 1 1 4 -

a)

ICE SHEET

Permafrost
Narrow

Frozen Zone
Melting Zone

Frozen Zone

b)

Continental
or polar
cllmatu

MoWnwor
mkHatltudt

Satocttwry
,: ÉP0OÉQ tTOUQiW r

Maximum excavation
X - BwJrockobacurad v - , 4

bydapoattkm '* A^

FIGURE 42: a) Model of Temperature (Freezing or Melting) Conditions Beneath an Ice Sheet
(from Ahlbom et al. 1991).

b) Model of Possible Temperature Conditions (Whether Warm-Based or Cold Based )
Beneath an Ice Sheet, and the Erosion that Occurs in Zones Distanced from the Ice
Sheet Centres of Both Types (from Eronen and Olander 1990).
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FIGURE 43; The Navier-Coulomb Failure Representation of Continental
Crust Close to Shear Failure on Favourably Oriented Faults,
for the Following Conditions: 5 km Depth, P = 59 MPa, O3

Vertical, t0 = 0, r = ( o1 - o3 )/2. The effect of a large ice
sheet is to move the population of such faults (dashed Mohr
circle) away from the envelope of failure criterion. The effect
of pore pressure, P, is to move faults closer to failure (C to C)
by reducing cn. Continental ice sheets would be expected to
inhibit increases in P that result from surface fluid
recharge (from Johnston 1987).
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FIGURE 44: Changes in In Situ Stress Due to Uplift (after Price and Cosgrove 1990).

a) potential reduction in horizontal pressure with uplift from a depth of
S km to surface for E and m values representing four, typical,
competent, sedimentary rocks.

b) two curves from Figure 44a superimposed on curves for initial,
horizontal stresses and fluid pressures.

c) curves from Figure 44b showing the type of abrupt break which is
likely to occur when failure conditions are met; such breaks will occur
most probably in strong rocks with high elastic moduli.
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FIGURE 45: Glacial Rebound Effects on Tectonic States for the 3 Standard Fault Situations Shown with
Respect to the Coulomb Failure Criterion and the Mohr Circle. In all cases S measures the
amount by which rebound stress moves the tectonic Mohr circle toward or away from
failure (from Quinlan 1984).

a) tectonic Mohr circle defined by maximum and minimum principal stress components
o , and G 3 .

b) extremes of rebound-induced modifications to the horizontal in a normal faulting
environment.

c and d) similar extreme modifications in reverse and strike-slip environments respectively.
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FIGURE 46: Variation ThroughTime of Flexural Stresses
Induced by the Erosion of a Linear, 250 km
width, Topographic Load of Initial Amplitude
1.5 km. The stresses have been computed at
sea-level for two models VE1 and VE2 with
different values for the uplift rate (tp) and the
erosional time constant (te). The state of
stress at t = tp is indicated by the squares for
the two models (from Stephenson & Lambeck
1985).
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FIGURE 47: Postglacial Vertical Rate of Movement in Canada in
Centimetres per 100 years; Contours from Relevelling
Data Show as Solid Lines and from Current Postglacial
Uplift Rate as Dashed Lines (after Hasegawa et al. 1985)
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FIGURE 48: Pressure - P, Temperature - T, and Time - 1 , Diagram for the Fracturing
and Associated Alteration Events in the East Bull Lake Intrusion. The
stippled area represents the conditions at which the four fracture events
and genesis for fracture fillings occured (from D.C. Kamineni initial
draft).
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FIGURE 50: Northwest-Southeast Cross Section of the Western Part of the
Lac du Bonnet Batholith (after Tomsons et al. 1995 ).

a) interpretation based on gravity surveys.

b) interpretation based on airborne magnetic surveys.
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FIGURE 51 : Relative Sequence, and Radioactive Dating of the Formation of
Observed Structural Elements from which Paleostress Axes have
been Interpreted; Structures have been Grouped into Magmatic
Cooling, Recrystallization, High-Temperature and Low-
Temperature Hydrothermal Stages of Batholith History;
Temperatures and Depth of Formation have been Calculated from
Feldspar Compositions (Brown et al. 1989); LID Implies Low-
Intermediate-Dip (from Brown et al. 1990)
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(e)

FIGURE 52: Block Diagrams Showing the Sequence (a-e) of Development of Structures Within
the Lac du Bonnet Batholith from Magmatic to Low-Temperature Fracturing Stages;
Representative Attitudes of the Structures, as Observed at the Underground
Research Laboratory Site are Shown in Lower-Hemisphere, Equal-Area Projection
(from Brown et al 1989)



FIGURE 53: Summary of Changes of Microcrack and Mesoscopic Fracture Orientations with Depth in the
Underground Research Laboratory, Shown Relative to the Fracture Mapping in the Underground
Research Laboratory Shaft (from Everitt Unpublished Data); Summary Description of Fracture
domains is shown in Figure 59
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FIGURE 54: A Cross Section of Lithology and Faulting at Permit Area D, Whiteshell Research Area, Based on Surface
Mapping, Trenching and Cored Borehole (from Ejeckam et al. 1990)



NW
0 -

100 -

ZOO -

I 3 O O H

400 H

500 H

600 J

275
Vent Raise URL Shaft SE

90 ii—

r- 200

KtyPUn

ggjm Fracture Zones

[^ j i l Grey Granite

/ | Pink Granite

100 200m

Hydraulic Head (H 1.00)
Pre-Excavation

Vertical Fracturing

Fracture Zone Designation

m 300

- -300

to

FIGURE 55: A Cross Section of Lithology, Mesoscopic Fracturing and Thrust Faulting in the Vicinity of the
Underground Research Laboratory, Whiteshell Research Area



- 128 -

a)

n = 21

FIGURE 56: Fracture Orientation Data from the Intersection of Thrust Fault
FZ2 in the Underground Research Laboratory Shaft, in Lower
Hemisphere Equal-Area Projection (after Stone and Kamineni
1988).

a) poles to main slip surfaces ( • ) and slickerlines on these
surfaces ( x ) .

b) poles to secondary fractures within the fault zone.
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FIGURE 57: Fracture and Lineation Orientation Data from the Intersection of Thrust Fault FZ3 in the
Underground Research Laboratory Shaft, in Lower Hemisphere Equal-Area Projection
(after Brown et al. 1994b ).

a) mean poles to fracture sets filled only by chlorite ( •) , hematite (A), carbonate (x),
and clay (o) .

b) poles to all chlorite-filled fractures.
c, d, and e poles to fractures in different orientation sets, with associated lineations,

interpreted as a-kinematic (•) or b-kinematic (o).
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Fracture Orientations (Lower Hemisphere, Equal-Area Projection: Based on Core
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FIGURE 59: Isometric Block Diagram Showing the Conceptual Distribution and
Relationships of Mesoscopic Fractures and Thrust Fault Zones in Lac du Bonnet
Batholith, Based on Information from the Underground Research Laboratory
Lease and from D Permit Area
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c) depth vs temperature.

NEXTPAOE(S)
toft BLANK



- 135 -

APPENDIX A

DEFINITIONS

NBXT PAQE(S)
toft BLANK



- 137-

APPENDIX A

DEFINITIONS

Because the following terms have many usages amongst geologists we have defined here how
they are used by AECL's geology section.

1. FRACTURE: A plane where the rock has, at one time, lost cohesion if only at the
propagating fracture tip. These may be open (or empty) or infilled with minerals.
The infilling may have occurred at the time of fracture formation, as in a dyke where
molten rock or high-temperature silicate-rich fluids have entered and crystallized
cohesively to the wall as the fracture propagates. Or it may be filled with minerals
precipitated from dilute high-temperature to ]ow-temperature groundwaters, with
various degrees of cohesion to the walls. These infillings may have grown at the time
of fracture formation or be deposited much later, and some fractures remain unfilled.
In the last category, filling material may have been present and then dissolved,
especially near the surface.

AECL cotxmonly uses this term for mesoscopic fractures. Mesoscopic (Turner and
Weiss 1962) implies handspecimen to outcrop (or a few outcrops) in size. The origin
of these fractures, whether it is extension or shear, is immaterial to the usage.

In the older literature, in modern engineering and American papers, and in common
oral usage, the term JOINT is often used instead of mesoscopic fracture. AECL's
geology group has abandoned this useful field term because it means different things
to too many different groups of people.

2. MICROCRACK: This term has been used by AECL to cover a range of fractures
varying from 0.25 - 2.00 cm in length and visible in hand-specimen, to those only
visible under a microscope (such as along mineral cleavage), or to those only visible
by scanning electron microscope. These cracks may be open, filled with
neomineralization, or be self-healed (as in quartz, where planes of fluid and solid
inclusions delineate old fractures).

3. FAULT: These are planar (at the scale of investigation though they may have
considerable thickness) zones of concentrated shear movement. That is, compared to
the rest of the rock mass they are local zones of high shear strain. The shear strain
may be accomplished through brittle fractures, a zone of cataclasis (granulation),
plastic deformation or by recrystallization. A fault may be a single fracture plane or
maybe a zone of planes that occurs in either an anastomosing or regular pattern.
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4. FRACTURE ZONE: A zone of closely-spaced mesoscopic fractures (e.g. 5 m wide
with <0.5 m spacing). These fractures may be extension, shear or mixed in origin.
AECL commonly uses this term to denote a FAULT ZONE, where a shear strain
occurs across a zone of major shear planes, whether these are true brittle fractures or
not, together with secondary (dependant) mesoscopic fractures.
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PAST AND FUTURE FRACTURING IN AECL RESEARCH AREAS

IN THE SUPERIOR PROVINCE OF THE CANADIAN PRECAMBRIAN SHIELD,

WITH EMPHASIS ON THE LAC DU BONNET BATHOLITH

by

A. Brown, R.A. Everitt,
CD. Martin and C.C. Davison

ABSTRACT

The likelihood that future fracturing, arising from geologic causes, could occur in the vicinity
of a nuclear fuel waste repository in plutonic rock of the Canadian Precambrian Shield, is
examined. The report discusses the possible causes of fracturing (both past and future) in
Shield rocks. The report then examines case histories of fracture formation in Precambrian
plutonic rocks in AECL's Research Areas, especially the history of the Lac du Bonnet
Batholith, in the Whiteshell Research Area, Manitoba.

Initially, fractures can be introduced into intrusive plutonic rocks during crystallization and
cooling of an intrusive magma. These fractures are found at all size scales; as late residual
magma dyking, hydraulic fracturing by retrograde boiling off of hydrothermal fluids, and, in
some cases, through local differential cooling. Subsequent fracturing is largely caused by
changes in environmental temperature and stress field, rather than by alteration of the material
behaviour of the rock.

Pluton emplacement during orogeny is commonly accompanied by uplift and erosional
exhumation, altering both the tectonic and the lithostatic stresses, the rock temperature
gradient and the pore fluid characteristics. In the Canadian Shield, there have been no major
tectonic disturbances accompanied by plutonic intrusion since the Late Proterozoic, whether
associated with the creation of new crust, or the reworking of old crust. Since the Late
Proterozoic, and for some rocks of Archean age since the Early Proterozoic, tectonism in the
Shield has been restricted to the passage of hotspots, intrusion of major dyke swarms,
epeirogenic downwarping and sedimentary loading followed by uplift and erosional stress
relief, and a similar loading cycle during glaciations. However, through an increase in
confining pressure, sediment and ice loading may have inhibited rather than promoted
fracturing.

Current stresses over most of the Canadian Shield seem related to plate movements, and are
fairly uniform, with a maximum compression oriented east-northeast. A small mid-
continental area, which includes the Lac du Bonnet Batholith and AECL's Underground



Research Laboratory, appears anomalous, with the maximum stress oriented southeast.
Though very infrequent, large intracratonic earthquakes that cause new or rejuvenated faulting
are known to occur worldwide, in the Shield rocks of continental Canada such earthquakes
are concentrated towards the Atlantic margin, in New Quebec, near grabens, in the
Kapuskasing zone and in north and south Hudson Bay. In the western Superior Province,
where the effective elastic lithosphère is thick, only a few (-20), very weak seismic events
have been recorded in the last 10 years, and these events were confined to areas of structural
complexity.

Studies of fracture characterization, the environments of fracture formation, and both relative
and absolute fracture histories, have been conducted on plutonic rocks at AECL's Atikokan,
East Bull Lake, and Whiteshell Research Areas. These studies suggest that the common state
in the western Superior Province of the Canadian Shield is one of superimposition of two
fracture populations. The first population is related to early events: pluton cooling, orogenic
and postorogenic deformation, including the effects of later orogenies, and early exhumation.
There is some relationship for some of these fractures and faults with proximity to the surface
at the time of their formation. The fracture sets that overprint this earlier population are all
related to changes in stress and other environmental factors proximal to the earth's surface.
Except where associated with faults, the case studies show this population to be largely
encountered above 300 m depth. It is therefore of importance that much of the surface of the
Canadian Shield lies close to an exhumed paleoplain, which, at the Lac du Bonnet Batholith,
is at least Ordovician in age.

At the depths proposed for a nuclear fuel waste disposal vault in plutonic rocks of the shield
(0.5 to 1.0 km), almost all fracture and fault formation in the Lac du Bonnet Batholith and
most of the later, intermittent fracture propagation, occurred in Precambrian times more than
570 Ma ago. Some further movement on faults and their associated fractures in the Lac du
Bonnet Batholith has been dated to the Pleistocene, as recently as the last interglacial period
approximately 400 ka ago. However there is no evidence of any more recent rejuvenation.

AECL
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1995
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FRACTURATION PASSÉE ET FUTURE DANS LES AIRES DE RECHERCHE D'EACL

DANS LA PROVINCE DU SUPÉRIEUR DU BOUCLIER PRÉCAMBRIEN CANADIEN,

ACCENT MIS SUR LE BATHOLITE DE LAC DU BONNET

par

A. Brown, R.A. Everitt,
CD. Martin et C.C. Davison

RÉSUMÉ

Le présent document examine la probabilité que la fracturation future, provenant de causes
géologiques, pourrait se produire dans le voisinage d'un dépôt de déchets de combustible
nucléaire dans la roche plutonique du bouclier précambrien canadien. Le rapport étudie les
causes possibles de fracturation (à la fois passée et future) dans les roches du bouclier. Il
examine ensuite des cas concrets de formation de fractures dans les roches plutoniques, datant
du Précambrien, dans les aires de recherche d'EACL et spécialement les antécédents du
batholite de Lac du Bonnet, dans l'Aire de recherche de Whiteshell au Manitoba.

Au départ, les fractures peuvent être introduites dans les roches plutoniques intrusives lors de
la cristallisation et du refroidissement d'un magma intrusif. Ces fractures se présentent sous
diverses formes : dykes de magma résiduel de formation récente, fracturation hydraulique par
ebullition rétrograde des fluides hydrothermiques, et, dans certains cas, refroidissement
différentiel local. La fracturation ultérieure est en grande partie due à des variations de la
température et du champ de contraintes, plutôt qu'à une modification du comportement
matériel de la roche.

La mise en place du pluton au moment de l'orogenèse est couramment accompagnée d'un
soulèvement et d'une exhumation par l'érosion, modifiant à la fois les contraintes tectoniques
et lithostatiques, le gradient de température de la roche et les caractéristiques du fluide
interstitiel. Dans le bouclier canadien, il n'y a pas eu de perturbations tectoniques
d'importance accompagnées par une intrusion plutonique depuis la fin du Protérozoïque, soit
associées à la création d'une nouvelle croûte ou au remaniement de la vieille croûte. Depuis
la fin du Protérozoïque, et dans le cas de certaines roches de l'Archéen depuis le début du
Protérozoïque, le diastrophisme dans le bouclier est restreint au passage de points chauds, à
l'intrusion d'importants groupes de dykes, à la subsidence épirogénique et au chargement
solide suivi par un soulèvement et une détente des contraintes par l'érosion, et à un cycle de
chargement semblable lors des glaciations. Toutefois, à cause d'une augmentation de la
pression de confinement, la charge des sédiments et des glaces peut avoir empêché plutôt que
favorisé la fracturation.



Les contraintes actuelles sur la majeure partie du bouclier canadien semblent liées aux
mouvements des plaques et sont assez uniformes, avec une compression maximale à
orientation est-nord est. Une petite zone au centre du continent, qui comprend le batholite de
Lac du Bonnet et le Laboratoire de recherches souterrain d'EACL, paraît anormale, les
contraintes maximales ayant une orientation sud-est. Bien que de forts tremblements de terre
intracratoniques très infréquents qui provoquent le jeu ou le rejeu de failles se produisent dans
le monde entier, dans les roches du bouclier du Canada continental, de tels tremblements de
terre se concentrent vers le littoral de l'Atlantique, dans l'orogène du Nouveau-Québec, près
de grabens, dans la zone de Kapuskasing et dans l'orogène trans-hudsonien. Dans la province
du Supérieur ouest où la lithosphère élastique effective est épaisse, seuls quelques (-20)
événements sismiques très faibles ont été enregistrés au cours des dix dernières années, et ces
événements étaient confinés dans des zones de complexité structurale.

Les études de caractérisation des fractures, des milieux de formation des fractures, et des
historiques relatifs et absolus des fractures ont été effectués sur les roches plutoniques dans
les aires de recherche d'Atikokan, d'East Bull Lake et de Whiteshell d'EACL. Ces études
semblent suggérer que l'état courant dans la province du Supérieur ouest du bouclier canadien
consiste en la superposition de deux populations de fractures. La première population est liée
à des événements anciens : refroidissement du pluton, déformation tectonique et post
tectonique, incluant les effets d'orogenèses plus récentes, et exhumation ancienne. Il y a une
certaine relation pour certaines de ces fractures et failles avec la proximité de la surface au
moment de leur formation. Les ensembles de fractures qui surimposent cette population
ancienne sont tous liés aux changements des contraintes et d'autres facteurs environnementaux
à proximité de la surface de la terre. Sauf si elles sont associées à des failles, les études de
cas montrent que l'on rencontre surtout cette population au-dessus d'une profondeur de 300 m.
Il est par conséquent important que la majeure partie de la surface du bouclier canadien
s'étende près d'une paléoplaine exhumée, qui, dans le batholite de Lac du Bonnet date au
moins de l'Ordovicien.

Aux profondeurs envisagées pour une enceinte de stockage permanent des déchets de
combustible nucléaire dans les roches plutoniques du bouclier (0,5 à 1 km), presque toutes les
formations de fractures et de failles dans le batholite de Lac du Bonnet et la majeure partie de
la propagation des fractures intermittentes plus récentes sont survenues dans le Précambrien il
y a plus de 570 millions d'années. D'autres mouvements sur les failles et leurs fractures
associées dans le batholite de Lac du Bonnet ont été datés du Pleistocene, soit aussi
récemment que la dernière période interglaciaire il y a environ 400 000 ans. Toutefois, il n'y
a pas d'indice de rejeu plus récent.
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INTRODUCTION

1.1 OBJECTIVES

Our main purpose in this report is to assess the likelihood from geological causes of further
fracturing in the vicinity of a nuclear fuel waste disposal vault in plutonic rock on the
Canadian Precambrian Shield at a depth of 500 to 1000 m; and, in particular, at a
hypothetical vault located in the Lac du Bonnet Batholith of the tectonic Superior Province.
We do this by discussing the probable causes of past and future fracturing in the Superior
Province; by examining the present distributions of fractures and faults at AECL's Research
Areas in the Precambrian Shield of southeastern Manitoba and northwestern Ontario
(Figure 1 ); and then by discussing whether the present geological environment, or possible
changes to it, may cause further fracturing. Present-day (geologically speaking) deformation
is commonly known as neotectonics. Neotectonics encompasses the tectonic regime acting
today and the older tectonic regimes that, although no longer active, have shaped the present
landscape commonly considered in Canada to be restricted to the last 10 ka. The term,
however, remains vague (Adams and Clague 1993). From the perspective of regulatory
guidelines for nuclear fuel waste disposal we are interested in changes that may happen in the
next 10 ka, and to a lesser extent in the next 100 ka (AECB, 1987). We are particularly
interested in further fracturing, since the formation and reactivation of fractures and faults are
transient deformation events with concomitant interaction between solid rock, rock particles
and groundwater so as to re-achieve a state of equilibrium. Many geological processes can
change the subsurface environment, and the complex interaction of these needs to be
considered in any study of possible future changes in the fracture population.

The movement of solutes through plutonic crystalline rock is largely by groundwater
advection through interconnected networks of macroscopic faults and mesoscopic fractures.
(The usage of these scales for structural elements and fabric is defined in Turner and Weiss
1962.) The movement of solutes by diffusion is important in rock where only a network of
microscopic (intergrain and intragrain) fractures or pores are present, rather than larger
interconnecting fractures. With respect to fluid migration three important pathways can be
recognized: bulk movement through microscopic pores and fractures in the rock mass,
localized movement through networks of discrete fractures, and very localized movement
along larger fractures and fault zones. The detailed analysis of mineralogy and structures
associated with the fractures can provide an understanding of the characteristics and origins of
these pathways (Knipe et al. 1991) through the study of

• the evolution of porosity/permeability in different migration pathways,
• the histories of deformation mechanisms that have promoted different fluid flow

characteristics in these pathways,
• the interconnectivity of migration pathways; and
• the histories of geochemical alteration along these pathways.
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In order to assess the long term integrity of the rock surrounding a nuclear fuel waste disposal
vault it is necessary, therefore, to understand the likelihood of new fracturing or faulting
occurring in the vicinity of such a vault. For a disposal vault in plutonic rock of the
Canadian Precambrian Shield this involves understanding the local geology of the site and the
general geological processes expected to operate in rocks of the Shield during the next 10 ka,
especially within the Superior Province of Ontario. This understanding would embrace:

a) The present distribution of fractures and faults at all scales.
b) The past history of fracturing, which includes probable fracture genèses and

their relationship with other aspects of the geology.
c) The present stress field in the rock and likely changes to that field within the

next 10 ka (and possible changes within 100 ka).
d) The present material behaviour of the rock mass and likely changes in the

environment within the next 10 ka (and possible changes within 100 ka) that
could alter that behaviour.

Changes in c) and d) can be natural or man-made.

1.2 SCOPE

In this report we examine the general methods, results and analyses that we have used to
study the distribution and sequence of fracture and fault formation at several field study sites
in the Canadian Shield. We summarize the results of these fracture studies at our three main
research areas, Whiteshell, Atikokan and East Bull Lake with particular emphasis on the
geology of the Lac du Bonnet Batholith and the Whiteshell Research Area. Our initial
fracture studies at the research areas were undertaken to investigate whether there is any
regular (i.e. predictable) pattern to fracture genèses in the Superior Province of the Canadian
Shield. Subsequently, in order to investigate the stability of these plutonic rock masses on the
Shield over geologic time, brittle deformation histories were compiled for the research areas
by: studying field relations; examining fracture infillings; radiometric dating; and
investigating the pressure and temperature environment of fracture formation through
comparison with the experimental stability fields of minerals and the distribution of stable
isotopes. Much of the research has been aimed at delineating faults and fracture zones that
not only act as the dominant groundwater pathways through the rock but also bound blocks of
relatively unfractured (or sparsely fractured) rock.

Price and Cosgrove (1990) discuss very clearly the problems of rock fracture styles and their
nomenclature (e.g. faults, joints, fissures, gashes, shear and extension fractures, and veins)
from the point of view of the field geologist. Differences in individual use of nomenclature
may cause misconceptions; there is no generally accepted system, for example, to distinguish
tensile failure, shear failure and hybrid extension/shear fractures (Figure 12 in Section 2.4.2).
We have therefore defined our usage of the terms fracture, fault, fracture zone and microcrack
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in Appendix 1. Like Price and Cosgrove (1990) we have avoided the use of the word "joint"
for the mesoscopic scale fractures (cf Section 2.4.4) in outcrop because of ambiguity in its
use by writers in different geological disciplines.

Speaking in general terms, rock faulting and fracturing are caused by episodes of mountain
building, by episodes of gentle up- and down-warping, by geomorphic changes (including
glaciation and proximity to the earth's erosion surface) and by man-made disturbances such as
excavations. Fractures from all these causes may be superimposed on one another throughout
the rock mass, especially in the old (Archean) rocks that dominate the Superior Province of
the Canadian Shield.

In this report we examine the different mechanisms and factors that may be responsible for
the types of fractures and faults that occur at the Whiteshell Research Area or more generally
in the Shield (Section 2); we give a brief history of AECL's investigations at different
research areas into techniques for studying natural fracture formation (Section 3); we describe
the faults and fractures at the Lac du Bonnet Batholith (Section 4) and discuss their origins,
history and likely future behaviour (Section 5).

2. SHIELD CONDITIONS AND FACTORS IN FRACTURE/FAULT FORMATION

2.1 INTRODUCTION TO FACTORS

Fracturing and faulting in a rock mass can be caused by the following disturbances to the
regional stress field:

• crystallization and cooling of a magmatic intrusion or of metamorphosed rock,
• natural tectonic deformation episodes (commonly divided into orogenic and

epeirogenic),
• natural changes in the atmosphere or hydrosphere that may be of importance to the

environment at 1 km depth, such as glacial or pluvial periods; and
• man-made changes such as excavation. Excavation-related disturbances are not

addressed here but are discussed in a report by Martin and Chandler (1993).
(Fracturing associated with compaction and diagenesis of sedimentary rocks is not
pertinent to this report.)

For our purpose here, fracturing in granitoid plutonic intrusions rather than gabbroic
intrusions, and fracturing in rocks under low temperatures (<300°C) and low depth of burial
(<2 km) are most relevant, though deeper fracturing during cooling and exhumation, that has
been shown to localize later fracturing, is also discussed. In gabbroic intrusions, fracturing
and water-rock interactions associated with the fracture formation tend to be more complex
than with granitoid intrusions. With respect to high-grade metamorphic terrains, the rocks
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have undergone complete recrystallization during orogenic deformation and thus, though their
later behaviour is similar to that of granitoid plutons, fracture fabrics associated with
intrusion, crystallization and cooling are missing.

The timing of plutonic intrusion relative to different stages of tectonism is discussed in
Section 2.2. This timing strongly affects the level of deformation of a pluton.

In Section 2.3 the ways in which plutons are intruded are discussed. This aspect affects the
rate at which plutons cool and also affects their relationship with the country rock, and hence
their degree and style of fracturing. This is followed by a description of the formation of
brittle and semi-brittle structures in a crystallizing magma. These structures form, in many
cases, the discontinuities around which later deformation is concentrated.

Following this section is a brief description of tectonic mechanisms of fault formation and
fracture (Section 2.4), and then a full discussion of the general causes of stresses in
continental plates, with special reference to the Canadian craton and to intraplate seismicity
(Section 2.5). These stresses drive tectonic fracturing, both past and present. Next is a
discussion on the effects of glaciation (Section 2.6), a non-tectonic loading that may trigger or
inhibit tectonic fracturing, and following this is a discussion of stress changes associated with
isostatic recovery following erosion and déglaciation (Section 2.7).

2.2 TECTONIC STAGES OF PLUTON INTRUSION

The deformation of plutonic intrusions and their structural relations with the intruded rock are
often classified according to the timing of their intrusion relative to a period of deformation
and metamorphism. The terms pre-, syn- and post-orogenic, or pre-, syn- and post-tectonic,
or pre-, syn- and post-kinematic partially overlap but have major differences in implication
for their degree of fracturing. Orogenies are more broadly defined chronologically in the
Precambrian than in more recent eons. A Precambrian orogeny may thus encompass several
major periods of deformation. The Archean Eon terminated at the end of the Kenoran
Orogeny, 2500 Ma ago (Figure 2) and the plutons in the Superior Province are largely
Archean in age. However, though U-Pb dating is now precise, sometimes to within ±1 Ma,
disentangling the periods of local orogenic action within the Kenoran Orogeny, in the same
detail that has been done within the Appalachian Belt through the Tectonic (450 to 500 Ma),
Acadian (360 to 400 Ma) and Alleghany (230 to 260 Ma) (Rodgers 1970), so that the history
and causes of fracturing at the scale of our interest can be constructed, has not been done.

Tectonism and orogeny, however, are broad terms. To some geologists tectonism implies a
major deformation, whereas to others it implies the specific stages of deformation at active
plate margins. We use it in the first sense. Tectonic fracturing and faulting are the result of
brittle and semibrittle deformation driven by the stresses generated in the crustal plates as
they move relative to one another and to the underlying mantle. A wide range of activity is



involved: spreading at mid-ocean ridges, mountain building and magmatism at subduction
zones, transform faulting at plate boundaries, the pulling apart of continental plates by local
thermal imbalance, and surface loading or isostatic compensation.

Accepting the modern concept that the Superior Province is made up of microcontinents
welded together, (Hoffmann 1989; Williams 1990), any subprovince is likely to have
experienced at least one major deformation stage of welding during the Archean Eon, which
will have had associated plutonic magmatism. The tectonic stage at which a pluton was
intruded will affect that pluton's degree of deformation and the brittle and ductile style of that
deformation. Feng and Kerrich (1992) have suggested that "post-tectonic" p'utons may be
the least deformed and may have a recognizable geochemical signature. However, the
manner of pluton intrusion, the size and rate of cooling, and the association with subsequent
tectonic events may have a stronger, local effect on the degree of fracturing within a pluton.

2.3 PLUTON INTRUSION AND COOLING

A plutonic granitic mass commonly reaches the location of its final crystallization by ascent
during an orogeny, an ascent due to Theological and density contrasts between the magma and
the surrounding rock. The upper surface of this intruding magma usually solidifies 10-15 km
below ground (Figure 3). Many granitic bodies are huge, hundreds of cubic kilometres in
volume, so that a substantial quantity of magma has travelled to the site of crystallization. In
some cases the intrusions, formed by melting of the rocks already present, have crystallized
slowly in place as the tectonism wanes. In other cases, where there is a large viscosity
contrast between magma and the intruded rocks, the magma incorporates country rock,
melting fragments that are engulfed by it as the magma creeps upwards through fractures and
faults under buoyancy pressures. If the viscosity contrast is a little lower, a geometric
blob-with-tail (diapir) shape can form. Diapirism can only occur at deep crustal levels. In
general, the incorporation of country rock cools magma of granite composition down too
rapidly for diapirism to be an effective mechanism for emplacement over more than a short
distance (Petford 1991).

During emplacement, several styles of magma-country rock relative movement can occur
(Figures 4 and 5). In general, however, ductile processes dominate the early ascent of the
magma, and brittle fracture processes dominate the later stages when the magma has risen to
the upper crust (Hutton 1988a and b). Both processes are important for understanding the
development of faults and fractures, as the earlier structures may affect the later.

Generalized relationship with depth in the crust of the likely viscosity contrasts between
intruding magma and country rock, both the mechanical behaviour and the activity of the
granite magma, and the probable present-day erosion levels are shown in Figure 3 (Kukowski
and Neugebauer 1990). The relationship between magma buoyancy and the tectonic
formation of space (and hence the type of magma emplacement) is shown schematically in
Figure 4. The various mechanisms or modes of ascent, and the types of tectonic locality for
granite pluton emplacement are shown in Figures 5a and 5b respectively (Hutton 1988a;
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Clarke 1992); Figure 4 relates directly to Figure 5b, and indirectly to Figure 5a. These styles
and the different crustal levels of emplacement strongly control the types of structural
discontinuity formed during emplacement that are available to affect later brittle deformation.

Upward movement of magma along faults and fractures forming contemporaneously with the
magma intrusion is now the most accepted mechanism for emplacement, together with
features associated with ballooning, formed by internal pumping of new magma into that
depth-region where buoyant forces and viscous drag counteract one another (Petford 1991).
Indeed, some plutons, extremely asymmetric in cross-section like the Lac du Bonnet
Batholith, are thought to have been magmatic intrusion along regional thrusts.

Magma ascent stops when the upward forces of buoyancy are balanced by the internal
thermodynamics of crystallization and the external strength of the country rock (Clarke 1992).
However, magma still crystallizing and cooling, together with the intruded country rock,
commonly continue to be uplifted, post-orogenically through erosional isostasy (Section 2.7).

Crystallization starts drring the ascent, changing the magma to a mush, and this process
continues once the magma comes to rest. Not only does the process gradually provide a
mineral framework sufficiently solid to support any differential stress derived from the
regional tectonic field, but it also gradually changes the composition of the melt, enriching it
in volatiles to a point where the vapour pressure may exceed the lithostatic confining pressure
and the fracture strength of any intrusion chillzone or bordering country rock (Figures 6 and
7). Repetitive fracturing and faulting caused by this retrograde boiling (shown schematically
in Figure 6) is the origin of many of the dykes, economic hydrothermal veins and porphyry
stockworks that are associated with granite intrusions (Phillips 1973). The geometry of this
fracturing may be strongly affected by the external regional stress field (Figure 8) (Moore
1975). Retrograde boiling can occur at very shallow levels (<2 km) which seems to concur
with data from the Lac du Bonnet Batholith (cf Section 4).

The common stages of formation of ductile and brittle structures, and the transition from one
to another, are discussed at length in Paterson et al. (1989) and the relation of the stages to
cooling temperature and reducing pressure are shown schematically in Figure 9. Figure 10
shows how the mineral fabric, which itself can affect fracture formation, may be affected at
the grain scale by this transition. All the structures common to granitoid intrusions listed by
Clarke (1992) are present in the Lac du Bonnet Batholith: enclaves of divers origins; in'ornal
contacts; foliations of divers origins including those developed by recrystallization in
semi-solid rock; shear zones developed at the brittle-ductile transition; and fractures and faults
that may be related to cooling and contraction, to ballooning of the intrusion at a particular
crustal level, to external tectonic forces, to inflation of the pluton by new magma pulses, or to
unroofing by erosion. Brittle features may develop while there is still magma in the system.
At any of these stages strong fluid-rock interaction may take place, not only with residual
magmatic fluids but also by entrainment of groundwater in thermally-driven convection cells
during cooling of the intrusion (Figure 7).
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Even in the host rocks, thermally induced differential expansion between isolated pores and
the enclosing minerals decreases effective pressure at the pore-mineral interface. Thermally
induced hydraulic fracturing of the host rocks is inevitable in hot plutonic environments.
Knapp and Knight (1977) have estimated that a fracturing front propagates away from the
cooling plutons at a rate of 1000 mm a"1 for the first 400 a and at 10 mm a"1 at 100 ka. The
effective pressure continually increases with depth for geothermal gradients less than
10°C km'1. For larger geothermal gradients the effective pressure first increases but
eventually decreases with depth.

2.4 TECTONIC MECHANISMS

2.4.1 Introduction

Orogeny is the process of mountain building, metamorphism and molten rock intrusion
associated with tectonic plate margins. Though it is uncertain whether plate tectonic
processes, exactly similar to those today, were active in the Archean, they are thought to have
controlled tectonism in the Proterozoic, and possibly the Late Archean in the Canadian Shield
(Krones, 1980; Hoffman, 1988; Brown and Musset; 1993; Rogers, 1993). Figure 11
(modified from Sun, 1989, and similar to others, e.g. Figure 9.5 in Brown and Musset, 1993)
illustrates schematically the common plate processes (but not the detail of deformation and
magmatism at different plate boundaries) involved in the growth of Precambrian continents.
Such processes are likely to have affected the Lac du Bonnet Batholith, located between two
different subprovinces, the Winnipeg River Plutonic Complex of orthogneisses and more
massive plutons, and the English River/Bird River volcano-sedimentary-plutonic subprovinces.
Within the Superior Province of the Canadian Shield orogenic processes have not taken place
since 2500 Ma, though the margins of the Province have been affected by orogenies as late as
1000 Ma (Figure 2). Batholiths such as the Lac du Bonnet Batholith, though they were
intruded after the major phase of deformation, are considered to be part of an orogeny, ie. late
synorogenic. Most episodes of major wrench- and thrust-faulting are also associated with
orogeny.

Epeirogeny is the relatively gentle warping of continental plates, both upwards and
downwards, due to changes in the stresses applied to the upper or lower surfaces of the plate.
The North American continental plate has drifted considerable distances over the surface of
the earth, not just passively but with considerable epeirogenic deformation.

Plates can also be carried across mantle hotspots, which generate crustal stresses and new
intrusions. Examples of such activity are the intrusions forming the Monteregian Hills of
Quebec and the general crustal extension that gives rise to large areas of mantle-derived
dykes which occupy regional extension fractures, such as the Lake of the Woods swarm to
the southeast of Lac du Bonnet Batholith. As well as orogeny, epeirogeny can cause major
changes in elevation of the rock mass. For example, intracratonic (within a continental plate)
sedimentary basins can be depressions up to 10 km deep. The Superior Province was once
covered by Proterozoic (2500-550 Ma) and Palaeozoic (550-250 Ma) sedimentary rocks that
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have now, in large part, been eroded away. For most of the Superior Province, therefore, the
ground has been depressed and uplifted by more than one major sedimentation cycle
(Figure 2). In addition, it has been flexed by several glaciations which have the same effect
as sediment deposition and erosion.

2.4.2 Fault Orientation and Principal Stresses

In general, tn-situ stresses in the elastic part of the Earth's lithosphère are compressive (that is
below the upper few tens of metres; Zoback et al. 1989). The principal stresses lie in
approximately horizontal and vertical planes, where:

• av = vertical stress - lithostatic load,
= maximum horizontal stress,
= minimum horizontal stress.

The relative magnitudes of the principal stresses along these axes determine the type of brittle
deformation. Brittle fracturing is commonly divided into pure extension fracturing, where the
fracture walls just move apart, shear fractures where walls just move past one another, and,
under special conditions, hybrid extension/shear failure, depending on the relationship of the
shear stress along and the normal stress across the fracture plane (Figure 12) (Price and
Cosgrove 1990).

• Vertical extension fracturing occurs where ov and o"hmilx > Ohmin

• Horizontal extension fracturing (sheeting) occurs where ohmax > ohmin > av

• Normal faulting, commonly with 60° dip and hanging wall moving down, occurs
where ov > Chmax > chmin.

• Strike-slip faulting, commonly with 90° dip and with either right- or left-hand
relative movement between walls, occurs when ahmax > CTV > ohmin

• Thrust or reverse faulting, commonly with 30 ° dip and hanging wall moving
relatively up, occurs where chmax > ohmin > av

These orientations, relative to the principal stress orientations, are illustrated in Figure 13.
Though normal faults do occur, brittle deformation in the Superior Province is dominated on
the regional scale by both strike-slip and thrust faulting. These major faults are not numerous
in most regions, but brittle deformation at the scale of a few kilometres down to the
microscopic scale has occurred in all rocks of the Superior Province, as both shear and
extension fractures. These smaller features are usually classified as tectonic fractures where
they have been "healed" by recrystallization or have high-temperature hydrothermal mineral
infillings.

Because of their high temperature infillings, and probable formation at depths greater than
about 1 km, it is assumed that the healed fractures are caused by a build-up of tectonic forces
or by changed environmental conditions (e.g. circulation of heated groundwater), rather than
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by stress changes due to the creation of a new location of the unstressed ground surface
through erosion. However, the distinction, made in this report, between tectonic fractures and
fractures associated directly with the earth's free surface through erosion or déglaciation is
somewhat artificial. The processes of tectonic deformation, non-glacial isostatic rebound and
erosion are in many cases linked. In addition glacial isostatic recovery can act as a trigger to
tectonic forces, rather than directly causing new fractures.

Evans (1988, 1990) has discussed the onset of faulting in granitoid rocks from observations
on natural faults, and compares his data to experimental results at 200-400°C. In his work he
shows that precursor cracks were nucleated in the mica-rich regions (cf. Section 4.2.2 where
control of faulting at Whiteshell Research Area by schlieric layering is discussed). Initial
deformation is by cleavage- controlled fracture in feldspar, and though quartz grains deform
by fracture, they become mechanically isolated. Slip is concentrated along regions of
cataclasis within the fault. Intragranular fracture orientations in the quartz and feldspar do not
reflect the orientation of the macroscopic foliation in the slightly deformed rocks.

Alteration of feldspar to phyllosilicates (platy minerals) occurs after the initial fracture has
developed and as cataclasis increases. Through-going fractures permit fluids to move through
the fault and continued fracture and cataclasis during fault evolution allow fluids to access
feldspar grains and cause further alteration. Highly deformed zones of strain-softened
phyllonite or clay-rich cataclasite represent the late stages of fault development in which
phyllosilicate deformation dominates the behaviour of the rock. This sequence of deformation
has occurred within thrust faults in the Lac du Bonnet Batholith, though Kamineni et al.
(1993) showed that the rate of plagioclase alteration, as opposed to microcline fracturing,
controlled the early strength of the fault.

2.4.3 Fault Strength

Fault strength and stability may be influenced by several competing effects, each of which
has a different characteristic timescale. During the build-up of regional stress magnitudes,
cracking in the surrounding rocks, pore fluid diffusion, or dilatancy hardening along the fault
zone may delay the onset of a sliding instability so that when reached it acts over larger slip
distances than commonly predicted. Pressure-solution deformation might reduce long-term
strength, whereas the mechanism of isolating pore fluids within faults during transgression
(discussed later in this section) would reduce short-term stability of sliding. But in
competition with these two effects, cementation, sealing and lithification could harden the
fault rocks, causing the fault to strengthen, reducing permeability of the surrounding rocks
and increasing their elastic stiffness. Along natural faults, with complicated geometry and
mineralogy it is possible that all of these various processes occur in combination, and it is
likely, with the extremely long period of time (from Early Proterozoic) since their initiation
that such processes have acted in many Lac du Bonnet Batholith faults, and may do so again
in the future.
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ln a region undergoing tectonic deformation different segments of a fault tend to rupture at
different times and with different periodicities. This implies the presence of local structural
controls that govern the nucleation and the arrest of ruptures. The effect of rupture arrest is
not just important seismtcally. Sibson (1985,1986) showed that the rapid linking of
extenstonal fracture systems to allow passage of aseismtc ruptures through dilational fault jogs
in fluid-saturated crust is opposed by transient suctional forces induced near rupture tips.
Rupture arrest may then be followed by delayed slip transfer as fluid pressures re-equilibrate
by diffusion. Figure 14a shows the likelihood of forming bridging extension fractures at
dilational and antidilational jogs. Figure 14b models the type of bridge that may occur as a
fault zone grows, and Figure 15 illustrates the dynamic interaction of fabric and fluid flow
within a propagating fracture zone. These effects lead to geometric irregularities such as
those encountered in Lac du Bonnet Batholith faults, and the irregularities partly control
variations in present hydraulic conductivity within the faults. The irregularities also provide
loci for stress concentrations or reductions that may cause or inhibit further fracturing.

Some faults are associated with arrays of parallel extension fractures and veins that seem to
be the product of repeated hydrofracturing under a shared stress regime. This type of
hydrofracture dilatancy is a phenomenon that occurs at a low differential stress (Sibson 1981).
It can only develop in association with thrusts when fluid pressures exceed the lithostatic load
(Figure 16). It is possible that the zones of subhorizontal secondary fractures associated with
thrusts in the Lac du Bonnet Batholith have formed this way. Most of these fractures have
low-temperature fillings, or none at all, and are thus probably due to a rejuvenation when the
fault was closer to surface than at the time of formation of the chlorite-filled shear fractures.

As well as changes in fluid pressures within a fault, the material behaviour of the actual fault
rock under the given environmental conditions affects the fault strength. For instance the
presence of a "gouge" layer between the harder wall rock can also reduce the effective shear
strength of a fault. In addition, as the shear stress across a fault increases the stress state
within the fault zone evolves to a limiting condition in which the maximum shear stress
within the zone is parallel to the fault, which then slips with a lower apparent co-efficient of
friction than the same material unconstrained by the fault (Lockner and Byerlee 1993). They
attribute this to the local accommodation of the bulk deformation by cooperative slip on
conjugate Coulomb yield surfaces, or Riedel shears (Figure 17). Thus the effective yield
strength of the fault is a function of the geometry and orientation of the fault and the regional
stress field.

The repeated failure of old fault zones rather than the formation of new ones has recently
been explained by an "isolation-compaction" mechanism, both from experimental evidence
and from field studies (Blanpied et al. 1992; Sleep and Blanpicd 1992; Byerlee 1993; Chester
et al. 1993). The hypothesis is that pore pressure within the fault fluctuates during the
earthquake cycle as a natural consequence of the cycle itself. The fault contains a core of
porous material which undergoes ductile flow, in both shear and compaction modes. As the
fault core, which is sealed from the surrounding rock, is slowly compacted during the
interseismic period, the pore pressure progressively builds up in the fault core, eventually
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triggering an earthquake at a low level of stress. The coseismic movements increase the
porosity in the fault core again; the pore pressure drops just after the earthquake and
groundwater "rushes" into the fault core. The fault core then becomes isolated again by
several sealing mechanisms: compaction increases, groundwater reacts with the fine material
in the new cataclasite, silica in solution is forced in through the network of secondary
fractures in the fault and country rock, where the water will no longer be in equilibrium with
rock and will deposit quartz, silicates, clays and even carbonates. The fault core is thus
sealed off from the country rock and the cycle repeats (Scholtz 1992; Chester et al. 1993).
The suggested repetitive nature of the slip on some faults at Whiteshell Research Area, e.g.
based on the ages of clays, and quartz in gouge from FZ2, may be due to such a mechanism.

2.4.4 Extension Fractures

Many mesoscopic fractures show no evidence of shear movement or faulting, though in some
cases they are aligned parallel to theoretical shear planes. Most of these are true extension
fractures in that the walls only move apart, not relatively past one another. In true extension
the local least principal compressive stress acts perpendicular to the extension fracture plane.

Segall (1984) has proposed a scenario for the formation of extensional fracture sets in granitic
rocks that seems to apply to many of the mesoscopic fractures that occur in the
Lac du Bonnet Batholith. Initially the rock is loaded by remote stress and internal fluid
pressure. The rock has a microcrack population. Remote strains are imposed slowly, and the
stresses acting on the microcracks are heterogeneous. Those microcracks with the greatest
crack extension force will begin to grow, the remote strains increase and more microcracks
grow. The complex interaction between the remote strains, local grain-scale stress
heterogeneities, microcrack interaction, and the length distribution of suitably oriented
microcracks, determines which microcracks grow and which do not.

After some time the growing cracks become considerably larger than the grain scale of the
rock. The relevant stress variations are now dominated by the cracks themselves. At this
stage, the crack distribution is highly anisotropic: the cracks are essentially parallel. When
the cracks are significantly larger than the grain size a macroscopic continuum description of
the array becomes appropriate.

The continued growth of individual cracks is governed by the respective crack extension
forces. For initial conditions in which the density of cracks is a little less than a critical
value, the driving forces increase and pass through a maximum. Substantial increases in
crack length will occur with little or no increase in the remote strain. If, on the other hand
the crack density is greater than the critical value, the crack lengths increase only with
increases in the remote strain.
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As cracks propagate, they interact elastically with one another. This interaction inhibits the
growth of smaller cracks, so that, as time proceeds, fewer and fewer cracks continue to
propagate. The resulting distribution of fracture lengths reflects this evolution, with the
frequency of occurrence decreasing with increasing length.

The degree to which fluid pressure, or an actual tension in the stress field, plays a major part
in the development of the fractures, is a function of the proximity to the earth's surface and
that surface's topography. This is discussed in relation to fracture populations in the
Lac du Bonnet Batholith in Section 5.

2.5 SHIELD STRESSES

2.5.1 Introduction

The most probable sources of broad-scale stress fields in the lithosphère are the major forces
acting on lithospheric plate boundaries (Figure 18a). These forces include: shear tractions at
the base of the lithosphère that can either drive or resist plate motions; a "slab pull" force
representing a balance between the negative buoyancy of the subducted oceanic slab, viscous
drag on the slab and frictional resistance to subduction; resistance to continent-continent
collision; a "ridge-push" force resulting from excess thermal elevation of young oceanic
lithosphère; and a "trench suction" on the overlying plate in a subduction zone (Zoback et al.
1989). More localized sources are flexing stresses caused by surface load, e.g. mountain
building; by subsurface loads required for isostatic compensation; by down- bending of
subducting plates; and by membrane stresses generated by the motion of plates over an earth
of varying radius of curvature.

In-situ stresses in the elastic part of the earth's lithosphère are compressive (below the upper
tens of metres). At a global scale the most significant of these forces is the combined effect
of the surface load and buoyancy of a low-density region supporting a region of high
topography. If buoyancy forces dominate they can produce a broad zone of deviatoric tension
beneath major mountain ranges and high plateaus (Figure 18b).

Though such forces must have been active in the rocks of the Canadian Shield in Precambrian
times, the strongest tectonic boundary stresses now present in this part of the crust are
thought to be either shear tractions at the base of the lithosphère or buoyancy forces.
However, Zoback et al. (1993) report that their estimates of the magnitude of in situ stress to
a depth of 6 km in the KTB borehole in southern Germany indicate a high-strength upper
crust is transmitting most of the plate-driving forces in western Europe.

Lateral variations in strength or elastic properties can result in locally induced stresses. In
some cases these variations are so profound that they dominate the general tectonic field,
e.g., the 50°-60° rotation of the stress trajectories adjacent to the San Andreas Fault. The
stress field is particularly distorted in the vicinity of fault bridges, i.e. where faults are either
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en passant or en echelon (Gamond 1987). Such bridge areas are likely to have occurred in
thrust faults in the Lac du Bonnet Batholith, to cause wider than normal zones of secondary
fracturing.

However, at the local scale where observations are made, inferential data on stress fields may
suggest very different conditions. A classic example of mixed mesoscopic structures occurs
near Picton, Ontario, where "pop-ups' in limestones, over a metre high and hundreds of
metres long, were mapped by the Ontario Geological Survey (partly funded by Magnec) in
the same area as extension fractures that in some cases are tens of metres long and up to
0.5 m wide at the surface. Both features are thought to have occurred after a glacial retreat.
On a smaller scale, in situ stress measurements in a basal Cambrian sandstone in Texas, in
flat lying fractureless outcrops tens of square-metres in extent, and with a homogeneous stress
field, occur adjacent to other areas with a different homogeneous stress field (Brown 1974).
Even in the generally compressive regime some areas were in active tension.

2.5.2 Intraplate Strain

The basic tenet of plate tectonics, the rigid body motion of large plates of lithosphère, fails to
apply to continental interiors where buoyant continental crust can detach from the underlying
mantle and form either mountain ranges and/or broad zones of diffuse tectonic activity
(Molnar 1988). Mapping of relative velocity fields for plate movement within New Zealand
shows diffuse simple shear of varied degree across both islands (Molnar 1988), and such
strain must have occurred in the microcontinents that made up the early Canadian Shield.
The relative motion of the Pacific and Australian plates has been accommodated by a
combination of compressional and tectonic motion over a belt several hundreds of kilometres
wide. Geodetic observations of strain over this century indicate that it is continuous when
viewed on a scale of about 50 km (England 1988). Though this is a better scale to
understand the continental dynamics, the real, discontinuous deformation is in actuality broken
up on a scale of a few to a few tens of kilometres, the scale of structures which would affect
a disposal vault site. A typical example of the heterogeneity of strain transient fields during
stress relaxation on a local scale relevant to individual plutons is given by Foulger et al.
(1992). Foulger et al. have measured the strain field, using the Global Positioning System,
following an episode of dyke intrusion in northeast Iceland. The pulse of dyke swarm
expansion was accompanied by contraction of the adjacent plates for distances up to 50 km
from the dyke swarm. Displacement vectors vary largely in magnitude and up to 75° in
orientation (Figure 19). Such transient strain periods following a stress change are not well
studied and may be pertinent to the way fractures might propagate after a movement on the
major faults.

The work of Foulger et al. (1992) implies that some continental plates are not rigid monoliths
which deform only at their edges. As data on cratons accumulate, it appears more and more
that this statement is applicable to a limited extent to Shield areas. Some differential stress
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does build up to cause the few earthquakes that occur within cratons and which are actually
measured, though a degree of recent shear strain similar to that in New Zealand seeins unlikely
to be found with the thick effective elastic plate of the Canadian Shield (cf. Section 2.5.3).

2.5.3 Lithosphère Anisotropv and Thickness

Silver and Chan (1988), on the basis of seismic evidence of shear wave splitting, suggest that
a 200 km-thick layer beneath the Canadian Shield has been stable for over 2500 Ma. The
seismic monitoring station RSON, from which some of this evidence comes, lies between the
Uchi and English River subprovinces near Red Lake in northwestern Ontario. The seismic
response shows a strong 075° azimuth anisotropy which Silver and Chan attribute to aligned
olivine crystals in the mantle (Figure 20). They argue that this must have been produced in
the last significant deformation of the area, during the late Archean (-2700 Ma ago). This
anisotropy within the 200 km thick zone has been maintained through all subsequent break-up
and rafting of the craton, moving with the crustal plate.

The orientation of this anisotropy is symmetrical with the measured and interpreted regional
stress field (Section 2.5.4). Whether this is the effect of the anisotropy on the transmission of
the basal mantle traction to the upper crust is arguable, but seems likely. Silver and Chan's
(1988) idea of a 200 km thick, elastic, welded crust and mantle root to the Canadian Shield in
the region of Manitoba and northwestern Ontario has received limited support from Bechtel et
al. (1990). They use the flexural rigidity of an elastic plate overlying an inviscid
asthenosphere, and the buoyancy forces associated with the deflection of density interfaces, to
estimate the distribution of effective elastic thickness of the Northern American continent
(Figure 21). Although their estimate loses coherence in the extreme north, their distribution
of this thickness suggests that the extreme western area of the exposed Superior Province has
an elastic thickness of -128 km, a thickness unlikely to lead to major earthquakes caused by
asthenosphere deformation.

Gravity domains in the Superior Province seem to reflect the general geological grain of the
surface rocks (Figure 22) e\cept for a zone, known as the Midcontinent Rift, trending
southwest from the western tip of Lake Superior (Thomas et al. 1988).

In the mid-plate portions of some plates there is a striking correlation between ahmax

orientations and azimuths of absolute plate velocity, e.g., North America (Zoback et al. 1989,
cf. Section 2.5.4). This correlation can be explained by resistive drag at the plate base or by
the parallelism of the absolute velocity vectors with the expected direction of the ridge-push
force from the Mid-Atlantic ridge. Silver and Chan's suggestion of a mantle crystalline
anisotropy may then account for the obliquity between these two in the Superior Province.



- 15 -

2.5.4 Stress Field

Regional stresses are commonly deduced from study, over a long period, of various types of
in situ stress measurements (e.g. oil-well borehole breakouts) and interpretation of the patterns
of geologic structures measured in the field, such as fold axes, faults and dykes (Price and
Cosgrove 1990). Commonly the latter method is used for paleostress determination, but in
some areas measurement of present-day fracturing and slab "pop-ups" have been used, as at
AECL's Underground Research Laboratory (Brown et al. 1986b; Brown et al. 1994b). In situ
stresses are commonly the sum of local topographic loads, active tectonic loads, residual
stresses and rémanent stresses.

The differences between rémanent and residual stresses are not always understood: since, as
with many other natural phenomena, there is no clear cut distinction (Price and Cosgrove
1990). When a block of rock is isolated and removed from its position in the crust (e.g. by
overcoring a strain gauge) the boundary stresses that were acting on the block are completely
dissipated. The rémanent stresses are those measured by the recovery of the block as the
boundary stresses at surface are removed. They are rémanent in origin since the rock was
originally deformed thermally, mechanically and chemically at greater depths, and has
suffered incomplete retrograde deformation as it was uplifted and exhumed to its present site.
Residual stresses are those still left in the rock after the boundary stresses have been
removed. In a polymineralic rock, such as granite, there is a complex fabric of grains with
different elastic moduli and coefficients of thermal expansion. On removal of the boundary
stresses each grain endeavours to attain its unloaded shape and dimensions but is partially
restrained by cohesive and frictional forces between it and the surrounding grains (Figure 23).
Some, or even all of the residual stresses can be released by any mechanism that causes a
breakdown of the rock on a grain to grain basis. The larger the number of the internal
boundaries disrupted, the more general is the release of the residual stresses. But
geologically, for instance through surface weathering or groundwater alteration, the process of
residual stress release may take considerable time.

The simple continental stress field, suggested by Gough (1984) in his study of mantle flow
under North America (Figure 24) and by Hasegawa et al. (1985), has been found to be
oversimplified at the local (100 km) scale on the basis of new measurements (Zoback et al.
1989; Zoback 1992; Adams 1987; Figure 25, Figure 26). However, most midplate regions are
characterized by horizontal compressive stress regimes, that is by thrust and/or a combination
of thrust and strike-slip deformation. Broad regions of the earth's crust are subjected to a
nearly uniformly oriented stress field: for example, the 2 x 107 km2 region of northeast to
east-northeast compression in central and eastern North America (Zoback et al. 1989).

Hasegawa et al. (1985) consider that the confinement of the trend of the maximum deviatoric
compressive stress axis to within, or close to the east-northeast octant implies the presence of
a uniform stress component overprinting localized stresses in the upper crust of the Canadian
Shield. Herget (1980) considers departures from this are due to residual stresses from
previous deformations, but the effect of a dominant fabric on elastic constants may be a
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greater factor. In fact, Herget (1980) partially suggested this latter possibility, or a control by
residual stress, when he published a map for the Superior Province from Sudbury west to the
Palaeozoic cover in Manitoba, in which he compares past directions of compression for major
and subsequent deformations, with the orientation of present-day stress orientations
(Figure 27). The stress measurements can concur with either the major deformation
(Onaping), or with a subsequent deformation phase (Red Lake) or with both (Wawa).

The Midcontinent Rift seems to form the eastern boundary to an anomalous zone of stress
orientation in the North American plate whose western edge lies somewhere within the
Dakotas (Haimson 1990). On the basis of very shallow (to 30 m depth) hydraulic fracturing
measurements in the Sioux quartzite (probably age 1200 to 1700 Ma) supported by a focal
plane reconstruction of an earthquake in north-central Kansas at a depth of 13 km, Haimson
suggests that the maximum horizontal compressive stress in the Sioux Falls region trends
150° azimuth (Figure 28). Recent stress measurements at Whiteshell Research Area, which at
300 m depth indicate a southeast-trending maximum compressive stress axis (Martin and
Chandler. 1993), may extend his anomalous stress province 400 km to the north.

This extension, however, is unlikely if Haimson's explanation of regional stress re-orientation
near the Midcontinent Rift, which is a middle Proterozoic zone of northeast-trending, steeply
dipping reverse faults, is correct.

At Whiteshell Research Area, we have discovered a 90° change in azimuth of the maximum
compressive stress axis from the northeast octant in the near surface environment, to the
southeast octant in depths below 300 m (Martin and Chandler 1993).

Hasegawa et al. (1985) used Herget's (1980) data compiled for the Shield to compose a
summary graph of change in the principal stresses with depth to 2 km, and then to calculate,
using earthquake fault plane solutions, the changes to 20 km depth (Figure 29). These graphs
imply a change from a thrust fault environment to a strike-slip environment below 2 km (or
higher). However, a reversion to a thrust fault stress environment occurs somewhere between
2 km and 6 km depth.

In a more modern environment the change from a thrust to a strike-slip environment occurs at
an even shallower depth. The Cammenellis Granite in southeastern Britain is a 12-15 km
thick Hercynian post-tectonic batholith. Stresses have been determined to a depth of 2.6 km
(Willis-Richards 1990). The cross-over from a thrust to a strike-slip environment occurs at
400 m (Figure 30). In this high heat production granite a possible brittle-ductile transition
may occur as shallow as 6 km depth. The pattern of stress at the Carnmenellis Granite is
close to that expected from a fractured rock under condition of hydrostatic pore pressure. In
limited support of these data Martin and Chandler (1993) suggest that the high horizontal
stress at the Whiteshell Research Area at 300 m may not increase further with depth until it
intersects the general value for the Canadian Shield at 1200-1300 m (Figure 31). This trend
then starts to look very similar to the stress changes at Carnmenellis Granite, but seems to
disagree with Hasegawa's contention that a thrust fault regime occurs below 6 km.
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2.5.5 Intraplate Seismicity

Most of the larger earthquakes in the Canadian Shield are associated with the Palaeozoic or
younger rift systems that surround or break up the integrity of the North American craton.
By contrast, the largest earthquakes in the unbroken craton (in Canada, outside the marginal
zones) are not much larger than M = 5 (Adams and Basham 1987). Elsewhere, Adams and
Clague ( 1993) consider most of the cratonic interior of Canada to be essentially aseismic,
suggesting the there is currently little tectonic deformation occurring. Although
glacio-isostatic uplift has taken place and is still occurring (Section 2.6) it is not known to
have been accompanied by significant earthquakes deep within the craton. This is not to say
that earthquakes, even large ones, cannot occur in the Shield, only that they are very
infrequent. Even in eastern Canada the actual ground movements due to the contemporary
seismicity are insufficient to create a new topography or to maintain the old topography.

Most intraplate earthquakes cannot be assigned to an identifiable fault zone, in part because
the low level of intraplate seismicity makes it difficult to identify active zones. Most
continental interiors are characterized by a rather uniform state of stress, arising from forces
acting on the edges and base of the plate. Typically the deformation rate of the intraplate
regions is only one thousandth of that of an active plate boundary (Garwin 1990; summary of
intraplate seismicity).

Johnston and Kanter (1990) have pointed out that world wide, most of the intraplate
seismicity and the largest intraplate earthquakes (71% of all intraplate seismicity and all 17
earthquakes M > 7) are associated with areas of continental crust that have been weakened by
an episode of stretching and thinning, during the formation of a new rift or ocean basin as
Adams and Basham (1987) suggest for Canada. However, this correlation breaks down in
some cratons; for instance, some of Australia's largest on-shore earthquakes have occurred in
very old, unrifted crust.

Long gaps occur between large intraplate earthquakes: for example, 500-1000 a for the
recurrence of an M = 7 earthquake on the New Madrid zone (USA) (Johnston, 1992). In
another striking example, the Meers fault in Oklahoma, which has only recently been
recognized, the recurrence interval, if it will actually take place, will be much longer. The
fault scarp, 30 km long, was formed by a movement at about 1.2 ka ago. If the movement
was seismic in depth, the earthquake would have had a magnitude of about M = 7. At
present the Meers fault area, unlike the New Madrid zone, is essentially aseismic, and prior to
the 1.2 ka event the fault had not moved for at least 100 ka.

An example of slip occurring on ancient fault systems, not in cratonic rocks, but well within a
very large tectonic plate (Mid-Atlantic through Europe and Russia to Japan) occurred in
Britain in 1990 (Woodcock 1990). The history of earthquakes in this region suggests that,
though the initial activity on this particular zone of faulting may have occurred 250 Ma ago,
the major deformation of the area was in the Caledonide orogeny 400 Ma ago and the last
major deformation occurred when the area was re-activated in the Variscan orogeny 290 Ma
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ago. The current deformation, which produced the latest M = 5.1 earthquake, is attributed to
ridge push stress from the mid-Atlantic 2000 km away. This example suggests that tectonic
stresses can re-activate zones of weakness in parts of continental plates that are far away from
active plate margins.

Ellsworth (1993) suggests that, in active tectonic areas, a viscoelastic, weak lower crust
underlies the elastic, seismogenic upper crust. Moderate-magnitude earthquakes, occurring on
faults exhibiting both aseismic creep and seismicity, suggest a model in which the eventual
earthquake slip zone remains locked during the strain-accumulation phase. Smaller magnitude
earthquakes happen outside this zone, thus elastically loading the locked zone. In time the
stresses in the lower crust relax introducing an additional time-dependent load on the locked
zone.

Zoback et al. (1985) suggest that the same mechanism may be occurring in cratonic plates,
i.e., that intraplate seismicity may indeed be associated with on-going ductile deformation in
the lower crust beneath an elastic-seismogenic upper crust. They found rates of crustal
deformation in southern New York (calculated at several centimetres per year) within an
upper crust of approximately 20 km, that they feel support this idea. With the general plate
motion in this vicinity of -27 mm a-1 they suggest that, in a geological sense, this is a
relatively short-term strain episode. However, in the western portion of the Canadian Shield,
the asthenosphere (the visco-elastic weaker layer) may be as deep as 200 km and this is likely
to inhibit seismic activity associated with ductile deformation in the lower crust.

Das and Scholz (1983), who modelled spontaneous rupture models for tectonic earthquake
initiation, suggest that ruptures nucleated in shallow, low stress-drop regions are inhibited
from unstable propagation, but those nucleated in high stress-drop regions can propagate
movement over the entire fault plane. This seems to suggest that the majority of faults in the
western Superior Province on which minor earthquakes are currently occurring will not be
those on which a major movement occurs (cf Section 2.5.6).

2.5.6 Potential Seismicity in the Western Superior Province

One of the ways to estimate the potential for new or, more especially, reactivated fracturing at
megascopic scales within a region is to examine the potential for seismic activity through past
earthquake records. AECL supports a number of seismogram stations in northern Ontario
(ULM, SOLO, GTO, KAO and ELO) that are managed by the Geological Survey of Canada
and integrated into their National seismic monitoring network. The earthquakes recorded by
these (and STLN) in this area during 1982-1992 are shown in Figure 32, with the tectonic
subprovinces superimposed on the map. These locations have been compared to the geology
in the new bedrock geology map sheets (2541, 2542 and 2543) published by the Ontario
Ministry of Northern Development and Mines. To the west of the Kapuskasing high (an
upthrust area of highgrade gneiss) the earthquakes seem to be associated with zones of greater
geological complexity or major lithologie change. The suggested associations for groups of
earthquakes (groups labelled 1 to 7) are listed in the caption for Figure 32 (after Wetmiller
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and Cajka 1993). Subprovincial boundaries and transecting zones of regional dyking or
faulting (especially for Group 5) seem to the most common factors associated with the
different clusters of earthquakes.

Group 6 lies underneath the Palaeozoic cover rocks. While this group could be localized by
either or both of the above factors, they and a single earthquake at the extrapolated north end
of the Kapuskasing high, do lie on the path of the Great Meteor hotspot beneath the craton
(Figure 33), along whose path other earthquakes may be aligned (Sykes 1978).

Adams and Fenton (1993) and Fenton and Adams in Atkinson (1993) have examined the rate
of earthquake occurrence both for stable cratons and for an area encompassing northwestern
Ontario (Figure 34). As well as the distributions of earthquakes in space and time, their
distributions of earthquakes in terms of energy release provide a basis for the physical
understanding of the occurrence of future strong events and for assessing the likelihood of
their occurrence (Kisslinger 1992). Adams and Fenton's H 993) magnitude-recurrence
relationship (Atkinson, 1993), illustrated in Figure 35, tends to confirm the observations in the
western Canadian Shield over the last 10 years, that small seismic adjustments are moderately
common over a large region. However the adjustments appear to be strongly localized
(Figures 32, 34 and 36). Such events would lie within Das and Scholz' (1983) low
stress-drop region (Section 2.5.5) and, as such, the faults on which they occur are unlikely to
propagate so drastically so as to cause a major earthquake.

In a specific area the common empirical connection between activity of occurrence and
earthquake size is the Gutenberg-Richter relation, N(M) = A - bM, where N(M) is the number
of earthquakes with a magnitude equal to or greater than M, A is a constant describing the
level of activity and b is a number close to 1, both determined by the corresponding data set.
Adams and Fenton (1993) project their magnitude-recurrence relation as a single-slope
straight line on a logarithmic scale. Kisslinger (1992), however suggests that where log N is
plotted against M the data tend to follow a linear trend over some part of the range, but the
data often fall below this line for small events and do not fit it very well at the top end, since
there are either too many or too few recorded events. Seismic networks tend to catch too few
of the smaller events, and the catalogue commonly covers too short a time for a good sample
of the large events. But Pacheco et al. (1992) show that a single b-value does not
characterize the entire magnitude range; in many cases there is a slope break between small
and large earthquakes. This implies that lapse times and their probabilities, based only on
extrapolating the straight line portions, are likely to be wrong. The maximum magnitude of
the probable earthquakes in specific regions are estimated from the statistics based on the
history of the site, but a deterministic approach based on examination of the geological
structures that could produce earthquakes has much to recommend it in seismic areas such as
the Whiteshell Research Area.

High b-values indicate a highly fractured regional fault zone, with variable properties. Some
regional differences in the b-value have been related to differences in the ambient shear
stress, but Pacheco et al. (1992) show that the break between small to moderate earthquakes
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and large earthquakes occurs when the depth of the earthquake rupture occurs over the entire
siesmogenic zone. Their measured slope breaks for different areas occur at between 5.9 and
7.5 (Ms and Mw mixed magnitudes).

Recent seismic events have not been recorded recently in central and southern Manitoba.
However they have been recorded in Saskatchewan and the adjacent states of the USA
(Figures 36, 37 and 38). Nine earthquakes are known to have occurred in southern
Saskatchewan to the present time, but earthquakes smaller than M-4 could not be located
before the mid-1960s (Homer and Hasegawa 1978). The largest was Mb = 5.5 (Figure 36).
There is a general spatial correlation between the observed seismicity and the more
structurally disturbed areas of the Precambrian basement (Figure 37). Four of these
earthquakes show a spatial correlation with a large salt-solution structure (Figure 38).
Although salt solution may be a direct cause of the earthquakes, the evidence for basement
zones and their control on structures in the Phanerozoic sequence suggests that reactivation of
the basement structures, in response to the contemporary stress field, is likely to be indirectly
responsible for the seismicity. This implies that earthquakes could occur in some parts of the
basement of the Superior Province in Manitoba in spite of the deep effectively elastic zone
(Bcchtel et al. 1990), provided the geology is propitious.

More importantly to potential seismicity in Manitoba, the Nelson River Bouguer gravity high
(Figure 37), believed to represent the boundary between the Churchill and Superior Provinces,
coincides with at least one earthquake, suggesting this boundary could be "active". No
earthquake has been recorded in the Superior Province of Manitoba east of this particular
seismic event, but further north in the Thompson area seismic profiles suggest that
Trans-Hudsonian rocks underlay the Superior craton for a considerable distance Lucus et al.
1993). This may extend a zone of potential seismicity into the ostensible Superior Province.

If a slope break in the Gutenberg-Richter relationship is valid for central and southern
Manitoba and northwestern Ontario, then, taken together with the spatial distribution of
known earthquakes and the apparent thickness of the welded crust and upper mantle in this
area (Section 2.5.3), the likelihood of an important earthquake occurring near enough to affect
faulting and fracturing at the Whiteshell Research Area is less than that suggested by Adams
and Fenton (1993). This statement, however, does not affect the likelihood of minor seismic
events associated with the tentative advances and retreats of an ice front during the onset of a
glaciation within the next 10 ka, or even more so with its retreat within the next 100 ka.

2.6 GLACIATION AND DEGLACIATION

2.6.1 Introduction

The potential of continental glaciations to affect the environment of a hypothetical vault has
been discussed in genera! in Davison et al. (1994), in Ahlbom et al. (1991) and in Eronen and
Olander (1990). Ates et al. (in preparation) have summarized in detail the likely effects on a
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vault of the onset of an ice sheet similar to the Laurentide in Canada. The questions which
are particularly important to the possibility of fracturing and faulting near a vault are:

a) What is the likelihood of glaciation and déglaciation occurring within the time
frames 0-10 ka or 0-100 ka in the future.

b) What are the effects of lower temperature, both under the ice sheet and in
periglacial regions.

c) What are the stress effects due to the loading, movement and unloading of an
ice sheet.

d) What are the effects on the subsurface hydrology of loading, movement and
unloading of an ice sheet.

2.6.2 Fluctuation at Onset and Conclusion

Currently Canada is in a period of isostatic recovery, following the loss of the Laurentide Ice
Sheet about 10 ka (14 ka to 6 ka) ago. Interglacial-glacial cycles tend to last -100 ka and are
interrupted by several interstadials (Ahlbom et ai. 1991). Davison et al. (1994) suggest that a
further glaciation is unlikely to occur in Canada within the next 10 ka but could occur within
the next 20 ka. Conditions associated with glaciation and déglaciation could therefore affect
fracturng around a disposal vault within a time frame of 100 ka. Both Davison et al. (1994)
and Eronen and Olander (1990) indicate that the onset of glaciation may occur over a long
(50 ka) period of time, whereas déglaciation may occur very rapidly. Certainly the recent
data on fluctuating global temperatures at déglaciation e.g. Lehman et al. (1992) on ocean
temperatures, Taylor et al. (1993), Hecht (1993) on ice cores from Greenland, Fairbank's
(1993) summary of these, and the work on borehole measurements of ground temperature
down to -200 m, and especially in permafrost layers, summarized by Sass (1991) suggest
warming rates of 5°C in 40 years or even faster during periods of déglaciation.

The data on temperature and ice advances and retreats of the initiation of the last glaciation
cycle are known only on a much coarser time scale. The onset of cold temperatures at
110 ka ago was interrupted by warm periods (Ahlbom et al. 1991) and glaciation proper
began only around 70 ka (Eronen and Olander 1990). Boulton and Clark (1990) have studied
the waxing and waning of the margins and the change in location of the centres of ice domes
in the Laurentian ice sheet during the last glacial cycle using crossing lineations of glacial
drifts (Figure 39). They interpret shifts of 1000 to 2000 km in these centres over time; these
shifts with time of the margins and centres of the ice caps are shown in Figure 40.

This implies that throughout a glacial cycle, from onset to beyond termination, there is a
"continuous" fluctuation in the conditions in the rock caused by glaciation, both underneath
and in the peripheral areas of an ice sheet. These changing conditions can affect fracturing.
We believe that the effect is analogous to cyclic strain weakening of laboratory specimens.
The extent of such fluctuations is likely to be greater further away from an ice centre
(Figure 41).
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2.6.3 Suhglacial Erosion

Erosion can bring subsurface rocks closer to the unconfined free ground surface. Davison et
al. (1994) discuss several lines of evidence. They suggest that with the Shield's flat
topography, Shield rocks are likely to have only suffered a general erosion of 2 to 20 m in
the last glacial cycle. Eronen and Olander (1990) suggest that Finland was only eroded a few
metres during the last glaciation and the sum effect of all the Quaternary Laurentide
glaciations (over 700 ka) was a loss of 120 m of rock. Ahlbom et al. (1991) predict an
average erosion of 5 - 10 m in the low relief areas of Scandinavia during a future glacial
cycle.

This does not necessarily suggest that any noticeable effect due to glacial erosion would occur
on rock at 500 m to 1000 m depth. However, erosion under an ice sheet can vary
considerably, depending on conditions beneath the ice (Figure 42a,b). The location and basal
conditions of "ice rivers" i.e. bands of swifter flowing ice with sporadic surges in the
Antarctic ice sheet, which may cause deep local erosion, have been studied recently (Wellman
and Tingcy 1981). Though deep erosion by ice, with concomitant isostatic rebound and
further erosion, up to depths of 1.5 km, has been measured under the Antarctic ice cap, this
has been restricted to areas of high subglacial topography (Wellman and Tingey 1981).
Wellman and Tingey concur with the general opinion that in the Canadian Shield only a few
tens of metres of rock has been removed by glacial ice action.

2.6.4 Subglacial Rock Temperatures

Ahlbom et al. (1991) and Eronen and Olander (1990) discuss subglacial temperatures and
areas of permafrost. Ahlbom et al. (1991) suggest that permafrost could possibly reach
depths of more than 500 m in a future glacial cycle, but they do not indicate the rock
conditions under which this might occur. If there are cycles of freezing and thawing in the
rock, fracture propagation is likely to occur at all scales. Such cycles seem unlikely to be
effective at proposed disposal vault depths. Under permafrost conditions any stable crack
growth is likely to be balanced by stable crack closure. Both sets of authors discuss the
formation of cold-based vs warm-based ice sheets. Eronen and Olander's (1990) model is
shown in Figure 42b. Ahlbom et al. (1991), whose model is shown in Figure 42a, consider
central Antarctica to be cold-based (their Figure 5) with basal temperatures well below the
pressure melting point. As mentioned in an earlier section, the Antarctic cold-based ice sheet
has warm-based ice rivers within it, and similar local zones of melting would be likely to
occur in a new Canadian ice sheet, indirectly affecting fracturing through changes in
groundwater pressure.

2.6.5 Glacial Loading

Continental ice sheets can affect the rock mass directly by: 1) induced elastic stress changes
from the increased overburden of ice; 2) induced pore-pressure changes; and 3) induced
thermal stresses (cf Section 2.6.4). Glacial loading is thought to depress the land surface
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beneath the ice a maximum of 25-30% of the thickness of the ice load (Ahlbom et al. 1991).
The ice thickness possibly reached 3 km during the last glaciation in Scandinavia (Eronen and
Olander, 1990) but the estimates for the Laurentide ice sheet that covered the Canadian Shield
are less, 1-2 km. Ice sheets appear quickly with respect to their duration (cf Section 2.5.1)
and disappear even more quickly. This imposes a static load on the underlying crust
extremely rapidly that would require an unbelievable 600-60,000 Ma to accumulate at normal
tectonic strain rates. This rapidity in loading does not allow the crust to adjust through
faulting. In addition, it is believed that they build up sufficiently rapidly that isostatic
equilibrium is not achieved, especially with ice sheets having the type of history suggested by
Boulton and Clark (1990) for the Laurentide ice sheet. In consequence, the maximum
deformation, and hence potential for faulting in the brittle part of the crust, is not achieved.
During glaciation a forebulge to the ice-induced depression (Figure 42a), to a maximum
excess height of 150 m, may be created and would migrate with the ice sheet. This forebulge
is likely to affect the near surface zone of subvertical fracturing. Ates et al. (in preparation)
expect this to be a zone of real tension during glaciation. In general, due to flexure, a
maximum compression of about 20 MPa occurs in the rock under a 2 km-thick ice sheet.
Glacial drag may exert a 1 MPa stress near the earth's surface. Differential post-glacial uplift
may generate vertical shear stresses of a few MPa (Hasegawa 1988), but during glaciation
most fault movement should be suppressed by the increased confining pressure.

2.6.6 Earthquake Suppression

Johnston (1987) explains the mechanisms whereby earthquakes could be suppressed when the
land is covered by large continental ice sheets. The interior regions of ice-covered Antarctica
and Greenland are aseismic; no earthquake larger than M = 4.5 - 5.0 has been recorded for
either landmass, in 20 years of seismic monitoring in areas away from the coasts and
continental shelves. In contrast most stable continental interiors show a low but persistent
level of seismic activity exceeding Mp = 5.0. The lack of earthquakes in Antarctica and
Greenland cannot be attributed to any great dissimilarity in geological age, composition or
crustal thickness compared with the other cratons. It is most likely to be the effect of the
thick ice sheets.

Johnston (1987) discusses the stress changes due to the weight of ice in terms of the
Navier-Coulomb failure criterion, both for a normal fault environment (i.e. crustal extension)
and for the more common Shield environment of thrust faulting (i.e. crustal compression).
Since ice-free continental masses experience a significant number of internal earthquakes
compared to ice covered masses, Johnston (1987) expects crustal stress regimes in which
some favourably oriented faults are near the threshold of failure, and also assumes that faults
are likely to be weaker in shear than is the intact rock mass. The result of his calculations
are summarized in Figure 43; the pore fluid is a brine, a, is vertical and an empiric value of
0.63 is assumed for the a/cr, ratio. (A pore fluid, at least at lithostatic pressure, is
commonly regarded as necessary to bring faults to the verge of failure). Johnston (1987)
concludes that the net effect of a continental ice sheet on the rock beneath is to remove faults
from the threshold of failure and to suppress earthquake faulting, especially under a lateral
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constraint of no horizontal deformation. Though in the past it was thought that restoration to
a near-failure condition by increase in pore pressure beneath an ice sheet would be inhibited
because ice sheets insulate the upper crust from significant surface fluid recharge,
Blankenship et al. (1986) and Alley et al. (1986) have now shown that conditions of fluid and
fluid pressure at the base of ice sheets can be very close to the hydrostatic equivalent of the
ice thickness and so affect the internal fluid pressure within faults and fractures.

2.7 EROSION AND DEGLACIATION: ISOSTATIC RECOVERY AND
ASSOCIATED STRESS CHANGE

2.7.1 Introduction

The evolution of a mountain range includes two distinctive phases, one of active tectonism
and construction, followed by a phase of erosion and passive isostatic rebound. The rate of
erosion at any given time is proportional to the elevation at that time. The flexural stresses
associated with erosion initially increase with time, possibly up to 100 MPa, and then
decrease. Since the relaxation is time-dependent, erosional stresses are applied continuously
throughout a post-tectonic period. The predicted principal stresses vary considerably in sign
and orientation over the distances of several tens of kilometres in an example from
southeastern Australia (Stephenson and Lambek 1985). This implies that under these
conditions markedly dissimilar principal stress orientations can be expected over short
distances, whether they are inferred from fault plane solutions or result from in situ stress
measurements.

Much fracturing observed at or near the earth's surface is not directly caused by orogenic
deformation. Amongst other factors, such as the magnitude of the differential stress in the
horizontal plane, or of the stored strain energy, this near surface fracturing is a function of
proximity to the ground surface. If there is no large, tectonically-caused differential stress,
the continuous removal of the confining load on the upper side of the rock mass, by the
erosion of the earth's surface, will cause an uplift and horizontal extension that is commonly
expressed by subvertical extension fractures or high- intermediate-dip (-60°) normal faults,
very near the surface. Commonly, however, a compressive regime exists only a short
distance (a few to few tens of metres) below the surface where there is no topographic effect
on the stress field.

Uplift, whether orogenically or epeirogenicaily derived, is accompanied sooner or later by
erosion, during which three simple changes occur. The lithostatic load (due to the weight of
the overlying rock) is reduced, the ambient temperature is reduced and the rock is lifted into a
larger circumference of the earth. This is erosional-isostatic adjustment. Consequently, not
only is the confining stress lowered but the relative magnitudes of the vertical and two
horizontal stress axes change, and there is likely to be a change in the fluid content and
pressure within the rock mass.
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Parallel uplift during exhumation and erosion (cf Section 2.7.3) gives rise to an extensile
strain in the horizontal direction, -1.56 x 10"4 for a 1 km uplift. Similarly, with a geothermal
gradient of 25°C km'1 a 1 km uplift will give rise to a strain of -1.25 x 10"4 for a rock with a
coefficient of linear thermal expansion of 5 x 10'6oC' (Price and Cosgrove 1990). These
values can be entered into equations for the major and minor horizontal stresses together with
appropriate fluid pressures. Price and Cosgrove (1990), starting at 5 km depth, suggest, for a
strong sedimentary rock, a reduction of horizontal stress with uplift as shown in Figure 44a.
They assume that, in the absence of tectonic stresses, the horizontal stresses are about 70% of
the total vertical stress, and will become lower than the fluid pressure when uplift has raised
the rock to a depth of 2.7 km and will become tensile when the rock has been raised to a
depth of 1.5 km. This is not in fact realized because new fractures form or pre-existing
fractures are reactivated during the uplift.

In Figure 44b the reductions in Figure 44a have been superimposed on probable values for
the initial stresses and fluid pressures, together with the probable changes due initially to
normal faulting and subsequently to a system of orthogonal hydraulic fractures (Figure 44c).
Some such set of conditions and responses is likely to have prevailed in the Whiteshell
Research Area (cf Section 5), and Price's (1980) calculations for a granite undergoing cooling
and exhumation are summarised in Section 2.7.3. It should be remembered that in spite of its
great age, tectonic forces are acting now on the Canadian Shield and have to be
superimposed on the above calculations.

Shear strain is one factor neglected in the above discussion and is important in relation to the
early development of fractures in granite (Price and Cosgrove 1990) and possibly to some late
fracture sets in the Lac du Bonnet Batholith (cf Section 5).

In addition, because the basement rocks of the Superior Province are covered in part by
remnants of thick Proterozoic and Phanerozoic sedimentary rocks, the basement rocks must
have suffered both periods of down warping to form the sedimentary basins, and also periods
of uplift and exhumation to erode the sedimentary rocks. In large sedimentary basins this
implies a flexure through a chord to the earth's curvature that would provide episodes of both
horizontal compression and extension (Price and Cosgrove 1990). Some vertical extension
fracturing in the basement rocks may have been formed this way.

Glacio-isostatic adjustment is similar to adjustment to erosion, but, with the rapid melting of
continental ice sheets, the time-dependency of the rock mass recovery becomes a major
factor. The Canadian Shield is undergoing this adjustment now, has been for the past ten
thousand years, and is likely to be loaded again by ice before all deformation from the last
ice load is recovered.

Such erosional-isostatic uplifts can be large and so the consequent adjustment in the brittle
crust is also likely to be large. In addition, the cycles of uplift and subsidence during the
long time assigned to a single Precambrian orogeny are likely to be more numerous than
commonly envisaged. A typical example of burial and unroofing in marginal basins during a
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series of orogenies (which would be considered one orogeny in the Precambrian) has been
worked out in the northern Appalachian Basin by Friedman (1987). Diagenetic minerals in
outcrop indicate paleotemperatures of 100-200°C, and maximum depths of burial were
calculated from these temperatures assuming a gradient of 26°C km"1. Silurian (-420 Ma)
strata reached maximum burial depths of 5.0 km; Devonian (-380 Ma) strata -6.4 km; Lower
Ordovician (-490 Ma) strata >7 km; Middle Ordovician (-470 Ma) strata ~5 km; and Devonian
(~390 Ma) carbonate strata 4.5-5 km. Such large-scale vertical movements of the crust
probably represent isostatic unroofing. Similar movements must have taken place in the past
in the Canadian Shield, and particularly with respect to the Lac du Bonnet Batholith
(Section 5).

2.7.2 Results of Déglaciation Unloading

Though long wavelength phenomena related to glacial loading and unloading and post-glacial
rebound can be represented by an elastic lithosphère and viscoelastic asthenosphere, the
spatial and temporal behaviour of the pattern of the short-wavelength non-linear phenomena
which are associated with déglaciation recovery, depend on the characteristics of the
individual heterogeneities in the rock e.g. faults and fault blocks (Hasegawa et al. 1985;
Hasegawa 1988). This is especially important at the scale of a disposal vault.

There is considerable geological evidence in Canada, in Scotland, and in Scandinavia that
local deformation, perhaps including faulting and large earthquakes, may have accompanied
déglaciation (Dyke et al. 1991; Adams and Basham 1987; Ringrose et al. 1991; Lagerbach
1991). Minor faulting with millimetre to decimeter offsets of glaciated bedrock is widespread
in outcrops in southeastern Canada (Oliver et al. 1970; Adams 1981, 1989).

A major consequence of glacio-isostatic uplift is radial horizontal compression, concentrated
around the periphery of the former ice sheet. Shortening may amount to several millimetres
per year, though distributed over hundreds of kilometres (Adams 1987). This shortening is
likely to be achieved by thrust or reverse faulting on old structures, rather than by creating
new shear fracturing. Quinlan ( 1984) supported this idea when he modelled the stress caused
by post-glacial uplift as a perturbation on an ambient stress field for several tectonic regimes
(Figure 45). His results suggest that the rebound is capable of triggering seismic events on
faults in prestressed regions, but it is rarely capable of dictating the focal mechanisms of
these earthquakes. This is the same conclusion reached by Fenton (1992) from his work in
Scotland.

2.7.3 Results of Erosion

As mentioned in Section 2.7.1, much fracturing is related to proximity to the free (unconfined
on one side) ground surface. Nichols (1980) thoroughly discussed rebound, defined as the
expansive recovery of surficial crustal material, either instantaneously, or time-dependently or
both, and initiated by the removal or relaxation of superincumbent loads (e.g. by erosion).
The applied loads resulting from past or present geological processes can be removed or
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relaxed either by natural or by artificial processes, but rebound is most pronounced if the time
period of load removal is short relative to the relaxation Cime of the material (if this is
considered as a material property). Erosional, and even glacial, processes are relatively long
term compared to the lifetime of man-made structures; however, under the above condition of
quick load removal the final displacements, though slower, are much larger, the rock fabric
attains a greater degree of weakening, and subsequent fractures or faults are both more dense
and extensive than those associated with human-induced unloading (e.g. quarrying). An
example of results from modelling the waxing and waning of flexural stresses due to
relaxation following erosion is shown in Figure 46 (Stephenson and Lambeck 1985).

Redistribution and/or release of stored strain energy within the rock mass may be major
factors contributing to rebound. As new free surfaces are formed the rock mass changes bulk
volume. Long-term stability is achieved by changing the fracture density, balancing stresses
between grains, and the rate at which strength decreases within near-surface weathered rock
material.

Stress fields in shallow rocks are thought to be generated: either 1) by present-day,
boundary-applied tectonic loading (discussed in other sections) or 2) by residual and rémanent
stresses in the rock. (At very shallow depths topographic loads and diurnal and seasonal
thermal stresses also occur). The residual and rémanent stresses in unconfined blocks, or in
blocks of rock that are poorly confined topographically, are complex and some domains
within the rock mass will even be in tension. The limit to the magnitude of these stresses is
set by the strength of the rock, generally the uniaxial tensile strength, which is commonly an
order of magnitude less than the uniaxial compressive strength. A tensile component of these
stresses can therefore reduce the effective tensile strength of the rock. This is one way in
which extension fracturing can occur in rocks which, at surface, contain gravitational and
rémanent stresses that are all compressive. Commonly this effect will cause exfoliation
fractures parallel to the topographic surface, but there are some situations (cf Section 5)
where one of the horizontal rémanent stresses could be almost zero and vertical extension
fractures could develop. Herget (1973) calculated stresses at 305 m depth, caused by the
removal of 2135 m of overlying rock, assuming rigid lateral confinement. He found values of
oh-47 MPa and av~9.9 MPa. He concluded that horizontal stresses of this magnitude could
not be sustained on a long-term basis and that failure would have occurred at depths a little
greater than 1 km. If these conditions reflect the true compressive boundary loads there
should be low-angle thrusting or subhorizontal extension failures. In contrast, zone of
extension fracturing exist in many rock outcrops of the Shield, that imply extensile boundary
loads and suggest that regional rock masses do not act as mechanical continua. Nevertheless,
much of this extension fracturing is near surface and related to topography and does not
vitiate the general state of compression suggested by Herget (1973). That would appear to
apply at disposal vault depths.
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Price (1966) demonstrated that, as a result of uplift, a near surface compressive stress field
may lead to shear failure followed by increasing horizontal extension as uplift continues (cf
Section 2.7.1). Voight and St. Pierre (1974) recognized that compressive stresses may be
imparted to the rock mass on a macroscopic scale as a consec îence of "unlocking" residual
strain energy on the microscopic or grain scale.

In some cases the measured near-surface stress field is rotated approximately 90° from the
deeper stress field determined from hydrofracturing and earthquakes (Gay 1975; Talwani
1977). A 90° azimuthal rotation of a, between surface and 250 m depth at the Underground
Research Laboratory was referred to in Section 2.5.4.

As mentioned earlier the rebound process is partly time dependant, indicating that rock
masses have a "memory" of past loads. Modelling the behaviour of a core extracted from a
rock mass assumed to have been prestressed for 1 ka, Nichols and Savage (1976) noted an
instantaneous extensional response followed by a time-dependant compressional response in
the axial direction and the reverse in the radial direction.

Residual stress is a system of stresses within a body, which are in metastable equilibrium,
where neither normal nor shear stresses are transmitted across its exterior surfaces. Since
stored strain energy is relieved in a time-dependant manner when the stress equilibrium is
disturbed, it can be treated in a viscoelastic fashion. Residual stresses can be balanced in
very small volumes (down to individual quartz grains, Friedman 1972) implying that seldom
is all the stored elastic energy released. Nichols (1971, 1975) demonstrated recoveries in a
block of Barre Granite. He drilled sequential and concentric holes into the block, which had
been excavated from 67 m below the natural ground surface. The deformation appeared to be
elastic, with cumulative strain changes of as much as 330 x 106 (his expansion) and
-275 x I0'6 (his contraction). Nichols found that his average stress recovery of 4 MPa was a
significant fraction of the in situ stress of 14 MPa measured at 100 m below surface in an
adjacent quarry. However the recovery path of his block was complex over the several days
of the experiment, in part because of some inelastic behaviour. Brown (1974) demonstrated
diminishing recovery towards the centre within a sandstone core. The major factors in
triggering recovery of stored strain energy are: I) removal of external constraints; 2) creation
of new rock/mineral surfaces; 3) the addition of fluids e.g. groundwater; and 4) thermal or
mechanical cycling e.g. glaciation and déglaciation and perhaps heating from spent nuclear
fuel in a vault. That residual stresses can be large in some rocks was demonstrated by Price
(quoted in Price and Cosgrove 1990) in a specimen of siltstone recovered from a depth of
1100 m that had been buried to a depth 3500 m. The specimen had been subjected to five
loading cycles in a uniaxial compressive creep test. The total duration of all the tests, which
includes the recovery time between tests, was well over 1 year: a length of test which is
"pathetically short from the view point of a geologist" (Fyfe et al. 1978). At the sixth cycle
the specimen shortened instantly and elastically in response to a load of 64 MPa, and then
started to behave anomalously. Within 2 hours, without any change in experimental
conditions, the rock had expanded by over 10° against the uniaxial applied load. This
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happened again during the ninth cycle with an applied load of 80 MPa, to provide a final
expansional strain against applied load of 2 x 10 \ corresponding to a residual stress of about
60 to 70 MPa.

Rebound fractures caused by erosion or human activity may be dominantly extension fractures
or a combination of extension and shear fractures. If rebound is merely an elastic response to
the removal of external loads, it would seem there should be little or no failure unless large
stress concentrations are created by unloading. Non-tectonic shear failure probably does
indicate local stress concentrations. But long-term time-dependant extensional strain relief is
not explicable by Coulomb's criterion and can cause extension fractures in a compressive
stress field. Initial near-surface fracturing results from the propagation of microfractures by
viscoelastic rebound, aided by crack weakening as groundwater enters the crack.

Until a few years ago little was known about the fractures or stresses which exist in
unmineralized granite bodies at 1 km depth. Fractures formed during the magmatic stage in
many intrusions tend to be concentrated in parts of the intrusion adjacent to the country rock,
and in some cases are related to economic mineralization. The early fractures tend to be
dykes produced by "magma" pressures and the fracture walls are welded together by their
infilling. As crystallation and cooling occur, an intruded body can carry more of the tectonic
differential stress load, and magma pressure (as a factor in fracture formation) is replaced by
high vapour pressure during the retrograde boiling that causes high-temperature hydrothermal
veins. As unroofing proceeds, high-temperature vein formation is replaced by fracturing
related to surface proximity. Price (1980) investigated the depth at which surface-related
fractures are likely to occur within a high-level cupola intruded at 6 km depth at 650°C. The
ambient temperature he fixed at ~150°C and he considered the country rock to be elastic. He
calculated the stresses 1) in the liquid magma, 2) after in situ cooling and subsequent uplift
and exhumation from 6 km to 1 km and 3) during further uplift and exhumation to surface.

He envisaged a magmatic pressure of around 150 MPa equal to lithostatic pressure for rock
with a density of 2.5. After solidification the rock cooled during a period greater than 1 Ma
to 150°C. The thermal contraction, provided it is an elastic recovery, gives a potential
cooling stress of -200 MPa. But felsic rock, at 650-250°C creeps at 10" sec"1 at differential
stresses of a few megapascals. The most important elastic recovery will occur during cooling
from 250-150°C. Price (1980) estimated the decrease in stress from this source would be
unlikely to exceed 40 MPa. The vertical stress would remain at 150 MPa while the
horizontal stress would be reduced to 110 MPa. The country rock would be unlikely to
sustain greater than 50 MPa tectonic differential stress as the intrusion and country rock
remain in equilibrium. Depending on the tectonic activity, horizontal stresses are likely to
vary, therefore, between 110 and 20 MPa during cooling to 150°C.
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During unroofing from 6 km to 1 km a reduction in pressure and further cooling would take
place. If the temperature drop is 150°C to 25°C the reduction in lateral stress is -50 MPa.
With parallel (radial) uplift the reduction in lateral stress would be -87 MPa to give a total
reduction of -137 MPa. The horizontal stre.ses therefore should be in the range -27 to
+62 MPa.

The tensile strength of granite is about -20 MPa reducing the horizontal stress to within the
range -20 to +62 MPa. A further 1 km uplift to surface decreases the lateral stress by a
further -22 MPa. Hence, below the zone of weathering the horizontal stress could still be as
high as 40 MPa. These values of horizontal stress, +40 MPa near surface and +62 MPa at
1 km depth, are geologically realistic for the Shield, as they match many actual
measurements.

But the rocks in the Canadian Shield are also undergoing differential uplift due to
glacio-iso.static rebound, e.g. Figure 47. Calculations show that the tilt due to this may reach
1 in 1500, leading to shear stresses of 48 MPa. At 1 km, the vertical stress is 25 MPa and
the horizontal stress may be -20 to +62 MPa. Under the first condition a least compressive
stress value of -50 MPa could develop were it not for the tensile strength of granite. With
the second condition the principal horizontal stresses would be -15 MPa and +82 MPa. Thus
a differential stress of -100 MPa could develop at 1 km, to give a hybrid extension/shear type
fracture failure. However measurements show that these conditions are not reached except
very near surface (cf Sections 5.2.3; Martin et al. 1994).

3. FRACTURE/FAULT STUDIES IN RESEARCH AREAS

3.1 INTRODUCTION AND SUMMARY OF METHODS

In 1978, AECL initiated studies of fractures, fracture zones and faults in the Canadian Shield,
to understand their origin(s) in that environment. This understanding is needed to predict the
physical and chemical characteristics of the fractures and faults; their spatial distribution; and
their relationship to particular types of pluton. When these studies began little was known
about the timing, pressure, temperature and differential stress conditions of fracture formation
in plutonic rocks in the particular aspects necessary for siting a disposal vault. However,
work on fracturing in granite, not necessarily associated with mineralization, and the reaction
of groundwaters with fractured and faulted granites was initiated in several centres at about
the same time as AECL began its studies, for example Segall and Pollard (1983a, 1983b),
Segall (1984), Norton and Knight (1977), and Knapp and Knight (1977). Conventional
techniques of investigation were further developed by AECL staff and used in combination
with new techniques to pursue its study of fracturing. These techniques have been described,
evaluated and the field results documented in three major reports, written to describe the
geological conditions at Atikokan, East Bull and Whiteshell Research Areas (Stone et al.
1994; McCrank et al. 1994; Brown et al. 1994b). These techniques include:
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1) The use of cross-cutting relations to document various generations of fractures;
this was carried out on both natural outcrops and improved rock exposures
(Stone and Kamineni 1982; Brown and Soonawala 1982).

2) The study of fracture-infillings in outcrop or from sampled material to divide
fractures into various populations (or sets). The fillings are characterized by
field identification, or by microscopic examination and X-ray and SEM analysis
of samples either broken from outcrop or of drill core (Kamineni and Bonardi
1983; Stone 1984; McEwen and Hillary 1985; Brown et al. 1989; Kamineni
1989).

3) The use of length and orientation statistics to divide fractures into populations
using field observations (Stone 1984; Brown et al. 1994a; McCrank et al.,
1994).

4) The deduction of the P-T conditions at the time of fracture formation from
experimental mineral stability data (Kamineni et al. 1988; Kamineni and
Kerrich, draft report), supplemented by temperatures calculated from i8O
fractionation between co-existing minerals (Kerrich and Kamineni 1988).

5) Radiometric dating techniques to obtain ages for the formation of fracture
filling minerals, and so to constrain the ages of periods of faulting and
fracturing (Kamineni and Stone, 1983; Brown et al. 1989, Everitt and Brown
1986).

6) Microstructural studies to assess conditions of initial mineral failure and to
examine the fractures' reactivation history. This involves examining
cross-cutting microfractures filled with low-temperature minerals and also
examining the breakdown of high-temperature minerals to low-temperature
phases (Stone and Kamineni 1982; Kamineni and Stone 1983; Kamineni et al.
1983; Kamineni 1983; Kamineni et al. 1993).

7) The study of orientation and kinematic evidence from fracture populations (or
sets) in order to assess orientation of paleostress fields and their relationship to
the associated plutons (Brown et al. 1990; Stone 1984; McEwen and Hillary
1985; Brown et al. 1986; Brown et al. 1989).

3.2 FRACTURE HISTORIES

3.2.1 Features in Common

Significant faults/fracture zones in the rocks at Atikokan, Whiteshell and East Bull Lake
Research Areas have certain common characteristics. The faults bound blocks of rock which
have relatively low fracture frequency (in many cases below 1 fracture per 10 m on a straight
line-scan). The important faults were initiated more than 2000 Ma ago. They have
cataclastic structures formed slightly earlier or synchronous with brittle fracture infillings of
high temperature mineral assemblages that are compatible with greenschist faciès conditions
of metamorphism (~300°C and 200 to 300 MPa confining pressure). This indicates the initial
brittle faulting did not take place under the current geothermal conditions where the faults are
found. Radiometric dating indicates these early fracture-associated minerals are ancient
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(>2000 Ma), and are only a few hundred million years younger than the minerals in the
host-rock. For example the Rb-Sr whole rock ages of the Lac du Bonnet Batholith
(Whiteshell Research Area) and the Eye-Dashwa Lakes Pluton (Atikokan Research Area) are
2568 ±213 Ma and 2637 ± 33 Ma respectively, whereas the oldest infillings and
neomineralization in the fault zones in these plutons give ages ranging from 2200 to 2350 Ma
(Kamineni et al. 1990). Similarly the East Bull Lake Pluton has an age of 2472 +
76 Ma (Sm-Nd age) and the infillings following the first movement on the Foison Lake Fault,
which is a major structure in the area, have been dated at -2000 Ma.

3.2.2 Brief Site-Specific Infilling Histories

Systematic study of fractures in AECL's main three research areas clearly shows some
underlying patterns. In each case a sequence of fracture events has been established using
cross-cutting relationships, and this sequence also follows a trend of decreasing temperature.
For example, at the Atikokan Research Area four groups of fractures were identified in the
granitic Eye-Dashwa Pluton. These are listed here in order of decreasing age and temperature
(Stone and Kamineni 1982):

1 ) aplite dyke-filled fractures,
2) epidote-filled fractures,
3) chlorite-filled fractures and
4) low-temperature-mineral-filled fractures.

Stone and Kamineni (1982) estimated the average fracture lengths in outcrop and abundances
of each of these groups, particularly for those filled with aplite, epidote or chlorite. The
average lengths are approximately 20 m, 6 m and 2 m respectively, and their abundances are
14, 20 and 66 percent of the total number of fractures. Fractures with low temperature
infillings are <1 m in length and are commonly found in reactivated zones of epidote-filled
fractures within the upper 300 m of the current surface of the pluton.

A sequence of fracture-filling events, very similar to that at Eye-Dashwa Lakes Ptuton, has
been derived for the Lac du Bonnet Batholith (Brown et al. 1989; Stone et al. 1989; and
Brown et al. 1990):

1 ) several ages of pegmatite dykes,
2) quartz veins,
3) epidote-filled fractures,
4) chlorite-filled fractures and
5) low-temperature mineral-filled fractures.

These fractures have been relatively and, in part absolutely, dated. This dating has allowed
the sets to be related to stages in the crystallization and cooling of the batholith and to its
subsequent periods of deformation. These stages have also been related to changes in
temperature and confining pressure in variously oriented regional stress fields (Brown et al.
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1989). Length distributions have been assigned to sets based on orientation (Stone et al.
1984; Brown et al. 1994a) and the distribution of orientation sets with depth has been studied
(Everitt et al. 1986). (Fracturing associated with the Lac du Bonnet Batholith is discussed in
more detail in Sections 4 and 5).

In addition, a fracture history has been deduced for the gabbroic pluton at the East Bull Lake
Research Area (Kamineni et al. 1987). This fracture history is more complicated than in the
two granitic intrusions of the other two Research Areas because of mafic dyke intrusion and
the proximity of this area to the Grenville (tectonic province) front and to the Southern
Province boundary. Four fracture filling events have been recognised that have led to the
following mineral assemblages:

1 ) fractures filled with epidote-amphibolite facies minerals (-2000 Ma, Ar-Ar
dating of minerals),

2) prehnite-pumpellyite facies (-940 Ma, Ar-Ar age of adularia),
3) zeolite-facies (-500 Ma, Rb-Sr ages on laumontite-bearing samples),
4) low-temperature-filling minerals.

The stability fields and ages of these minerals are shown in Figure 48.

The rocks in the western Canadian Shield have also been buried by thick sequences of
Proterozoic and/or Phanerozoic sedimentary rocks that have subsequently been eroded, and, in
addition, each area has suffered several periods of glaciation and déglaciation (Figure 2).
Fractures associated with these depositional and erosional events have low-temperature
mineral fillings. These younger fractures are present at both microscopic and mesoscopic
scales and, except near the current erosional surface, are commonly confined to the
reactivated domains of the older/high-temperature fractures.

For example, at the Atikokan Research Area low-temperature minerals are associated with the
reactivation of epidote-filled fractures. This reactivation of ancient fractures presumably was
associated with epeirogenic-related changes in physicochemical conditions within the rock
mass that initiated a re-equilibration between the groundwater and the rock. High-temperature
minerals such as epidote altered to produce low-temperature clays, gypsum and calcite: a
common association that strongly indicates existing fracture reactivation rather than the
creation of new fractures. Gypsum (calcium sulphate) is very largely associated with epidote
(hydrous Fe, Ca silicate) in fractures at depths >500 m, and it is rare to find fractures
exclusively filled by gypsum.
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4. WH1TESHELL RESEARCH AREA: LAC DU BONNET BATHOLITH

4.1 GENERAL DESCRIPTION

The granitic Lac du Bonnet Batholith, dated at 2680 ± 91 Ma (U-Pb in zircon, Krogh et al.
1976), intrudes gneisses, greenstones and earlier plutons of the Bird River volcano-plutonic
subprovince and Winnipeg River plutonic subprovince in the western Superior Province of the
Canadian Shield (Card, 1990; Figure 49). It is exposed over an area of 70 x 20 km, and an
equal area may be covered by Palaeozoic rock and lake sediments to the west (Stone et al.
1989). The current and best interpretation of its cross-section (Tomsons et al. 1995) is a
shallow wedge in the northwestern half (longitudinally), thickening abruptly into a
subvertically tabular body to the southeast that dips steeply south and possibly reaches 15 km
in depth (Figure 50). There is field geological evidence to suggest that the granite and
country rock are interlayered and that this interlayering was probably more extensive at a
higher erosional level, especially to the south, than is currently exhibited at the present
surface.

The batholith is a mesozonal late syn-orogenic to post-orogenic pluton, whose present surface
crystallized at a depth of about 10 km under confining pressures of 320 MPa (Brown et al.
1989). A porphyritic granite-granodiorite and an equigranular granite-quartz monzonite,
which together form the main phase of intrusion, have crystallization temperatures of 600°
and 650°C, respectively, based on feldspar geothermometry (Brown et al. 1989). This main
phase was intruded along the Bird River- Winnipeg River subprovince boundary, following
the intrusion of two earlier phases much smaller in volume. It is separated from them by
mafic dyking that is deformed by the intrusion of the main phase. Zones of coarse
lithostructural layers, comprising schlieric/gneissic and xenolithic granites are accompanied by
coarse-grained pegmatoidal granite. These have been folded about east-northeast and
southeast trending axes, which are roughly parallel to and across the length of the batholith
respectively (Brown et al. 1989).

Country rocks near to the north and south contacts of the batholith exhibit differential
stretching parallel to the plane of the contact. This stretching becomes linear rather than
planar at the blunt eastern end of the main phase intrusion (Brown 1982). Slow cooling of
the batholith is indicated both by theoretical calculations (Stone et al. 1989) and by a decrease
of biotite ages (K-Ar) from 2300 to 2100 Ma from surface to a depth of 1 km (Brown and
Kamineni 1989). The slow cooling allowed deuteric recrystallization and alteration at a time
when the batholith could support differential stress (cf Section 2.3).

During the magmatic, and very early hydrothermal stages of cooling and recrystallization
(Figure 51), several "ptnetrative" structures were formed that suggest the batholith crystallized
under a regional differential stress field. These include handspecimen-scale foliations
(gneissic and schistose), mylonitic shear zones, schlieren, pegmatite and aplite dykes, and
quartz veins. During the later hydrothermal stages of cooling, and up to the present day,
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mesoscopic-scale fracturing (joints) and refracturing of pre-existing fractures have continued
intermittently accompanied by different infillings, some of which have been dated. Thrust
faulting has occurred; it comprises zones of mylonitization and brittle fracturing down to at
least a modern depth of I km and probably deeper. Some of the later brittle structural
elements have been influenced, both in orientation and location, by earlier structural fabrics.
From field evidence the sequence of formation of these structures does not seem to be
complex (Figure 52). Even though some faulting was initiated early: wrench faults at 2350 ±
60 Ma (Rb-Sr epidote, Stone et al. 1989) and thrust faults at 2298 ± 48 Ma (Rb-Sr
microcline, Stone et al. 1989), the restriction of later strains largely to the rejuvenation of
these older faults has kept the overall deformation pattern simple.

4.2 TECTONIC FRACTURES/FAULTS

4.2.1 Regional Faults

Only two major regional faults have been clearly identified within the Whiteshell Research
Area, both of which lie outside the main phase of the Lac du Bonnet Batholith (Figure 49).
Both are subvertical complex zones of fracturing and locally intense ductile deformation.
One, striking north-northwest, lies to the east of the main phase of the Lac du Bonnet
Batholith, is 15 km long and is probably part of a 50 km long zone of faulting. Even though
it has some component of dip-slip, its movement is dominantly right-lateral strike-slip. The
other regional fault, striking east-northeast, is probably over 50 km in length and lies just
south of the batholith in a gneissic terrain. Movement on this fault is also thought to be
largely transcurrent; although some evidence suggests right-lateral movement, most of the
internal structures observed in the field suggest left-lateral movement.

4.2.2 General Early Fracturing

Within the Lac du Bonnet Batholith itself the common tectonic fractures and faults have been
summarized in Brown et al. (1989), Brown et al. (1990) and specifically for fracturing at the
Underground Research Laboratory, in Everitt et al. (1990). A more detailed description is
given in Brown et al. (1994b). The relative timing of the formation of fractures and other
structural features, together with temperature, depths of formation and stage of magmatism of
the batholith when they were formed, are presented schematically in Figures 51 and 52.

During cooling and deuteric recrystallization, the stage at which paleostresses might first start
to be preserved in the rock, a pair of conjugate mylonitic ductile shears (at the Underground
Research Laboratory lease), and boudinaged granite dykes (at the northern, hornfelsed
batholith contact), were formed, suggesting a period in which the maximum compressive
principal stress axis (G,) trended 005° subhorizontally and the intermediate (CT2) axis was
subvertical. The development of the ductile shears at this stage is uneven; the right-hand
strike-slip set between 150° and 160° is larger, suggesting an element of left-hand shear
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strain across the batholith. In the Underground Research Laboratory, structures associated
with a local zone of granodiorite dykes suggest east-northeast stretching of the batholith,
possibly due to the forceful intrusion of the granodiorite.

During the later stages of cooling and deuteric recrystallization, in a period of considerable
(4-6 km) uplift (Brown et al. 1989), the granite developed penetrative sets of foliations and
sets of pegmatite-aplite dykes. The G2

 a x ' s remained vertical, but the O, axis was rotated
from 005° to O2O°-O30°. An asymmetry in the pattern of dykes (Brown et al. 1989) indicates,
once again, an element of left-hand shear strain across the batholith.

A stage of brittle fracture and high-temperature hydrothermal infilling followed, beginning
early in the Proterozoic (Kamineni et al. 1990), with localized, epidote-filled, fracture sets
(Brown et al, 1989). Fractures filled with epidote are commonly subvertical, or have
low-intermediate dips. These fractures are short, but, in many cases, are encountered as
swarms of conjugate shear and extension fracture sets with specific orientations within major,
but constrained, subvertical zones from which a vertical <J2 axis and a o, axis trending 125° to
140° have been deduced. The episode of epidote-filled fracturing was followed by an episode
of thrust faulting accompanied by cataclasis and the formation of shear fractures with chlorite
infilling. These faults were partially controlled by the coarse layering fabric in the granite
(Brown et al. 1989). In this episode the trend of the o, axis remained the same (125-140°),
but the a2 and o3 axes interchanged.

Later mesoscopic fracture sets, with lower-temperature chlorite and/or white mica infillings, in
several orientations, commonly exhibit slickenlines and are interpreted as shears. These
fracture sets are either subvertical or have intermediate dips and can be considerably larger
than the epidote-filled fractures. Though few in number, they are more common than
epidote-filled fractures and are ubiquitous within the batholith and have been encountered at
all depths investigated. However, those encountered below 300 m depth do not show any
signs of rejuvenation or of acting as open pathways for fluid flow once formed.

Right-hand strike-slip, north-northwest striking, chlorite-filled fractures occur throughout the
batholith. They are locally associated with quartz veins and some left-hand strike-slip
north-northeast striking shear fractures. They imply a return to northerly compression in
some locations and after the initiation of the thrust faults, for at least some time while
chlorite-forming conditions existed.

At the Underground Research Laboratory, the only mesoscopic fractures found at the 420 m
level, in rock not directly affected by thrust faulting, are short (under 1.5 m), subvertical, and
filled with chlorite and sericite (Everitt et al. 1993). The infillings are commonly
slickenlined; it is uncertain whether the slickenlines formed during growth or by later
movement, though, from inspection, the latter is less likely. Both at the Underground
Research Laboratory and in unfaulted rock from elsewhere in the batholith the occunence of
these fractures is sparse, based on surface mapping and borehole cores. These fractures
appear to be the last of the fractures with high-temperature infillings to form.
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At the Mt. Givcns Granodiorite, California, USA, Segall and Pollard (1983b) showed that
epidote- and chlorite-filled fractures formed at depths of only several hundred metres though
possibly some were formed much deeper. These fractures (as at Lac du Bonnet Batholith) are
also cut by later fractures (largely subhorizontal) related to the topography, implying tha» the
earlier fractures are not related directly to the present erosion surface. In the Mt. Givens
fractures, shear definitely occurred after precipitation of the infillings, but they resemble the
deep fractures at the Underground Research Laboratory in being unbranched, a characteristic
of fractures formed in a quasi-static environment rather than being associated with dynamic
propagation. Segall and Pollard calculate that, at the time of initiation of crack growth, the
driving stress would lie between 1 and 40 MPa, which would be the sum of the remote stress
acting perpendicular to the fractures and the fluid pressure within them. These stress values
are important to the discussion of fracturing in the Lac du Bonnet Batholith (cf Section 5).

The microcrack (cf Appendix 1) population in the granite at the Underground Research
Laboratory is intragranular across both quartz and feldspar, and is moderately homogeneous in
orientation if not in development (Figure 53). Approximately orthogonal (southeast- and
northeast-striking) subvertical fracture sets are present, except at the 420 m level where only
the southeast striking set is present but very weakly developed. This is contrary to the
pattern of development of the mesoscopic fracturing filled with low-temperature minerals,
where, from evidence in the Underground Research Laboratory shaft, those striking southeast
die out with depth before the northeast-striking set. This difference at the 420 m level may
be due to the proximity of a 50 m wide granodiorite dyke to the samples examined. (Such
problems emphasize the need for careful consideration of lithostructural domains in the
interpretation of structural data.)

The manner of development of the sets of microcracks, based on early work on the 240 m
level of the Underground Research Laboratory (AECL unpublished data), suggests that the
orientation of the microcracks is related to the general stress field rather than directly to
pluton-related mechanisms, and to the depth of unroofing rather than to the topography of any
erosion surface. Several healed and cross-cutting sets of microcracks in quartz grains suggest
repeated periods of formation.

The partial independence of the microcrack population from lithologie fabric orientation, and
the independence of the basic symmetry of the microcrack pattern to depth below surface in
granite of the Underground Research Laboratory, resembles that of microcracks described in a
study of granites in New Hampshire, USA, by Warren and Tiernan (1981). Laboratory
experiments on core from a 1 km-deep borehole in this area showed that the microcrack
population frequency spectra correlated with grain size and with the degree to which the
mineral phases are homogeneously mixed, rather than to the mineral modes or the original
in-situ depth. Warren and Tiernan (1981) suggest their data shows that coring and removal to
surface have intensified the amount of microcracking over that actually present in-situ, but did
not introduce any important new distinct crack populations. Microcracking at 460 m level
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depth at the Underground Research Laboratory, does not show the full range of sets present in
rocks in the upper levels, implying that a mechanism other than relief of confining stress is
acting here.

4.2.3 Low-Intermediate-Dip Faulting

Within the Lac du Bonnet Batholith, AECL has identified by borehole drilling seven
moderately well defined, large, low-intermediate-dip (LID) faults. Several other LID faults
have been suggested by fracture zone intersections in single borehole intersections (Brown et
al. 1994b). These faults are the discontinuities that outline blocks of sparsely fractured rock,
some without open fractures, below depths of about 300 m. They act as the dominant
groundwater flow paths through the upper 1 km of the batholith.

There is good evidence that, as well as hosting the deep-reaching (over 500 m) LID faults,
there are areas of the batholith where the present surface is underlain by smaller LID faults.
The possibility of two or more ages of fault formation that this suggests in view of the
Proterozoic ages for some fault initiation, is discussed later.

The known LID faults in the Lac du Bonnet Batholith have two common strikes,
north-northwest and north-northeast to northeast. Extrapolation of drilling-defined members
of the latter group using topographic signatures suggests that the strike range may extend to
east-northeast. It is uncertain whether faults of one of the two orientation groups intersect
faults of the other orientation , or whether they change orientation from one to the other
either over a short distance or over a larger distance (e.g. at the Underground Research
Laboratory). Both of these last interpretations would cause a volumetric difficulty with pure
dip-slip movement on each orientation.

LID fault dips are commonly 20° - 25° but range between 11° and 40°. In the
north-northwest striking group only faults with northeast dips have been well defined
(Underground Research Laboratory and Permit Area D) whereas in the northeast-striking
group both southeast (Underground Research Laboratory) and northwest (Permit Area A) dips
have been defined. Some faults have been shown to shallow and then die out with depth
below the present surface (Figure 54). Borehole intersections on a major fault at the
Whiteshell Laboratory site suggests fault flattening towards the surface. One fault at Permit
Area A is possibly blind towards surface. Some of these data suggest that the fundamental
cross-sectional geometry of early-formed LID faults may have been sigmoidal.

An anastomosing set of subparallel faults has been interpreted from topographic information,
extending the fault system at the Underground Research Laboratory site to the northeast
(Ejeckam et al. 1990). However unequivocal evidence of splay faulting, that might be a
precursor to an anastomosing geometry, has only been found at the Underground Research
Laboratory associated with the best developed fault, FZ2. The intersection angle of these
splays with the main fault, all acute facing updip, suggests growth extension of FZ2 from
upper levels downwards. However, the splays are found in the footwall as well as in the
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hanging wall, are not large in dip extent, and do not step in en echelon fashion; these last
geometric factors do not support a downward extension model. Overall thickness tends to
decrease with depth, though local thickening of the zone of primary and secondary fractures
and associated alteration occurs (Figure 55). Overprinting of slip-lines, for example in FZ3,
and an increase in complexity of the mesoscopic fractures as the faults approach surface
(shown in Figure 53) suggest that erosional stress relief fracturing and weathering may have
caused the widening of the fracture zones towards the present ground surface.

Two LID faults and a splay have been thoroughly mapped in the Underground Research
Laboratory shaft, and one fault outcrop has been cleared of surficial material and mapped at
Permit Area D. In general the faults comprise several distinct components (Everitt et al.
1990). Thin, in some cases anastomosing, cataclastic horizons are surrounded by zones of
thin, low-intermediate-dip to subhorizontal, mesoscopic fractures, some of which are
definitely shears. Subvertical mesoscopic fractures, more common in the hanging wall than
the footwall, terminate against the shallowly dipping fractures. A progressive alteration of the
granite through the action of circulating hydrous fluids throughout the life of the fault has
formed a recognizable halo around the fracture zones. Normally grey, or deutertcally pinked
granite becomes progressively redder towards the fault until it becomes a deep orange-red,
associated with bleached, illite-rich, white zones containing only residual quartz and feldspar
fragmentary grains. From grouting experiments these zones have high porosity. Hydraulic
tests and groundwater tracer tests reveal that cataclastic zones provide the most conductive
segments of the faults (Davison et al. 1993; Frost et al. 1992).

The zone of primary and secondary mesoscopic fracturing comprises the bulk of the fault
zone thickness. Though the major zones of thickening occur at changes in fault zone dip and
at splay junctions such as that between FZ2 and FZ2.5. Using the evidence of strong
groundwater alteration of the rock mass, much of the past strong groundwater flow in the
fault zone has been related to the thickness of the zone of secondary fractures, although the
present zones of higher permeability occur within "weathered" (altered by low-temperature
fluids) cataclasite zones. Where the fault zone is simple, such as the thin intersection of FZ2
in the shaft, most fractures are shear fractures subparallel to the general fault attitude (Stone
and Kamineni, 1988). All slickenlines mapped in FZ2 in the shaft intersection indicate
dip-slip (Figure 56), and the 7.3 m total mapped offset by the fault of a granodiorite dyke is
the maximum movement yet measured on a thrust fault in the FZ2.

Though this simple pattern of secondary fracturing is seen in the shaft intersection and in the
boreholes at the Underground Research Laboratory that intersect FZ2 (eg. 206-010-PH1),
more complex secondary fracturing is best exhibited in the shaft intersection of FZ3
(Figure 57). In FZ3 one group of secondary fractures parallels the main fault attitude and
two sets are antithetic to this (when distinguished by infilling and location). One of these last
two sets appears from its orientation to represent the theoretical conjugate shear to the fault
shear, though confirming slip-lines have not been observed, and the other, an ill-defined,
subhorizontal set, bisecting both the other sets, is thought to represent the extensional fracture
of the secondary system bisecting the conjugate shears. A fourth, moderately well-developed
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fracture set strikes perpendicular to the main fault and dips southwest. Though slickenlines
on the main chlorotic fractures in FZ3 indicate dip-slip these are overprinted by subhorizontal
slickenlines, and other sets have similar mixed movement indicators (Figure 57). These
observations suggest an initial, major period of southeast-northwest compression (in
agreement with stress field measurements in the shaft below FZ2), followed by
northeast-southwest compression (in agreement with stress field measurements above 200 m
depth in the Underground Research Laboratory, Martin 1990; Brown et al. 1990).
Alternatively, as is suggested later in this paper, the four fracture sets in FZ3, and elsewhere a
fifth set antithetic to the fourth and dipping northeast, are adjustments to a three-dimensional
strain field dependant on the southeast-northwest trending maximum compressive stress.

From the evidence of neomineralization dated at 2298 ± 91 Ma (Rb-Sr whole rock, Brown et
al. 1989), major LID faults were initiated about 300 - 400 Ma after the crystallization of the
batholith dated at 2571 ±33 Ma (Rb-Sr whole rock, Brown et al. 1989). These LID faults
were initiated towards the end of a long period of ductile and brittle deformation while the
batholith was both slowly cooling and being uplifted (Brown et al. 1989, Brown et al. 1990).
At the time of emplacement of aplite- pegmatite dykes (in response to a north-northeast,
subhorizontal, maximum compressive stress) the present surface of the batholith had been
raised 5 km, from about 12 km to within about 7 km of the then surface. Epidote-filled,
strike-slip, subvertical mesoscopic fractures, which are commonly not now hydraulically
active, are dated at 2350 ± 60 Ma (Rb-Sr epidote, Stone et al. 1989). Like the LID thrust
faults, these strike-slip shear fractures formed in response to a southeast, subhorizontal
maximum compressive stress. Though relative magnitudes along the principal stress axes
changed from favouring strike-slip faulting to favouring thrust faulting, there is little evidence
of change in axis orientation (Brown et al. 1990). Such a change of the intermediate stress
axis from vertical to horizontal is a normal consequence of rock mass uplift. Slow cooling of
the batholith during this period of uplift is evidenced by Ar-blocking temperatures in biotite
not being reached in rock that is now at 1 km depth below present surface until -2100 Ma
(K-Ar biotite; Kamineni et al, 1990; Brown and Kamineni 1989).

The above data suggest there was a long period of time for high-temperature hydrothermal
fluids to develop and to circulate through an open, interconnected fracture flow network of
vertical and low-dipping fractures in the batholith subsequent to the formation of the
cataclasite horizons. Rejuvenation of the LID fault zones as pathways for the flow of
low-temperature fluids after the formation of the chlorite-filled, dip-slip fractures, is indicated
by successive infillings, clay, iron oxides, and carbonates (some of which have been dated
using U disequalibrium series at 20 ka to 55 ka, D. Yorke, unpublished data).

Both the location and the orientation of LID faults have been strongly controlled by
compositional layering and gneissic foliation within the granite (Brown et al. 1989; Everitt et
al. 1990). At the north end of the Underground Research Laboratory lease the faults striking
northeast are parallel to the schlieric foliation on the east flank of an antiform, except in one
case where a splay fault (FZ2.5, mapped at its intersection in the shaft) closely parallels a
strong southwest-striking, local foliation (Brown et al. 1994b). Measurements of coarse
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mesoscopic foliation at D Permit Area strongly support a fabric control on the location of
LID faults. Orientations parallel to the best-defined fault, striking north-northwest, are absent
in surface measurements but are present near the fault in borehole observations (AECL
unpublished data).

Distinct patterns of fracture orientations are associated with fault zones at different depths in
different lease areas in the Lac du Bonnet Batholith. For example, at Permit Area D fault
zones are located both at shallow depths (-130 m) and at deeper depths (~900 m) along
borehole WD3 (Figure 58), and a different number of secondary fracture sets is associated
with each fault zone. The deep fault zone is characterized by two slip surfaces enveloping a
reticulate network of secondary fractures. In the case of the shallow fault zone, in addition to
the secondary fractures between the slip surfaces, a high frequency of fractures is
concentrated in the hanging wall and this high frequency possibly reaches up to the present
erosional surface. In some areas of the batholith, for example at the Underground Research
Laboratory (Figure 55) and at D Permit Area (Figure 54), several LID faults are stacked one
above the other. These features suggest that, at the present time, the rock mass above fault
zones that are only at shallow depth is probably decoupled from the stress field in the
footwall rock mass. They also suggest that the upper fracture network may have evolved
separately, possibly equilibrating with the current surface topography.

The origin (or origins) of the LID faults in the Lac du Bonnet Batholith is in some doubt, but
their origin(s) will directly bear on the distribution of these faults within the batholith. To
sum up the points pertinent to their origin:

1. they flatten in dip at their lower end, and, in cases where they are not truncated
by the current surface probably flatten at their upper end as well; in addition
some faults appear to be blind, i.e. to terminate before intersecting the surface;

2. they are known to occur within the upper 1 km of the rock mass and some
appear to continue to greater depth (though boreholes do not go deeper then
this).

3. there are many more small LID faults near surface and, in some areas, sets of
mesoscopic fractures parallel the primary and secondary fractures of the LID
fault fracture zones;

4. some LID faults were initiated during cooling of the batholith, and have been
rejuvenated at least twice between the Late Proterozoic and the Holocene.

5. this early initiation of some faults implies that they were probably first formed
beneath a depth greater than 1 km of overlying rock and are therefore not
related genetically to the present-day ground surface, or to the very late
Proterozoic surface on which Phanerozoic sediments were laid down;

6. there are two strike sets (and three observed dip sets) that are not orthogonal,
and the strike of the more important of these is perpendicular to the southeast
trend of the maximum compressive stress axis in this region during the Late
Proterozoic (Kamineni et al., 1990, Brown et al. 1989);

7. as small features, they form near surface in modern times where the ground is
disturbed by quarrying (cf Section 4.3).
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4.3 FRACTURES ASSOCIATED WITH THE INTERVAL: SURFACE TO 25Q M
DEPTH

Lac du Bonnet Batholith provides a very good example of the superimposition of two types
of fractures; fracture sets related to the free ground surface are superimposed onto sets of
fractures caused by tectonic (orogenic or earlier epeirogenic) deformation. This is shown
schematically in Figure 59. The early fracture sets of the second type have been discussed in
Section 4.2; the later-formed fractures are discussed in this section.

Over the whole of the exposed surface of the batholith there is a very homogeneous set of
subvertical to high-intermediate-dip mesoscopic fractures striking north-northeast. There is
also an orthogonal, not-so-homogeneous set of fractures striking east-southeast. This latter set
only occurs in the western half of the exposed batholith, but a subparallel, southeast striking
set, parallel to a rock foliation, is well developed in the south half of the batholith
(Figure 60). A less common, but well developed subvertical set strikes north-northwest and
another set strikes east-northeast (Brown et al. 1994b). The sets with north-northeast and
southeast strikes have approximately the same fracture density at surface at the Underground
Research Laboratory site. In addition, at surface, there is a set of subhorizontal to very
low-intermediate-dip fractures. This last set only occurs within a few tens of metres of
surface in areas where there is little topographic relief. The rock in the Underground
Research Laboratory shaft displays what is probably a fracture distribution with depth that is
typical of the batholith (Figure 53, after Everitt).

At the Underground Research Laboratory site, on the basis of both borehole and excavation
information, mesoscopic fractures with infillings are represented by two important
populations: 1) fractures filled partly by calcite that occur down to about -200 m depth and 2)
"tectonic" chlorite-filled and chlorite-sericite-filled fractures that occur to at least 400 m
depth (though, in part, this distribution may be controlled by host rock composition). The
orientation distribution with depth for fractures with these two and other fillings are described
in Brown et al. 1994b, and the distribution in the Underground Research Laboratory
excavations is described in Everitt and Read (1989); Everitt and Brown (1986); Everitt et al.
1987, Everitt et al. (1990), and Everitt et al. (1993). The interpretation of the asymmetry of
the pattern of smaller, secondary fractures associated with large members of mesoscopic
fracture sets observed in outcrop (Brown et al. 1994b) concurs with the near surface (to
200 m depth) northeast to north-northeast maximum compressive stress as suggested by in
situ stress measurements (Martin and Chandler 1993; Brown et al. 1988b). Possibly in
response to this near surface stress field, the fracture set trending east-southeast dies out at
about 100 m below surface in the Underground Research Laboratory, whereas the fracture set
striking north-northeast continues to at least 250 m depth. However, at these greater depths
the members of this north-northeast striking set are large in planar extent, complex in
infilling, and very sparsely distributed. Only a very few such fractures have been encountered
in excavations and boreholes at the 240 m level of the Underground Research Laboratory.
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The orthogonal pattern of niesoscopic fractures in the upper tens of metres of the rock mass
implies a general extension of the ground. Many of the larger extension fractures also show
evidence of normal (hanging-wall down) movement, breaking earlier low-temperature
infillings, such as calcite, to form pathways for groundwater. At 250 m depth in the
Underground Research Laboratory some small, open, subvertical extension fractures are still
observed, confined to coarse grained, leucocratic granitoid lenses that commonly parallel the
low-dipping compositional layering. These lenses are generally less than 1 m thick and
individually less than 100 m: in plan. They do not provide major, interconnected pathways
for significant groundwater flow. No such fractures have been observed in similar lenses at
420 m depth in the Underground Research Laboratory.

The calcite in some of the partly filled fractures of the Lac du Bonnet Batholith has been
dated by U-series and I4C methods. The ages commonly lie within the range 20 ka to 55 ka,
but which extend back in time to the last interglacial period (125 ka Szabo et al. in prep.).
No age yet measured in calcite from deeper fractures suggests postglacial extension of the
surface-related zone of fracturing, although some glacial chattermarks have been filled by
calcite, probably due to subglacial pressures (M. Gascoyne, personal communication). This
suggests that post-glacial isostatic recovery does not necessarily, or even typically, strain the
interior of fault-bounded blocks to the point of propagation of mesoscopic fractures within
them.

All types of mesoscopic fractures appear to act as pathways for groundwater recharge to the
main LID fracture zones in the Underground Research Laboratory site. The chlorite-filled
fractures in some areas show strong signs of water-rock interaction, represented by chlorite
breakdown and formation of a goethite/hematite residue. Calcite, on the other hand is stable
in the bicarbonate-dominated groundwater at these shallower depths.

5. DISCUSSION

5.1 INTRODUCTION

The purpose of this report has been to assess the likelihood of new fracturing or faulting, or
of movement on old geologic structures in the vicinity of a hypothetical disposal vault
excavated in sparsely fractured granitic rock at a depth of 500-1000 m. More especially the
assessment considers a vault in rock under conditions similar to that of the Lac du Bonnet
Batholith, but within the tectonic Superior Province of the Canadian Shield of Ontario within
a time frame of at least 10 ka and possibly 100 ka. To do this, our understanding of the Lac
du Bonnet Batholith must include:

i) the present distribution of fractures and faults at all scales,
ii) the past history of fracturing, which includes probable fracture genèses and

their relationship with other aspects of the geology,
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iii) the present stress field in the rock and likely changes to that field within the
next 10 ka (or possibly 100 ka), and

iv) the present material behaviour of the rock mass and likely changes in the
environment within the next 10 ka (or possibly 100 ka) that could change that
behaviour.

The data on which points i) and ii) can be discussed are presented in Sections 2.3, 3 and 4 of
this report. Discussions of points iii) and iv) are addressed in Martin et al. (1994) and, to
some extent, in this report in Section 2, where the factors involved in forming fractures and in
introducing initial stresses and stress changes into the rock are introduced. A recent paper by
Stewart and Hancock (1994) discusses in detail, under the title Neotectonics, the actual and
likely effects of these factors (amongst others), and the ways in which current (or recent)
movement may be recognized.

The fractures and faults in the Lac du Bonnet Batholith have been formed by:

i) pluton intrusion, cooling and changes in fluid composition and pressure during
the Early Proterozoic (Section 2.3).

ii) changes in the regional stress field and hydraulic conditions due to periods of
orogenic and epeirogenic deformation of the Shield from the Late Archean to
the Cretaceous Period (Section 2.5).

iii) the loading, unloading and frictional drag caused by continental ice sheets:
effects largely during the Pleistocene Epoch (Section 2.6).

iv) changes in the stress field and hydraulic conditions caused by unloading during
erosion and exhumation associated with i), ii) and iii) (Section 2.7).

We have used the divisions above for convenience in explanation. In many cases the factors
causing fracturing are interconnected, e.g. many plutonic rocks are intruded under the high
regional differential stress fields acting during orogenies.

Our discussion in this report tries to address 3 questions: first, how has the Lac du Bonnet
Batholith rock mass undergone brittle fracturing in the past; second, how likely are future
changes in surface loading, by erosion, glaciation or déglaciation to produce changes in the
local fracture state (this question is also addressed in part by Martin et al. (1994)); third, what
is the likelihood of tectonic stresses causing changes to the local fracture state. A fourth, but
related question, how the vault and contents may induce changes in the fractures in the
surrounding rock is addressed in Martin et al. (1994).
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5.2 DEVELOPMENT OF THE FRACTURES AND FAULTS IN THE LAC DU
BONNET BATHOLITH

5.2.1 Summary of Fracture Families

The prominent families of fractures and faults in the Lac du Bonnet Batholith and the
surrounding rock are:

i) two large regional subvertical fault zones, one striking north-northwest and the
other east-northeast, that have had a long history of ductile and brittle
deformation, probably since the Late Archean. These fault zones can be traced
for distances greater than 50 km, and they transect rocks of the batholith as
well as adjacent rocks.

ii) sets of magmatic mesoscopic fractures associated with the crystallization and
slow cooling of the Lac du Bonnet Batholith magma under gradual uplift and
exhumation of the batholith. These extend to the depth of our investigations
(about 1 km), and consist of granodioritic dykes, aplite and granite pegmatite
dykes and quartzofeldspathic veins.

iii) sets of mesoscopic fractures filled with high-temperature hydrothermal minerals
which occur sparsely through the rock mass, again to the depth of our
investigations (about 1 km). These are both extensional and shear in origin.
They also show evidence for continued environmental cooling (epidote to
chlorite-sericite infilling) and continued batholith unroofing.

iv) two strike-sets (one having members dipping in either direction) of megascopic
low-intermediate-dip faults with thrust movement that developed during the
period of high-temperature-infilling. Many of these faults were initiated in the
Early Proterozoic and exhibit evidence for periods of rejuvenation. Some
thrust faults, within 200 m of the present bedrock surface, may have developed
later, even recently as a response to human excavations. Within the depth of
our investigations these faults are less frequent and are thinner with depth in
the batholith. They have haloes of secondary mesoscopic fractures, commonly
of several ages of formation, that resemble fractures of both type iii and type v.

v) sets of mesoscopic fractures either filled with low-temperature hydrothermal
minerals or unfilled. The surfaces of these fractures are either fresh or show
low-temperature alteration by groundwater. Various sets of these differ in the
depth from the present bedrock surface, below which they are either not found
or are very rare. This depth of disappearance depends on the particular fracture
set and on other physico-chemical conditions of the rock, but is generally
around 250-300 m unless associated with faulting or other discontinuities.
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5.2.2 Timing of Initial Fracturing and Rejuvenation

During a long, early cooling history of the Lac du Bonnet Batholith following its intrusion at
the end of a period of orogenic deformation (the Kenoran orogeny) a large number of
structural discontinuities were introduced into the batholith. These have provided loci for
later deformations. The measured ages of the intrusion are 2665±20 Ma (U-Pb zircon) and
2568±23 Ma (Rb-Sr whole rock) for the main phase of the batholith (Kamineni et al. 1991).
At the time of intrusion the present surface of the batholith was at a depth of 10-12 km. This
estimate is derived from comparison of isobaric minima in the normative quartz-albite-alkali
feldspar system (Brown et al. 1989; Brown et al. 1994b). The subsequent cooling rate,
deduced from K-Ar dating of biotite from various depths in boreholes was slow, but not
uniform throughout of the batholith. With a few exceptions, the age difference of the
temperature (~300°C) of Ar-blocking in biotite in the very shallow northern part of the
batholith is -2400 Ma at < 1 km to 2350 Ma at < 100 m, whereas the difference is from
2300 Ma to 2100 Ma for the same depths in the much deeper southern part of the batholith
(Kamineni et al. 1991).

The Lac du Bonnet Batholith is cut by a suite of pegmatite and aplite dykes. These were
emplaced at depths of 3-6 km (Brown et al. 1989; Brown et al. 1994b). Coarse grained
granite, a lithologie unit related to the pegmatite suite, i.e. to the late stage of water-rich
magmatic activity, crystallized at ~500°C (Brown et al. 1989). Epidotized cataclastic rocks
from thrust fault zones in the batholith have ages of 2350±60 Ma (Rb - Sr) and
neo-mineralization microcline and whole-rock samples from the same fault zones have ages of
2298±48 Ma and 2206±86 Ma respectively (Rb - Sr). Altered granite associated with those
fault zones has a calculated temperature of crystallization of 400°C (Brown et al. 1989).
These ages, temperatures and depths of crystallization or infilling are summarized very
approximately in Figure 61 a, b and c. The inference from this figure is that the batholith
cooling rate was slow (66°C per 100 Ma) from the stage of granite crystallization to that of
epidote infilling associated with thrust fault cataclasites. The rate of batholith uplift and
exhumation was also slow during this period (4 km per 100 Ma). The total time involved in
this stage is approximately 300 Ma, roughly from 2665 to 2350 Ma, (or close to twice the
length of time between the Taconic and Acadian Phanerozeric orogenies in the Appalachian
belt). Though the rates of uplift and exhumation must have varied considerably within this
period, the data imply that the present erosion surface of the batholith was probably at a
depth of 1 km or less at the time when epidote vein infilling occurred. Explicitly, the present
surface of the Lac du Bonnet Batholith was close to the earth's surface around 2 Ga ago.
This conclusion is supported by the change from strike-slip, epidote-filled, subvertical shear
fractures, to dip-slip, LID thrust faults, also associated in part with epidote-filled fractures.
Hasegawa et al. (1985) (Section 2.5.4) present evidence that the change of stress conditions in
the Canadian Shield, from wrench faulting at depth to thrust faulting, occurs now at a little
under 2 km in depth. Willis-Richards (1990) presents evidence that, within a pluton having
conditions which are probably similar to those of the young Lac du Bonnet Batholith, this
change occurs at 500 m depth. Moos and Zoback (1993) suggest, based on borehole
measurements at 3 sites in the southeastern U.S.A., that the same conditions favourable to
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thrust faulting pertain near surface (above about 800 m), especially where favourably oriented
planes of weakness already exist. They favour the hypothesis that high stresses near surface
are a function of strong, elastic rock, such as the granite of the Lac du Bonnet Batholith, that
extends to surface and carries most of the plate-related forces, rather than being caused by
erosion and exhumation. Following this period of probable exhumation of Lac du Bonnet
Batholith (up to about 2000 Ma), it is likely that the western Superior Province suffered
several periods of subsidence, with platform and marginal basin sedimentation prior to the
Hudsonian orogeny at around 1700 Ma. A similar cycle occurred on the Shield before the
Grenville orogeny around 1000 Ma but this probably did not much affect the environs of the
Lac du Bonnet Catholith (Figure 2). These periods of deformation, which include a major
glaciation around 2200 Ma as suggested by the Gowganda tillite, and which are likely to have
accompanied these disturbances and to have affected the fault and fracture population near the
then surface, are discussed in Everitt and Brown (1994a).

The effects on fracturing of such flexing during a sedimentation and erosional sequence are
discussed in Section 2.7.1. As a likely platform area, with no remnants of Proterozoic
sedimentary rocks, the basement surface in the region of the Lac du Bonnet Batholith is
unlikely to have been buried by much more than 1 km of sediments. However, remnant belts
of rocks involved in Hudsonian orogeny lie only 400 km away on three sides of the region,
and the plate stresses associated with these must have affected the batholith and its fracture
population. Two uncertain Ar-Ar dates on illite from a thrust fault in the batholith, suggest at
least alteration, if not renewed movement at 832 ± 1 Ma and 510 ± 1 Ma. This was probably
related to epeirogenic events and the formation of new erosion surfaces. Major mafic dyke
swarms occur in the western Superior Province of Canada and the U.S.A. One swarm,
striking west-northwest, dated 1750-2099 Ma, that might have affected the Lac du Bonnet
Batholith region lies 300 km away, but the Lake of the Woods swarm, striking northwest and
dated at 2120 ± 76 Ma lies only 150 km away from the region. By analogy with the pattern
of dyke flow recently suggested for the McKenzie dyke swarm (Ernst and Barager 1992), the
a, axis at this time in the region of the Lac du Bonnet Batholith is likely to have been
horizontal, paralleling the dykes, and a,, though probably not actively tensile, would have
been in the northeast direction subparallel to the batholith axis.

There is direct evidence of a Late Proterozoic or Early Phanerozoic surface in the vicinity of
the Lac du Bonnet Batholith on which Ordovician (post 505 Ma) sediments were laid down.
The margin of these sedimentary rocks lies 40 km to the west-southwest of the Underground
Research Laboratory along the direction of the sedimentary basinal dip. Seismic reflection
profiles and two boreholes were undertaken by the Geological Survey of Canada northeast of
Beausejour (McCabe, 1983) to determine the nature of the Precambrian - Phanerozoic
boundary. In one borehole the Ordovician Winnipeg Formation rests on a 0.4 m thick
weathered zone at the top of the Precambrian basement. Though there is a local topographic
relief of 35 m within a 3 km distance is the regional dip for the Precambrian surface is about
2.5 m per km. Utilizing this regional dip, the old Early Phanerozoic erosion surface projects
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rectilinearly to 100 m above the present bedrock surface at the Underground Research
Laboratory. This projection is probably a maximum, as the regional dip is likely to decrease
eastward as the environment of sedimentation changes from marginal basin to platform.

That the present ernsion surface is, in many places in the Shield, close to a very old late
Proterozoic or early Phanerozoic erosion surface has been suggested several times in the past
(e.g. Ambrose, 1964). The evidence is largely from remnants of Proterozoic and Phanerozoic
rocks, but also in some cases from interpreted weathering/alteration profiles. At Lac du Bonnet
Batholith the near-surface pinking of the granite has been attributed to both deuteric alteration
and to weathering (Brown et al. 1989). Though deuteric alteration was supported by the
chemistries of different rock units, as yet there is no definite distinguishing factor between the
above two types of granite alteration. If the near surface pinking is largely due to weathering it
would support the proximity of the present surface to a very old erosion surface. This old
surface, however, would have been slightly flexed (other than by continental glaciation) at least
once during the Phanerozoic Era. Cretaceous sedimentary rocks, resting on both Ordovician
rocks and Precambrian basement lie 80 km to the south of the Lac du Bonnet Batholith.
Because the Phanerozioc cover rocks here have been identified as platform sediments, the
formations that formerly overlaid the Lac du Bonnet Batholith are likely to have been thin.
Therefore the vertical movements, due to sedimentary loading and erosion of the Precambrian
surface, are likely to have been small.

In the Phanerozoic Eon, the only major tectonic disturbances that might have affected the
interior of the craton, in the region of the Lac du Bonnet Batholith, have been changes in
applied plate stresses at the craton margins as the continents drifted, and the passage of the
craton across the Great Meteor Hot Spot in the Mesozoic Era as the Atlantic opened
(Section 2.5.1; Figure 33). No evidence has been found as yet in the batholith for any
deformation directly attributable to these disturbances, even though the hot spot passed within
500 km of this region.

The inference from the above discussion is that the present bedrock surface in the
Lac du Bonnet Batholith has been near the earth's surface, or not far from it, for a very long
time (at least 400 Ma). For various reasons (Brown et al. 1989; Brown et al. 1994b) the
present erosional surface of the batholith is thought to be near the roof of the original
batholith, and that it was either exposed, or within 2 km of the then surface during the long
400 Ma period of cooling following intrusion at about 2.6 Ga (Section 4.1). During this
period of cooling and near exhumation much of the brittle fracturing and faulting now present
in the batholith was initiated. Subsequently this erosional surface of the batholith horizon
was probably buried by younger sediments and re-exhumed several times, but was never very
far from the earth's surface. The current erosional surface of the batholith is probably within
a 100 m of the erosional surface present 400 Ma ago. The fracture systems now observed in
the Lac du Bonnet Batholith have had a very long period to develop in response to a very
near surface environment.



- 4 9 -

Unfortunately there is a hiatus in the dating of the initiation of the various fracture systems
and the time of their reactivation. There are no absolute dates between the Early Proterozoic
faults and fracture infillings associated with the Pleistocene glaciations. However, dates
(404 ± 64ka and 475 ± 33ka) from recent electron spin resonance analyses of quartz from
fault gouge zones (Lee and Schwarcz 1994) suggests that part of the LID fault zone FZ2
moved at the start of the Illinoian glaciation, whereas other parts did not.

5.2.3 Very-Near Surface Conditions and Fracturing

Extension fractures occur in many granite outcrops, including those in the Lac du Bonnet
Batholith. The common state, at or very near the outcrop surface, as measured by over- or
under-coring, is one of compressive stress, but the surface stress field is complex, both in
magnitude and orientation. In a single area the mapped visible structures may be both
extensile and compressional in nature (cf Section 2.5.4).

Such a complex state seems to occur in the near-surface environment at the Lac du Bonnet
Batholith. Overcoring measurements of in situ stress at the surface of outcrops in the
batholith suggest areas of up to a few tens of square metres of similar principal stress
orientation or of similar magnitude. In no case was the stress tensile, but this is to be
expected since the measurements were taken on a flat-lying outcrop with little nearby
topographic relief and no post-magmatic stage fractures. Using published elastic constants for
granite samples taken from surface, the average mean horizontal compressive stress,
calculated from the measurements in outcrops, is 30 MPa, a figure likely to be too high,
(Brown et al. 1988). "Pop-ups" occur close-by, indicating horizontal compressive stresses of
6 to 17 MPa, using a crude critical stress buckle formula. This value is closer to the expected
value from other sources. The relative quantities of topographic, active tectonic, rémanent
and residual stress are unknown. Multiple overcoring experiments at the Underground
Research Laboratory (Martin et al. 1994) suggest that the residual component is very low.
Nevertheless this component in granite of the Lac du Bonnet Batholith may be higher since
much of the recovery of residual stress depends on loosening of the intergranular framework
of the rock. Nichols (1971, 1975) had strain recoveries suggesting a relief of 1.4 MPa of
residual stress, in a free block of Barre granite in which this "loosening" had floi taken place,
(cf Section 2.7.3) . Price obtained a relief of 60 MPa from specimens of greywacke after the
matrix bonding had been broken (Price and Cosgrove, 1990; Section 2.7.3). It is possible
that, in the zone of weathering in the Lac du Bonnet Batholith granite, more than a few
megapascals of residual stress is available. This suggestion is partly supported by the
expansion of wire-sawn blocks, of a few metres dimension, in a granite quarry in the Lac du
Bonnet Batholith (Cold Spring Granite (Canada) Ltd). Here, wires in a west-northwest
orientation tend to be nipped, and in some cases blocks snap free of the main mass with a
loud report. These observations imply that there is some residual elastic energy in the
granite; but it seems both too low magnitude, and also to be unavailable for fracture
propagation below a few metres depth.
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In the Lac du Bonnet Batholith "pop-ups" occur in outcrops free of mesoscopic fractures, and
high near surface stresses have been found in the Medika pluton (30 km to the south of
Lac du Bonnet Batholith) in outcrops that are almost fracture free (Everitt et al, 1994b;
Martin et al, 1994). However, in the Lac du Bonnet Batholith most outcrops are strongly cut
up by subvertical extension fractures. Some are filled with calcite, and, in those which are
unfilled, variations in fracture surface alteration suggest a long history of formation, the
difference in size and depth extent of the two main orthogonal sets of fractures (cf,
Section 4.3), suggests that in some areas of the batholith there may be either a general state
of tension or an active west-northwest trending tension.

Field observational evidence suggests that the residual ridges and knobs of the current surface
of the batholith are broken up by three orthogonal sets of unfilled fractures (parallel and
vertical to the ground surface), the smaller knobs being the most fractured. From this
outcrop evidence and data from boreholes it appears that the ridges show extension, whereas
the rocks beneath the overburden covered valleys remain in compression, exhibited by
shallow, minor thrust faulting (R.I. Sikorsky personal communication). This idea can be
extended to the areas of flat outcrop with little local topographic relief, where subvertical
fractures are sparse due to continued lateral constraint, but true subhorizontal fractures are
commonly present near the surface. We infer from these data that the unfilled, or
very-low-temperature-mineral infilled mesoscopic fractures observed on outcrop or at shallow
depths in the batholith are likely to be related to the topographic relief on present or past
erosion surfaces.

Re-orientation and magnitude changes of the in situ, non-tectonic stress field by local relief
have been studied, for example by Pan and Amadei (1993). Their modelling of asymmetric
topography showed several compressive stress maxima and minima in ridges and of tensile
stress in valleys. Though such topographic stress variation has probably caused some of the
fracturing at the surface of the batholith the surface relief seems too little to control fracturing
much below 100 m depth.

Though both subvertical and subhorizontal extension fracturing are common, mesoscopic
fractures with normal fault attitudes have only been observed to any extent in the
Lac du Bonnet Batholith above FZ3 at the Underground Research Laboratory and in the Cold
Spring Quarry. This again suggests that active tension may be involved in some of the near
surface fracturing. In addition, observation of some of the larger, steeply inclined,
mesoscopic fractures in the upper section of the Underground Research Laboratory shaft has
shown several ages of infilling (Everitt et al. 1990). Calcite infilling in some fractures at less
than 100 m depth has been broken apart and the surface has been "weathered" by
groundwater. Dilational and lineation evidence suggest that the breakage was caused by
normal fault movement i.e. the ground was under extension in an east-west direction.

Mesoscopic fractures with LID attitudes control the topography in some areas of
Lac du Bonnet Batholith (unpublished AECL data; Stone and Kamineni 1987). These
fractures may be large, 100 m x 30 m in a single plane in one example. It has been shown in
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two studies at the Underground Research Laboratory site that the surface fracture attitudes
tend to mimic the attitudes of the secondary fractures in the local LID faults (Brown et al.
1994b.). In two quarries at the east end of the batholith fresh fractures with LID attitudes are
thought to have formed recently, at least in one case with "walking stick" structures (Price
and Cosgrove 1990) suggesting thrust movement under very little vertical confining pressure.
These observations support the idea that, in many areas uninfluenced by local topography, the
near-surface rock of the batholith is still in general compression. Thus, many of the smaller
interpreted thrust fault structures, such as those which shallow rapidly in dip with depth at
Permit Area D in the batholith (Ejeckam et al. 1994), could be related to erosion surfaces of
later date than 2200 Ma, but they do not reach below 200 m depth (Figure 54).

If the upper part of the Lac du Bonnet Batholith rock mass is divided into blocks defined by
LID faults with two strike orientations and possibly two dip orientations for each strike, there
are probably large prisms of rock detached from the underlying mass. Near-surface these
prisms may be free to expand. It has been suggested that part of this expansion will be
through subvertical extension fractures, which because they are in the hanging wall, could
build up the thrust movement. We consider this to be unlikely except under very local
conditions, especially at depths of 500 - 1000 m. There are several reasons for saying this:
the two strike-sets of faults; the strong asymmetry of development of the orthogonal sets of
subvertical fractures; the overprinting by strike-slip lineations near surface on FZ3; the
irregular geometry of the thrust fault planes; the absence of subvertical fractures at the deeper
levels in some faults; and the difficulty in granite of releasing the residual stress.

It is apparent that near-surface stress conditions in the Lac du Bonnet Batholith are complex
and that the responses to near-surface stresses are not only complex but, in turn, the responses
affect the complexity of the stress field. Shear strains may develop that are accommodated
by brittle fractures on which no shear is visible. In granite at the Underground Research
Laboratory site groups of smaller fractures have developed coevally around some of the larger
unfilled mesoscopic fractures. The geometric pattern of these groups tends to be asymmetric.
Interpreting the common strain fields as if these larger fractures had obvious shear movements
leads to the conclusion that all major fractures in the north-northwest octant are right-hand
shears, all those in the east-northeast octant are left-hand shears, and those in the
north-northeast and west-northwest octants have mixed shear interpretations. These results
are in agreement with the north-northeast trend of the near-surface, in situ maximum
compressive stress axis (Brown et al. 1994b). This demonstrates that, even in near-surface
areas of the batholith which are probably dominated by topographically induced stress, the
tectonic stress (and possibly the residual stress) plays an active part in the formation of new
fractures.

5.2.4 Probable Natural Changes to the Environment

AECL's nuclear fuel waste disposal concept rests in part on there being a stable fracture
population in the rock surrounding the waste emplacement areas of a disposal vault for at
least 10 ka, or, with less certainty, up to 100 ka. We have presented evidence in past
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sections of this report that the current stress field is not causing continuing fracture growth in
sparsely fractured blocks within the Lac du Bonnet Batholith at vault depths of 500 - 1000 m,
in spite of continued post-glaciation isostatic recovery. The companion paper by Martin et al.
(1994) shows that the current stress field in the Lac du Bonnet Batholith allows stable crack
growth when it is disturbed by local perturbations such as underground excavations, but does
not allow unstable crack growth.

Natural changes to the stress field which are likely to be important in the western Superior
Province were introduced in Section 2. Of these, tectonic mechanisms are very unlikely to be
active, though the stress perturbations introduced by the passage of a "hot spot" beneath the
craton may still be present in the same locations. The onset of a continental glaciation is
likely to occur within the next 10 - 100 ka. Once established, the load of a continental ice
sheet has been shown to inhibit fracture growth and faulting. However, during ice sheet
growth, major fluctuations in the ice front are both likely to occur and also likely to cause
fracture propagation and closure, but not at the proposed disposal vault depths (500 to
1000 m). Changes in the bedrock topography beneath the ice sheet are unlikely to be
important for fracture propagation, except in areas of high relief. Enhanced local erosion and
transport of material by ice-rivers within an ice-sheet seems to occur largely in areas of
already high bedrock relief. In most of the Shield and in the western Superior Province
especially, where bedrock relief is low, this sort of erosional stress change will probably not
be significant.

There is a chance for the onset of an interglacial (or interstadial) period during the next
100 ka. Past history shows that the time immediately following déglaciation can be one of
increased fault activity. This activity appears to be caused not only by the isostatic rebound
but also by build-up of tectonically induced elastic strain energy beneath the ice load. In
addition, post-glacial pore pressure gradients in some fractures are likely to be high, due to
slow drainage of residual pressures from the ice load. Some stable crack growth is to be
expected following déglaciation, and seismic movement may occur on some faults which
could alter the faults' mesoscopic fracture halo. The data presented in this report suggest that
the fracture population in the Lac du Bonnet Batholith, related to the present-day erosional,
unconfined free bedrock surface has reached a stable depth. As the present erosional surface
of the batholith has remained about the same for 400 Ma, the last glaciation, which ended
about 10 ka ago, is unlikely to have driven the zone of fracturing deeper than previous
Pleistocene glaciations or sedimentary cycles during the past 400 Ma have done, even though
isostatic recovery is not complete. At the 500-1000 m depths proposed for a disposal vault in
the batholith there is insufficient energy available for unstable crack growth, though
concentrations of rémanent stress occur due to the presence and interplay of discontinuities
within the Lac du Bonnet Batholith. On the basis of experiments at the Underground
Research Laboratory, residual stress in the granite is largely unavailable i.e., remains
"locked-in".
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The probability of a major earthquake (M>6) occurring in the western Superior Province of
the Canadian Shield in the next 10 ka, sufficiently close to a disposal vault to cause loss of
integrity through activation of a minor fault, seems low (Sections 2.5.5 and 2.5.6). Due to the
short historical record, the uncertainty of the causes of mid-cratonic earthquakes, and the
ignorance of the way mid-cratonic regions are tectonically loaded, the possibility of a major
earthquake occurring in this part of the Shield within 100 ka exists. However smaller seismic
events, probably on small faults at 0-3 km depth, do happen infrequently, presumably on
those structures oriented favourably to the local stress field. For these shallow faults to move
it seems that a changing stress field due to continuing glacial isostatic rebound is more likely
than a cyclic time-dependant relief of the current plate tectonic stresses.

Observations of structures from past deformations at our geologic Research Areas suggest that
rejuvenation movements on shallow faults will cause secondary fractures in the fault halo to
re-adjust but will not cause new fractures to form or old fractures to propagate in the adjacent
blocks of sparsely fractured rock. As isostatic adjustment wanes, movement on these faults
should die out.

6. SUMMARY

New fracturing or the propagation of existing fractures will not occur in a mass of rock unless
there are changes to the stress field. In this report we have examined the factors involved in
fracture formation, the current stress conditions, and the factors that could have changed these
conditions. Pluton intrusion and the tectonic mechanisms of fracture formation are described
first, followed by a summary of the measured stress field and the potential for seismic
movement on faults within the western Superior Province. The probability of future
continental glaciation and déglaciation occurring on the Shield within the next 10 ka or
100 ka is discussed. The likely effects of glaciation and déglaciation and of further erosion
and exhumation on fracturing in plutons in the Shield are examined.

To show the stability of the plutonic rock masses we have studied at our Shield Research
Areas, brittle deformation histories were compiled for these plutons. These histories are
based on field relations, fracture infillings, radiometric dating, and pressure and temperature
of formation through experimental mineral stabilities and stable isotopes.

In general terms, geological faulting and fracturing are caused by episodes of mountain
building (orogeny), episodes of gentle up- and down-warping (epeirogeny), by geomorphic
changes (including glaciation and proximity to the earth's erosion surface) and from
man-made excavations. Fractures from all these causes ma/ be superimposed on one another.
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In the Superior Province an orogeny has not occurred since 2500 Ma though the Province's
margins have been affected as late as 1000 Ma ago. Batholiths such as the Lac du Bonnet,
though they have been intruded after the major deformation phase, are considered part of an
orogeny, and the most important regional faulting that has affected them is also associated
with an orogeny.

Epeirogeny has also caused major changes in elevation in the Shield. The Precambrian rocks
were once covered by marine sediments, that have now, in large part, been eroded away after
uplift. In addition the ground has been flexed by three Pleistocene glaciations.

Uplift is accompanied sooner or later by erosion. Two simple changes occur. The weight of
the overlying rock is reduced and deeper rock is lifted into a larger circumference of the
earth. In consequence, not only is the confining stress lowered but the relative magnitudes of
the vertical and two horizontal stress axes change, and there is likely to be an accompanying
change in the fluid content of the rock mass. If there is no large tectonic compressive
differential stress, the continuous removal of the confining load by the erosion of the earth's
surface will cause a horizontal extension commonly expressed by subvertical extension
fractures or high-intermediate-dip (-60°) faults.

Our studies of the plutons in the Atikokan, Whiteshell and East Bull Lake Research Areas
show that, the significant faults and fracture zones have certain common characteristics.
These features bound blocks of rock which are of relatively low fracture frequency (at least
below 1 fracture/10 m). Within the fault-bounded blocks, radiometric dating of fracture
fillings indicates that most of the fractures below 200 m depth were initiated more than 2000
Ma ago and are younger than the host-rock by only a few hundred million years. They have
internal structures exhibiting mechanical grinding between the fracture walls nearly
synchronous with the formation of minerals compatible with conditions of ~300°C and 20 to
30 MPa pressure, i.e. not those of their present location. However, in zones of fractures
associated with the significant faults, fracture propagation or reactivation has possibly
continued up to the last déglaciation.

Both microscopic and mesoscopic fractures form during the later epeirogenic events and have
low-temperature mineral fillings. In many cases they occur in reactivated domains of the
older fractures/faults where the high-temperature fillings re-equilibrate with the groundwater
to the new conditions, to produce, for example, clays, gypsum and calcite. These minerals
can reblock groundwater pathways in the fractures, especially at deeper levels.

The types of fractures and faults we consider to be the potentially significant grcundwater
flow pathways within the Lac du Bonnet Batholith are summarized in a conceptual block
diagram (Figure 59). Sparse subvertical fractures of tectonic origin have been encountered at
all depths investigated, but below 300 m depth do not show signs of rejuvenation or of acting
as open flow paths. Chlorite-filled shear fractures are more common than epidote-filled
fractures and can be considerably larger than those that are epidote-filled.
Chlorite-sericite-filled fractures are very sparse but are ubiquitous and small (1-2 m).
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Within the Lac du Bonnet Batholith several low-intermediate-dip (~10°- 35°) thrust faults have
been discovered. Others are expected to be present, possibly in periodic zones at the same
spatial frequency throughout the batholith. These faults are the major pathways for
groundwater flow through the batholith. They bound blocks of rock that are very sparsely
fractured and are without any open fractures at depths of 500-1000 m. These fault zones
have developed a reticulate network of secondary fractures, and the amount of this secondary
fracturing is related to depth as well as to local flexures in fault geometry.

The present bedrock erosional surface of the Lac du Bonnet Batholith is at, or lies close to, a
very old erosion surface. Marine sedimentary rocks, which were deposited on this surface
about 500 Ma ago, lie only 40 km from the west. Any fractures which are related to the
erosional relief of confining stress and topography-related stress changes have therefore had a
long time to develop. A very homogeneous set of subvertical mesoscopic fractures striking
north-northeast, has developed close to the current surface of the who! batholith. A similar
set of fractures, striking east-southeast to southeast, is found with varied degrees of
development in different parts of the batholith. In addition, a set of subhorizontal to very
low-intermediate-dtp fractures also developed close to the current surface of the batholith.
Where the topographic relief is not large this last set dies out within 10-20 m of surface. The
axis of the current horizontal near-surface (to 200 m depth) maximum compressive stress
trends north-northeast in the batholith, and, probably related to this stress field, the fracture
set trending east-southeast dies out at 100 m below surface. On the other hand, though the
fracture set striking north-northeast also diminishes with depth, it continues to at least 250 m
depth from evidence at the Underground Research Laboratory. However, at this depth these
fractures are complex and large in planar extent, and are very sparse.

Some chlorite-filled fractures show strong signs of water-rock interaction at depths below
250 m. This alteration is probably caused by groundwater movement along the fracture after
the chlorite was deposited. It seems likely that these fractures, together with some large
trosional relief fractures, provide recharge paths for groundwater moving to the
low-intermediate-dip faults in the batholith. At 250 m depth in the Underground Research
Laboratory, some small, open, subvertical, extension fractures are present, but these are
confined to coarse grained, leucocratic granitoid lenses that commonly parallel the
low-dipping compositional layering in the batholith. These lencoratic lenses are commonly
short and are almost, if not completely, unfractured at the 420 m level of the Underground
Research Laboratory. They are not considered to form groundwater paths through the
batholith at these depths.

There is no evidence at the Underground research Laboratory that new fractures have formed
(as opposed to propagation of old fractures) much below depths of 250 m in the batholith
except in association with fault zones. Movement within the rock mass below 250 m since
500 Ma seems to have been confined to the rejuvenation of existing fractures, faults and fault
zones, but the magnitude of the later movement is insignificant compared to the original
deformation.
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Within the next 20 ka the most likely change to the stress field in the Lac du Bonnet
Batholith will be caused by the onset of continental glaciation on the Shield altering the
incumbent load and the groundwater flow. The most likely result will be inhibition of further
fracturing, though fluctuations of the ice front during the onset may cause some fracture
propagation. Déglaciation could occur within 100 ka and it is likely to be accompanied by
rejuvenation of faults and some mesoscopic fracturing associated with existing faults or other
discontinuities.

Major deep seismic events occurring in the western Winnipeg River Plutonic and the
Bird River subprovinces within the next 10 ka are improbable. Seismic events of low
magnitude on shallow faults are occurring infrequently in parts of the Shield now, but this
activity will likely decrease, until a further peak occurs following a later déglaciation.
Topographic changes due to local erosion or glacial ice build-up will probably cause some
local propagation of mcioscopic fracturing near the bedrock surface but not to the depths
being considered for a disposal vault (500-1000 m below surface). There appears to be an
insufficient source of energy to drive unstable growth of mesoscopic fractures within fault-
bounded blocks of Lac du Bonnet Batholith granite. Our observations of the fractures in the
batholith suggest that, although some pre-existing fractures have been periodically reactivated,
no significant new fracturing has occurred at vault depths in the past few hundred million
years. Some stable crack growth, such as is found in the coarser-grained, pegmatoid lenses in
the batholith has probably occurred, but these fractures are very small and have not formed
important pathways for groundwater movement.
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FIGURE 3: Tectonic-Mechanical Model for Intrusive Processes in the Lower and Middle Crust (after
Kukowski and Neugebauer 1990).

a) depth dependence of viscosity contrast between magma and intruded rocks for non-linear
temperature fields. (The line 6c refers to the lowest viscosity contrast, in their modelling
experiments, in which the rising magma separated into several, separate intrusions).

b) long term mechanical conditions in the upper lithosphère under tectonic compression and
extension.

c) regions of origin, uprise and emplacement of granitoid magmas.

d) erosion level.
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FIGUÏŒ 5: Pluton Emplacement

a) Tectonic Locations in Which Intrusions Commonly Take Place (after Hutton 1988a). Six
generalized modes of ascent and emplacement of granitoid intrusions, all starting as diapiric
detachment of melts: the source region is arbitrarily placed in the lithosphère mantle.

1 ) diapiric uprise in absence of tectonic activity; arrest due to density equillibration followed by
late ballooning.

2) uprise into major vertical tectonic extensional system; magmas rise to high crustal levels
with ponding and caldera formation.

3) diapiric uprise arrested by viscosity/strength changes at the Mohorovicic discontinuity (or
higher), leading to lateral spreading and possibly to late spawning of upper crustal plutons.

4) diapiric rise into middle crust, followed by rise along uppercrustal strike-slip faults; leading
to horizontally elongate plutons.

5) diapiric rise into middle crust, followed by rise along listric extensional faults, leading to
flat-lying granite sheets and possible to caldrons or calderas.

b) Styles of Plutons Emplacement Relative to the Intruded Country Rock (after Clarke 1992).
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FIGURE 6: Schematic Diagram of the Relative Changes in Pressure and Temperature of
Undersaturated Magma During its Ascent, Cooling and Crystallization, and of the
Exsolved Hydrothermal Fluid (from Phillips 1973); Saturated Solidus and Liquidus Lines
are Based on Approximate Melting Relationships of Granodiorite, and Solubility Figures
of Water on Andésite; Lithostatic Pressure - LP, Vapour Pressure of Water - VP, Tensile
Strength of Rock - T Intrusive Fluid Pressure of Magma - IP, Pressure of Hydrothermal
Fluid - FP, Nucleation Forces - N; the Increase in Hydrothermal Fluid Pressure Before
Fracturing is Schematic Only. A-B represents magma rise; at B magma stops rising
through host rocks (but may continue rising through exhumation): from C-D anhydrous
minerals crystallize and at D magma is saturated; B-C- D-F is the constant load pressure;
D-E and F-G are the retrograde increase in vapour pressure in the crystallizing magma and
the consolidated outer shell respectively; E-F and G-X are the abrupt drop in the pressure
of the released hydrothermal solution; X-Y-Z are repeated episodes of hydraulic
fracturing.
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FIGURE 7: Simple Schematic Diagrams of a) Stress Trajectories; b) Pore Water Convection Systems;
c) Gradual Crystallization; and d) Shear Fractures; During the Crystallization of a Small
Granite Stock (after Phillips 1973)
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FIGURE 8: Stress Configuration Around Hercynian, Late Syntectonic Granitoid
Plutons in Cornwall, UK, Emplaced as Magma Cells into a Regional
Stress Field; Based on the Mapped Orientations of Dykes and
Hydrothermal Veins (after Moore 1975).

a) approximate form of stress trajectories exerted from within an
elliptical cavity; 1 - with no regional stress field, 11 to IV - emplaced
into various combinations of matrix confining regional stress fields.

b) a composite model of the idealized mapped stress trajectories
around fluid cores placed within the present granite body outcrops
after displacements of later regional faults have been removed.
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FIGURE 9: a) Schematic Pressure and Temperature Conditions of Ductile to Brittle
Deformations at the Grain-Scale Within a Cooling and Crystallizing
Magma Undergoing Uplift (after Paterson et al 1989).

b) Schematic relationship between strain fabrics at the grain scale and the
crystallization state of a granitoid magma, (after Hutton 1988a). The
diagram relates to rock fabrics illustrated in Figure 10a and b.
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a) Pre-full crystallisation fabric

b) Crystal plastic strain fabric

Qr subgrains

Q/Otlg.

Approx scale

c) Shear strain

FIGURE 10: Schematic Sketches of Rock Fabrics Related to Crystallization of
Granitoid Magmas, (a, and b, after Hutton 1988a and c, after
Simpson 1985).

a) fabric prior to full crystallization.

b) fabric due to crystal plastic strain.

c) fabric planes (currently known as C and S) introduced into
cooling and crystallizing granitoid magmas under an applied
shear stress.
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FIGURE 11 : Schematic Cross Section Through the Earth Showing Plate Tectonic
Features and Mechanisms Likely to have Affected The Superior Province
(after Sun 1989). (The asthenosphere is a shell within the earth, tens of
kilometres below the surface, of undefined thickness and relative
weakness, where plastic deformation takes place, as in isostatic
readjustment. The lithosphère is a layer of high strength relative to the
underlying asthenosphere, to a depth of pc^ibly 100m, that includes the
crust and possibly part of the upper mantle).
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8 < 22.5°
e'>22.5°

FIGURE 12: Moh's Stress Circles, Representing Rock Conditions
that will Give Rise to A. Tensile Failure, B. Shear
Failure, or C. Hybrid Extension/Shear Fractures. The
sense of movement exhibited by the fracture planes,
and their orientation with respect to the axes of greatest
and least prinicipal stress are also shown (from Price
and Cosgrove 1990).
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b) Normal
faults

Thrust (reverse)
faults Strike-slip wrench faults

FIGURE 13: The Relationship of the Orientation of Three Types of Simple Faults
(Normal, Thrust or Reverse and Strike-Slip or Wrench) to the
Relative Magnitudes of the Vertical and Horizontal Principal Stress
Axes Common in the Earth's Crust (after Price and Cosgrove 1990).
S.S. indicates the "standard state" produced by gravitational loading;
the magnitudes of the principal stresses are shown relative to S.S.
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FIGURE 14: Connections at Jogs in Faults (from Sibson 198S).

a) Likely development of extension fractures in association with dilational and
anti-dilational jogs along a segmented fault, shown in relation to far-field
principal compressive stresses (cl >a2

> o3).

b) Mixed extensional-shear fracture model mesh linking fault segments across a
dilational jog; compressional field (+), dilational field (-), suctional force F,),
wall rock fluid pressure (Pw), internal fluid pressure within link (Pt ).
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FIGURE 15: The Dynamic Interaction and Possible Changes in a Sediment Fabric, Porosity and
Fluid Flow Associated with the Migration of a Strain Wave Along a Propagating
Fault. Graph (e) represents the permeability at point marked by a solid ellipse
(from Knipe et al. 1991).
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FIGURE 16: Graph Showing the Range of the Ratio of Fluid Pressure
to Overburden Pressure (X,v) With Respect to Confining
Pressure (as Depth) for Shear Failure and
Hydrofracturing (on the Barbed Side) in the Fault Modes
T - Thrust, W - Wrench and N - Normal (Where Density
• 2.55 g cm"3 the Coefficent of Internal Friction = 0.75,
Cohesive Strength = 5 MPa and the Shear Stress = 1 MPa
(after Sibson 1981)
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gouge

t _
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FIGURE 17: Schematic Cross Section of a Fault in Which
During Slip the Local c, Trajectory is Re-Oriented
to a 45" Alignment to the Slip Plane, to Show the
Various Types of Secondary Fracture Plane that
May Develop in the "Fault Zone" or Within Fault
Gouge (after Petit 1987 and Lochner and Byerlee
1993). R, and R2 are Riedel shears, T are extension
fractures and P are either propagation shears or
elastic rebound fractures; M represents the main
shear fracture set if an external zone of secondary
fractures is present.
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a) SOURCES OF TECTONIC STRESS

ÎÎ
BROAO-SCALE TECTONIC FORCES

1 Shear traction at base of lithosphère
2 Net slab pull at subduction zones
3 Ridge push from oceanic ridges
4 Trench suction on over-riding plate

LOCAL TECTONIC STRESSES
5 Bending due to surface loads
6 Isostatic compensation
7 Downbending ol oceanic lithosphère

FIGURE 18: Sources of Tectonic Stress

a) due to plate and related local surface loading forces (after Zoback
et al. 1989).

b) due to "hot spot" or mantle plume loading (after Gough 1984).
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FIGURE 19: Displacement Field Vectors in Rock Surrounding
an Opening Fissure System of Dykes and
Volcanoes in Northeastern Iceland (from Foulger
et al. 1992).

a) location of study and mean rate of plate
opening.

b) horizontal point displacements, 1987-1990;
lengths of the vectors are proportional to the
displacements; thick lines represent vectors
significant to >99% confidence level.
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FIGURE 20: Location of Seismic Station RSON
Between the Uchi and English River
Subprovinces of the Western Superior
Province (after Silver and Chan 1988). The
arrow gives the fast azimuth (075°) of the
seismic anisotropy.
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contours 4 -128 km thick

FIGURE 21 : Spatial Variation in Effective Elastic Thickness of the
North America Lithosphère Based on Calculations of
Flexural Rigidity (after Bechtel et al. 1990). Contour
values are labelled in kilometres assuming E = 1.0 x
10llNm'2.
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Mid-continental
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FIGURE 22: Gravity Domains in North America Derived from Horizontal,
Gravity Gradient Features (after Thomas et al. 1988).

a) gravity trends drawn by tracing axes of horizontal gravity
gradient features.

b) first-order gravity domains derived from Figure a;
successively younger terrains (VI11 to 1), believed to be
accreted by collision tectonics, are encountered along the
arrows.
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FIGURE 23: Photograph of Strains at the Grain-Scale in a Block of Bane Granite by Birefringence in a
Photoelastic Plastic Sheet (after Brown et al. 1988)
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FIGURE 24: Stress Orientations in North America (from
Gough 1984). Pairs of broad arrows show
the directions of the greater horizontal
compressive principal stress in the craton;
two-headed arrows indicate the lesser
horizontal principal stress in S extensional
stress provinces.
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FIGURE 25: Orientation of Maximum Horizontal Compressive Stress Axis in the Earth's Crust
Throughout the World, Interpreted from Various Data Sources (from Zoback 1992)
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FIGURE 26: Orientation of Maximum Horizontal Compressive Stress Axis in the Crust of Eastern to Mid-Canada from
Various Data Sources (from Adams 1992)
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FIGURE 27: Suggested Direction of Compression During Periods of Tectonic Deformation, and Orientation of Principal Stress Axes Measured by
Overcoring Plotted on the Lower Hemisphere of an Equal-Area Projection in the Western Superior Province of the Canadian Shield
(from Herget 1980)
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FIGURE 28: Directions of the Maximum Compressive
Principal Stress Axis as Measured in South
Dakota, U.S.A. (SQ) and Inferred Seismically in
Kansas (P), Compared to the Location of the
Mid-Continent Rift (MCR) and Measured Stress
Axis Orientations in the Mid-Continent East of
the MCR (from Haimson 1990)
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FIGURE 29: Stress Distributions in Upper Crust of the Canadian Shield from Measurement
Inference (from Hasegawa et al. 1985). av - Vertical Stress, <Jh raax - Major Horizontal
Stress, oh min - Minor Horizontal Stress.

a) distribution near surface from measurements reported by Herget (1980).

b) distribution from 5 - 20 km in depth of relative stress magnitudes (not absolute
values) inferred from earthquake solutions. No stress data are available from 2 - 5 km
depth, therefore no stress values are shown on the x - axis.

c) suggested distribution from various measurements, calculations and inferences.
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FIGURE 30: Variation in Rock Stress Magnitude with Depth in the Carnmenellis
Granite Pluton in Cornwall, England, ( after Willis - Richards 1990).

a) Location of granite plutons in southwest England (cf Figure 8).

b) Rock stress measurements in the Carnmenellis Granite, by hydraulic
fracturing.
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FIGURE 31 : Comparison of the Maximum Horizontal Stress O,, Measured in
the Canadian Shield (Herget and Arjang 1990) to the a,
Magnitudes Measured at the Underground Research Laboratory
(Martin and Chandler 1993)
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FIGURE 32: Locations of Earthquakes in Northwestern Ontario Recorded by the AECL/GSC Seismogram
Network (after Wetmiller and Cajka 1993), Spatially Grouped into Areas (1-7) that Might
have the Same Regional Geological Cause, as Suggested Below for Each Area.

1) Presence of northwest-striking McKenzie and unknown dyke swarm; intersection of
northeast - and northwest - striking faults.

2) Presence of northwest-striking faults.
3) Presence of major east-striking fault and location on the English River subprovince

northern boundary.
4) Possible presence of northeast-striking fault and location on the Winnipeg River

subprovince southern boundary.
5) Presence of a knot of splayed east- and southeast-striking faults and northwest-striking

Lake of the Woods dyke swarm.
6) Under the Paleozoic cover. Possibly along the northeast trending Marathon dyke swarm,

or at the intersection of the Marathon with the Matachewan dyke swarm, or faulting along
the English river subprovince northern boundary. Possibly along the Great Meteor Hot
Spot path.

7) Possibly an intersection of dyke swarms to the south of the Quetico subprovince south
boundary fault. Possibly the presence of an alkalic carbonatite intrusion.
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FIGURE 33: Seismicity in Eastern Canada and Northeastern United States Compared to the Path of the Great Meteor Hot Spot (after Sykes
1978). Inset shows the paths of several hot spots as the continental plates drifted over them during the Mesozoic Era (after Vink
et al. 1985) ; G labels the Great Meteor Hot Spot path.
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FIGURE 34: Epicentres of Seismic Events Recorded from Northwestern Ontario from 1900 to 1992
(from Atkinson 1993)
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FIGURE 35: Earthquake Magnitude Recurrence per 1 x 106 km Relation
for Northwestern Ontario Zone. Triangles show observed
rates of activity in the zone. Heavy solid line is the best -
estimate relation. Light solid line shows pessimistic
alternative used in the sensitivity analysis. Dotted line shows
another alternative discussed in the text. Squares are average
rates given by Johnston and Kantor (1990) for all stable
continental interiors (top square), and for unrifted stable
continental interiors (bottom square). Dots are average rates
given by Fenton and Adams in Atkinson (1993) for
comparable regions within North America (bottom dot) and
globally (top dot).
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FIGURE 36: Known Seismicity in Western Canada and Adjacent Areas of the United States (to
the End of 1976 in Saskatchewan and the United States, and to the End of 1975 in
the Rest of the Map Area) (from Homer and Hasegawa 1978)



- 109-

F „ Fault» , / / CHURCHILL
I N v / / PROVINCE , ,
r ^y/ y-\SS-N

/ / - - , 'SUPERIOR!
f O vPROVINCEl

f Local ^ N 1
•f-Portfc» ^ * \ \

\ Gravity £ \ \ '
, • Anomaliw - N»uon Rivar \
\ ^ * T ^ GrayltyHIgh *

i Zonaol ^
iHIghElacWcal
' Conductivity

I WlllUtoo
BMin

Wyoming
2 Basin •

I 45*N

11ffW 10CTW

2
' Two Epicentre»

300 km

FIGURE 37: Known Seismicity in Saskatchewan and
the Adjacent United States in Relation to a
Major Anomaly in Electrical Conductivity
Running from the Churchill Province in the
Canadian Shield to the Southern Rockies,
and to the Nelson River Gravity High and
Local Positive Gravity Anomalies in
Saskatchewan (from Homer and Hasegawa
1978)
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FIGURE 38: The Spatial Correlations Between
the Observed Seismicity, the
Present-Day Distribution of the
Prairie Evaporite, and the Principal
Salt-Solution Features in Southern
Saskatchewan and Adjacent
Regions of Montana, North Dakota,
and Manitoba (from Homer and
Hasegawa 1978)



FIGURE 39: Trends of Data Sets of Glacial Drift Lineations Observed on Landsat Images (after
Boultonand 1990).

a) Inferred sequence (A-F) of flow stages; flow centres or divides are
shown by thick lines; the numbers label each flow set.

b) Superimposed sets; (numbers are irrelevant to this report).
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FIGURE 40: Postulated Time-Distance Envelope of Ice
Sheet Extent Along an East-West Line
Across Canada Starting at an Arbitrary 0 km
Location (from Boulton and Clark 1990);
Lines Marked C Show Inferred Ice Sheet
Culmination Locations and Lines Marked S
Show the Inferred Saddles Between the
Domes or Ridges; Letters Down the Left-
Hand Side Correspond to the Stages in
Figure 39 Marked with the Same Letters
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FIGURE 41 : Schematic Diagram of the Different Changes Observed at Various
Distances from the Ice Centre Due to the Major Climatic
Fluctuations During an Ice Age (from Eronen and Olander 1990).
At site A only one long glacial can be distinguished; at site B two
glacial periods can be recognised; at side C one short glacial can be
seen.
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FIGURE 42: a) Model of Temperature (Freezing or Melting) Conditions Beneath an Ice Sheet
(from Ahlbom et al. 1991).

b) Model of Possible Temperature Conditions (Whether Warm-Based or Cold Based )
Beneath an Ice Sheet, and the Erosion that Occurs in Zones Distanced from the Ice
Sheet Centres of Both Types (from Eronen and Olander 1990).
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FIGURE 43; The Navier-Coulomb Failure Representation of Continental
Crust Close to Shear Failure on Favourably Oriented Faults,
for the Following Conditions: 5 km Depth, P = 59 MPa, O3

Vertical, t0 = 0, r = ( o1 - o3 )/2. The effect of a large ice
sheet is to move the population of such faults (dashed Mohr
circle) away from the envelope of failure criterion. The effect
of pore pressure, P, is to move faults closer to failure (C to C)
by reducing cn. Continental ice sheets would be expected to
inhibit increases in P that result from surface fluid
recharge (from Johnston 1987).
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FIGURE 44: Changes in In Situ Stress Due to Uplift (after Price and Cosgrove 1990).

a) potential reduction in horizontal pressure with uplift from a depth of
S km to surface for E and m values representing four, typical,
competent, sedimentary rocks.

b) two curves from Figure 44a superimposed on curves for initial,
horizontal stresses and fluid pressures.

c) curves from Figure 44b showing the type of abrupt break which is
likely to occur when failure conditions are met; such breaks will occur
most probably in strong rocks with high elastic moduli.
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FIGURE 45: Glacial Rebound Effects on Tectonic States for the 3 Standard Fault Situations Shown with
Respect to the Coulomb Failure Criterion and the Mohr Circle. In all cases S measures the
amount by which rebound stress moves the tectonic Mohr circle toward or away from
failure (from Quinlan 1984).

a) tectonic Mohr circle defined by maximum and minimum principal stress components
o , and G 3 .

b) extremes of rebound-induced modifications to the horizontal in a normal faulting
environment.

c and d) similar extreme modifications in reverse and strike-slip environments respectively.
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FIGURE 46: Variation ThroughTime of Flexural Stresses
Induced by the Erosion of a Linear, 250 km
width, Topographic Load of Initial Amplitude
1.5 km. The stresses have been computed at
sea-level for two models VE1 and VE2 with
different values for the uplift rate (tp) and the
erosional time constant (te). The state of
stress at t = tp is indicated by the squares for
the two models (from Stephenson & Lambeck
1985).
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FIGURE 47: Postglacial Vertical Rate of Movement in Canada in
Centimetres per 100 years; Contours from Relevelling
Data Show as Solid Lines and from Current Postglacial
Uplift Rate as Dashed Lines (after Hasegawa et al. 1985)
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FIGURE 48: Pressure - P, Temperature - T, and Time - 1 , Diagram for the Fracturing
and Associated Alteration Events in the East Bull Lake Intrusion. The
stippled area represents the conditions at which the four fracture events
and genesis for fracture fillings occured (from D.C. Kamineni initial
draft).
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the Underground Research Laboratory (from D.H. Good)
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FIGURE 50: Northwest-Southeast Cross Section of the Western Part of the
Lac du Bonnet Batholith (after Tomsons et al. 1995 ).

a) interpretation based on gravity surveys.

b) interpretation based on airborne magnetic surveys.
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FIGURE 51 : Relative Sequence, and Radioactive Dating of the Formation of
Observed Structural Elements from which Paleostress Axes have
been Interpreted; Structures have been Grouped into Magmatic
Cooling, Recrystallization, High-Temperature and Low-
Temperature Hydrothermal Stages of Batholith History;
Temperatures and Depth of Formation have been Calculated from
Feldspar Compositions (Brown et al. 1989); LID Implies Low-
Intermediate-Dip (from Brown et al. 1990)
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(e)

FIGURE 52: Block Diagrams Showing the Sequence (a-e) of Development of Structures Within
the Lac du Bonnet Batholith from Magmatic to Low-Temperature Fracturing Stages;
Representative Attitudes of the Structures, as Observed at the Underground
Research Laboratory Site are Shown in Lower-Hemisphere, Equal-Area Projection
(from Brown et al 1989)



FIGURE 53: Summary of Changes of Microcrack and Mesoscopic Fracture Orientations with Depth in the
Underground Research Laboratory, Shown Relative to the Fracture Mapping in the Underground
Research Laboratory Shaft (from Everitt Unpublished Data); Summary Description of Fracture
domains is shown in Figure 59
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a)

n = 21

FIGURE 56: Fracture Orientation Data from the Intersection of Thrust Fault
FZ2 in the Underground Research Laboratory Shaft, in Lower
Hemisphere Equal-Area Projection (after Stone and Kamineni
1988).

a) poles to main slip surfaces ( • ) and slickerlines on these
surfaces ( x ) .

b) poles to secondary fractures within the fault zone.
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FIGURE 57: Fracture and Lineation Orientation Data from the Intersection of Thrust Fault FZ3 in the
Underground Research Laboratory Shaft, in Lower Hemisphere Equal-Area Projection
(after Brown et al. 1994b ).

a) mean poles to fracture sets filled only by chlorite ( •) , hematite (A), carbonate (x),
and clay (o) .

b) poles to all chlorite-filled fractures.
c, d, and e poles to fractures in different orientation sets, with associated lineations,

interpreted as a-kinematic (•) or b-kinematic (o).
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FIGURE 58: Vertical Section of Borehole WD3, D Permit Area, Showing Down Hole Geology and
the Frequency Distribution of Open and Total Fractures, and Stereogram Summaries of
Fracture Orientations (Lower Hemisphere, Equal-Area Projection: Based on Core
Logging (Ejeckam Personal Communication)
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FIGURE 59: Isometric Block Diagram Showing the Conceptual Distribution and
Relationships of Mesoscopic Fractures and Thrust Fault Zones in Lac du Bonnet
Batholith, Based on Information from the Underground Research Laboratory
Lease and from D Permit Area
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FIGURE 60: Mean Strikes of Mesoscopic Fractures in 4 km-Square Cells Over the Lac du Bonnet
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a) age vs depth.
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APPENDIX A

DEFINITIONS

Because the following terms have many usages amongst geologists we have defined here how
they are used by AECL's geology section.

1. FRACTURE: A plane where the rock has, at one time, lost cohesion if only at the
propagating fracture tip. These may be open (or empty) or infilled with minerals.
The infilling may have occurred at the time of fracture formation, as in a dyke where
molten rock or high-temperature silicate-rich fluids have entered and crystallized
cohesively to the wall as the fracture propagates. Or it may be filled with minerals
precipitated from dilute high-temperature to ]ow-temperature groundwaters, with
various degrees of cohesion to the walls. These infillings may have grown at the time
of fracture formation or be deposited much later, and some fractures remain unfilled.
In the last category, filling material may have been present and then dissolved,
especially near the surface.

AECL cotxmonly uses this term for mesoscopic fractures. Mesoscopic (Turner and
Weiss 1962) implies handspecimen to outcrop (or a few outcrops) in size. The origin
of these fractures, whether it is extension or shear, is immaterial to the usage.

In the older literature, in modern engineering and American papers, and in common
oral usage, the term JOINT is often used instead of mesoscopic fracture. AECL's
geology group has abandoned this useful field term because it means different things
to too many different groups of people.

2. MICROCRACK: This term has been used by AECL to cover a range of fractures
varying from 0.25 - 2.00 cm in length and visible in hand-specimen, to those only
visible under a microscope (such as along mineral cleavage), or to those only visible
by scanning electron microscope. These cracks may be open, filled with
neomineralization, or be self-healed (as in quartz, where planes of fluid and solid
inclusions delineate old fractures).

3. FAULT: These are planar (at the scale of investigation though they may have
considerable thickness) zones of concentrated shear movement. That is, compared to
the rest of the rock mass they are local zones of high shear strain. The shear strain
may be accomplished through brittle fractures, a zone of cataclasis (granulation),
plastic deformation or by recrystallization. A fault may be a single fracture plane or
maybe a zone of planes that occurs in either an anastomosing or regular pattern.
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4. FRACTURE ZONE: A zone of closely-spaced mesoscopic fractures (e.g. 5 m wide
with <0.5 m spacing). These fractures may be extension, shear or mixed in origin.
AECL commonly uses this term to denote a FAULT ZONE, where a shear strain
occurs across a zone of major shear planes, whether these are true brittle fractures or
not, together with secondary (dependant) mesoscopic fractures.
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