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ABSTRACT

This report examines and summarizes all work that has been done from 1980 to the present in
determining the age of rock crystallization, fracture initiation, fracture reactivation and rates of
fracture movement in the Lac du Bonnet Batholith to provide information for Atomic Energy of
Canada Limited's (AECL) Canadian Nuclear Fuel Waste Management Program. Geological and
petrographical indicators of relative age (e.g. cross-cutting relationships, sequences of fracture
infilling minerals, P-T characteristics of primary and secondary minerals) are calibrated with
radiometric age determinations on minerals and whole rock samples, using 87Rb-87Sr, 40K-39Ar,
40Ar-39Ar and fission track methods. Most fractures and fracture zones inclined at low angles are
found to be ancient features, first formed in the Early Proterozoic under conditions of deuteric
alteration. Following some movement on fractures in the Late Proterozoic and Early Paleozoic,
reactivation of fractures during the Pleistocene is established from uranium-series dating methods
and use of stable isotopic contents of fracture infilling minerals (mainly calcite). Some
indication of movement on fracture zones during the Pleistocene is given by electron spin
resonance dating techniques on fault gouge. The slow rate of propagation of fractures is
indicated by mineral inflllings, their P-T characteristics and U-series calcite ages in a fracture in
sparsely fractured rock, accessible from AECL's Underground Research Laboratory. These
results collectively indicate that deep fractures observed in the batholith are ancient features and
the fracturing and jointing in the upper 200 m is relatively recent (<1 Ma) and largely a result of
stress release.
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RESUME

Dans le present rapport les auteurs examinent et resument tous les travaux qui ont ete realises depuis 1980
jusqu'a ce jour relativement a la determination de l'age de la cristallisation de la roche, de la formation de
fractures, de la reactivation de fractures et des vitesses de deplacement des fractures dans le batholite de Lac
du Bonnet, afin de produire des donnees destinees au Programme canadien de gestion des dechets de
combustible nucleaire d'Energie atomique du Canada limitee (EACL). Les indices geologiques et
petrographiques de l'age relatif (par ex. les rapports transverses, les sequences des mineraux de colmatage
des fractures, les caracteristiques de pression-temperature des mineraux primaires et secondaires) sont
etalonnes par des operations de datation radiometrique effectuees sur des mineraux et des echantillons de la
roche totale, a l'aide des methodes 87Rb-87Sr, ^K-^Ar, ""Ar-^Ar et de la methode des traces de fissions. La
plupart des fractures et des zones de fractures inclinees a de faibles angles sont anciennes, formees a
l'origine au Proterozoique inferieur dans des conditions d'alteration deuterique. A la suite de quelques
deplacements sur les fractures au Proterozoique superieur et au Paleozoique inferieur, la reactivation des
fractures au cours du Pleistocene est etablie en mettant en oeuvre des methodes de datation par le
desequilibre radioactif dans les families de 1'uranium et a 1'aide des teneurs isotopiques stables des
materiaux de colmatage des fractures (principalement de la calcite). Quelques indices de deplacement sur
des zones de fractures au cours du Pleistocene sont donnes par les techniques de datation par resonance
paramagnetique electronique sur la salbande. La faible vitesse de propagation des fractures est indiquee par
les colmatage's de mineraux, leurs caracteristiques de pression-temperature et les datations de la calcite par
le desequilibre radioactif dans les families de l'uranium dans une fracture dans une roche peu fracturee,
accessible au Laboratoire de recherches souterrain d'EACL. Ces resultats, pris dans leur ensemble,
indiquent que les fractures profondes que Ton trouve dans le batholite constituent des caracteres anciens et
que la fracturation et le diaclasage dans les 200 m superieurs sont relativement recents (< 1 Ma) et
proviennent en grande partie de la relaxation des contraintes.
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1. INTRODUCTION

In the concept for disposal of Canada's nuclear fuel waste proposed by Atomic Energy of Canada
Limited (AECL), the disposal vault is located at a depth of 500 m to 1000 m in plutonic rock of
the Canadian Shield in an area of low-risk seismic activity, 0 to 1 (Davison et al. 1994). In order
to help predict the future long-term stability of the rock surrounding a disposal vault it is
important to understand when the existing fractures in the rock were formed and how they have
been propagated or rejuvenated during the geologic past.

A number of methods have been developed over the last twenty years that allow estimates to be
made of the ages of formation and, if relevant, reactivation, of fractures in rock formations.
These methods range from the derivation of simple relative ages by examining geological
sequences, orogenic associations and cross-cutting relationships of mineralized fractures, to the
use of precise isotopic measurements on low-abundance minerals extracted from the matrix of
the rock adjacent to fractures.

Except for geologically recent fracturing (<1 Ma), it is not yet possible to date the actual age of
fracture formation. However, the minimum age of a fracture can be determined by dating
infilling minerals that formed subsequent to the fracturing as a result of rock-fluid interaction. A
summary of various methods of dating fractures is given in Table 1. Only the electron spin
resonance (ESR) technique is capable of directly determining the last line of movement on the
fracture, provided movement occurred within the last ~106 a.

This report describes the results of applications of these methods to determining the age of
fractures and, in selected cases, the time of last-movement on fractures, in the granitic rocks of
the Lac du Bonnet Batholith. While results are site-specific, the technical approaches used and
recommended are applicable to any crystalline rock formation. To assist in understanding
terminology used in this report, a summary of definitions is given in Appendix A.

2. AECL'S CONCEPT AND REQUIREMENTS FOR FRACTURE DATING

AECL's proposed concept of deep disposal of nuclear fuel waste involves emplacement of the
encapsulated waste in a engineered vault permanently sealed and backfilled in plutonic rock of
the Canadian Shield. The vault would be situated at a depth of 500-1000 m in seismically stable
terrain and located where the rate of groundwater transport of radionuclides from the vault to the
surface would be extremely slow. In the early stages of the NFWMP (1978-1990) plutonic rock
was assumed to comprise only granitic plutons and batholiths of massive texture that had not
been strongly deformed or had not suffered high grade metamorphism since intrusion. Currently,
high grade gneissic bodies, of equivalent characteristics, are also included as potentially suitable
host rocks, in addition to the plutons described above (most of these high grade gneisses are
orthogneisses).

All plutonic rocks within 1 km of the current load surface are, to some extent, fractured and
faulted due to tectonism. Dating of fractures and faults is becoming an important tool in the
assessment of both active and past tectonism (Percival and Peterman, 1994). A knowledge of the
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origin, age and history of any reactivation of the fractures in the rock is very important to
AECL's disposal concept because fracturing in the rock provides a possible route for any
radioactivity released from the vault to reach the surface by the slow movement of groundwater
through the fractures. Fractures however, may be filled during or after their formation with
secondary minerals, and fluid migration through them may be wholly or partially impeded. For
AECL's purpose, the scale of fracturing in rock varies from microscopic (mineral grain) through
mesoscopic (handspecimen to outcrop) to megascopic (zones of fractures that make up a brittle
fault) (Turner and Weiss 1963).

Knowledge of the present state of the fracture network in a body of plutonic rock is important to
AECL's concept. Remnants of cratonic nuclei in the Canadian Shield in which a fracture
network could start to develop are as old as 3.9 Ga, and the youngest plutonic rocks exposed in
the Shield are about 0.8 Ga. The older rocks may have suffered several major tectonic
deformations and all have been affected by minor tectonism during Phanerozoic and late
Proterozoic time. Over this period several generations of fractures have developed in the rocks
of the Shield and become superimposed. The size, spatial distribution (including depth) and
character of fractures and faults are likely to be indirectly a function of their age.

In addition to knowing the current state of the megascopic and mesoscopic fracture/fault
networks in the rock, as well as the interconnected network of microfractures, it is important to
assess how these different fracture networks might change in future. For the disposal of
Canada's nuclear fuel waste this future time frame of concern is on the order of 10 ka. Such an
assessment needs to be based on whether neotectonism is likely to cause new fractures and/or
activity on old fractures. In order to do this one can examine how fracture sets have formed,
behaved and propagated in the past, and one can examine rock strength relative to the prediction
of how the stress field may change in the future (including changes caused by excavation). Both
routes involve, directly or indirectly, dating of fractures. For example, fracture dating is needed
in order to suggest at what stage during a glacial-interglacial sequence, a fault rejuvenation is
most likely to occur.

Some examples of situations where fracture dating has proved useful are:

where fracture sets may be due to near-surface processes, e.g. glaciation, and hence will not
be present a vault depths,

- where fractures may be initiated early in the post-crystallization cooling of the intrusion and
provide the loci for later fracturing,

- where fracture sets, because of their time of formation, are restricted to certain parts of a
pluton,

- where successive "styles" of fracturing may show rates of uplift and steps of changing
environment (differential and confining stress, temperature, and fluid composition),

- where groups of fracture sets may show changes in stress field orientation and hence allow
the prediction of unrecognized fractures and of geometric changes to fractures along strike
and dip; and,

- monitoring the past rate of propagation of a fracture or set of fractures or of the periods of
rejuvenation of movement on a fault, especially to determine the youngest age of important
movement.
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3. METHODOLOGY FOR FRACTURE DATING

3.1 GEOLOGICAL METHODS

Methods for dating fractures may yield absolute or relative ages, may give an age directly or
indirectly, and may be undertaken in the office, in the laboratory, or in the field. Much of the
philosophy of age dating is applicable at all scales in each of these three places of investigation,
though absolute dating can only be undertaken in the laboratory. Indirectly, relatively dated
events or features may correlate with other features dated absolutely in the laboratory.

Field mapping, borehole corelogging, examination by optical microscope (including universal
stage petrofabrics), scanning electron microscope, X-ray diffraction, and microprobe analysis
provide observational data on fractures in order to classify fracture sets and their chronologic
sequences. These methods also indicate some of the environmental conditions to which the
absolute dating can be applied.

Such observational data can be:

- cross-cutting or same-age relationships,
orientation geometry and other physical characteristics,
the identification and sequence of infilling materials,
the state of the fracture walls and the identification and sequence of wall rock alteration; and,

- physical indicators of relative or absolute movement.

Laboratory methods giving absolute ages are described in Section 3.2. However, indirect
evidence for ages of fracture formation or rejuvenation is commonly constructed from direct
observation, absolute dates and other laboratory data, together with conceptual theories of
fracturing, magma cooling, metamorphism and tectonism. In general, the objective is to
construct histories of regional, local and specific fault or fracture set deformations and how
conditions (including stress) varied at each stage. This construction commonly depends, in part,
on theoretical grounds, especially in the interpretation of fracture patterns. But these
constructions, in turn, can be used to interpret the age of an undated fracture set.

Examples of when this can be done include:

- there may be a spatial and geometric relationship to the boundaries of a pluton rather than to
a regional deformation,

- there may be a relationship with the history of a pluton's cooling and exhumation
(thermometry and bathymetry),

- the stability fields of infilling and wall-rock alteration minerals may place them within a
particular, dated, metamorphic period,
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in similar fashion, other magma-rock and water-rock interactions may be used, e.g. to
distinguish late magmatic, deuteric, low and high temperature hydrothermal or groundwater
weathering through the use of O, C, Sr and S stable isotope distribution,
relative deposition and deformation styles of infilling minerals may assist in placing a
fracture set within a sequence or in constructing a length-propagation history; and,
the relationship of fracture sets to free, erosional surfaces and topographical relief, or to the
temporary loading and unloading of sedimentation and glaciation.

3.2 LABORATORY METHODS

3.2.1 Rock Alteration and Elemental Profiles

Most fractures and fracture zones in the Lac du Bonnet granite are characterized by an alteration
halo in the rock adjacent to the fractures which can range from centimeters to meters wide. The
halo typically consists of changes in appearance (color), texture, mineralogy and elemental and
isotopic composition of rock, the change becoming most apparent close to the fracture surface.
Although these changes are normally not capable of providing secondary minerals or features on
which precise radiometric ages can be obtained, their intensity and extent of penetration into the
host rock adjacent to a fracture zone may give some indication of the conditions of alteration
(e.g. P, T, fluid chemistry), which in turn may indicate the relative age of the alteration event.
For instance, chloritization of primary biotite and enrichment of hematite in the rock adjacent to
a fracture indicates a high-temperature (>200°C) alteration event which, from consideration of
the cooling history of the granite, indicates an age of greater than 500 Ma.

Other alteration effects that should be looked for include formation of overgrowths on quartz;
oxidation of accessory magnetite to hematite; seritization and illitization of K-feldspars; and,
products of weathering reactions (goethite, kaolinite, etc.). Most of this work can be performed
visually using hand specimens and thin-sections together with established microscope
techniques.

Analysis of elemental variations in whole rock samples can be used effectively to provide
support to studies of alteration features associated with fractures. Ternary diagrams such as for
the system Na2O/K2O-CaO-Al2O3 are useful in identifying trends in chemical composition from
unaltered to highly altered rock adjacent to fractures. Detailed profiles of the chemical effects of
alteration can be obtained by plotting change in element concentration in the rock against
distance from the fracture surface into the adjacent rock. Because elemental mobility may be a
function of P, T and fluid composition, the enrichments and depletions of various elements can
be related to geochemical processes and environments, which, as indicated above, identify
chronologies of events.

In this method, the variation along a profile through an alteration halo is determined relative to
the composition of the least altered sample in the profile, the "parent" rock (this is usually taken
as the sample farthest away from the fracture surface). The composition of each sample is
normalized to the composition of the "parent" rock using Ti or a similar, immobile element, as a
reference component, (Cramer and Nesbitt, 1983). This technique relies on the geochemical
immobility of Ti in most alteration processes, and provides a suitable reference to determine the
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intensity of alteration events and processes associated with fractures. Examples of the
application of these methods to fracture zones in the Lac du Bonnet Batholith are described in
Section 4.

3.2.2 Radiogenic Isotopes

Several dating methods based on radiogenic isotopes have been used in the study of rocks and the
minerals infilling fractures in the Lac du Bonnet granitic batholith. The methods are described
below and in more detail in Appendix B.

3.2.2.1 Rb-Sr Method

Rubidium (Z = 37), an alkali metal that belongs to the same chemical group as potassium, has an
ionic radius sufficiently similar to potassium that it can substitute for it in potassium bearing
minerals. It does not form any mineral by itself, but occurs in such minerals as muscovite,
biotite, phlogopite, lepidolite, K-feldspar and certain clay minerals.

Rubidium has two naturally occurring isotopes Rb and Rb with isotopic abundances of
72.1654 % and 27.8346% respectively. Its atomic weight is calculated as 85.46776. Radiogenic
87Rb decays to stable 87Sr by emitting negative beta particles.

Strontium (Z = 38) is a member of the alkaline earth elements with an ionic radius that is slightly
larger than that of calcium, but can replace calcium in many minerals. Strontium therefore
occurs in Ca-bearing minerals such as plagioclase, apatite and carbonates (especially aragonite).

Strontium has four naturally occurring stable isotopes 88Sr, 87Sr, 86Sr, and 84Sr. The isotopic
abundance of strontium isotopes in a rock is variable because of the formation of radiogenic 7Sr
by the decay of naturally occurring 87Rb. Therefore, the isotopic composition of strontium in a
rock or mineral that contains rubidium depends on the initial Rb/Sr ratio and age of that rock or
mineral. Strontium tends to be concentrated in plagioclase during fractional crystallization,
while rubidium remains in the liquid phase. Therefore, the Rb/Sr ratio of the residual magma
increases gradually during the course of crystallization. This means that the highest Rb/Sr ratio
may be found in the highly differentiated rocks such as pegmatites.

In this dating method, the concentration of rubidium and strontium, and 87Sr/86Sr ratio must be
measured accurately. Rubidium and strontium concentrations are usually determined either by
X-ray fluorescence or by isotope dilution. The 87Sr/86Sr ratio is measured by suitable mass
spectrometry. Further details of the Rb/Sr dating method are given in Appendix B.

3.2.2.2 K-Ar Method

Potassium, an alkali metal, is one of the eight most abundant chemical elements in the crust. It is
a major constituent of many rock forming minerals such as mica, feldspars, feldspathoids and
clay minerals. Potassium (Z = 19) has three naturally occurring isotopes, whose abundances are
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39K = 93.2581 ± 0.0029%, 40K = 0.01167 ± 0.0004%, and 41K = 6.7302 ± 0.0029%, and the
atomic weight of potassium calculated from these data is 39.098304 ± 0.0058. The isotopic
composition of argon (Z = 8) in the terrestrial atmosphere was measured to be 40Ar = 99.60%,
38Ar = 0.063%, 36Ar = 0.337%. The atomic weight of argon is 39.9476.

The decay of naturally occurring 40K to stable 40Ar occurs by electron capture and by positron
decay. Only about 11.2% of 40K atom decay is 40Ar. The concentration of potassium can be
determined by one of the following methods: flame photometry, atomic absorption spectrometry,
isotope dilution, X-ray florescence, gravimetric chemistry or neutron activation. The amount of
radiogenic 40Ar is measured by the isotope dilution method although volumetric and neutron
activation techniques have been employed. Details of the K/Ar and K/Ar isochron dating
methods are given in Appendix B.

3.2.2.3 Ar-Ar Method

The 40Ar/39Ar dating method is based on the irradiation of K-bearing samples with thermal and
fast neutrons in a nuclear reactor. The reaction is 39K(n, p) 39Ar. 39Ar decays to 39K, with a half
life of 269 years. It is treated as stable because of its slow rate of decay compared to the period
of analysis. The energy spectrum of the neutron flux to which a particular sample is exposed
during the irradiation depends on its position in the sample holder, therefore several samples of
the flux monitor are inserted into sample holders of known positions between unknown samples.
The sample is then irradiated for several days in a reactor to allow 39Ar to be produced. After
irradiation, the argon in the flux monitor is released by fusion in a vacuum system and 40Ar/39Ar
ratios are measured by mass spectrometer. Further details are given in Appendix B.

3.2.2.4 Fission-Track Method

The fission-track method can be used to date a large variety of minerals and is particularly useful
in dating young samples that have not been geologically reheated since the time of their
formation.

Charged particles (formed by radioactive decay) travelling through solid materials leave a trail of
damage in the medium, created by the transfer of energy from the particles to the atoms of the
medium. These tracks are small and can be enhanced by etching with a suitable solvent to
increase the size of the track so that it can be viewed and interpreted. Most tracks are made by
fission fragments of uranium during spontaneous fission of 238U. The density of these tracks is
used to date minerals such as biotite, phlogopite, muscovite, etc.

The method also provides information about the thermal history of older rocks because
preservation of the tracks depends on the temperature the mineral attained after their formation.
Different minerals also anneal their tracks at different temperatures and so will yield different
fission track dates.
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To date a mineral, the interior surface of the mineral is exposed by grinding and polishing. The
polished surface is then etched with a suitable solvent and tracks counted using a microscope.
Further details of the fission track dating method are given in Appendix B.

3.2.2.5 U-Series Dating Methods

There are two main U-series methods which can be applied to determine ages and relative
chronologies of fracture-filling minerals and the altered rock adjacent to the fractures: 1)
identification of recent alteration and rock-water interactions in fracture-filling minerals and
adjacent rocks by uranium-series disequilibrium techniques, and 2) absolute age dating of
secondary minerals formed in the fractures using the 23OTh/234U method. Both methods involve
extraction of U and Th from the rock or mineral sample by wet chemical techniques, followed by
alpha-particle counting to determine isotope activities and, hence, isotopic ratios. These methods
are described in more detail below.

1) Disequilibrium Dating

The uranium and thorium content of granitic rocks is about 1 to 10 ug/g, respectively. Although
uranium and thorium can be found as trace elements in all of the minerals composing a rock, they
mainly occur in accessory mineral phases such as zircon, sphene, apatite and monazite. These
minerals are usually present as microscopic fragments, or small euhedral crystals, dispersed
randomly through the rock matrix. Their uranium and thorium contents typically range between
100 and 1000 |ig/g. In contrast, the quartz and feldspar fractions often contain less than 0.1 |ig/g
uranium and 1 |ig/g thorium, while mafic minerals (e.g., biotite, hornblende) and opaque
minerals (e.g., oxides, sulphides) generally contain less than 10 ug/g uranium and thorium.

There are three naturally occurring primordial isotopes of uranium and thorium: 238U (99.3%),
235U (0.7%) and 232Th (100%). Each of these decays to different stable isotopes of lead by
emission of a, p, or y radiation. In a closed system, all intermediate elements attain radioactive
equilibrium with one another after a period of time approximating ten half-lives of the longest-
lived member of the decay series. This period is the greatest in the case of 238U (equal to
2.5 x 106 a) because of the long half-life of 234U. Because most rocks are appreciably older than
2.5 x 106 a, secular radioactive equilibrium should exist in all three decay series in the minerals
comprising the rock.

Detection of disequilibrium between any parent-daughter nuclide pair in a rock not only shows
that migration of one or other of the pair has occurred (and therefore indicates the physical and
chemical conditions present in that rock) but also describes the time interval over which this
migration has taken place. This interval is determined solely by the half-life of the daughter
nuclide. For instance, disequilibrium between 238U and 234U indicates migration of either
radionuclide within the last 2.5 x 106 a (Figure 1). Any migration earlier than this would not be
observed today because radioactive equilibrium would have been reattained. Similarly the
234U-230Th pair can show migration within the last 350 000 a and 23OTh-226Ra within the
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last 16 000 a (ten half-lives of the daughter nuclide). In practice, it is difficult to accurately
measure differences in radioactivities when ten half-lives have elapsed (equal to 99.9%
ingrowth); a range of about five half-lives (97.5% ingrowth) is more realistic.

Measurement of the isotope radioactivity ratios 234U/238U, 23OTh/234U and 226Ra/230Th in an
altered sample gives both an indication of whether the sample has been disturbed in the last
~1 Ma and, by comparison of individual ratio values, how recently this event may have occurred.

2) Direct Dating

Secondary calcite in fractures in crystalline rocks is usually precipitated from solution. Because
of the solubility of U and insolubility of Th in groundwater, calcite tends to contain only U at the
time of formation and no Th isotopes. This allows the calcite to be directly dated using U-series
methods (Gascoyne 1992).

Since negligible amounts of 230Th are deposited in calcite and because of the variability of the
234U/238U isotopic ratio in the natural environment, two decay schemes of the 238U series can be
used in dating. They are the decay of excess (or growth of deficient) 234U into equilibrium with

U, which requires about 1.5 million years to attain secular equilibrium, and the growth of
230Th into equilibrium with 234U. Decay equations and particular characteristics relevant to these
methods are summarized in Appendix B.

Because of the relatively short half-life of 230Th the maximum range of the 23OTh/234U dating
method is about 350, 000 a before present, but extension to about 1 Ma is possible with the
combined use of the U/ U ratio. Examples of the application of this dating technique to
calcites formed in the unsaturated zone and in fracture infilling minerals have been given by
Gascoyne (1992).

3.2.2.6 l4C Dating Method

Carbon-14 is produced in the upper atmosphere by interaction of cosmic radiation with 14N and
subsequent incorporation in CO2 gas molecules. The CO2 gas is rapidly mixed in the atmosphere
and hydrosphere and attains relatively constant concentrations which approximate a steady-state
equilibrium. The amount of decay of I4C from this level is used to date natural materials
(e.g. bone, wood and coral) that are formed with this steady-state level of 14C and subsequently
become isolated from the 14C source. The 14C age of a material is determined by
t = 1 A. In (Ao/A), where X is the decay constant of 14C (1.209 x 10"4/a) and A^A is the ratio of
initial to present 14C activities in the sample. The half-life of 14C is sufficiently long (5730 a) to
allow C-containing materials up to about 30, 000 years old to be dated.

The analytical technique involves extraction of C (usually in the form of CO2 gas) from the
sample and beta-particle counting of 14C activity by either liquid scintillation or gas proportional
counting. More precise measurements are made by direct atom counting using accelerator mass
spectrometry. Further details of the method are given by Faure (1986).
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The 14C method may be used to date fracture calcites that have formed during Quaternary time by
precipitation from groundwater. The 14C content of groundwater depends on the geochemical
history of the groundwater and the amount of l4C decayed since formation of a closed system
with respect to C. Water infiltrating through vegetation and soil dissolves CO2 which has a 14C
activity close to that of the atmosphere. Mixing of groundwaters of different I4C contents or
contamination of deep, low-HCO3 groundwater with small amounts of shallow, high-HCO3 will
give apparent ages that tend to be skewed towards younger values. Alternatively, dissolution of
low- or zero-14C material (e.g. carbonate minerals) will dilute the 14C present and thus reduce the
value of Ao. Where a simple two-component mixing system exists, the 13C content reflects the
mixing and can be used to quantify the 14C dilution.

Granites contain practically no carbon and so the maximum value of Ao might be expected for
the 14C content of calcite at the time of deposition. However, on the Canadian Shield, much of
the overburden consists of carbonate-rich glacial drift which serves to dilute the I4C content of
groundwater HCO3 and hence any associated carbonate precipitates. This, together with I4C-
depleted CO2 derived from surficial Holocene organic deposits, generally reduces the I4C to
levels between 50 and 100% of the maximum.

Further complications in interpreting 14C ages arise if carbon is derived from oxidation of
methane and if calcite infillings in the fractures are the result of multiple dissolution -
reprecipitation events. These influences are best resolved by comparing the 14C ages with those
from U-series dating (Section 3.2.2.3). Because of these difficulties and the relatively short time
range of the method, calcites are seldom dated by the 14C method. Occasionally, 14C dating has
been performed in conjunction with U-series methods (e.g. Spalding and Mathews 1972).

3.2.3 Stable Isotopes

3.2.3.1 2H, I8O

It is well-known that the isotopic composition of groundwater represents an average value for all
annual precipitation that enters the ground as recharge. It has been found that on a global basis
52H = (8 818O + 10) (Craig 1961). On a 518O vs. 82H plot (Figure 2), this gives a straight line,
known as the Meteoric Water Line (MWL). The position of this line may vary locally because of
small variations in slope and intercept. It is important to establish for each study area the local
meteoric water line, especially since any deviation from this line is an indication that secondary
processes, such as evaporation or rock-water interactions may have affected the isotopic
composition of the groundwaters. Examples of these effects are shown in Figure 2.

Clay minerals that are in contact with groundwater or form as a result of mineral alteration
0 1 Si

processes rapidly take on the H and, to a lesser extent, O, composition of the groundwater. As
a result their composition deviates from that predicted by the above relationship. Clay minerals
within fractures or in the alteration zones adjacent to fractures may be indirectly dated, therefore,
by determining whether their isotopic composition still records early, hydrothermal processes or
indicates a more recent, low-temperature alteration.
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3.2.3.2 I3C, 18O

Secondary carbonate deposits that occur as fracture infilling minerals in crystalline rocks have a
818O composition characteristic of the composition of the groundwater from which they form and
the temperature of formation. In contrast, the 813C composition is largely only a function of that
of the dissolved C-species (mainly HCO3) in the groundwater which, in turn, depends on the
source(s) of C in the groundwater on recharge and any subsequent geochemical evolution. Using
the standard delta (8) notation, calcites with low 813C (e.g. -15 to -25%e) have formed from
groundwater with a significant organic-CC>2 content whereas isotopically 'heavier' calcites
(0 to -10%o) contain C largely derived from inorganic sources (e.g. limestone, carbonate-rich
till). Combined use of the 813C and 818O compositions of fracture-filling calcites provides
relative age information which can then be compared with 'absolute' ages determined from
radioisotopic methods.

3.2.3.3 Sr Isotopes

The Rb/Sr method is an important technique for dating rocks and fracture infilling minerals (see
Section 3.2.2.1). Because of the long half-life of 87Rb, low Rb solubility and low Rb
concentrations in groundwater, the technique can not be readily applied to dating low-
temperature infillings such as clays, calcite, hematite, etc. A more useful method, that allows
relative ages to be determined, is the 87Sr/86Sr isotopic ratio method. Both 87Sr and 86Sr are
stable but the concentration of 87Sr may vary between minerals and over time because it is
continually being produced by radioactive decay of 87Rb. Thus Rb-poor minerals that formed in
Archean times tend to have low Sr/ Sr ratios compared to minerals that formed recently.
Calcite infillings, therefore, that have ratios comparable to modern groundwater in contact with
them are likely to have formed recently. Examples of the application of this method on the
Canadian Shield have been given by McNutt et al. (1987) and Franklyn et al. (1991).

3.2.4 Physical Methods

3.2.4.1 Paleomagnetism

The principal of the paleomagnetic method (of fault dating) is to compare the direction of
characteristic remnant magnetization in the fault rock with the predicted direction of the
geomagnetic field vector at the sampling site for different geological periods.

The direction of the local geomagnetic field vector at a given site on the Earth's surface varies
with time, principally in response to large scale plate motions and smaller-scale local tectonic
movements of the site relative to the geomagnetic poles. Because of the random nature of such
motions, the mean direction of the geomagnetic field vector at a specific locality (when averaged
over a period of a few tens of thousands of years to remove the affects of short-term geomagnetic
secular variation), is seldom repeated over geological time. Thus, under appropriate conditions,
the method is capable of giving unambiguous dating results, on the age of magnetization of the
rock. If this magnetization is primary, then this age refers to the true age of the rock. However,
many rocks carry two or more components of magnetization, each acquired at different times in
the history of the rock and each relating to a specific magnetization event. Such events may
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include, for example, episodes of heating, due to deep burial or emplacement of nearby igneous
bodies, or episodes of movement of groundwater or other geothermal fluids along the conduits
provided by the fault zones. In such cases, the age obtained from paleomagnetic dating will
refer to the magnetization event, rather than the original time of formation of the fault rock.
However, it will still provide a potentially important constraint on the minimum possible age of
the fault rock, and hence the history of movement on the fault.

This may include episodes of movement of fluids through fault zones, alteration and re-setting of
magnetization. This will provide an important constraint on the minimum age of the fault rock.

In order to apply this method, the following conditions must be satisfied:

1. the rock must carry a stable remnant magnetization dating from a specific geological event
which can be related in some way to the geological history of the fault zone,

2. the mean characteristic magnetization of the rock samples must have been acquired over a
time interval in the order of 103 years, so that short-term geomagnetic secular variations are
effectively averaged out,

3. the direction of the mean magnetization vector must be defined with sufficient precision to
enable it to be compared meaningfully with predicted geomagnetic field vectors for different
geological periods,

4. the magnetic vector of the fault rock must provide a reliable record of the local geomagnetic
field vector at the time of magnetization and must not be deflected from the latter (for
example as a result of the magnetic anisotropy which many fault rocks exhibit); and,

5. it must be possible to predict the direction of the local geomagnetic field vector at the
sampling site for the appropriate interval of geological time, with an adequate level of
confidence.

Evaluation of paleomagnetic data from fault rocks in the context of these conditions requires that
the nature and origin of the remnant magnetization be analyzed in detail and that progressive
demagnetization analyses are used, to identify and separate the different components components
of magnetization in each sample. Thermal and alternating field demagnetization may be used to
isolate the different components of magnetization. Sample applications from the literature
include fault movement studies (e.g. Maddock et al. 1993) and others whose perspective is more
regional.

3.2.4.2 Electron Spin Resonance Dating

In the last 10 years, a method of determining the time of last motion on faults using electron spin
resonance (ESR) methods has been developed and applied to quartz in fault gouge (Schwarcz et
al. 1987). The basic principle of ESR dating is as follows. When examined in an ESR
spectrometer, quartz exhibits a number of signals that are due to charges trapped in the crystal
lattice as a result of natural irradiation by ionizing radiation (alpha and beta particles, gamma
rays). Research has shown that when quartz is sheared in fault zones, all of these signals tend to
be reduced in intensity (zeroed). After faulting, the intensity is slowly recovered and the amount
of recovery is a measure of the time since faulting. The method of dating is based on the
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assumption that during movement the degree of zeroing increases with decreasing grain size,
reaching 100% for grains below a critical size (about 10-30 um).

In some respects, the ESR method is more useful in dating the age of fractures than the methods
of dating infilling minerals because minerals may only form sometime after the fracturing event
has occurred whereas ESR determines the actual time of fracturing. However, in a complex fault
system, where reactivation may occur at selected locations, the infilling minerals may predate the
last movement of the fault. Nevertheless, the technique is very useful in seismically active areas
for earthquake prediction and, in conjunction with isotopic dating studies, forms a powerful tool
for understanding fault development over the last 1-2 million years.

3.2.4.3 Fluid Inclusions

Microscopic study of thin sections of rock and mineral specimens often reveals the presence of
fluid inclusions which may be primary (from magmatic emplacement) or have formed during
subsequent deuteric or hydrothermal processes. The composition of these inclusions can be
determined using freezing and boiling point methods as well as various electron or laser
microprobe techniques. As in many of the above methods, the technique only gives relative ages;
for instance, identification of inclusions that could only have formed under highly saline/high
temperature conditions, indicates that the mineral has not formed in recent geological time.

3.2.4.4 SEM and EDX

Electron microscopy and electron-optical techniques have been employed either alone or in
conjunction with other techniques in the study of minerals and rock specimens and as an aid to
dating their formation. The optical methods have their limitations but with careful sample
preparation, some of these limitations can be overcome. There are different types of optical
instruments but the ones commonly used here are scanning electron microscope (SEM), energy-
dispersive X-ray (EDX) and, to some extent, X-ray diffractometry (XRD) and electron
microprobe.

Analytical electron microscopy is accomplished by coupling an X-ray analysis device to a
scanning electron microscope. This combination allows selected microscopic and macroscopic
samples to be analyzed for elemental composition in an area traversed by the electron beam.
This analysis can be obtained simultaneously with a photograph of the area (Postek et al. 1980)
and is quick and does not require excessive additional sample preparation. Most important, it is
non-destructive.

Fast electrons are commonly employed in optical instruments. The beam is usually operated in a
vacuum because it cannot penetrate more than a few micrometers without losing energy. The
materials being studied are therefore subjected to high vacuum conditions during examination
and may be altered due to dehydration. Some may also deteriorate due to irradiation. Several
methods, such as carbon or gold coating, have been used to prevent damage as well as serve as an
electron conductor.
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In SEM, a focused electron beam of high energy electrons systematically scans in a raster-like
pattern over the inclined surface of a specimen measuring both the back scatter of some of the
primary electrons and ejection of the secondary electrons.

The secondary electrons are attracted to a positively charged collector, and the resulting signal is
amplified and displayed in a cathode-ray tube in which a beam spot is scanned in synchronization
with the primary beam on the specimen. The magnification of the picture on the screen of the
cathode-ray tube can be controlled by varying areas of specimen covered by the raster.

The X-rays produced in a scanning electron microscope also include X-rays with energy
characteristics of the elements in the specimen. The X-ray energy analysis is accomplished by
energy dispersion which is the segregation of X-rays according to their energies, known as
energy-dispersion X-ray analysis (Postek et al. 1980).

4. LAC DU BONNET BATHOLITH CASE HISTORY: APPLICATION OF
METHODOLOGY

4.1 INTRODUCTION: SITE DESCRIPTION

4.1.1 Past Work

The earliest known geologic work in the area of the Lac du Bonnet Batholith (LDBB) was a
reconnaissance survey of the east shore of Lake Winnipeg by Tyrrell (1900), who noted the
presence of red granite near Lac du Bonnet. Moore (1914) outlined the northern contact of the
batholith and Wallace (1917) examined rocks of the batholith east of Pointe du Bois. Cooke
(1922) mapped the greenstones to the northeast of the batholith, now know as the Bird River
Greenstone Belt. Wright (1926, 1930, 1932) published the first comprehensive work on the
batholith and defined its extent much as it is known today.

A number of regional geologic studies have drawn attention to different aspects of the LDBB.
McRitchie (1971) discussed it as one of eight tectonic units he defined in the Wanipigow-
Winnipeg River region (his Figure 1). Trueman (1971 and 1980) discusses it as part of the
regional setting of the Bird River Greenstone Belt. Beakhouse (1977) and Breaks et al. (1978)
discuss it as part of the subdivision of the English River Subprovince of the Superior Province of
the Canadian Shield. Tammemagi et al. (1980) conducted a reconnaissance survey for AECL to
decide whether or not it was suitable as a Research Area. Its petrology formed part of the Cat
Lake-Winnipeg River Pegmatite Field study by Cerny et al. (1981), and Cerny et al. (1987) on
the petrochemical aspects of the batholith itself. Longstaffe et al. (1981) discuss oxygen isotopes
in the granite, in association with this same pegmatite field, and Penner and Clark (1971), and
Farquharson (1975), include it in reports of Rb-Sr whole-rock age determinations of rocks in
southeastern Manitoba.

McCrank (1985) mapped the LDBB at reconnaissance scale during AECL's initial activity in
1980 and 1981 and emphasized the distribution and orientation of structural features and the
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frequency and characteristics of fractures. At the same time, the distribution of lithologic units,
and the frequency and characteristics of fractures were mapped in detail at the URL lease site
(Stone et al. 1984). Following this, detailed structural mapping and observations were carried
out at the URL lease site and on seven other sites in the batholith (Brown et al. 1989, Brown et
al. 1994).

Much of this work has been summarized and reported in the Proceedings of AECL Information
Meetings (e.g. AECL Technical Records 180, 200, 299 and 375), and in two Geological
Association of Canada's Field Trip Guidebooks (Brown and Soonawala 1982 and Brown et al.
1986a). (The latest work and interpretations have been summarized in a further field trip
guidebook (Everitt et al. 1996) and in Brown et al. (1995). In 1984 and 1985 the rectangular
upper URL shaft was mapped during construction to a depth of 256 m, again emphasizing
lithostructural units and fracture characterization (Everitt and Brown 1986). In 1985, the URL
ventilation raise and the horizontal development at a depth of 240 m was mapped (Everitt et al.
1987) and mapping of the lower shaft to 454 m and the 420 m level has been reported (Everitt et
al. 1990a).

At the URL lease site, 21 cored holes and twelve percussion holes have been drilled to depths of
up to 1100 m, for geological and hydrogeological information. An additional 39 short vertical
holes were drilled through the overburden to bedrock, for hydrogeologic information. Seventeen
other cored boreholes have been drilled at the Whiteshell Laboratory site and five other grid areas
scattered over the batholith, and over seven hundred have been drilled from underground at the
URL. The core from these boreholes has been logged in detail, with lithologies, fractures and
rock properties information. The boreholes have been instrumented and hydrogeologically
tested, and the groundwater sampled for geochemical analysis.

Since 1985, AECL has geologically mapped, at reconnaissance scale, the terranes surrounding
the Lac du Bonnet Batholith (the Whiteshell Research Area), with emphasis on fracture
distribution and history, and has studied in detail a section of regional faulting to the south of the
batholith and several small areas within the batholith.

4.1.2 General Geology of the Lac du Bonnet Batholith and Its Regional Setting

The granitic Lac du Bonnet Batholith, dated at 2680±91 Ma (U-Pb in zircon, Krogh et al. 1976),
lies at the end of the English River Gneiss Belt (Wilson 1971) in the Superior Province of the
Canadian Shield. This belt, with a regional low aeromagnetic signature is largely underlain by
para- and orthogneisses. Beakhouse (1977) subdivided the English River Gneiss Belt into the
northern Manigotagan-Ear Falls Gneiss belt, dominated by metasedimentary rocks, and the
southern Winnipeg River batholithic Belt dominated by intrusive rocks. The Manigotagan-Ear
Falls Gneiss Belt is bounded to the north by the Rice Lake Greenstone Belt and to the south by
the Bird River Greenstone Belt.

Aeromagnetic and seismic surveys suggest that the lower crust is thin beneath the English River
Gneiss Belt (Hall 1971; Hall and Hajnal 1970 and in preparation), and in consequence,
McRitchie (1971) considered the whole of the English River Gneiss Belt to have been a linear
belt of subsidence bounded by deep dislocations. Basic and subsequently acidic magma reached
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the surface to contribute to the volcano-sedimentary accumulation. High heat flow in the
downwarped basin produced catazonal paragneisses and intrusions in the Pine Falls plutonic
complex and the Winnipeg River plutonic complex. The Rice Lake and Bird River Greenstone
Belts are pressured in graben structures, along whose bounding faults rose the magmas for late-
tectonic intrusions such as the Lac du Bonnet Batholith.

The batholith is exposed over an area of 70 x 20 km and an equal area to the west may be
covered by lake sediments and Ordovician rocks of the Winnipeg and Red River formations. It is
in gradational contact (though granitization) with gneisses of the English River Gneiss Belt, and
in sharp contact (with a metamorphic aureole) with rocks of the Bird River Greenstone Belt. 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 3). 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°C and 650°C,
respectively, based on feldspar geothermometry (Brown et al. 1989). This main phase was
intruded along the English 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 xenolith country-rock contaminated granites are
accompanied by coarse-grained pegmatodial 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 et al. 1994). 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 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.

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 4). 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
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evidence suggests right-lateral movement, most of the internal structures observed in the field
suggest left-lateral movement.

According to Brown et al. (1989), the LDBB, at least in the near-surface levels, was intruded
layer by layer into the gneisses, and gently folded by the diapiric rise. It is thought that the
present topographic surface is close to the original roof zone of the batholith. This is based on
the distribution of xenolithic or schlieric granite, and the distribution of deuteric alteration
haloes.

In the URL, xenolithic, leucocratic and heterogeneous litho-structural domains define a large-
scale northeast-striking, southeast-dipping layering (Figure 5). These domains are distinguished
on the basis of xenolith content, the relative abundance of late residual or metasomatic
segregations, the presence of internal auto-intrusive contacts, and variations in mesoscopic
fabric. Domain boundaries may be either sharply defined or gradational. Fracture frequency is
highest in the most strongly gneissic and schlieric regions of these domains, and it is in these
areas that the major low -dipping fault zones (thrust faults and splays) occur.

A simplified listing of the rock types recognized within the LDBB and the URL, and showing
their field relationships is presented in (Figure 6). The most abundant phase of the batholith is a
granite or quartz monzonite. It is host to a variety of xenoliths, and auto-intrusive dykes, sills,
and recrystallized zones.

The results from modal analyses of the major rock types are plotted on a Q-A-P ternary diagram
(Figure 7). The unaltered main phase of the batholith (C) overlaps the granite-quartz monzonite
field while samples with assimilated xenolithic material (S) plot towards the grandiorite
boundary. Auto-intrusive sills and dykes (R) also fall within the granite field, but closer to the
quartz-alkali feldspar poles. This is consistent with their interpretation as late differentiates. The
effects of country rock contamination are also apparent in the placement of biotic and schlieric
phases of the granite.

The various types of alteration present within the URL and their field relationships are
summarized in Figure 8. The grey granite represents the unaltered mass of the batholith, with the
primary igneous mineralogy preserved. Occasionally, some reddening occurs within unfractured
residual pegmatitic sills. This may be due to the primary deposition of hematite as suggested by
Gascoyne and Cramer (1987), or to the concentration of volatiles in these residual phases.

Subsequent deuteric and hydrothermal alterations of the primary plagioclase and biotite resulted
in the formation of chlorite and epidote, and the reddening of the rock due to the deposition of
Fe-oxides within mineral cleavages, grain boundaries, and micro-cracks. Most reddening occurs
about fractures and is superimposed across lithological contacts. Low temperature alteration
overprints the higher temperature forms. Mite replaces epidote and biotite and Fe-oxides are
removed, leaving the rock bleached in appearance.

Discontinuities or fractures, range in scale from microcracks to kilometer-scale fault zones,
although large areas of unfractured intact rock are found (Figure 9). The relative age of these
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fractures, based on field evidence and conceptual relationships is presented in the section
following.

4.2 GEOLOGICAL DATING

4.2.1 Deformation History: Summary

During the magmatic, and very early hydrothermal stages of cooling and recrystallization
(Figure 8), several "penetrative" structures were formed that suggest the batholith crystallized
under a regional moderately 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,
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 up to at least a
modern depth of 1 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 10).
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.

Within the Lac du Bonnet Batholith itself the common tectonic fractures and faults have been
summarized in Brown et al. (1989, 1990) and specifically for fracturing at the Underground
Research Laboratory, in Everitt et al. (1990b). A more detailed description is given in Brown et
al. (1994). 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 10 and 11.

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 (Gi) trended 005° subhorizontally and the intermediate (fy) 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 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 axis remained vertical, but the Gj axis was rotated from 005°
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to 020°-030°. 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. 1990a), 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 02 axis and a <7i 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 (7i axis remained the same (125-140°), but the 02 and cr? axes interchanged.

Later mesoscopic fracture sets, with lower-temperature chlorite and/or white mica Millings, 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, 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 after they were 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 occurrence 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.

Fracturing is seen as the end member of a continuous series of events, beginning with the
crystallization of the batholith roof, and involving the episodic reactivation of existing weakness
directions (Everitt et al. 1990b, 1996; Brown et al. 1995). The basic network of fractures
developed in the Early Proterozoic (Kamineni et al. 1990a). Repeated reactivation of this
network has been favored over the creation of new fracture systems. This is well illustrated by
the infilling distributions shown on the stereograms included in later sections.
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4.2.2 Characteristics of Fracture Patterns

4.2.2.1 General Summary of LDBB Fracturing

Most of the dating of fractures and faulting has been carried out at the URL, and especially with
respect to the thrust faults and associated mesoscopic fractures. In this section, a brief summary
of the general LDBB fracturing and faulting is followed by subsections on the URL thrust faults
and splays, and on the URL subvertical intrablock fracturing.

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 boreholes (Brown et al. 1994). 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 LED 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 LDBB 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, Figure 4) 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.
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.

The LDBB 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 12.
The early fracture sets of the second type have been discussed in Section 4.2; the later-formed
fractures are discussed in this section.
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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 13). A less
common, but well developed subvertical set strikes north-northwest and another set strikes
east-northeast (Brown et al. 1994). 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 meters 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 9).

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 and other fillings are described in Brown et al. (1994), and the
distribution in the Underground Research Laboratory excavations is described in Everitt and
Read (1989); Everitt and Brown (1986); Everitt et al. (1987, 1990b, 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. 1994) 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. 1986b). 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.

The orthogonal pattern of mesoscopic fractures in the upper tens of meters 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, disrupting 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 m2 in plan. They do not provide interconnected pathways for any
significant groundwater flow. No such fractures have been observed in similar lenses at 420 m
depth in the Underground Research Laboratory.
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The calcite in some of the partly filled fractures of the Lac du Bonnet Batholith has been dated
by U-series. The ages commonly lie within the range 20 ka to 55 ka, but which extend back in
time to prior to 350 ka, the limit of the U-series dating method (see Section 4.3.3.6). 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. 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.

4.2.2.2 URL Thrust Faults and Splays

The LID faults and the pattern of subvertical fractures in the intrablock areas between the faults
as they have been intersected in the URL access shafts, have been are shown in Figure 9. In this
figure are displayed:

- lithostructural domains
- rock alteration
- fracture traces on the walls of the rectangular shaft and a portion of the circular shaft

extension
fracture zones and domains
scattergrams of dip direction vs. depth

Shaft mapping revealed that:

1. the low-dipping fracture zones are either thrust faults, or splays from these,
2. the thrust faults and splays follow the large-scale compositional layering in the granite,

occurring either within xenolithic zones, or along their strongly layered boundaries,
3. the subvertical fracture sets are truncated by the thrust faults,
4. the distribution and pattern of subvertical fracturing is domainal, with domain boundaries

defined by each of the thrust faults or splays; and,
5. within these domains, the pattern and relative frequency of subvertical fractures varies i)

with overall distance from ground surface, ii) with distance from the thrust faults and splays
that bound each domain, and iii) with local rock type and fabric.

Fracture Zone 2, the deepest fracture zone intersected by the excavations, comprises a relatively
simple system of conjugate shears and extension fractures (the cataclasite zone/chloritic
fractures, and the antithetic hematite-filled fractures respectively). Displacement appears to have
been dip-slip only, with the overlying block moving 7.3 m to the northwest.
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The fracture patterns for FZ 2.5 and FZ 3 are dominated by the same general arrangement of the
major slip surfaces, but additional low-dipping and subvertical fracture sets are present. Overall,
their geometry resembles two conjugate systems, superimposed to give orthorhombic symmetry,
as described by Davis (1984). Reverse dip-slip (up to 1 m) dominates in these zones, but
strike-slip and oblique slip lineations are also present.

The fracture zones divide the rockmass into a number of tabular to wedge-shaped blocks. These
blocks are crosscut by one or more sets of subvertical fractures, the pattern and frequency of
which varies from one block (fracture domain) to the next. The factors influencing the pattern of
intrablock fracturing include the overall distance from the surface, the proximity to the bounding
faults, and the local rock type. The subvertical fractures become less frequent, less continuous,
and simpler in pattern with increasing depth. They also become increasingly confined to the
immediate margins of the fault zones or to lithological heterogeneities such as dykes.

The shaft intersects FZ 2, 2.5 and 3. FZ 2 is a thrust fault, and the dominant member of this
group. FZ 3 is similar but has less displacement, while FZ 2.5 is a large splay of FZ 2 between
the two thrust faults. In general, the fracture zones comprise several chloritic slip surfaces, a
cataclasite horizon(s), and a variety of smaller scale fractures and associated alteration extending
into the hangingwall, and, to a lesser extent, the footwall. The cataclasites consist of
recrystallized fault rubble cemented by a fine-grained chlorite-carbonate matrix, and are crosscut
by the chloritic slip surfaces, minor fractures, and seams of soft clay - goethite gouge. This
assemblage is in varying degrees of groundwater-induced decomposition (medium-strong to very
weak rock).

FZ 2, FZ 2.5 and FZ 3 are similar in the following aspects: 1) their occurrence along major
litho-structural contacts, 2) the parallelism of their major and sets of minor constituent fractures
to the local rock fabric, 3) the mineral infilling assemblages, and 4) the types of infilling and
alteration minerals. They differ in the degree of complexity of the internal fracture pattern, and
the extent of fracturing and alteration into the adjacent rock. The former becomes simpler, the
latter more restricted, with increasing depth. Their structures are summarized in Figures 14
and 15.

Fracture Zone 2

The general structure and total offset of FZ 2 is shown in Figure 14, a cross section normal to its
strike. Bracketed numbers (e.g.:{3}) refer to the annotations in the figure. Features depicted
include {1} - the cataclasite and weathered rubble zone, {2} - the limits of subvertical and
low-dipping fractures in both the hangingwall and footwall, {3} - the alteration halo in the
unfractured rock surrounding the fault, and {4} - the unfractured and unaltered granite.

A granodiorite dyke {5}, intersected by the shaft and several boreholes (e.g., GC-8), is displaced
7.3 m by reverse dip-slip movement along the fault. The extent and relative orientation of
subsidiary, hematite-filled fractures are also shown {6,7}. The direction of slip is indicated by
the 90° pitch of slickenlines and other lineations on the fault surface, by dilational gaps, and by



- 2 3 -

numerous intersections of the displaced dyke and fault zone by cored boreholes (only boreholes
GC-5,-7 and -8 are shown). It is also confirmed by the incremental movement visible within the
fault (Figure 14b). Also shown in this enlargement are {8} - the cataclasite material, {9} - the
major chloritic slip surfaces, and {10} - the subsidiary, hematitic fractures.

The structure of FZ 2 is summarized in Figure 15a. The average orientation of the cataclasite
zone {1}, based on multiple drill-hole intersections over a 400-m2 area, is represented by the
great circle in Figure 15f. Most chloritic fractures and slip surfaces {2,3} parallel the large-scale
fault orientation, and the compositional layering in the granite {4}. Subsidiary fractures in the
footwall and hangingwall are predominantly hematite-filled, show no offset, and terminate within
1 to 2 m of the fault. They either parallel the fault zone, dip toward it with a dihedral angle of
20-30° {5}, or are subhorizontal {6}.

Fracture Zone 2.5

FZ 2.5 was encountered in the shaft between 200- and 220-m depth, where it straddles the
contact between two litho-structural domains. The structure of FZ 2.5, summarized in
Figure 15b and 15e, shares with FZ 2 the pattern of large low-dipping chloritic shear fractures
{1} parallel to the average plane of the large-scale compositional layering {2}, and the subsidiary
chloritic/hematitic fractures dipping in the opposite direction {3}. FZ 2.5 differs from FZ 2 as
follows.

A third low-dipping set {4} is present, striking roughly perpendicular to the other two. This set
occurs within the zone, but mostly within a local-scale splay found at the top of FZ 2.5. Its
orientation follows a local scale layering (foliation) in the granite. Infillings include clay in
addition to chlorite and hematite.

Subvertical fracturing, striking parallel to the strike of FZ 2.5, is abundant in the hangingwall.
The oldest infillings have the widest range in orientation, while younger infillings are
progressively confined toward the mean {5}. From oldest to youngest these are {6} - sulphides,
{7} - chlorite, {8} - hematite, {9} - carbonate, and {10} - goethite.

Offset sense and displacement across FZ 2.5 are not known because of the scarcity of markers,
but appear to be very minor. A maximum of 10 cm of reverse dip-slip displacement has been
observed to date on the basal chloritic fracture of this zone, with no visible offset on the
overlying fractures (Everitt, unpublished data). The absence of a cataclastic horizon is consistent
with this negligible offset.

Slickenlines on the large low-dipping subhorizontal fractures indicate dip-slip movement, with
an oblique component for the northwest-striking low-dipping fractures {4}. Vertical fractures
display horizontal and subvertical lineations of mixed origin (Everitt and Brown 1986).
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Fracture Zone 3

FZ 3 straddles the lower contact of a major xenolithic domain. The upper part of this fracture
zone is a single, chloritic splay striking 030° and dipping 30° southeast. It is associated with a
narrow zone of secondary fracturing and alteration. The lower part of FZ 3 is more complex,
consisting of a cataclasite horizon, several fault planes (chloritic slip surfaces), all within a 1-m
width, and a variety of smaller scale fractures and alteration extending into the footwall and
hangingwall. Reverse dip-slip displacement of at least 1.0 m was identified across the lowest
part of this zone.

The structure of FZ 3, depicted in (Figure 15c and 15d), is more complex than that described for
FZ 2 and FZ 2.5. The cataclasite zone {1} and the large low-dipping chloritic shear fractures
{2}, paralleling the average plane of the compositional layering {3} are still present as are the
subsidiary chloritic {4} and hematitic fractures {5}. However, there is a greater scatter to the
orientations of all fractures, and there are two additional low-dipping sets {6} and {7}, and two
subverticals {8} and {9}. The subvertical fractures are present in both the footwall and
hangingwall of this fracture zone.

The oldest infilling (chlorite) occur on fractures with poles that lie along a great circle. This
includes the major and minor low-dipping shear planes, as well as the subverticals striking
parallel to the fracture zone. Carbonate and clay infillings occur within most of the older
fractures but are most common on those whose poles fall along a second great circle, normal to
the earlier direction.

As in FZ 2.5, slickenlines on the large low-dipping subhorizontal fractures indicate a
predominance of dip-slip movement, with an oblique to strike-slip component for the
northwest-striking low-dipping fractures {6} and {7}. Vertical fractures display horizontal and
subvertical lineations of mixed origin (Everitt, unpublished data).

4.2.2.3 URL Subvertical Intrablock Fracturing

From borehole intersections, it was known that the low-dipping fracture zones (thrust faults and
associated splays) divide the rockmass into a number of tabular to wedge-shaped blocks, and that
these in turn are crosscut by several sets of subvertical fractures. From shaft mapping, it is
apparent that the pattern and frequency of subvertical fractures varies from one block or Fracture
Domain (FD) to the next. This is shown in the fracture map and scattergram presented in
Figure 9. Only the upper 33 m of the circular shaft extension is shown, the remaining 210 m
being unfractured. The scattergram is a plot of fracture dip direction versus elevation, and is
essentially a graph of fracture frequency and orientation versus depth. The numbers on the
scattergram indicate that two or more fractures plot at the same depth/orientation coordinate.

The pattern of intrablock fracturing is related to the overall distance from the surface, the
proximity to the bounding faults, and the local rock type. Subvertical fractures become less
common, less continuous, and simpler in pattern with increasing depth. They also become
increasingly confined to the immediate margins of the fault zones or to lithological
heterogeneities such as dykes. Three large-scale fracture domains are recognized.
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FD "A" extends from the surface to the base of FZ 3. Within this domain, the predominant
north-northeast-striking subvertical set dips primarily to the northwest (Figure 9 and 15d). A
north-northwest-striking set is less abundant but individual surfaces have been traced from
surface to the top of FZ 3, a distance of almost 100 m. Other directions of fracturing, such as a
northwest to west-northwest subvertical set, are common near surface. Also present are
non-systematic intrablock fractures, and other fractures related to either local fabrics or to surface
influences. Low-dipping to subhorizontal sheeting fractures were encountered to a depth of 15 m
but were relatively uncommon. Chloritic low-dipping fractures within the upper 15 m of the
shaft show dip-slip lineations, and are thought to be related to the major low-dipping fracture
zones described earlier. Subvertical fractures were terminated against these and similar slip
planes encountered in FZ 3.

FD "B" extends from the base of FZ 3 to the base of FZ 2.5. The pattern of fracturing here is
more ordered than that described for FD "A" (Figures 9 and 15e). Non-systematic or local sets
are minor. The dominant near-vertical north-northeast striking set is well defined, dipping
equally to the northwest and southeast. This set is largely confined to the upper and lower thirds
of this domain (i.e., its margins adjacent to the low-dipping fracture zones). The variety of
infilling materials and the variability of this set about its mean orientation also increase as the
bounding fracture zones are approached.

FD "C" extends from the base of FZ 2.5 to the top of FZ 2, and FD "D" encompasses the entire
area below. Natural fracturing in these domains (Figures 9 and 15f) is largely confined to the
immediate margins of the bounding fault zones, or to specific lithological heterogeneities such as
dykes and leucocratic zones. It is largely unimodal, with a dominant subvertical
northeast-striking set, and a minor subvertical northwest-striking set.

Horizontal versus vertical trace lengths for the subvertical fractures indicates a ratio of horizontal
to vertical trace length in the order of 1:9. This appears to be due to a number of factors,
including 1) the truncation of most subverticals against the low-dipping fractures of various
types in the near-surface environment, 2) the truncation of the subverticals against the
low-dipping thrust faults, 3) the tendency for the subverticals to be constrained by the
low-dipping layering in the granite, and 4) fracture propagation under a horizontal Oi stress axis.

The variations in the structure of the fracture zones, and in the fracture domains between them,
are explained using the model depicted in Figure 5. This model is based on the underground
mapping, and on data from surface and underground boreholes in the URL vicinity, re-interpreted
using the perspective provided by the shafts. This model may have wider application, but is one
of several models under consideration for the regional scale.

The northeast face of the model is normal to the strike of the fracture zones as seen in the area of
the excavations. The geology of this face is shown in Figure 5a. FZ 2 has an arcuate outcrop
pattern along the south and west side of the model (Figure 5b). The overlying rock block is
"split" by FZ 3 and FZ 2.5, both of which curve and merge with FZ 2 to the south.
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The orientation of the present-day maximum-principal in situ stresses, relative to this model, are
as shown. In the block above FZ 2, the maximum principal stress is oriented
northeast-southwest, parallel to the dominant fracture set and the strike of FZ 2. In the shaded
area below FZ 2, subvertical fracturing is rare or absent, and the maximum principal stress is
oriented northwest-southeast, perpendicular to the strike of the thrust fault. However, with
depth, horizontal stresses tend to approach the vertical stress.

The geometry of the thrust faults suggests they were formed when the regional stress field was
oriented such that the plane containing the maximum and intermediate principal stresses was
subhorizontal, with the former aligned in the northwest-southeast direction. This deformational
event is believed to be associated with plate accretion on the margins of the Superior craton
during the late Archean - early Proterozoic (Kamineni et al. 1990a). Though this (northwest-
southeast) represents the maximum compressive stress orientation at the URL, thrust faults
elsewhere in the LDBB strike northwest, suggesting that there is likely to be a more general
compressive stress field throughout the batholith as a whole.

In the case of FZ 2, the simple conjugate system of fractures suggests that the local strain
accommodated by fracturing was largely two-dimensional. In the case of FZ 2.5 and 3, however,
the orthorhombic pattern of low-dipping major and minor fractures suggests that brittle strain
was three-dimensional (Davis, 1984). This difference is seen as a consequence of FZ 2.5 and 3
being "piggybacked" on FZ 2. As such, strike and oblique slip within FZ 2.5 and 3 is seen as a
natural accommodation to displacement on the underlying, and dominant thrust fault (FZ 2).

The subvertical fracture sets are seen as extensional intrablock fracturing initiated by geometric
flexing and general expansion of the thrust plates in the late Archean to early Proterozoic. The
plane containing the maximum and intermediate principal stresses was still subhorizontal, but the
local maximum principal stress axis was now aligned northeast-southwest. Reactivation and
extension of some fractures must have occurred during Paleozoic transgression, during
subsequent removal of the Paleozoic cover, and during continental glaciation. This is supported
by the various ages of infillings in these sets (Kamineni et al. 1990a,b).

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

4.2.3.1 Microcrack Types

Microcracks in the Lac du Bonnet granite occur in quartz, feldspar and along grain boundaries.
In genetic terms they range from;

1. late or sub-magmatic micro-veinlets,
2. sealed or partially open cracks with lower temperature fluid or mineral fillings; and,
3. recent cracks formed by release of in situ stresses upon sampling (these naturally lack any

filling or alteration).

The submagmatic type consists of shattered or fragmented feldspars that were cemented by
quartz or feldspar which crystallized later. Fracturing resulted from concentration of stress at
contacts between grains while the granite was submagmatic, i.e. when the melt was below the
critical fraction required for magmatic flow (Bouchez et al. 1992). While observed in samples
from the LDBB, this generation of microfracturing has not as yet been systematically
investigated.

For this report, discussion is limited to the grain-scale fractures in quartz, marked by planes of
fluid-inclusion, or by fillings such as hematite. Investigation has concentrated on quartz as this
mineral is relatively isotropic in a mechanical sense. Natural microcracks in other minerals or
along grain boundaries are either compositionally or crystallographically controlled. These have
been described in Chernis (1981) and Chernis (1984).

4.2.3.2 Natural Microcracks in Quartz

Natural microcracks in quartz are a common feature of granitic rocks of the Precambrian Shield
and other areas. They are recognized as healed cracks with trains of fluid-inclusions or mineral
infilling and alteration, or open cracks with air or brine infilling (Richter and Simmons 1977).
They are thought to have originated during cooling (or heating) in the presence of fluids and a
deviatoric stress field (Jang et al. 1989). Their pervasiveness on the hand- specimen-scale, and
their tendency to occur as sets related geometrically to the causative stresses, make them useful
fabric elements with which to interpret the stress and fracture history of their host. Their use in
determining regional stress orientations related to specific orogenic events has been described by
Jang et al. (1989), and Ren et al. (1989), and is being undertaken at the URL (Everitt and
McGregor, in prep, and unpublished internal reports).

The orientations of the natural microcracks were determined along with the orientations of quartz
c-axes using a 5-axis Universal stage, mounted on a petrographic microscope, at a magnification
of lOx (as described by Jang et al. 1989 and Rousell 1981). Natural microcracks were
distinguished from induced microcracks by the presence of mineral filling or alteration, or by
trains of fluid and mineral inclusions. The predominant filling mineral appeared to be hematite,
but in most instances the filling and fluid inclusion compositions were not optically
determinable.
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Open cracks with no visible wall rock alteration or filling were abundant, but were not measured
to avoid grouping natural microcracks related to the stress relief history of the rock, with others
probably induced by excavation, drilling or sample preparation. Open (i.e. induced microcracks)
were usually curviplanar to conchoidal, transgranular, and had no obvious pattern. The filled
microcracks in contrast, were usually planar and generally displayed some type of repeating
pattern on the thin section scale (Figure 16).

4.2.3.3 Microcrack Orientations

The microcrack sets at various depths correlate well with the sets of macro-scale fractures as
defined in the URL shafts (Figures 9 and 17, as follows:

1. In the largely fractured and altered rock above FZ 2, the length of the natural microcracks in
quartz is equal to or greater than that of the grains in which they occur, microcrack sets are
clearly defined. They occur in three perpendicular planes (one low-dipping set oriented
approximately parallel to the low-dipping fault zones, and two subvertical (southeast- and
northeast-striking) sets.

The low-dipping set in the sample from the 240 Level parallels the average orientation for
Fracture Zone 2, as well as the compositional layering, which this fault follows. The low-
dipping set in the sample from the 130 level parallels the orientation for Fracture Zone 3
(based on an average taken over a 500 m2 area), but not the local compositional layering,
which deviates here from the regional norm. This is consistent with other URL and surface
work, which showed that the low-dipping fracture zones are fabric-controlled where the
layering is near the theoretical failure plane, but not where the layering varies substantially
in orientation (Brown et al. 1989).

2. In the largely unfractured and unaltered rock below FZ 2, the length of the natural
microcracks in quartz is less to much less than the size of the grains in which they occur, and
other than a tendency to be low-dipping, there is little preferred orientation.

Four weakly developed sets of microcracks are defined (Figure 9). These comprise a
conjugate system arranged in orthorhombic symmetry very similar in orientation to that
present in the major low-dipping fault zones. Sets 1 and 2 are fabric-controlled whereas sets
3 and 4 are not.

The measured orientations for the present maximum, intermediate and minimum principal
stresses (<Ji, 02, G3) are superimposed on the lower hemisphere equal area nets for the
microcracks (data from Martin and Christiansson 1991, and Read and Martin 1991). Below
Fracture Zone 2, the geometry of the present in situ stresses does not appear to be significantly
different from that which led to the initiation of the thrust faults in the early Proterozoic (Brown
et al. 1989). Above Fracture Zone 2, the in situ stresses are re-oriented, and there is a close
correlation between their orientation and those of the natural microcrack sets. This correlation
suggests the microcracks are related to the general stress field rather than directly to pluton-
related mechanisms, or to the topographic surface.
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4.3 RESULTS OF LABORATORY DATING STUDIES

The application of the various physical, chemical, and isotopic methods of dating fracturing and
alteration in the Lac du Bonnet Batholith is described with examples, in this section.

4.3.1 Physical Characteristics

4.3.1.1 Mineralogic Features

The variation in physical characteristics (coloration, texture, mineralogy, etc.) associated with
fracturing and alteration of the Lac du Bonnet granite is due in part to the P-T conditions at the
time of fracturing. These conditions are related to the cooling history of a batholith as shown
schematically in Figure 18. The granite has been subjected to three types of alteration, as
illustrated in Figure 8. The effects are mainly confined to rock adjacent to fractures that remain
open to fluid migration. The surfaces of the earliest fractures were first altered by fluids derived
from the magma upon its saturation with respect to water (deuteric alteration). Once the
temperature had fallen below the solidus temperature, convective circulation between the cooler
country rocks resulted in hydrothermal alteration along fractures. Cooling of the rock continued
until the ambient temperature at the depth of emplacement had been reached. The remaining
thermal history of the granite was then determined by its proximity to the surface (controlled by
erosion of overlying rocks) and the local geothermal gradient. There is no evidence that any
subsequent thermal event affected the Lac du Bonnet granite.

The Lac du Bonnet granite is overlain in the west by Upper Ordovician sedimentary rocks,
indicating that the granite has been at, or near, the earth's surface for at least the last 450 Ma.
Because of the age of the granite is about 2600 ma the sequence of rock-water interaction may
have been: deuteric (lasting at least 100 Ma); hydrothermal (for about 2000 Ma); and low
temperature (for about 450 Ma). Fractures that have formed recently due to stress release have
only experience the low-temperature alteration, whereas all these effects may be superimposed
on one another in older fractures. For instance, in the large subhorizontal fracture zones
observed at the URL (Figure 5), hydrothermal alteration caused development of second zone of
'pinking' superimposed on the primary zone which is adjacent to these fractures. Recent
alteration in these hydrogeologically active fractures has bleached the rock and, where this has
been intensive, solution cavities and low-temperature mineral assemblages have been formed.

The alteration halo typically seen surrounding permeable fractures in the Lac du Bonnet granite
has the physical appearance and characteristics shown in Figure 19. Unaltered pink or grey
granite located some distance from the fracture, grades into pink-red and then red (hematite-rich)
granite as the fracture surface is approached. At the fracture surface, the rock tends to be
bleached. These changes are caused by changes in the mineralogy of the granite host rock along
the fractures. The profile of alteration around a vertical fracture seen at the 240 m level of the
URL is illustrated in Figure 20. The profile shows evidence of multiple alteration events
penetrating the rock matrix to varying distances from the fracture. Deuteric and hydrothermal
alteration of the primary plagioclase and biotite is most pronounced and results in a reddening
due to formation of hematite and fracture planes infilled with a green mineral, chlorite. A low-
temperature alteration has overprinted this high-temperature alteration nearest to the fracture. In
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this latter zone, epidote, chlorite and biotite have been replaced by illite, and Fe oxides have
disappeared from the actual contact with the fracture. Various secondary minerals (e.g. calcite,
goethite) are found on the fracture surface, and their presence is probably controlled by the
composition of groundwater currently existing in the fracture.

From the mineralogical changes, a chronology of the various alteration events can be constructed
based largely on the P-T conditions required for formation of these minerals. Biotite and
epidote ± chlorite are clearly high temperature minerals and, therefore, likely to be >109 a old,
while illite, hematite ± chlorite and calcite represent hydrothermal temperatures and are probably
older than 5 x 108a. Illite, goethite, limonite, calcite and kaolinite indicate low temperatures and
will have formed in the last 5 x 108 a.

4.3.1.2 Microscopy and X-Ray Diffraction

SEM and EDX have been used to study minerals such as illite and kaolinite samples from
fractures and fracture zones to determine their compositions and structures and then infer their
temperatures and conditions of formation. Examples and results have been reported by Griffault
et al. (1992). Figure 21 shows a SEM photograph of illite that crystallized in a shear zone at a
depth of 1 km in borehole WB1 in the Lac du Bonnet Batholith. The accompanying EDX
analysis indicates a composition of illite (1), and residual orthoclase (2). Griffault et al. observed
elongate flakes of Fe- and Mg-rich 2M1 mica, that are 1 um thick and <5 (am long. The presence
of the 2M1 mica in the sample and the characteristic sharp reflections in the diffractogram
indicate that it must have formed at a high temperature, greater than 200 to 250 C. Figure 22
shows flakes of kaolinite, as grey-yellow fan shaped crystals that are distinct from other clays.
The sizes vary from <5 |am in illite zone to approximately 10 (am in the enclosing rock. The
Kaolinite has characteristics typical of low-temperature formation.

4.3.1.3 Fluid Inclusions

Fluid inclusion analysis, as part of the microcrack orientation analysis, has only been completed
for samples from the 420 Level as part of the characterization for the Mine-by Experiment
(McDonald 1994). The purpose of this investigation was to determine if the fluid inclusions in
microfractures could be used to discern the number of microfracturing events, and the relative
conditions at formation.

Nine doubly polished thin sections were prepared (approximately 200 |Xm thick). These were
then examined on a polarizing microscope to identify usable fluid inclusions and to try and
distinguish those inclusions present at grain boundaries from those located within the grains
(believed to be fracture-controlled).

Abundant inclusions were present in the samples analyzed, although only those within grains
could be easily recognized. These tended to occur in distinct trains. The majority of these were
found to be quite small (90% < 2 Jim) and appeared for the most part to be two-phase (gas and
liquid). The remainder, which were between 2 and 6 |j,m, were found to be empty, containing
neither a gaseous liquid or solid phase.
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Fluid inclusion measurements were carried out on a Fluid Inc. heating/freezing stage that had
previously been calibrated. Freezing temperatures are believed to be ± 0.5°C, while those of
heating are believed to be ± 2°C. The inclusions were observed at 600x magnification, the upper
limit of the instrument. As such, resolution of separate phases within the inclusions was not
possible, particularly when trying to obtain freezing data. It had been intended to be able to
determine both Teutectic (freezing temperatures) and Thomogenization (heating temperatures). The
freezing temperatures theoretically provide estimates of the composition of the inclusions
(salinity, CO2 vs. H2O content, etc.). Generally, obtaining such temperatures requires freezing
the inclusion and then determining the temperature at which the frozen crystals "melt".
However, such studies required inclusions > 4-5 p.m because numerous (often more than 10) ice
crystals will form, and it can be very difficult therefore, to determine when the first (or even last)
crystal melts. As the inclusions observed here averaged < 2(iim, it was not possible to complete
this component of the study.

Analysis of homogenization temperatures was attempted, although the small size of the gas
bubbles within the inclusions increased, the error associated with an accurate determination of
these temperatures. A value of Thomogenization of approximately 380°C was obtained. Such
temperatures generally give the temperatures of formation, but only after corrections for pressure
and composition. As such, the true temperatures are considered to be slightly higher than the
values obtained here.

4.3.2 Chemical Characteristics

Changes in the chemical composition of rock adjacent to a fracture or fracture zone may be
attributed to high- or low-temperature processes depending on the pattern of element migration in
the alteration halo. For instance, variation in the Fe and U content across a halo (Figure 23)
indicates early, deuteric fracturing and alteration causing Fe and U enrichment in the wall rock.
Subsequent, low temperature reactivation of this fracture results in partial mobilization of Fe and
U, each element migrating under different redox conditions. This causes overprinting of
geochemical signatures and gives a partially leached fracture surface (Figure 19).

Often, the low-temperature alteration process obscures the earlier event by removing or further
altering secondary mineral infillings and creates a very strong geochemical signature. For
instance, element concentration profiles of cores intersecting fractures at -150 m in the
Lac du Bonnet granite (Gascoyne and Cramer 1987) show pronounced changes. The highly
mobile elements, Na and Ca are removed from the host rock during plagioclase alteration while
some K is added close to the fracture surface, due to illitization (Figure 24). The trends are more
clearly recognized in the normalized plot, which also indicates the relative amounts of depletion
of each element.

Variations in total Fe concentrations and Fe oxidation ratio (Fe3+/total Fe) are illustrated for two
profiles in Figure 25. The diagrams show an initial trend of increasing Fe abundance and degree
of oxidation, followed by a decrease in both towards the fracture surface. These, and the trends
for Na and Ca, indicate the complex nature of the alteration of the host rock matrix along these
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fractures. The high-temperature assemblage of alteration minerals (Figure 19) and the Fe-
enrichment trend (of at least 50% relative to the parent rock) in the part of the profile nearest to
the parent rock, represent the oldest and most penetrating alteration. This alteration was at least
hydrothermal in nature, and introduced Fe into the rock. A subsequent low-temperature
alteration has overprinted the hydrothermally altered section near the fracture, resulting in
reduction and dissolution of Fe from that part of the profile. The fracture surface in both profiles
is coated with a thin layer of Fe-oxyhydroxides, representing the youngest chemical interaction
with groundwater in these fractures, and this accounts for the increased values for total-Fe and Fe
oxidation ratio in the sample closest to the fracture.

Variations in rare earth element (REE) content along profiles of altered rock cores are also useful
in determining relative P-T conditions of alteration and, hence, age. This is illustrated by the
variations in REE content of two cores from surface and deep (-150 m) locations in the
Lac du Bonnet granite (after Gascoyne and Cramer 1987). In the surface profile (Figure 26) the
close correspondence in the chondrite normalized patterns for the parent rock and fracture
surface indicates the relatively minor alteration of the rock along this fracture. This observation
suggests minimal rock-water interaction and without significant mineral dissolution having taken
place. In comparison, the pattern for the deeper profile clearly shows REE-enrichment in the
most altered rock and is interpreted as reflecting a difference in intensity and/or duration of the
alteration process in the profiles.

4.3.3 Isotopic Characteristics

Results of isotopic age dating using the K-Ar, Ar-Ar and Rb-Sr methods are described below. A
summary of all data is given in Table 1 in Appendix C but specific data sets are presented below,
where relevant.

4.3.3.1 K-Ar Dating

Ten biotite separates and four hornblende minerals from whole rock samples of the LDBB were
analyzed by the Geological Survey of Canada using methods described by Hunt and Roddick
(1988). The results (from Kamineni et al. 1990b and unpublished data) are shown in Tables 2
and 3 for hornblende and biotite, respectively. Hornblende samples were collected from different
parts of the batholith, with ages ranging from 2654±22 Ma to 2660±22 Ma. A mean K-Ar age is
calculated as 2657±12 Ma.

The data also suggests there may be differential cooling rates between the southern and northern
halves of the LDBB. The southern half has an approximately rectangular (15 km deep by 10 km
wide) cross-section and is likely to have cooled more slowly than the thin tongue-like northern
half (about 0-2.5 km deep by 10 km wide). Kamineni's unpublished biotite age results are
plotted against depth (Figure 27) and show the rate of cooling in the main body of the LDBB by
the reduction in age with increase in depth.

The biotite samples were collected from the core from borehole WN-4, from depths of < 100 m to
almost 1000 m. The results (Table 3) show an age range from 2291 ±27 Ma near surface to
2080±24 Ma at depth (mean age is 2179±49 Ma). Kamineni et al. inferred from these results that
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the spread of the biotite ages is partly the result of analytical precision, but mainly a result of
slower cooling of the granite at depths of almost 1 km. The difference between the hornblende
and biotite ages (2650 Ma compared with 2180 Ma) is probably due to the different argon
blocking temperatures for hornblende (~500°C, Appendix B). This difference indicates a slow
rate of cooling of the Batholith over the -500 Ma intervening period.

Several K-Ar ages were determined on muscovite minerals from cataclastic rocks at various
locations in the Batholith (Table 4). Two samples were selected from FZ 2 in the URL area. The
K-Ar ages reported for these two samples are 2275±55 and 2250±50 Ma respectively.

Five muscovite samples were also chosen from cataclastic zones intersected by boreholes at drill
permit area D. The samples were chosen from boreholes WD1 to WD4, at different depths.
Table 4 also shows the results of the dating, which range from 2040±60 Ma to 2260±35 Ma.
These ages are in agreement with biotite ages from borehole WN4 and indicate that major
faulting in the Batholith occurred during the slow cooling period at following magma
emplacement (2300 Ma to 2000 Ma).

4.3.3.2 40Ar-39Ar Dating

Results of the 40Ar-39Ar dating method have been obtained by Kamineni (unpublished data) by
dating biotite from fault zones in the URL and illite samples from FZ 2 and FZ 3 (Table 5).
Biotite from FZ 2 in the URL shaft yielded an age of 2365±2 Ma (Figure 28). Illite from FZ 2
gave an age of formation prior to 832±1 Ma, and an overprinted age post 510±l Ma (Figure 29).
Also an illite sample from FZ 3 gave an age of formation prior to 722±3 Ma. Hornblende in
mafic dykes in the early phase of the Lac du Bonnet Batholith that was deformed by the main
phase gave an age of 2657±22 Ma, and biotite in the main phase gave an age of 2290 to
2280 Ma.

The age spectrum shown in Figure 28 appears to be an example of what York and Lopez-
Martinez (1986) have called the "two-faced mica". The biotite appears to be composed of two
distinct Ar-Ar phases. The 40Ar/39Ar ratios from Phase 1 were from Ar released in the first four
temperature steps in the laboratory experiment. The ages reach a plateau at 2365±2 m.y. (700°C
step) and 2366±2 m.y. (780°C step). From the shape of this Phase I portion of the age spectrum,
it is deduced that the mica cooled through its blocking temperature (300°C) about 2365 m.y. ago.
This could be the crystallization age of the mica, or more probably, merely the time of uplift and
cooling. The last two steps in the spectrum are interpreted to belong to Phase II with an age
climbing to 2348±1 m.y. in the final fraction. This is consistent with the age of 2366 at 300°C
deduced from Phase I. This gave an interpreted age of 2336±3 Ma.

The age spectrum for illite is shown in Figure 29. It displays what is usually called a saddle-
shape. The usual interpretation adopted with such a shape is to consider that the age of the
youngest fraction in the central region of the age spectrum is a maximum estimate of the age of
the sample or of its last significant overprint. If this interpretation is followed, Figure 29
indicates that this illite was either formed or was seriously disturbed at a time no greater than
510±l m.y. ago.
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The very high ages at low % 39Ar release could be due either (a) to excess 40Ar either trapped at
crystallization or introduced during a mild metamorphism or (b) to loss of 39Ar by recoil from the
minerals during the irradiation. The most probable interpretation is that: (i) the illite existed
prior to 832±1 m.y. ago (this is the age of the highest temperature step), and (ii) the illite was
significantly overprinted post 510±l m.y. ago (York, 1986). The interpreted age is given as
808±2 Ma.

4.3.3.3 87Rb-87Sr Dating

A summary of results of 87Rb-87Sr obtained from samples of a suite of rocks from WN-4
borehole cores in the Lac du Bonnet Batholith are shown in Table 6. The samples were obtained
for depths from 30 to 1050 m. Biotite mineral separates were obtained by conventional
separation methods and hand picking of separates. Rb-Sr age determinations were carried out at
the Geological Survey of Canada. The biotite ages range from 2179±37 Ma to 2358±40 Ma with
a mean age of 2280±55 Ma.

Kamineni et al. (1990b and unpublished data) also reported internal Rb-Sr isochron ages (from
pl-mi-bt) for core samples from four boreholes from different depths of unfractured granite in the
URL area (data in Table 7, age results in Appendix C). The ages centre around 2300 Ma. Whole
rock Rb-Sr ages for 16 core samples from the Batholith were determined by the U.S. Geological
Survey (Table 8, Figure 30) and defined a precise age of 2568±23 Ma (Table 9), with an initial
87Sr/86Sr ratio of 0.7032±0.0014. A sample from a steep dipping epidote bearing fault zone
located close to the eastern margin of the batholith gave Rb-Sr age of 2350±60 Ma.

Cerny et al. (1987) has reported an Rb-Sr whole rock age for Lac du Bonnet Batholith as
2603±97 Ma. Microcline-whole rock Rb-Sr isochron ages for two granite rock samples that are
strongly oxidized and altered, (one collected from fracture zone FZ 2A, and the other from one of
the major low angle fault zones) were of 2298±48 Ma, and 2206±86 Ma, respectively (Table 9,
Stone and Kamineni 1988).

4.3.3.4 Fission Track Dating

The only result of application of the fission track dating method to samples from Lac du Bonnet
Batholith has been given by Crowley and Kuhlman (1988). The dating was conducted with
apatite minerals from 5 drill core samples taken from a 1 km deep borehole. The ages were
calculated using zeta calibration employing the Fish Canyon Tuff as an age standard. Etching
conditions for age length determination were 7% HNO3 at 25°C for 35 sec. Uncertainties in
measurement and calculations were corrected, except for systematic errors arising from
uncertainties in the zeta calibration and age standard.

The apparent apatite fission-track ages for the drill core samples range from 448 ± 34 Ma. to
533 ± 37 Ma. (Table 10). The mean lengths of spontaneous tracks in samples range from 11 to
13 |jm. These are shorter than the mean lengths of unannealed (induced) fission tracks in apatite
minerals which range from 16 to 17 |im. Crowley and Kuhlman (1988) inferred this indicates
that the apparent ages have been thermally overprinted, that i.e. partially reset. The results also
indicate that the lengths of spontaneous tracks have undergone shortening compared to
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unannealed tracks. They interpreted this as evidence that resetting occurred recently relative to
the apparent ages and the youngest apparent age of 448 ± 34 Ma places an upper limit on the time
of thermal overprinting because heating events that cause partial resetting are always younger
than the reset ages.

Crowley and Kuhlman (1988) suggested that the overprinting of these apparent ages following
uplift could have been caused by:

1. annealing at ambient temperatures for extended period of time,
2. burial of basement rocks under Phanerozoic platform sediments as well as burial by

Paleozoic sediments. (Ambrose (1964) and others in Crowley and Kuhlman (1984) have
found evidence that the entire Shield was buried by Paleozoic sediments.)

4.3.3.5 U-Series Disequilibrium Dating

The principles of determining the relative chronology of rock alteration by U-series
disequilibrium methods have been described in section 3.2.2.5 (1). Several applications of this
technique to rocks of the Lac du Bonnet granite have been reported and include studies of
pristine rocks from borehole cores at the Whiteshell Laboratories site (Gascoyne, 1985), altered
rocks from surface outcrops and fracture zones (FZ) 2 and 3 at the URL (Gascoyne and Cramer
1987), unaltered and altered cores from a fracture zone at 1000 m depth in the B permit area
(Griffault et al. 1993) and altered rocks from FZ 2 at the URL (Griffault and Shewchuck 1994).

The main observation in all the studies of altered rocks from fracture zones was that radioactive
disequilibrium frequently occurred in the most altered samples (particularly if the zone was
permeable and contained groundwater). Activity ratios of 234U/238U ranged from as low as 0.45
in some clay infillings in a deep fracture zone indicating significant loss of alpha-recoil 234U to
groundwater (Griffault et al. 1993), to 2.3 in altered rocks in a shallower environment caused by
recent precipitation of 234U from 234U-rich groundwaters in shallow fractures (Gascoyne and
Cramer 1987). Similarly, disequilibria was commonly observed in 23OTh/234U and 226Ra/230Th
ratios in altered samples and in fracture-infilling materials. In heavily weathered surface or near-
surface samples, 23OTh/234U ratios as high as 2.5 were measured.

In a recent sampling an analysis of altered rock associated with fractures in the URL Main Shaft,
initial U-series results (Table 11) show significant levels of disequilibrium in almost all samples.
There is no correlation between U content and 234U/238U ratio as might be expected if U had
precipitated recently from associated groundwater. The 234U/238U ratios show both 234U
enrichment and depletion indicating that U precipitation from groundwater was occurring in
some locations but preferential 234U loss to groundwater was occurring in other locations. The
226Ra/230Th ratios indicate that 226Ra is less mobile than 234U in these groundwaters and,
generally, tends to sorb directly from solution onto mineral phases.

These results clearly show evidence of physical and chemical disturbances within the last
years and, in the case of the 226Ra/230Th ratios, within the last 104 years. Characteristics such as
high Th/U concentration ratios, near equilibrium 234U/238U ratios and high 23OTh/234U activity
ratios in surface samples (Gascoyne and Cramer 1987), indicate rapid leaching of U with little
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isotopic fractionation, probably on a very recent time scale. Low Th/U ratios (due to enrichment
of U) coupled with near equilibrium 23OTh/234U and high 234U/238U activity ratios in shallow
samples is consistent with an oxidizing environment in which U is mobile and Th immobile.
Additional factors influencing the state of radioactive equilibrium in rocks were identified by
Griffault and Shewchuk (1994) in a study of fracture filling minerals from Fracture Zone 2 at the
URL. They found that clay (illite/smectite) infillings were depleted in 234U (i.e. 234U/238U <1)
while chlorite and hematite infillings were enriched in 234U (i.e. 234U/238U >1) and attributed this
to differences in mineral grain surface area and the permeability of the location in the fracture
zone.

To attain the large amounts of disequilibrium seen in altered rocks in surface and shallow
environments the processes of radionuclide migration are likely to be continuous and taking
place at the present time rather than a single-event that occurred sometime in the last 106 years.
In this case, the usefulness of the U-series disequilibrium technique for relative dating of events
over the last 106 years is limited because disequilibrium may have been induced very recently or
it may have begun >106 years ago and has been maintained or induced sporadically to the
present.

To some extent, this limitation can be overcome by mathematically modeling the disequilibrium
process using several isotope activity ratios (e.g. Griffault et al. 1993) but this can only be done
effectively if other parameters such as groundwater composition and flow rate, ratios of rock-
water surface area and radionuclide distribution in the mineral phases are known in detail. A
more definitive application of U-series methods is the case of mineral precipitation, when
recently formal minerals can be directly dated, as described below and in section 3.2.2.5 (2).

4.3.3.6 U-Series Direct Dating

Several attempts have been made to date calcite fracture infillings by the 23OTh/234U dating
method within AECL's program.

Twelve calcites from boreholes WAI, WG2, URL1 and URL7 and from FZ 2 and FZ 3 at the
URL were analyzed in a preliminary study by B.J. Szabo and colleagues at the U.S. Geological
Survey, Denver, Colorado. The results are shown in Table 12. Most calcites show some 234U
enrichment (i.e. 234U/238U >1.0) and most are significantly contaminated by detrital Th (seen as
low as 23OTh/232Th ratios). This contamination generally causes the calculated 23OTh/234U age to
be older than the actual age. Correction can be performed by assuming a value for the
23OTh/232Th ratio of the detrital component but this method ignores the possibility of detrital U
also contaminating the calcite. Nevertheless, calculated ages in Table 12 indicate that the
calcites are Pleistocene in age and the oldest is about 130 ka.

Recently a detailed study of calcites from boreholes intersecting FZ 2 and from the URL Main
Shaft (mainly from FZ 3 and sub-vertical fractures) has been performed by AECL's U-series
disequilibrium laboratory. Calcite grains were separated from fracture infilling minerals and
several samples were also analyzed for 13C and l8O by the University of Waterloo Environmental
Isotope Laboratory. The U-series analyses are summarized in Table 13.
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Unlike most of the earlier analyses, calcites examined from the Main Shaft in this study are
richer in U (5-50 ppm). However, in common with the earlier study, they are all contaminated
with detrital Th and are slightly older deposits (<250 ka). All calcites from the Main Shaft have
234U/238U ratios significantly greater than 1.0 indicating formation in the last 106 a. There
appears to be no relationship between age and depth below surface although the oldest calcite is
coincidentally the deepest (sample 208CC, 255 ka).

Calcites analyzed from FZ 2 (Table 13, lower) fall into two groups: those that are low in U
(<5 ppm) and have Pleistocene ages, and those that are U-rich (>10 ppm) and have ages beyond
the limit of the dating method (350 ka). Further support for the high ages of the latter group is
the fact that their 234U/238U activity ratios are close to secular equilibrium (-1.00), indicating that
they may have been formed >10 a ago. The low U content and high ' U/ U ratios of the more
recent deposits are consistent with their formation from a low-U concentration groundwater that
has a high 234U/238U ratio, sir
Gascoyne and Barber 1992).
has a high 234U/238U ratio, similar to modern FZ 2 groundwater (1-30 |ig/L, 234U/238U = 3-8,

The likely ages and conditions of formation of this older group of calcites is discussed in more
detail in terms of their 13C and 18O isotopic content (see Section 4.3.3.8).

4.3.3.7 87Sr/86Sr

Variations in 87Sr/86Sr in rocks, fracture infilling minerals and groundwaters have been
determined under contract at McMaster University (R.H. McNutt, pers. comm.). The results for
calcite infillings at the URL are listed in Jones et al. (1987) and shown in Table 14. The 87Sr/86Sr
ratios overlap for each of FZ 3 and FZ 2 calcites ranging from 0.7117 to 0.7153 and from 0.7127
to 0.7219, respectively. These ranges are comparable to Sr/ Sr ratios in modern groundwater
from each fracture zone at the URL. Values for FZ 3 groundwater range from 0.715 to 0.719 and
for FZ 2 from 0.720 to 0.729 (R.H. McNutt, pers. comm.).

The Sr isotopic data, therefore, suggest that either 1) the calcites have formed recently from
groundwater and have acquired the Sr isotopic composition of the groundwater or 2) the calcites
are relatively ancient but have recently exchanged Sr isotopes with groundwater by
recrystallization or other process. The latter scenario is believed to be more likely and is
supported by other isotopic data and discussed in the following section.

4.3.3.8 13C and 18O

Analyses of fracture-filling calcites for C and O isotopic composition (expressed as 818OC and
813CC) have been made by external laboratories under two separate agreements, in 1987 and
1992. The data have been reported in Jones et al. (1987) and Szabo et al. (in prep.). The data
sets are given in Tables 15 and 16. In both studies the calcites analyzed came mainly from
borehole cores that intersected FZ 2 or FZ 3 at the URL. Szabo et al. also reported data from two
other boreholes in the WRA, WAI and WG2.
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The variations of 818O with 813C (with respect to the carbonate isotopic standard, PDB) for
calcites in FZ 2 and FZ 3 are shown in Figures 31 and 32 for both data sets. Close agreement
between data sets can be seen. These results show similar ranges of isotopic ratio values for
calcites in the two fracture zones (813C = -16 to - 5%c and 818O = -14 to -6%o). For both fracture
zones, a clear positive linear relationship can be seen between 813C and 818OC (r2 = 0.73 and 0.79,
respectively) with a similar slope (0.5 and 0.6, respectively). In contrast, no relation can be seen
between isotopic content and depth below surface (see, for example, Figure 33).

The temperature of calcite precipitation may be obtained from these data using the approximation
(O'Neiletal. 1969):

<5I8OC-<S]8OH2O - 2 . 7 8 ^ - 2 . 8 9

This relationship assumes there is isotopic equilibrium between calcite and water during
precipitation. Because 818OC depends on both the temperature of formation and on the isotopic
composition of the water, variations in both these parameters must be considered when
calculating a temperature of formation using only the measured 818OC value. These variations are
illustrated in Figure 34 where various combinations of 81 O (groundwater) and temperature of
formation are shown for the measured range of 818OC. The 818O of groundwater in FZ 3 and FZ 2
ranges from -13 to -20%o (the more negative values represent groundwaters at depths of
250-400 m at the URL that were recharged under colder climate conditions, Gascoyne and Chan
1992). If the calcites were formed from groundwater with a modern isotopic signature (~ -13%o),
equation 1 indicates a formation temperature range of -5 to +17°C (Figure 34). Calculated
temperatures that are significantly below 0°C are not acceptable and indicate that the
composition of the groundwater must be different to that selected.

If the calcites were formed from the groundwaters with lower 818O values calculated temperature
would be mainly below 0°C. This indicates that the calcites cannot have been precipitated from
cold-climate groundwater and, probably, not during cold-climate periods when this type of
groundwater would be more abundant than at present. Calcite precipitation at temperatures
above zero may have occurred from groundwaters with a higher 81 O than modern groundwaters.
For instance, for a groundwater with 818O = -5%o, calculated temperatures would range from 17
to 55°C (Figure 34).

The strong correlation between 813CC and 818OC led Jones et al. (1987) to propose that the calcites
were formed at elevated temperatures from groundwater with higher 8!8O value (> -10%o) than
modern. Progressive cooling coupled with Rayleigh fractionation of the carbon isotopes would
give the relationship observed. Unfortunately none of these calcites were dated by U-series (or
14C) methods to attempt to determine if they are relatively ancient. However, because most come
from FZ 2 and FZ 3, it is probable that they would give similar ages as the calcites analyzed in
Section 4.3.3.6 which indicates that most calcites formed recently, during Pleistocene times. In
this case, formation temperatures would be no higher than at present (~12°C) and 818O of
groundwater would probably not be greater than about -13%o. Previous studies of C and O
isotopic variations in shield-rocks at Stripa, Sweden and at Chalk River, Ontario (Clauer et al.
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1989, Bottomley and Veizer 1992), did not observe a similar strong correlation between 613CC

and 818OC but instead saw clustering of data points, indicative of various generations of calcites,
some of which have formed under higher temperature conditions and some that have undergone
extensive recrystallization.

The calcites in the fracture zones at the URL (and elsewhere in the WRA, Table 16) are,
therefore, isotopically unusual and probably have undergone recrystallization during Pleistocene
time, thereby resetting the U-series 'clock1 but only incompletely re-equilibrating C and O
isotopes with the groundwater. The close similarity of Sr/ Sr ratios in the calcites with
groundwaters from FZ 3 and FZ 2 at the URL (Section 4.3.3.7) further indicates that the calcites
have re-equilibrated with recent groundwaters.

4.3.4 ESR Dating

A preliminary attempt at dating fault gouge and breccias in borehole cores from the URL and
WRA has been performed under contract by Lee and Schwarcz (1994). A summary of results is
given in Table 17. Of the ten samples studied, seven were found to have a saturated ESR signal
indicating that fault movement forming the gouge or breccia occurred beyond the range of the
dating method (typically >106a, depending on ambient dose rate for the sample). These
calculated values are expressed as minimum ages of last movement on the fault and are shown in
Table 17. They range from 400 to 2100 ka.

Three samples showed unsaturated ESR signals indicating that the ESR signal in quartz in the
samples had been reset by recent fault movement and had not yet reached saturation in the local
radiation field. Two periods of fault movement, at -400-475 ka and -220 ka were indicated and
tentatively correlated to changing stress conditions caused by unloading of ice at the end of
glacial stages during the Pleistocene (Lee and Schwarcz 1994). Of significance, however, is the
fact that only two out of six samples from adjacent parts of FZ 2 at the URL showed movement
during the Pleistocene, suggesting that the movement was slight and limited to specific parts of
FZ 2. Further samples from the URL and other areas in the WRA are now being analyzed to
provide more data for this study of FZ 2 and to evaluate the variation of seismic activity with
depth in the WRA.

4.3.5 Paleomagnetic Dating

In 1985, an investigation to study the application of paleomagnetic methods to the problem of
fracture history was undertaken (Everitt 1985, unpublished study). This was inspired by the
successful application of this technique to the Shelley Lake granite in the Quetico subprovince
near Shebandowan. According to Dunlop (1984) the granite is post-kineamatic, and was
intruded about 2580 ± 20 Ma. This granite preserves two distinct natural remnant
magnetizations (NRM's) of different ages, one apparently primary and coinciding with the
original intrusion and cooling of the granite at circa 2580 Ma, the second the result of a mild
heating (and alteration) -1100 Ma. The last event is contemporaneous with major regional
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faulting in the Lake Superior Basin, and may represent the local effect of this faulting episode.
The application of paleomagnetic age dating to the Shelley Lake granite was successful in
identifying and dating both a primary and secondary magnetization events, the latter related to
regional faulting.

To determine if the same technique could be applied to the Lac du Bonnet Batholith, eleven
samples were forwarded to Dr. K. Buchan at the Precambrian Division, Geological Survey of
Canada for paleomagnetic analysis, with supporting K-Ar and other dating done by
Dr. D.C. Kamineni of AECL. Two suites of samples were provided: one comprising fracture
surface and rock samples obtained from the URL shaft, the second from core at the 240 Level of
the URL. The samples were selected to provide a cross section at the 240 Level, going from
unaltered and unfractured grey granite, to samples at the transition from fractured and altered
granite, and finally to samples in the fractured and altered rock directly adjacent to FZ 2 and FZ 3
(sample descriptions are provided in Table 18).

The objectives of this investigation were as follows:

• to determine if the hematization characteristic of the upper part of the batholith is primary or
secondary.

• if several generations of hematite are present, can they be correlated with different episodes of
fracturing or related events?

• can this method be used to define the alteration haloes about fractures (as the alteration
products of superimposed reddening events are texturally and mineralogically similar, this
method may be the only method (or the most reliable method) for distinguishing alteration
episodes and their geographic limits)?

• to test the suitability of paleomagnetism as a possible site selection tool (i.e., are granites with
complex remnant magnetization records less favorable for sites than plutons with simple
histories).

• to determine the depth and temperature conditions at which primary and secondary
magnetizations were achieved.

All samples had intensities which were high enough to measure, but directions before stepwise
cleaning were quite scattered (Figure 34). Directions remained erratic following stepwise
alternating field demagnetization (Figure 35). Only 2 of the 13 samples (Figure 36) had
relatively stable directions. The unstable samples usually have large components with
coercivities below 100 or 150 Oe (see intensity graph, Figure 35). However, even after removal
of this component the directions did not stabilize. It was concluded that the samples of this suite
have not retained an ancient remanence, and that the technique, although used successfully for
the Shelley Lake granite, is not applicable to the Lac du Bonnet Batholith.

The reasons for the remanence difference between the two granites has not been investigated.
One possibility is that the preservation of a stable magnetization component is a function of
cooling rate. As noted in Dunlop (1984), 40Ar/39Ar results for the Shelley Lake granite are
indicative of rapid cooling between 600°C and 300°C. In contrast, the cooling rate for the same
temperature interval in the LDBB was protracted (Stone et al. 1989, Brown et al. 1995).
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4.4 RATE OF FRACTURE PROPAGATION

Determination of the rate of fracture propagation is important to the nuclear fuel waste disposal
concept because naturally occurring fractures in the rock surrounding a vault may not be stable
and may propagate towards the vault in response to stress release arising from glacial cycles,
uplift and erosion, etc. One method of determining the rate of fracture propagation is to have
datable infilling minerals that are characteristic of different stages of the fracture development
(e.g. formed at different temperatures). This has been applied to a sub-vertical fracture in
Room 209 (Figure 20) at the URL which contains chlorite, overlain by hematite, carbonate and
clay minerals (Everitt and Brown 1994). The chlorite and hematite tend to die out or have been
removed near the fracture tip. The distribution of these minerals indicates the minimum extent
of the fracture during a given mineralization event.

Samples of a similar fracture in Room 219 were taken and sent for analysis by scanning electron
microscope (SEM) and electron dispersive X-ray (EDX) analysis. The sample is from another
fracture of the same set, and is representative of that seen in the Room 209 Fracture at the
transition from unaltered (grey) to altered (pink) granite.

The photomicrographs showed the following:

1) small clusters of a clay mineral (probably illite as indicated by the strong K peak in
accompanying EDX analyses); the best example, identified as illite, occurs in a small cavity
which may be either a primary vug or a later corrosion pit,

2) small isolated crystals (cubes) of halite, verified by Na and Cl peaks in the EDX analyses;
and,

3) areas of the fracture surface that appeared to be corroded and pitted by water-rock
interaction. At present, observational evidence suggests that there may be more than one
period of corrosion and that some illite may have formed within cavities belonging to an
early corrosional event.

The clay mineral (illite) was interpreted as clearly being of hydrothermal origin because of the
shape of its crystals and ordering of its fabric, suggesting a possible formation temperature of
200°C (Griffault L.Y., pers. comm.). This finding supports the previous interpretation of the
occurrence of high temperature minerals (mainly chlorite and mature hematite) in the Room 209
fracture at the 240 m level, and that the possible source of the K for the illite (as well as the
source of Fe for hematite in other similar fractures) is the alteration of biotite to chlorite. This
moderate-temperature hydrothermal mineral assemblage suggests that this fracture had
propagated to this distance below FZ 2.5 a long time ago. Based on the cooling history for
Lac du Bonnet Batholith (Everitt and Brown 1994) this time is most likely to be ~2 Ga.
Circulating meteoric water could have reached close to 200°C during sedimentary burial or by
passage of a "hot spot" beneath the continental plate, before the end of the Mesozoic Era
(-60 million years ago). A further possible mechanism could be seismic events pumping water
from deeper crustal levels. Because of the close proximity of these same infilling minerals to the
tip of the Room 209 fracture (<2 m), the average rate of downward propagation of the tip is
estimated to be a maximum of 0.03 m/106a.
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Assuming that the halite has a natural origin and has not been introduced during excavation
(e.g. by mine service water used in washing down the walls) its presence lends indirect support to
an interpretation of a pre-Pleistocene formation of the fracture tip. Secondary halite is only likely
to occur as a result of penetration of marine brines, either from the sedimentary basin to the west
or from overlying Palaeozoic sediments (which have since been removed by erosion). Modern or
Pleistocene groundwaters cannot have formed the halite because they would be too dilute at this
depth. Similarly, pore fluids in the grey granite cannot be the source since they are dominantly
calcium chloride in composition, not sodium chloride as would be necessary to attain halite
saturation.

These findings collectively give more definitive support to previous observations on the age and
rate of propagation of the Room 209 fractures. The fractures along the transition between the
grey and pink granite in this location are old surfaces and there has been negligible propagation
of the fractures in the last 109 a. Only periodic reactivation appears to have occurred allowing
ingress of saline fluids and, subsequently, more dilute groundwater. There is no evidence,
therefore, from this fracture set in the URL that fracture tip propagation in these fractures occurs
rapidly over geologic time.

5. SUMMARY AND CONCLUSIONS

Granitic bodies in general provide an opportunity to use radiogenic ages to constrain the timing
of intrusive events because they contain primary minerals such as apatite, biotite, hornblende,
zircon and feldspar for which radiometric ages can be readily obtained by various isotopic dating
methods.

This study has used several techniques for determining the age of fracturing and alteration in the
Lac du Bonnet Batholith:

S7 R7

1) Rb- Sr, for determining ages of crystallization of minerals, either in pristine, whole-rock
samples (to obtain ages of magma cooling) or in primary minerals such as hornblende and
biotite to obtain ages of deuteric alteration and fracture development;

2) 40K-40Ar, for determining slightly lower temperatures of mineral crystallization (when Ar can
be retained in the crystal lattice) and deuteric alteration and fracturing events when new
minerals (e.g. muscovite, biotite) are formed or existing minerals 'reset';

3) 40Ar-39Ar, for obtaining better precision on K-Ar ages (analytical errors on an Archean
mineral may be as little as ±2 my) and to provide improved temperature profiles;

4) fission track, for determining the time of cooling past a specific temperature range when
tracks become 'locked in' and anneal very slowly, or for dating distinct metamorphic events
in an otherwise low-temperature geologic environment; and,

5) uranium-series analysis to date secondary, low temperature mineral phases such as calcite or
gypsum or to identify radioactive disequilibrium in altered whole rocks or mineral separates
and thereby recognize recent (<1 Ma) alteration events.
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The analysis of whole rock samples (core or hand specimen) or minerals for isotopic composition
generally gives information on either the age of the rock (or time since it was last altered) or the
conditions of its formation (or subsequent alteration). During high grade metamorphic events,
complete rehomogenization generally occurs and most isotopic systems, especially K-Ar, Ar-Ar,
will give a new age which reflects the age of formation of the resulting metamorphic rocks.
Incomplete rehomogenization leads to partial loss of radiogenic elements in less retentive sites,
and will give an age that is referred to as the apparent age. A detailed description of some of
these methods has been given earlier and in Appendix B.

In AECL's site characterization studies, considerable effort has gone into understanding the
formation, chronology of fracturing, rate of cooling and geochemical evolution of the
Lac du Bonnet Batholith using isotopic methods. The initial emplacement of magma in the
LDBB has been determined using U-Pb zircon and 87Rb/86Sr whole rock methods (Krogh et al.
1976, Kamineni et al. 1990) giving good agreement at 2665 + 20 Ma and 2568 + 23 Ma
respectively. The small age difference between these methods is due to the slightly lower closure
temperature of the Rb/Sr method (Kamineni et al. 1990). The Rb/Sr method may also be used to
date the time of major faulting in a pluton by analysis of fault zone minerals and ages of about
2300 ± 50 Ma have been obtained for the LDBB. This supports field evidence for fault
formation by brittle deformation at an early stage in the evolution of the batholith (Kamineni et
al. 1990).

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 the batholith. With a few exceptions, the age 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 it is from 2300 Ma to 2100 Ma for the same depths in the much
deeper southern part of the batholith (Kamineni et al. 1991).

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). The inference from these data
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 (Brown et al.
1995). It is implicit from the overlapping biotite and fault zone ages that the deformation
occurred prior to regional thermal stabilization of the LDBB. This is in contrast to the
Eye-Dashwa Lakes pluton near Atikokan which appears to have cooled faster than the LDBB
because of its narrow, conical shape. The enormous size and blocky shape of the LDBB is
probably partly responsible for the prolonged cooling and delayed closure of Rb-Sr and K-Ar
biotite systems.

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.
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
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less at the time when epidote vein infilling occurred. Therefore, 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,
LED thrust faults, also associated in part with epidote-filled fractures. Several other studies (cited
in Brown et al. 1995) favour the hypothesis that high stresses near surface are caused by plate-
related forces, rather than being due to erosion and exhumation. Following this period of
probable exhumation of the LDBB (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. 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 (1994).

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.

There is direct evidence of a Late Proterozoic or Early Phanerozoic erosional surface close to the
currently-exposed surface 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 URL along the direction of the sedimentary basinal dip. Seismic reflection
profiles and two boreholes northeast of Beausejour show that the Precambrian - Phanerozoic
boundary dips westward at about 2.5 m per km. This erosion surface projects to 100 m above the
present bedrock surface at the URL (Brown et al. 1995) and indicates that the present erosion
surface is, as noted in many other places in the Shield, close to a very old late Proterozoic or
early Phanerozoic erosion surface. The fracture systems now observed in the LDBB have
therefore had a very long period to develop in response to a very-near surface environment.

From this radiogenic information, considerable understanding has therefore been gained of the
deformation, fracturing and cooling history of the granite, which, indirectly leads to an insight to
the cause of high stresses and stress differentials at depth in the rock. Unlike the U-Pb method
which dates crystallization, the Rb-Sr and K-Ar techniques are significantly influenced by low-
temperature mineral alteration processes and thus are suitable for dating faulting events in the
rock body. K-Ar hornblende ages are generally higher than K-Ar biotite ages, because of higher
blocking temperature in hornblende. Cooling rates also tend to decrease with increasing depth
within a batholith. This has been shown by the discordant K-Ar mineral ages as seen in biotite
and hornblende in the LDBB. These ages show that tectonic events continued for several
hundred million years beyond the end of the orogeny associated with batholith intrusion.

Unfortunately there is a hiatus in the dating of the initiation of the various fracture systems in the
batholith and the time of their reactivation during the Pleistocene. There are no absolute dates
between the Early Proterozoic faults and fracture Millings 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) suggest that there has been
minor movements on some parts of the LID fault zone FZ 2, whereas other parts show no
movement. Reactivation of the various fracture systems has clearly occurred during Pleistocene
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time, perhaps in response to changing fracture permeability caused by glacial and interglacial
stress changes. Uranium-series ages on calcites tend to show that the major fracture zones
contain old (but still largely Pleistocene) calcite infillings whereas near-surface fractures contain
mainly younger (<350 ka) calcites. These calcites are more likely a result of Pleistocene stress
changes. From these and other geologic data it has been possible to show that a single permeable
fracture, penetrating to 240 m depth at the URL, was essentially fully developed by early
Phanerozoic time. Continued fracturing and fracture propagation in the Batholith is largely
limited to that occurring in the upper -200 m of rock and in the WRA as a result of stress relief.

Collectively, the evidence described here strongly indicates that the blocks of sparsely fractured
rock (ie. away from the fault zones) in the Lac du Bonnet Batholith have been structurally stable
for long periods of geologic time. Because the region is likely to remain stable in the future,
these blocks, therefore, have one of the characteristics required to make an excellent location for
siting a nuclear fuel waste repository.
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TABLE 1

PRINCIPAL METHODS OF DATING FRACTURES AND FRACTURE PROCESSES

IN PLUTONIC ROCKS OF THE CANADIAN SHIELD

Type of Method

Geologic correlation

Radiometric dating

Stable isotopes
(indirect dating)

Other

Description

Tectonic setting
Lithostructural analysis

Cross-cutting relationships
P-T relationships

U-Th-Pb
Rb-Sr
K-Ar

U-series
1 4 C

3H
Pb isotope ratios

87Sr/86Sr
13C/12C

2H/1SO
Fission track

Electron spin resonance
Paleomagnetism

Age Range (a)

106-1010

106-1010

106-1010

103- 106

102- 105

101 - 102

106- 1010

106-1010

102-105

10 ' - 106

10' - 109

102-106

105-1010
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TABLE 2

K-Ar AGES OF HORNBLENDES IN SURFACE ROCK SAMPLES FROM

THE LAC DU BONNET BATHOLITH

(from Kamineni et al. 1990b)

No.
Sample

Location
Age

%K % Radiogenic 40Ai/°K (Ma)

Northern part of 0.614
URL lease area

Eastern part of 0.390
batholith

Northeastern 0.870
part of batholith

Southeastern 0.491
part of batholith

99.5

98.4

98.8

99.5

0.3394 2656±32

0.3353 2654±22

0.3438 2658±24

0.3428 2660±22
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K-Ar

TABLE 3

AGES OF BIOTITES FROM THE CORE SAMPLES IN

BOREHOLE WN4 IN

Depth in
core (m)

30
121
168
275
454
550
670
752
807
925

(from

%K

6.85
6.03
6.02
5.98
6.88
8.04
6.74
6.84
7.34
6.56

THE LAC DU ]

Kamineni et al.

Radiogenic
Ar (%)

99.4
99.6
99.5
99.5
99.5
99.6
99.5
99.5
99.7
99.2

BONNET BATHOLITH

1990b)

40Ar/*0K

0.26861
0.25467
0.24856
0.26024
0.25191
0.23770
0.22855
0.24524
0.22710
0.23932

Age
(Ma)

2291±27
2223±32
2193±39
2251±48
2207±26
2136±26
2087±51
2176±27
2080±24
2144±28
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TABLE4

K-Ar AGES OF MUSCOVITE FROM CATACLASTIC ROCKS IN FZ 2 (UPPER)

AND BOREHOLES WD1-WD4 IN PERMIT AREA D (LOWER)

(from Kamineni, unpublished data)

Sample
No.

Depth (m)

HC29
-260

URL Shaft
-270

WD4-1
60.6

WD2-1
208.8

WD1-1
142.0

WD3-1
210.0

WD3-2
705.0

Fault
Zone

FZ2

FZ2

FD2

FD2

FD3

FD3

Dead Creek
Fault Zone?

K% Radiogenic
Ar%

40'Ar/^K Age
(Ma)

5.94

6.35

6.92

7.87

5.94

6.03

8.78

98.5

99.5

99.0

99.5

99.5

99.0

99.5

0.2582

0.2585

0.2053

0.2163

0.2565

0.2549

0.2396

2275±55

2250±50

2040±60

2150±50

2260±35

2248±30

2177±48
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TABLE 5

SUMMARY OF DATES OBTAINED USING THE 40Ar/39Ar METHOD

FROM THE LAC DU BONNET BATHOLITH

(from Kamineni, unpublished data; Kamineni et al. 1990b)

Sample
Location

Mineral Dated Dating
Technique

Age
(Ma)

Fracture Zone 2
URL Shaft 240 Level

Mafic Dyke in
Early Phase of LDBB

Biotite

Hornblende

Ar-Ar

Ar-Ar

2365±2

2657±22

Main Phase of LDBB Biotite Ar-Ar 2290 to 2280
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TABLE 6

Rb-Sr AGES OF BIOTITES FROM CORE SAMPLES FROM BOREHOLE WN4

IN THE LAC DU BONNET BATHOLITH

(from Kamineni, unpublished data)

No. Depth Rb Sr 87Rb/86Sr 87Sr/86Sr Age
(m) (Ma)

1 30 1414.8 30.58 236.0 8.5081 2291±39
2 454 1407.2 20.26 547.5 18.3323 2231 ±38
3
4
5
6
7

925
1050
550
628
240

1458.9
1239.5
1002.7
1233.2
1063.1

23.70
29.56
17.76
19.24
21.68

390.2
200.3
347.4
467.1
268.8

12.9672
7.3642
12.2247
16.2311
9.8585

2179±37
2304±39
2298±39
2303±39
2358±40
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TABLE7

Rb-Sr DATA OF (pl-mi-bi-wr) INTERNAL ISOCHRONS FOR MINERAL SEPARATES OF

CORE SAMPLES FROM FOUR BOREHOLES IN THE LAC DU BONNET BATHOLITH

(from Kamineni et al. 1990a)

Sample
(depth) (m)

Rb(ppm) Sr(ppm) 87Rb/86Sr
(Ma)

87Sr/S6Sr Ages

URL-2(57) W R
URL-2(57) PL
URL-2(57) KF
URL-2(57) BT

URL-2(1068)WR
URL-2(1068)PL
URL-2(1068) KF
URL-2(1068)BT

URL-6(326) W R
URL-6(326) EP
URL-6(326) PL
URL-6(326) KF
URL-6(326) BT

WRA-1(922)WR
WRA-1(922) PL
WRA-1(922)KF
WRA-1(922)BT

166.90
29.65
398.60
1160.10

191.20
55.85

462.40
1328.00

157.80
38.25
40.30
264.00
847.10

163.60
36.50

406.30
1154.60

227.40
432.00
213.00
16.33

168.20
318.70
158.00
15.37

409.70
1487.50
762.10
373.20
15.10

242.90
441.40
274.60
15.95

2.142
0.199
5.516

620.900

3.332
0.509
8.716

1261.000

1.119
0.074
0.153
2.061

350.400

1.964
0.240
4.345

681.900

0.78228
0.71669
0.89937

21.36540

0.82891
0.74545
1.00861

42.06790

0.74499
0.71294
0.71302
0.77802
12.55600

0.77619
0.72316
0.86160

23.77910

2308±48

2270±47

2340±36

2343±49
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Core Sample
depth (m)

44.2
44.7
57.0

138.0
142.0
142.5
143.0
183.0
207.0
210.0
240.0
326.0
720.0
801.0
922.0

1068.0

WHOLE-ROCK

Rb
(ppm)

139.58
207.74
166.90
215.90
200.80

99.84
225.92
154.40
153.60
155.00
331.09
157.80
148.77
165.26
163.60
191.20

TABLE

Rb-Sr DATA OF

8

ISOCHRON IN FIGURE 30

(after Kamineni et al. 1990a)

Sr
(ppm)

212.79
228.18
227.40
43.47
53.78

256.64
57.46

232.92
229.50
157.70
163.71
409.70
201.36
193.82
242.90
168.20

87Rb/86Sr

1.910
2.659
2.142

15.165
11.255
1.130

11.865
1.931
1.949
2.873
5.973
1.119
2.153
2.489
1.964
3.332

87Sr/86Sr

0.77267
0.80416
0.78228
1.26243
1.12359
0.74399
1.14725
0.77428
0.77538
0.81004
0.92057
0.74499
0.78348
0.79715
0.77619
0.82891
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TABLE 9

Rb-Sr AGES OF THE LAC DU BONNET BATHOLITH AND FRACTURE ZONES

Type of Material Age (Ma)

Whole-rock 2568 ± 23
(Batholith) 2603 ± 97 (Cerny et al. 1987)

Epidotized
cataclastic zone 2350 ± 60 (Kamineni et al. 1990b)

(High-angle fault zone)

Microcline-Whole rock 2298 ± 48
(Low-angle fault zone) 2206 ± 86 (Stone and Kamineni 1988)
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TABLE 10

FISSION TRACK RESULTS OF FIVE DRILL CORE SAMPLES

FROM THE LAC DU BONNET BATHOLITH

Depth in
Borehole (m)

30

168

454

753

925

(after Crowlev and Kuhlman

Mean Track
Length (um)

12.3 ±4

12.2 ±4

12.1 ±3

12.1 ±3

12.0 ±3

1988)

Apparent Fission Track
Ages (Ma)

533 ± 37

481 ±31

490 ± 37

464 ± 36

448 ± 34
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Sample

73

78

94

96B

96B

99

100

104

105

106

133B

140

148

154

190

214

TABLE 1

RESULTS OF U-SERIES ANALYSES

AND ALTERED ROCKS

Description

fracture surface

fracture surface

slip surface
(FZ-3, top)

FZ-3 clay

FZ-3 hematite

FZ-3 biotite

FZ-3 rock

FZ-3 rock

FZ-3 rock

FZ-3 clay

Dyke-
xenolith

sub-vert,
fractures

xenolith-
gran. contact

pegmatite-
hematite

FZ2.5
slip face

Mineralogy

HM,CY

B,CH

CH

CY

HM

B

-

-

-

CY

XEN.PY

CH,CY,PY

XEN.GR

HM

CH,HM,CY

1

OF FRACTURE INFILLINGS

FROM LOCATIONS IN THE URL MAIN SHAFT

Depth
(m)

86

87

99

-100

-100

-100

-100

-100

-100

-100

123

125
-130

135

CH,B

170

216

U
(ppm)

18
18

29
29

86
85

4.8
4.9

8.2
7.5

4.7
6.6

47
50

49
49

6.5
6.3

36
37

0.2
0.3

22
22

0.9
0.8

0.6
0.8

25
24

64
64

Th
(ppm)

40
43

286
270

274
309

59
51

58
54

4.7
6.9

82
87

11
12

18
18

66
64

0.9
0.8

1.7
2.2

6.5
6.4

8.2
8.2

35
31

69
65

2 3 8 u
2.22±0.04
2.21±0.03

2.02±0.02
2.06±0.O3

0.95±0.01
0.95±0.01

1.27±0.06
1.24±0.08

1.32±0.04
1.37±0.06

3.46+0.11
3.60±0.15

2.12±0.02
2.00±0.01

0.72±0.01
0.74±0.01

1.63±0.08
1.69±0.08

0.95±0.01
0.95±0.01

*

2.05±0.04
2.08±0.03

*

*

3.49±0.05
3.60±0.04

1.01 ±0.01
1.03±0.01

2 3 0 T h

2 3 4 ^

0.75±0.02
0.78±0.02

0.97±0.02
0.94±0.02

0.66±0.01
0.74±0.01

0.92±0.04
1.01±0.06

0.81 ±0.03
0.86±0.04

0.53±0.02
0.53±0.02

0.74±0.01
0.75±0.01

0.81±0.01
0.82±0.01

0.93±0.05
0.94±0.04

0.85±0.01
O.83±O.O1

0.83±0.02
0.85±0.02

0.67±0.01
0.62±0.01

1.07±0.03
0.99±0.02

226Ra
2 3oT h

1.17+0.01

0.85±0.01

1.26±0.01

2.00±0.03

1.62±0.03

1.27±0.02

1.22±0.01

0.98±0.01

1.34±0.02

1.38+0.01

1.23+0.01

1.16+0.01

1.01+0.01

indeterminate due to low U concentration.

HM = Hematite, CY = Clay, B = Biotite, CH = Chlorite, XEN = Xenolith, PY = Pyrite, GR = Granite
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TABLE 12

RESULTS OF EARLY U-SERIES ANALYSES OF CALCITE FRACTURE INFILLINGS

FROM SEVERAL LOCATIONS IN THE WRA

(from Szabo et al., in preparation)

Depth U
Borehole Sample (m) (ppm)

234tJ 23i

'"fh
°Th Age (ka)

234U (uncorr.)

WAI

WG2

URL1

URL7

FZ3

FZ2

-1
_2

-3
-4
-6
-8

-

-

-

-1
-2
-3

119.4
146.2

, 127.9
129.5
134.4
153.6

109.7

68.6

-

-260
-260
-260

3.4
4.4

0.8
2.6
1.3
2.5

5.3

15.5

3.3

2.2
3.0
3.8

1.28±0.02
1.19+0.01

1.45+0.02
0.92±0.02
1.13+0.03
1.08+0.02

1.84+0.03

1.72+0.03

2.36±0.05

2.05±0.04
1.53±0.03
1.31 ±0.02

1.8
6.8

2.3
0.3
1.1
1.9

7.7

6.4

25.5

6.5
15.8
12.4

0.41±0.01
0.40±0.01

0.31±0.01
0.17±0.01
0.41 ±0.02
0.57±0.01

0.20±0.01

0.12±0.04

0.41+0.02

0.13+0.01
0.75±0.03
0.71+0.03

56±2
55±2

40±2
20±l
57±3
90+4

24±1

14±1

54+3

15+1
133+9
125+10
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TABLE13

RESULTS OF U-SERIES ANALYSES OF CALCITES FROM FRACTURES IN THE

URL MAIN SHAFT (UPPER) AND FROM BOREHOLES INTERSECTING

FRACTURE ZONE 2 AT THE URL (LOWER)

Sample/
Borehole no. Depth

u
(ppm)

Th
(ppm)

234U
238U

230Th 230ThTh
234U

Age (ka)
(uncorr.)

85BCC

110CC

188CC

190CC

196CC

200CC

207CC

208CC

HC28-1

HC 28-16

HC 28-25

HC 28-26

HC 28-36

HC 28-40

HC 29-6

HC 11-7

HC 11-16

HC-52

HC 35-3

-95

-110

170

-175

181

185

-200

-200

-260

"

••

n

II

a

ir

il

"

"

n

25

4.6

41

31

52

12

7.7

43

27

20

4.3

0.6

20

7.3

16

1.4

1.3

0.8

12

13

12

70

35

18

10.3

19

10

2.6

17

11

3.4

2.1

2.7

2.8

2.4

19.7

3.7

I.39±0.02

2.26±0.10

1.27+0.02

5.21+0.05

1.78±0.03

1.66±0.08

2.02±0.07

1.45±0.02

1.18+0.02

1.06±0.O3

1.95+0.10

2.23±0.41

1.04+0.02

2.04±0.04

1.24±0.03

2.49±0.22

2.69+0.25

1.99±0.32

1.00+0.02

6.7

2.3

1.6

3.3

2.4

4.4

10

7.9

25

1.3

0.3

18

26

23

3.3

3.0

0.3

9.7

0.80+0.02

0.82±0.03

0.71 ±0.01

0.23±0.01

0.73±0.03

0.96±0.03

0.98±0.02

0.80±0.03

0.97±0.03

0.87±0.04

0.75±0.12

1.01+0.03

1.16+0.03

1.04±0.03

0.84±0.06

0.67±0.05

1.19+0.17

0.98±0.03

156 + 7

154± 1 2
n

127 ± 4
5

28 ± 0.5

130 ± u
1 2

219 ±, 8
2 1

255 ± is18

163 ± B ' 4

>350

178 ± i9
23

147 ± 47

>350

ID

>350

110± 1 5
l

ID

>350

74

ID = Indeterminate (23OTh/234U > 1.0)
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TABLE 14

VARIATIONS IN 87Sr/86Sr RATIO OF FRACTURE-FILLING

CALCITES FROM THE URL AREA

(after Jones et al. 1987)

Sample Depth Rb Sr Rb/Sr 87Sr/86Sr*

Fracture Zone 3

URL 5

URL 10

Fracture Zone 2

URL 10

102.55

71.05

84.65

89.90

277.5

279.55

288.73

302.08

0.73

1.63

2.26

2.50

1.67

-

0.45

1.86

142.7

41.5

59.8

83.7

84.0

-

53.6

24.7

0.005

0.039

0.038

0.030

0.020

-

0.008

0.075

0.71172

0.71413

0.71533

0.71386

0.71525

0.71983

0.71272

0.72193

* 2a errors are within ± 0.00002
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TABLE 15

VALUES OF 818O AND 513C FOR CALCITES FROM

FRACTURE ZONES FZ 2 AND FZ 3 AT THE URL

(after Jones et al, 1987)

FRACTURE ZONE CALCITES
Fracture Zone Borehole

2 URL1

URL 3

URL 5

URL 6

URL 10

URL 12
HC28-1
HC28-16
HC28-36
HC29-6
HC35-1

3 URL1
URL 5

URL 7

URL 10

URL 12

Depth
(m)

327.67
329.65
63.75
66.05
81.20
78.30

119.68
254.65
259.23
261.00
261.19
266.79
267.21
267.21
272.25
277.50
279.55
279.55
288.73
288.80
302.08
480.40
250.00
250.00
250.00
250.00
250.00

101.50
98.78
98.85

102.30
102.38
102.55
102.80
50.87
61.10
65.64
69.07
69.55
71.05
71.20
83.40
84.65
85.50
86.90
89.90
95.92

146.50

513C (PDB)

(%)
-11.1
-13.7
-12.0
-15.2
-12.7
-10.2
-9.7
-8.1
-9.6

-14.5
-15.9
-14.6
-9.2

-12.0
-12.3
-10.3
-12.1
-10.6
-15.3
-12.5
-11.1
-8.4
-9.9
-8.0

-13.3
-10.5
-10.5

-11.3
-9.4
-8.9

-13.8
-6.7

-14.1
-10.5
-5.3
-7.4

-15.7
-9.2
-9.8
-5.7
-6.4
-6.9
-7.0
-7.1
-8.4
-7.8

-13.7
-7.3

818O (PDB)

(%)
-10.1
-12.2
-10.4
-10.8
-10.5
-8.3
-8.8
-7.7
-9.6

-11.7
-12.5
-12.8
-10.3
-11.3
-11.5
-9.3

-10.5
-9.9

-11.6
-10.2
-10.1
-9.2
-9.8
-7.7

-10.4
-9.7

-10.6

-10.9
-9.9
-9.8

-10.8
-9.0

-11.7
-9.8
-7.7
-7.3

-14.3
-9.0

-10.5
-6.2
-6.8
-7.0
-6.5
-7.2
-7.7
-7.4
-9.9

-8

8180 (SMOW)
(%•)
20.4
18.3
20.1
19.7
20.0
22.3
21.8
22.9
21.0
18.8
18.0
17.7
20.2
19.2
19.0
21.3
20.0
20.7
18.9
20.3
20.4
21.4
20.8
22.9
20.1
20.9
19.9

19.6
20.7
20.8
19.7
21.6
18.8
20.8
22.9
23.3
16.1
21.6
20.0
24.5
23.9
23.6
24.2
23.4
22.9
23.2
20.7
22.6
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TABLE 16

STABLE ISOTOPE COMPOSITION OF CALCITE

FRACTURE FILLINGS FROM THE WRA

(from Szabo et al. in preparation)

Sample

WA1-1
WA1-2
WA1-10*

WG2-3
WG2-4
WG2-5*
WG2-9*
WG2-6
WG2-7*
WG2-8

U-7

U-1

FZ3
FZ-2A*
FZ-2A-1
FZ-2A-2
FZ-2A-4*
FZ-2A-5*

Depth
(m)

119.4
146.2
176.0

127.9
129.5
132.4
132.9
134.4
147.2
153.6

68.6

109.7

-240
do
do
do
do
do

S13C (PDB)
(°/oo)

-12.1
-12.3
-10.3

-14.2
-14.8
-13.6
-14.4
-13.3
-13.3
-14.9

-8.02

-14.9

-10.4
-5.25
.-9.84
-4.95

-10.55

5I8O (SMOW)

19.84
19.84
21.52

19.54
18.88
19.08
19.14
19.21
21.36
19.32

23.12

19.32

20.86
20.33
21.63
20.45
20.33
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TABLE 17

RESULTS OF ESR DATING OF FAULT GOUGE FROM

URL AND WRA BOREHOLE CORES

(after Lee and Schwarcz 1994)

Sample Type Location Depth
(m)

ESR Age
(ka)

HC2
HC3

HC4

HC13

HC15

HC15

WAI

WAI

WD1

URL8

gouge
gouge

gouge

breccia

gouge

gouge

gouge

gouge

gouge

gouge

FZ2
FZ2

FZ2

FZ2

FZ2

FZ2

-

-

-

FZ3

260
260

260

260

260

260

341

345

110

82

>1000
>800

475 ± 33

404 ±64

>1200

>900

>2100

>400

219 ± 14

>500



-71 -

TABLE 18

SAMPLES FOR TRIAL PALEOMAGNETIC AGE DATING

Samples Description

Shaft Samples

0060 pink granite
0079 matrix of pink xenolithic granite, some magnetite visible
OO83A from xenolithic granite
0084 altered granite from Fracture Zone 3
0086 near base of xenolithic granite adjacent to major fracture zones
0146 matrix of xenolithic granite
0212 pink porphyritic granite
0236 magnetite-bearing grey granite
0241 grey granite
0243 grey granite
0128 primary reddening from pink xenolithic granite

Core Samples

206-002-HG1 unfractured granodiorite dyke 80 m from Fracture Zone 2 at the 240 Level
201-011-HG2 fractured granodiorite dyke 30 m from Fracture Zone 2 at the 240 Level
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secular equilibrium

Million years ago

FIGURE 1: Schematic Diagram Showing the Decay and Ingrowth Curves of the 234U/238U
Activity Ratio of a Rock Sample and the Effects of Alteration Events
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FIGURE 2: Variations of 82H with 52O for Meteoric Waters and Natural Processes
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61.5
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Legend

Lac du Bonnet
BatholHh

Xanollthlc
Granite

Greenstone and
UHmmaflcUnlt

•
UndlffMantfated
Oneltee*

Qranodtorita

Fine Grained
TonallteQnelssas

Tonallte/Olortte

FIGURE 3: 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 4: Summary Geological Map of the Regional Whiteshell Research Area, Showing AECL's Permit and Lease Areas, Including
the Underground Research Laboratory
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Maximum principal stress orientation
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FIGURE 5: Structural Model for the Central Portion of the URL Lease
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MAIN PHASE OF THE GRANITE AUTO-INTRUSIVE DYKES, SILLS, AND MASSES

9- AGMATTTIC
8- MIGMATTTIC

7- UNORIENTED
XENOLITHIC

6- ORIENTED
XENOUTHIC

5 - SCHLIERIC

4 - STRONGLY
GNEISSIC

3 - MODERATELY
GNEISSIC

2 - WEAKLY
GNEISSIC

1- LINEATED

0 - MASSIVE

VI \k-.i

- \ 1

3,

LATE GRANITOID DYKES

A4 - LATE GRANITOID DYKES,
MASSES, AND INFILLINGS
A4.1- pegmatite dykes
A4.2- aplite dykes
A4.3- quartz masses with

silicified wall rock
A4.4- quartz veins with

no wall rock alteration
A4.5- quartzo-feldspathic

joint fillings
A4.6- epidote-filled joints

A3 - GRANODIORTTE DYKES
A3.1- semi-ducile shear zones

intruded by the granodiorite
A3.2- granodiorite dykes
A3.3- leucocratic veining

within the granodiorite
A3.4- granitic dykes within

the granodiorite

A2- EARLY LEUCOCRATIC
DYKES, SILLS, AND MASSES
homogeneous to heterogeneous,
coarse to pegmatitic or
porphyroblastic granite

Al - EARLY GRANITOID DYKES
^ ill-defined granitic dykes

FIGURE 6: Summary of the Mapping Units at the Underground Research Laboratory. The
fabric of the main phase of the granite (left column) ranges from massive or
lineated, through gneissic or schlierlic, to various xenolithic. The xenoliths are
meta-volcanics or meta-sediments. Minor auto-intrusive phases are depicted in
the right column and include four systems of dykes, veins, sills and irregular
masses.
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/ I V / •%.?••?

FIGURE 7: Modal and Chemical Analyses of Samples of Granite from the URL Lease (after
Stone etal. 1984). Units: 1 A, biotite-poor pink granite (A); IB, biotite-rich pink
granite (•); 3, grey granite (•) ; 4, xenolithic granite ( • ) ; 5A, fine-grained granite
(o); 5B, course-grained granite ( • ) .
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(a ) High-T Alteration During Cooling

Inclusion Of Meteoric
Water

Gneiss

Granite

Microcline

Oligoclase

Biotite

Quartz

Surface

Epidote

Chlorite

^ Phengite

Carbonate

Iron
Oxides

Moderate
Epidote

+ Chlorite In
Micro-Fractures

( b ) Low-T Alteration By Groundwater

Surface: Late Precambrian To Present

Numerous Microfractures

Near
Surface

Fractures

Biotite

Individual Fracture

Creamy Bleaching

Nontronite

Montmorillonite (2)

Vermiculite

Illite

L
Chlorite +

Vermiculite

Hematite &
Iron Hydroxides

FIGURE 8: Relationships Between Granite Phases and Alteration Sequences for a) High-
Temperature Alteration During Cooling, and b) Low-Temperature Alteration by
Groundwater
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FIGURE 9: 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). Set number, dip direction strike and dip are shown as
1.085/175/65 in boxes.
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STRUCTURES

CONTACT ROCK EXTENSION
LAYERING, QNEISSOSITY
FOLDING, AUTOOYWNG
XENOUTHDCTEN8ION

SCHLIEREN
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FIGURE 10: 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 etal. 1990)
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(a)

(e)
ifSTRIKe

</ ROTATION

/ YOUNGER

FIGURE 11: 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 the Lower-Hemisphere,
Equal-Area Projection (from Brown et al. 1989)
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FIGURE 12: 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 13: Mean Strikes of Mesoscopic Fractures in 4 km-Square Cells Over the
Lac du Bonnet Batholith Shown (a-e) for Various Fracture Sets, Based on
Unpublished Data by G.F.D. McCrank (Brown et al. 1994). Set well-represented
in the cell shown by solid lines, and poorly represented in the cell shown by
dashed lines.
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NW <— Shaft --> SE
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FIGURE 14: Detailed Sections Through FZ2 at the URL (See Text for Description of
Numbering)
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minor
carbonate,
hematite

C. Fracture Zone 3

B. Fracture Zone 2.5
159 pts.

A. Fracture Zone 2
79 pts.

D. Fracture Domain "A"
892 pts.

E. Fracture Domain "B"
890 pts.

F. Fracture Domain "C"
44 pts.

FIGURE 15: A, B, C: Synoptic Stereonets for the Fracture Zones. The shading illustrates the
range in orientation for fractures with the various infilling types. D, E, F: Poles
to fractures in Domains A, B, and C.
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FIGURE 16: An Example of Natural Inclusion-Filled Microcracks in Quartz
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FIGURE 17: Variation in Average Microfracture Sectional Length for Samples 1 to 16
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FTGURE 36: Lower Hemisphere Equal Area Plots of Directions of Magnetic Intensity After
Stepwise Cleaning. Open circles - up; shaded circles - down.



0.6

0.4

I
o

• i—<

I 0.2

0.0
0

-108-

200 400 600 800 1000

Alternating Field H (Oe)

FIGURE 37: Magnetic Intensity Graph



- 109-

APPENDIX A

DEFINITIONS



- I l l -

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 low-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 commonly 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.

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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APPENDIX B

RADIOACTIVE DATING METHODS

B.I INTRODUCTION

The dating methods introduced in Section 3 of this report and used in dating minerals in the
Lac du Bonnet granitic batholith are described here in greater detail. The procedures for the Rb-
Sr, K-Ar, Ar-Ar and fission track methods are largely drawn from Faure (1986).

B.2 DATING METHODS

B.2.1 Rb-Sr DATING

The growth of radiogenic 87Sr in Rb-rich rocks is described by the following equation:

87Sr=87Sr i+
87Rb(eAt-l) (1)

87Sr is the total number of atoms of Sr, and 87Srj is the number of atoms of this isotope
incorporated in the mineral at time of formation,
87Rb is the number of atoms of this isotope in a unit weight of the mineral at present time;
and,

- A, is decay constant of87 Rb.

To derive what is generally called the age determination equation of Rb-Sr method, equation 1 is
divided by stable 86Sr, a constant that is not produced by another naturally occurring isotope of
another element. The age determination equation is then written as:

Sr
86 Sr

Equation 2 is valid only when the number of atoms of 87Sr and 87Rb in the mineral have changed
solely as a result of radiogenic decay. This means that the mineral has been in a closed system
with respect to rubidium and strontium. Also that the initial 87Sr/86Sr ratio is appropriate and all
analytical results are accurate. If this condition is not satisfied, the age calculated from the
equation does not have any real meaning.

In using this dating method, the concentration of rubidium and strontium, and 87Sr/86Sr ratio must
be measured accurately. Rubidium and strontium concentrations are usually determined either by
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x-ray fluorescence or by isotope dilution method. The 87Sr/86Sr ratio is measured on a suitable
mass spectrometer using pure strontium salt obtained from the mineral by dissolving it in acid.
This is followed by the separation of strontium in cation exchange chromatography. The ratio of
the concentration of rubidium to strontium is converted to 87Rb/86Sr ratio by equation 3.

87 Rb
86 Rb

Rb
Sr

Ab87Rb > WSr

Ab86Sr»WRb
(3)

87Rb/86Sr
Rb/Sr
Ab87Rb, Ab86Sr =
WRb, WSr

ratio of these isotopes at the present time
ratio of the concentration of these elements
isotopic abundances of 87Rb, 86Sr respectively
atomic weights of Rb, Sr respectively.

For use, equation 2 is re-written as:

-i*
87Sr 87Sr
86 Sr 'Sr

87Rb
86Rb

(4)

The resulting age from equation 4 is a date of geological past, and the age of the mineral. This
age, according to Faure (1986), defines a model for the geologic history of the mineral, hence the
age calculated with the above equation is commonly referred to as model age.

A problem with using this method to date minerals is that granites contain both mica and potash
feldspar, all of which can be dated individually using the Rb-Sr method. In an ideal case, it is
expected that all minerals of the same igneous rock sample should give the same date, which is
considered the age of the rock. When dates of minerals obtained from one rock specimen or
from a suite of co-genetic igneous rocks are in agreement, they are said to be concordant ages.
However, in most cases, the mineral dates are discordant. Discordant ages are obtained because
the minerals that make up the rock may gain or lose radiogenic Sr differentially as a result of
heating during regional or contact metamorphism. When this happens the calculated dates are
not usually reliable.

The Rb-Sr whole rock isochron method is used to overcome this problem. In dating comagmatic
igneous rocks, a suite of rocks that span a wide range of Rb/Sr ratio are graphed using
coordinates of 87Sr/86Sr and 87Rb/86Sr. A straight line is then fitted using least square regression
procedure which defines the isochron. The slope of this isochron is defined as M = eXt-l, and the
y-intercept (b) defines the initial ratio (87Sr/86Sr)i. The calculated age from the slope equation is
regarded as the age of the rock since crystallization.

In general the whole rock Rb-Sr isochron dates are regarded as reliable indicators of the age of
the rock.
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B.2.2 K/Ar DATING

The growth of radiogenic argon and calcium from 40K during their lifetime is expressed by

40 Ar* + 40Ca* = ^KCeA'-D (5)

X = total decay constant which comprises X,e + A.p
Xe = decay constant of 40K to 40Ar
A,p = decay constant of 40K to 40Ca

The fraction of 40K atom decay to 40Ar is given by ratio of the decay constant of 40K to40Ar.
Therefore the growth of radiogenic 40Ar in a K-bearing rock or mineral can be written as:

40Ar* = 4r 40K(e*-D (6)
A

The above equation is known as K-Ar age equation. In order to use this equation, the
concentration of potassium, and the amount of radiogenic 40Ar that has accumulated are
measured. With this information, the age equation can be rewritten as:

"Ar-m+1
40 K U e

(7)

The calculated value of t is the age of mineral or rock. Equation 7 is valid only when the
following assumptions are satisfied:

1. No radiogenic ^Ar produced by decay of 40K in the mineral during its lifetime has escaped.

2. The mineral became closed to 40Ar soon after its formation, i.e., the mineral must have
cooled rapidly after crystallization, unless it is formed at a lower temperature.

3. No 40Ar was incorporated into the mineral either at the time of its formation or during a
later metamorphic event.

4. An appropriate correction is made for the presence of atmospheric 40Ar.

5. The mineral was closed to potassium throughout its lifetime.

6. The isotopic composition of potassium in the mineral is normal and was not changed by
fractionation or other processes except by decay of 40K.

7. The decay constant of 40Ar is known accurately and has not been affected by the physical or
chemical conditions of the environment in which the potassium has existed.
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The concentration of potassium can be determined by one of the following methods: flame
photometry, atomic absorption spectrometry, isotope dilution, x-ray florescence, gravimetric
chemistry or neutron activation. The amount of radiogenic 40Ar is measured by the isotope
dilution method although volumetric and neutron activation techniques have been employed.
The measurement of radiogenic argon (40Ar) and the correction for atmospheric argon is
described by Faure (1986).

Another factor that must be considered in the determination of the amount of radiogenic argon, is
argon loss or excess argon.

Argon loss from minerals may be attributed to:

1. The inability of a mineral lattice to retain argon even at low temperature and atmospheric
pressure.

2. Partial or complete melting of rocks followed by crystallization of new minerals from the
resulting melt.

3. Metamorphism at elevated temperatures and pressures and results in complete or partial
argon loss depending on the temperature and duration of event.

4. Increase in temperature due to either deep burial or contact metamorphism, causing argon
loss from most minerals without producing any physical or chemical change in the rock.

5. Chemical weathering and alteration by aqueous fluids causing argon loss, or changes in
potassium content of the mineral.

6. Mechanical breakdown of minerals, radiation damage, Shockwaves, and excessive grinding
during sample preparation.

Faure (1986) observed that hornblende displayed a superior retentivity for argon compared to
biotite and potassium feldspar. In fact that potassium feldspar is not suitable for dating by K-Ar
method because it loses argon readily even at low temperatures.

Excess radiogenic argon found in K-bearing minerals could be caused by diffusion of argon into
the mineral, or the presence of fluid inclusions. The presence of excess argon distorts the age of
the mineral by increasing the K-Ar date and as such an overestimates ages of minerals.
However, to overcome this problem, the isochron method of dating using whole rock samples
that are free of secondary alteration or devitrified glass was introduced.

The following equation represents a family of straight lines in coordinates of 40Ar/36Ar and
40K/36Ar. The y intercept is represented as b = (40Ar/36Ar)/, and the slope of the line as
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36 A ~ 36 » i 36 A v l> y

36 Ar ^3 6ArJ. ^ J 3 6 A r

Therefore co-existing minerals that have the same initial 40Ar/36Ar ratio and the same age are
represented by points that define a straight line in coordinates of measured 40Ar/36Ar and
40K/36Ar ratios. Such a straight line is called an isochron. The slope (m) of the isochron is used
to calculate the age by solving the following equation:

(9)

The K-Ar isochron method is advantageous over the conventional method because goodness of
fit of data points to a straight line can be taken as evidence that the samples have remained closed
to potassium and argon, and that they have similar initial 40Ar/36Ar ratios.

The advantages of using K-Ar dating methods are that potassium is abundant and its half-life is
sufficiently long so that measurable quantities have accumulated in all geologic ages. They are
versatile methods that can also be used to date events as young as 104 years. Argon in small
quantities can be easily measured and be used to date thermal events. The main disadvantage,
however, is that great many minerals, especially potassium feldspar, will not retain argon because
the crystal structure will allow argon to leak out by diffusion. Biotite which is popular for argon
dating has critical blocking temperature of 300-350°C, and hornblende's blocking temperature is
500°C.

B.2.3 Ar/Ar DATING

The ratio 40Ar*/39Ar, determined by neutron irradiation followed by mass spectrometry, is given
by the following equation:

40 Ar* A / ° K 1 e A t - l
39 Ar A39K ATj<p(e)cr(e)de

(10)

Through several substitutions and interpolations, the 40Ar*/39Ar ratios of the unknown samples
are then calculated based on the values and positions of samples of known age. The method
assumes that no radiogenic 40Ar has escaped from the sample, no excess 40Ar has been
incorporated in the sample and 39Ar is produced only by the nuclear reaction.

The incremental heating technique is a method where 40Ar*/39Ar ratios are measured of gas
released from minerals at different temperatures in a systematic fashion. The initial gas released
at low temperature originates from surfaces of grains and sites that are less retentive. These lose
argon quickly especially in the case of excess argon. This gas has a low 40Ar*/39Ar ratio which
corresponds to the time elapsed since accumulation of radiogenic 40Ar after metamorphic event.
Gas fractions released at higher temperatures have higher 40Ar*/39Ar ratios because argon is
being released from more retentive sites. When 40Ar*/39Ar reaches a plateau, the calculated age
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corresponds to the time that has elapsed since original cooling of the mineral. The age taken is
commonly the average plateau age.

The stepwise heating of a mineral that has experienced partial loss of radiogenic argon makes it
possible to calculate a series of dates which correspond to low temperature release (ie. at times of
metamorphism) and a high temperature release which is time of initial cooling of K-bearing
rocks or minerals.

B.2.4 FISSION TRACK DATING

In order to count tracks for fission track dating minerals must first be etched. A summary of the
different minerals, suitable solvents, temperatures of etching and duration of etching proposed by
different researchers is given in Table B-l.

TABLE B-l

TYPICAL ETCHING PROCEDURES FOR SELECTED MINERALS

AND VOLCANIC GLASS

(in Faure 1986)

Mineral Etching Solution T°C Duration

Apatite

Sphene

Zircon

Muscovite

Epidote

Vole, glass

cone. HNO3
5% HNO3

cone. HC1
1HF:2HC1:3HNO3:6H2O

100N NaOH

HF (48%)

6gNaOH + 4 ml H2O
(37.5 N NaOH)

HF (24%)

25
20

90
20

270

20

159

25

10-30 sec.
45 sec.

30-90 min.
6 min.

1.25 hr.

20 min.

150 min.

60 sec.

The etched surface is then examined under high magnification (800 to 1800x) by a petrographic
microscope that is equipped with a flat-field eye-piece and a graticule to be used for counting of
tracks. The tracks are usually tubular in shape so they can be distinguished from etch pits caused
by other processes. The track density is determined by counting a statistically significant number
of tracks. The observed density is related to the length of time during which tracks have
accumulated and to the concentrations of uranium in the mineral.

Fission track ages are commonly interpreted as "cooling ages" and do not necessarily coincide
with the time at which the minerals crystallized because of errors resulting from fading of tracks
caused by annealing at elevated temperature.
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The following conditions have to be met before a sample is considered suitable for dating:

1. The concentration of uranium must be sufficient to produce a track density of greater than
10 tracks per square centimetre in the time elapsed since cooling the sample.

2. The tracks must be stable at ordinary temperature for a time interval comparable to the age
being measured.

3. The material must be sufficiently free of inclusions, defects, and lattice dislocations to
permit identification and counting of etched fission tracks.

4. The uranium concentration in the specimen must be uniform to permit the concentration of
238U to be determined from the density of induced fission tracks in a different portion of the
sample.

Chemical weathering unlike other isotopic dating methods has no effect on fission track dating.

The fission track age equation is then derived from the relative densities of induced and natural
tracks (pi and ps), the neutron dose (<)>), cross-section for 235U fission (a) and atomic ratio

1 + (11)

Minerals have different closing temperatures (temperature at which mineral cooled through their
50% retention of fission track). This also depends on the cooling rate of the mineral such that the
closing temperature is increased with increasing cooling rate for the same mineral. Apatite for
example begins to lose its track at about 50°C for a heating period of one million years and is
completely annealed at about 175C. Tracks in sphene for the same heating period do not fade

o o

unless the temperature is raised to 250 C and is complete annealing occursed at about 420 C.

Minerals that have well-defined unimodal track-length distribution give reliable cooling ages
whereas partial annealing of tracks with skewed length-distribution do not give reliable cooling
ages.

The cooling age interpreted from tracks that are partially annealed is commonly too low because
some fission tracks may not have been recovered by etching. Minerals that may have been
reheated after initial cooling may also have bimodal track-length distribution and result in an
erroneous age.
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The plateau-method attempts to correct for the effect of partial annealing. This method is based
on the premise that induced as well as natural tracks in a particular glass or mineral begin to fade
above a certain temperature. If the material cooled rapidly and was not reheated, the natural
tracks begin to fade at the same temperature as the induced track and the ratio of natural to
induced track densities (ps/p0 remain constant as the annealing temperature increases. The
fission track date calculated from the ratio of track densities in this case remains constant. When
the natural tracks are partially annealed to begin with, the densities of natural tracks decrease
more gradually than the density of induced tracks and the density ratio (ps/p0 increases with
increasing temperature.

At some higher temperature, the ratio approaches a constant value and the date calculated from it
therefore forms a plateau. The date determined by this method is corrected for partial fading of
the natural tracks during slow cooling. The date therefore represents the time elapsed since the
material cooled through the zero track retention temperature.

B.2.5 U-SERIES DATING METHODS

B.2.5.1 234U/238U

The decay of excess 234U towards equilibrium with 238U is described by the following equation:

where (234U/238U)t is the measured (i.e. present-day) activity ratio,
(234U/238U)O is the initial ratio on formation,
?i234 is the decay constant of 234U; and,
and t is the time since formation.

Although this method could be used in dating precipitates formed over most of the last 1-2
million years (the Pleistocene period) its main disadvantage is the requirement that initial
234U/238U must be accurately known. This ratio is highly variable for most freshwater systems
and it cannot be assumed that the value for modern groundwater can be used in dating an ancient
calcite from the same site.

B.2.5.2 23OTh/234U

The absence of 230Th in fresh calcite deposits is seen as evidence that 230Th in ancient deposits is
derived solely from the in situ decay of 234U and 238U initially co-precipitated with the calcite.
The equation to relate 230Th content to the calcite age is more complex than equation 1 above,
because 230Th derived from the excess 234U must also be taken into account:



-123-

(23OTh/234U)t and (234U/238U)t are the measured activity ratios t years after deposition, and X230 is
the decay constant of 230Th. A graphical solution of this equation is shown in Fig. Y. If host

230230rock minerals are included in the calcite, contamination by non-authigenic 230Th can occur,
tending to increase the true age, since this 230Th is usually accompanied by 232Th, its presence is
easily recognized in the thorium spectrum, although allowance for it is not as straight forward
because 23OTh/232Th ratios in these minerals. Furthermore, the possibility of uranium
contamination from the host rock minerals must also be acknowledged and no simple correction
for this can be made.
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APPENDIX C

SUMMARY OF RESULTS OF DATING EARLY EVENTS

IN THE LAC DU BONNET BATHOLITH
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APPENDIX C

SUMMARY OF RESULTS OF DATING EARLY EVENTS

SUMMARY

Sample
Location

LDBB, northern
part of URL lease
area

LDBB, eastern
part of batholith

LDBB, northeastern
part of batholith

LDBB, southeastern
part of batholith

IN THE LAC DU BONNET BATHOLITH

TABLE C-l

OF DATES OBTAINED WITH DIFFERENT DATING METHODS

FROM THE LAC DU BONNET BATHOLITH

Mineral
Dated

Hornblende

Hornblende

Hornblende

Hornblende

Samples below are from WN-4 borehole

ldbb:30

ldbb:121

ldbb:168
ldbb:275
ldbb:454
ldbb:55O
ldbb:670
ldbb:752
ldbb:807
ldbb:925

Biotite
2179±49
Biotite
MSWD=20.9
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite

Dating
Technique

K-Ar

K-Ar

Age
(Ma)

2656±32

K-Ar

K-Ar

2660±22

K-Ar

K-Ar

K-Ar
K-Ar
K-Ar
K-Ar
K-Ar
K-Ar
K-Ar
K-Ar

Mean Age
(Ma)

2657+12
MSWD=0.05
Kamineni et al. 1990

2654±22

2658±24

2291±27

2223±32

2193±39
2251±48
2207+26
2136±26
2087±51
2176±27
2080±24
2144±28

continued...
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TABLEC-1 (continued)

Sample
Location

Mineral
Dated

Dating
Technique

Age
(Ma)

Mean Age
(Ma)

HC29 - FZ 2
cataclasites

Shaft - FZ 2
cataclasites

WD4-1-FD2
60.6 m

WD2-1-FD2
208.8 m

WD1-1-FD3
142.0 m

WD3-1-FD3
210.0 m

WD3-2 -Dead Creek
705.0 m
(Fault Zone?)

Fracture zone 2
URL shaft 240 level
Mafic dyke in
early phase of LDBB
Main phase of LDBB

Muscovite

Muscovite

Muscovite

Muscovite

Muscovite

Muscovite

Muscovite

Biotite

Hornblende

Biotite

K-Ar

K-Ar

K-Ar

K-Ar

Ar-Ar

Ar-Ar

Ar-Ar

K-Ar

K-Ar

K-Ar

2150±50

2260±35

2248±30

2177±48

2365±2

2657+_22

2290 to 2280

2275±55

2250±50

2040+60

(Kamineni, •
data)

(York 1986)

Also WN-4 Boreholes

ldbb:30m
ldbb:454m
ldbb:925m
ldbb: 1050m
ldbb:55Om
Idbb :628m
ldbb :240m

Biotite
Biotite
Biotite
Biotite
Biotite
Biotite
Biotite

Rb-Sr
Rb-Sr
Rb-Sr
Rb-Sr
Rb-Sr
Rb-Sr
Rb-Sr

2291±39
2231+38
2179±37
2304+39
2298±39
2303±39
2358±40

2280±55
(MSWD=9.3)

continued...
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TABLEC-1 (concluded)

Sample
Location

Mineral
Dated

Dating
Technique

Age
(Ma)

Mean Age
(Ma)

URL-2(57)*
URL-2(57)
URL-2(57)
URL-2(57)

URL-2(1068)
URL-2(1068)
URL-2(1068)
URL-2(1068)

URL-6(326)
URL-6(326)
URL-6(326)
URL-6(326)

URL-6(326)

WRA-2(922)
WRA-2(922)
WRA-2(922)
WRA-2(922)

Wall rock
Plagioclase
k-feldspar
Biotite

Wall rock
Plagioclase
k-feldspar
Biotite

Wall rock
Epidote
Plagioclase
k-feldspar

Biotite

Wall rock
Plagioclase
k-feldspar
Biotite

Rb-Sr

Rb-Sr

Rb-Sr

Rb-Sr

*Number in bracket indicate depth of sample in metres

Whole-rock
(Batholith)

Epidotized
cataclastic zone
(High-angle fault zone)

Microcline-Whole rock
(Low-angle fault zone)

16 URL core
samples (table 6)

—

—

Rb-Sr
Rb-Sr

Rb-Sr

Rb-Sr
Rb-Sr

Rb-Sr

2308±48

2270±47

2340±36

2343±49

2568 ± 23
2603 ± 97

2350 ± 60

2298 ± 48
2206 ± 86

2658 ±23Ma

Kamineni. et al. 1990

(Cernyetal. 1987)

Kamineni et al. 1990

Stone & Kamineni, 19

Kamineni et. al. 1990
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