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RESUME DES TRAVAUX DE GEOSCIFNCE EFFECTUES AU SITE DE RECHERCHE DE L'EACL

PRÈS D'ATIKOKAN, ONTARIO

par

Denver Scone

RÉSUMÉ

Des recherches géologiques, géophysiques et hydrogéologiques ont
été faites depuis juin 1979 dans la zone de recherche 4, au nord d'Atikokan,
Ontario, comme partie du Programme canadien de gestion des déchets de com-
bustible nucléaire. Ces études régionales avaient pour objet la composi-
tion, la forme et la structure interne du pluton de Eye-Dashwa. Ce pluton
semble être un granite à hornblende et biotite ayant la forme d'un d6me et
s'étendant vers le haut à partir d'une plus grande masse rocheuse graniti-
que. La hornblende tend à se concentrer sur le bord du pluton qui a un
grain plus fin que le centre» Les zones linéaires d'intensité magnétique et
de conductivlté électrique faibles coïncident avec les lignes des photos
aériennes et indiquent peut-être des glandes discontinuités de la roche.

La recherche détaillée s'est concentrée sur la détection et la
caractérisation des fissures en surface et sous la surface â l'intérieur
d'un quadrillage de 400 m x 800 m dans lequel on a foré cinq trous de son-
dage à des profondeurs de 200 m à 1100 m. On a facilement détecté les zones
de fissures de la région par cartographie de surface, relevés électromagné-
tiques à très basse fréquence (VLF-EM) et diagraphie des sondages. Cette
dernière ainsi que les relevés sismiques aux ondes tubulalres, les relevés
thermiques et par télévision ont détecté avec succès les fissures ouvertes
dans les trous de sondage.

La plupart des fissures relevées dans les trous de sondage de la
zone de recherche 4 ne sont pas ouvertes mais sont remplies de matières
telles que la pegmatite, l'aplite, la hornblende porphyrique, l'ëpitote, le
chlorite, le gypse, l'oxide de fer, le carbonate et l'argile. Les matières
de remplissage des fissures tendent à avoir une plus grande capacité d'ad-
sorption de radionuclides que la roche des parois. Les fissures ouvertes
ont tendance à se trouver près de la surface et la conductivité hydraulique
décroit avec la profondeur.

Les propriétés physiques et chimiques de la roche non fissurée
semblent être les propriétés caractéristiques des granites en général. On
est en train de mettre au point des modèles numériques pour essayer de pré-
dire la configuration des discontinuités dans la roche et la vitesse à la-
quelle l'eau souterraine s'écoule à travers celles-ci. On pourra sans doute
faire l'extrapolation des propriétés physiques et chimiques des roches dans
le pluton en se basant sur les relevés actuels. On connaît moins bien 1'em-
placement de grandes discontinuités dans la roche ainsi que leur conductivi-
té hydraulique à cause du manque d'effleurement et d'analyses intégrés sur
le terrain à l'intérieur et au-delà du quadrillage.
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SUMMARY OF GEOSCIENCE WORK AT THE
AECL RESEARCH SITE NEAR ATIKOKAN, ONTARIO

by

Denver Stone

ABSTRACT

Since 1979 June geological, geophysical and hydrogeological in-
vestigations have been conducted at Research Area 4 north of Atikokan,
Ontario as part of the Canadian Nuclear Fuel Waste Management Program.
Composition, shape and internal structure of the Eye-Dashwa pluton were the
subjects of regional field studies. The pluton appears to be a dome-shaped
body of hornblende-biotite granite that extends upwards from a larger mass
of granitic rock. Hornblende tends to be concentrated at the pluton rim,
which is fine-grained compared to the core. Linear zones of low magnetic
intensity and electrical conductivity are coincident with air-photograph
lineaments and may reflect large discontinuities in the rock.

Detailed research concentrated on the detection and characteriza-
tion of surface and subsurface fractures within a 400-m x 800-m grid area,
where five boreholes were drilled to depths of between 200 m and 1100 m.
Fracture zones in the area were readily detected by surface mapping, ground
very low frequency electromagnetic (VLF-EM) surveys and borehole logging.
Borehole logs, downhole tube-wave seismic surveys, and thermal and tele-
vision logging were successful in detecting open fractures in boreholes.

The majority of fractures observed in boreholes at Research
Area 4 are not open but contain filling materials such as pegmatite,
aplite, hornblende porphyry, epidote, chlorite, gypsum, iron oxides, car-
bonate and clay. Fracture filling materials tend to have higher sorption
capacities for radionuclides than the wall rocks. Open fractures also tend
to occur near surface, and hydraulic conductivity decreases with depth.

Physical and chemical properties of the unfractured rock appear
to be characteristic of granites in general. Numerical models are being
developed that attempt to predict the configuration of discontinuities in
the rock and the rate at which subsurface water moves through them.
Physical and chemical properties of the rocks can probably be extrapolated
throughout the pluton on the basis of the present surveys. The locations
of large discontinuities in the pluton and their hydraulic conductivity are
less well known. This is in part due to poor outcrop and lack of inte-
grated field analyses within and beyond the grid area.
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1. INTRODUCTION

In 1979 June geoscience research was initiated on the Eye-Dashwa
pluton near Atikokan, Ontario. The research is part of the Canadian
Nuclear Fuel Waste Management Program directed toward assessing the concept
of safe disposal of nuclear fuel wastes deep in plutonic rock in the
Canadian Shield. Discontinuities such as faults and joints (collectively
termed fractures) are known to control strength and permeability of a rock-
mass and may affect long-term stability of the waste material. Hence, a
major part of the research at Atikokan involves locating and establishing
permeability characteristics of fractures within the pluton. Stiength,
permeability and sorption characteristics of the granite host rock are the
subjects of other research, and are not discussed in this report.

The majority of geotechnical surveys were carried out on rocks
from a small (400-m x 800-m) part of the Eye-Dashwa pluton, called the grid
area, while others covered a much larger area. Hence, research at Atikokan
can be broadly grouped into two parts consisting of surveys intended to de-
termine precise, physical and chemical characteristics of a small part of
the rock mass and other surveys designed primarily to investigate regional
changes in these characteristics. This report summarizes research conduct-
ed on the Eye Dashwa pluton before the area was selected as the locality
for a major hydrogeological investigation, the Flow System Study, which
covers an area of about 400 km including the pluton. It provides a timely
integration of the initial geoscience research at the Atikokan research
area.

2. REGIONAL SETTING AND PREVIOUS WORK IN T'̂ E VICINITY
OF THE EYS-DASHWA PLUTON

The Atikokan research area is located within the Superior Struc-
tural Province of the Canadian Shield (Figure 1), and while it broadly en-
compasses the Eye-Dashwa granite pluton shown in the geological map
(Figure 2), most of the research was conducted within a grid area (800 m x
400 ni) near the eastern boundary of the pluton in Figure 2.

Previous geoscience work in the vicinity of the Eye-Dashwa pluton
included a geological mapping survey of the adjacent Finlayson Lake green-
stone belt (Fenwick, 1976). Morgan (1978) identified major, subhorizontal
folds in the Finlayson Lake greenstone belt that may have been initiated by
subsidence during volcanism and were subsequently tightened and refolded
due to growth of adjacent gneissic diapirs. Reconnaissance geological
mapping of an 80-km x 150-km area between Atikokan and Ignace (Schwerdtner
et al., 1979) has identified several granitic plutons and batholiths whose
age and composition are apparently similar to those of the Eye—Dashwa plu-
ton. The batholirhs appear to be horizontal tabular bodies (Szewczyk and
West, 1976) emplaced in centres of gneissic diapirs. Plutons are thought
to have been emplaced in centres of smaller 'second-order' diapirs that are



commonly dome shaped and concordant with their metavolcanic envelopes
(Schwerdtner et al., 1979).

3. SHAPE AND INTERNAL STRUCTURE OF THE EYE-DASHWA PLUTON

In this section, an attempt Is made to summarize results of sur-
veys In terms of their contribution towards an understanding of the shape,
composition and internal structure of the Eye-Dashwa pluton. The geo-
science surveys listed in Table 1 can be broadly described as regional sur-
veys as opposed to detail surveys, which are largely restricted to the grid
area and are discussed later.

3.1 REGIONAL GEOLOGY

One of the first objectives at the Atikokan research area was
production of the geological map of the Eye-Dashwa pluton shown in
Figure 2 (Brown et al., 1980). The pluton is approximately elliptical in
shape (15 km x 8 km) and comprises primarily coarse-grained, hornblende-
biotite granite. Country rocks are tonalitic gneisses. A narrow strip of
gneissic rocks separates the main part of the pluton from a smaller body to
the north at Volcano Bay of Dashwa Lake. The smaller body is composed of
hornblende syenite. Several enclaves of gneissic country rocks occur with-
in the pluton. The largest enclave occurs in the northern part of the plu-
ton and is roughly circular in shape. Gneissic foliations dip inward
around margins of the enclave indicating that it may terminate at depth and
be part of the original hood of gneissic rocks into which the pluton in-
truded. One large splayed fault zone, associated with several outcrops of
highly fractured and cataclastically deformed rocks, was identified in the
centre of the pluton (Figure 2).

3.2 MINERALOGY AND FOLIATION

Rocks of the Eye-Dashwa pluton are composed of quartz, micro-
cline, plagioclase (mainly oligoclase), hornblende and biotite. Accessory
minerals include sphene, magnetite and secondary minerals such as epidote,
chlorite and carbonate. The pluton is zoned with hornblende concentrated
at the ruargins as well as biotite and quartz concentrated at the core as
shown in Figure 3 (Kaniineni and Brown, 1981). There is no evidence that
the Eye-Dashwa pluton was metamorphosed. A weak magmatic foliation is
defined by alignment of feldspar megacrysts throughout the pluton. Tonali-
tic country rocks exhibit a wall-developed foliation characterized by
parallelism of platy minerals. This foliation tends to dip steeply and
mantle the pluton (see Figure 2).

3.3 AEROMAGNETIC TOTAL-FIELD SURVEY

High-resolution aeromagnetic total field and vertical-gradient
surveys were flown over a 30-km x 30-km area covering the pluton and
immediate country rocks (Geological Survey of Canada, 1980). The survey
was flown at an elevation of 150 m with a flight line spacing of 300 m. A
simplified version of the magnetic total-field map and major geological
features is shown in Figure 4.
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In Figure 4 a circular domain of high magnetic intensity
(>60 300 gammas) closely corresponds to the mapped extent of the Eye-
Dashwa* pluton. A smaller domain of high magnetic Intensity occurs immed-
iately southwest of the pluton and beyond the limit of detailed geological
mapping. Another domain of high magnetic intensity occurs in the extreme
northwest corner of the survey area, which corresponds closely with the
mapped extent of the White Otter batholith (see Figure 2 of Schwerdtner et
al., 1979; Ontario Geological Survey, 1981). Apparently, granitic rocks of
the Eye-Dashwa pluton and White Otter batholith are characterized by
generally high magnetic intensity and the survey may indicate the presence
of a smaller mass of similar rock southwest of the pluton.

The Eye-Dashwa pluton is located on a regional gradient of
magnetic intensity that decreases southeasterly. Adjacent metavolcanic
rocks are characterized by intermediate, but locally variable, values of
magnetic intensity (60 100 to 60 300 gammas). The Righteye Lake stock
(Fumerton and Kresz, 1980) is a crescentic mass of granite south c rhe
Eye-Dashwa pluton (see Figure 4) that is characterized by low tuagnt.ic
intensity (<60 100 gammas).

3.4 GRAVITY SURVEY AND PLUTON SHAPE

Ninety-eight gravity field observations were made along two
parallel, 16-km-long profiles across the pluton as shown in Figure 5
(MacLeod, 1980). A two-dimensional model along each profile was inter-
preted from the gravity measurements using rock density data derived from
23 samples. On the basis of the present models (Figure 6), the pluton is
joined to more extensive granitic rocks below a relatively thin veneer of
adjacent gneisses. Three-dimensional models based on a more extensive grid
of gravity stations would be more accurate. Rock density data from a
larger number of samples would also improve the model. The thickness of
gneissic rocks decreases towards the northwest from about 8 km at profile
one to about 2 km at profile two (Figure 5 ) .

3.5 AIR-PHOTOGRAPH-LINEAMENT AMD FRACTURE STUDIES

Inspection of air photographs revealed numerous linear features
greater than 1 km in length throughout the pluton and country rocks. One
of the longest lineaments extends northeasterly through the centre of the
pluton from Eye Lake to Dashwa Lake (Figure 7). Exposed rocks adjacent to
the lineament show evidence of cataclastic deformation, indicating that the
lineament is probably a vertical fault zone of unknown offset. The origin
of most other air-photograph lineaments is not established, but they are
inferred to represent surface expression of major fractures in the rock
(Brown et al., 1980). Lineament A-A' of Figure 7 is discussed later with
regard to the geophysical anomalies associated with it.

Fracture characteristics such as length, orientation and spacing
were measured at more than 2000 outcrops throughout the pluton (Stone,
1980). Average fracture length was 1.85 m; however, this number may be
meaningless because many fractures less than 1 m in length were not
measured and long fractures, which extended off one or both ends of an
outcrop could not be measured. Strikes of near-vertical fractures tend to

* 1 gamma corresponds to 1 nanotesla (1 nT)
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be in the ranges 350° to 030° and 090" to 120". The spacing data are dis-
played in Figure 8 by means of a contoured isogonal map. Fractures appear
to be most common in outcrops from central parts of the pluton that are
characterized by quartz- and biotite-rich granite (Kamineni and Brown,
1981).

3.6 VERTICAL-GRADIENT MAGNETICS SURVEY

An airborne vertical-gradient magnetics survey was flown over the
same area as the total field magnetics survey (Section 3.3). Vertical-
gradient magnetic maps are characterized by numerous northeasterly and
northwesterly trending linear domains of low magnetic gradients (about
-0.2 gammas/m) throughout the pluton. Certain of the linear domains of low
magnetic gradient are coincident with certain air-photograph lineaments.
Part of the vertical-gradient map is reproduced in Figure 9 where a partic-
ularly good correlation exists between a linear domain of low magnetic
intensity and lineament A-A' of Figure 7.

3.7 AIRBORNE ELECTROMAGNETIC AND MAGNETIC SURVEY

A part of the Eye-Dashwa pluton shown in Figure 5 was surveyed by
an airborne electromagnetic and magnetic system. The survey was flown by
helicopter at 100-m line spacings using the DIGHEM II system (Paterson and
Dvorak, 1980), a total-field magnetometer (52-m bird height) rnd a very low
frequency electromagnetic (VLF-EM) system (32-m bird height). The surveyed
area was highly resistive with only a few low-grade electromagnetic con-
ductors, which were mainly located in lakes and may be related to conduc-
tive lake-bottom sediments. VLF-EM total-field anomalies also rend to be
located in lakes or swampy ground. Figure 10 shows part of the VLF-EM con-
tour map and indicates a strong VLF-EM conductor coincident with air-
photograph lineament A-A1 (Figure 7).

Total-field magnetics data were filtered to enhance the response
of magnetic features with wavelengths in the range of 90 m to 3000 m, which
are believed to reflect naar-surface geology (Paterson and Dvorak, 1980).
The enhanced-magnetics contour maps are characterized by considerable
relief with northeasterly and northwesterly trending zones of low magnetic
intensity. Part of the map in Figure 11 indicates a zone of low magnetic
intensity coincident with air-photograph lineament A-A'.

3.8 GROUND RESISTIVITY/INDUCED POLARIZATION SURVEY

A ground resistivity/induced polarization (complex resistivity)
survey was carried out using a dipole-dipole array at 250 m and 500 m
spacing along the two lines shown in Figure 5 (Paterson and Watson, 1981).
Pseudo-sections of the apparent resistivity were constructed and charge-
ability and resistivity values were found to vary from 10 000 to
35 000 fi.m. Figure 12 showp the apparent-resistivitv pseudosection for
line one for the 250-m-dipole spacing. The effects of grounded electric
transmission-line towerr dominate the eastern parts of the profile. Near
the western end of the profile an apparent-resistivity low occurs where the
profile crosses the linear valley marked by air-photograph lineament A-A1

in Figure 7. The zone of low resistivity appears to be restricted to with-
in a few hundred metres of the surface.
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3.9 AUDIO-FREQUENCY-MAGNETOTELLURIC SURVEY

An audio-frequency-ciagrsetotelluric (AMT) survey revealed a thin
conductive surface layer above more resistive rock at depth in both the
granite and gneissic country rocks (Redman at al., 1980). Simultaneous
measurements of the horizontal orthogonal components of the electric and
magnetic field were made along survey lines shown in Figure 5, using a 50-m
dipole and an induction coil respectively, at frequencies varying from 10
Hz to 10 kHz. The measurements were then converted to apparent-resistivity
values. The conductive surface layer may represent overburden or an
abundance of small wet fractures in the first few hundred metres of rock.
Resistivity profiles generated from the survey data Indicate several narrow
conductive zones including a conductor where survey line A (see location in
Figure 5) crosses the linear valley coincident with air-photograph linea-
ment A-A1 in Figure 7.

3.10 GROUND VERY LOW FREQUENCY ELECTROMAGNETIC SURVEY

A ground very low frequency electromagnetic (VLF-EM) survey was
conducted over several lines and small grids throughout the Eye-Dashwa
pluton using Geonics EM-16 instruments (J. Hayles, personal communication).
A conventional VLF-EM transmitter (NAA, 17.8 kHz from Cutler, Maine,
U.S.A.) was used as well as a local loop transmitter of approximately 0.6-
km diameter operating at 16.55 kHz. The VLF survey detected several
conductive zones, some of which were associated with the linear valley
indicated by lineament A-A1 in Figure 7, on each of three survey lines
across the feature.

3.11 TERRAIN EVALUATION STUDY

Establishment of trajor surface drainage patterns, the elevation
of the local groundwater table, and terrain conditions Including bedrock
features and surficial deposits was the objective of a terrain evaluation
study (Lee et al., 1983). Air photographs and ground inspection ware
interpreted to obtain data for the survey. The surface of northern parts
of the pluton was found to drain to the north through Dashwa Lake while
southern parts drained to the south through Eye Lake. Bedrock of the
region is heavily masked by glacial moraine deposits so that detailed
drainage patterns are difficult to establish.

3.12 SEISMIC SURVE^

Results of a high-resolution reflection seismic survey are pres-
ently being analyzed (A. Greon, personal communication). The survey was
conducted using the 'Min? Sosie' technique along a 3-km section of the
Clearwater Lake access road, the access road to the grid area, and a
400-m-long cross line extending north-northwesterly through the grid area.
Special processing of the seismic date is required to compensate for the
crooked character of most survey lines. Data collected near tae drill site
area will be subjected to optimized velocity ?nd frequency filtering to
yield the clearest possible representation of reflectors.
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4. SHAPE AND IlttTERhAL STRUCTURE OF THE EYE-DASHWA PLUTON:
INTERPRETATION OF SURVEY RESULTS

An excellent correlation exists between the Eye-Dashwa granite-
gneips contact established from geological mapping and the abrupt change in
magnetic intensity (Figure 4 ) . The pluton is generally characterized by a
magnetic intensity of more than 60 300 gammas whereas adjacent gneisses and
metavolcanic rocks yield values below 60 300 gammas. On this basis, the
large circular enclave of gneissic rocks within northern parts of the plu-
ton can also be identified in the aeromagnetic total-field map as a domain
of characteristically low magnetic intensity. A small domain of high mag-
netic intensity occurs immediately southwest of the pluton and may indicate
a small adjacent granite body. The Righteye Lake stock is an apparent ex-
ception to the generally high magnetic intensity associated with granite
bodies. This may indicate that the Righteye Lake stock is an extremely
thin body or that it differs in composition from other granites in the
area. Further surface geological mapping should be undertaken to determine
the source of the small domain of high magnetic intensity and the character
of the Righteye Lake stock.

Compositional variations within the pluton may be apparpnt in the
aeromagnetic total-field map. For example, the pluton is compositionally
zoned with hornblende concentrated at the extreme north end near Volcano
Bay (see Figure 2) and along the southern rim. These areas are character-
ized by highest magnetic intensity within the pluton (>60 600 gammas) and
may reflect a variation in mineralogy of the granite.

The three-dimensional shape of the pluton can best be inferred
from a combination of geological, magnetic total-field and gravity data.
The large enclave of gneisses in the northern part of the pluton dips
inwardly from all sides and the gravity model (Figure 6) suggests that the
enclave probably terminates at a depth of about 3 km. Most other gneissic
inclusions are narrow domains with long axes and internal fabric concordant
to adjacent boundaries of the pluton or the circular enclave, and appar-
ently do not extend to great depth (Figure 2 and MacLeod, 1980). Thus,
most gneissic inclusions have probably not been rotated or translated and
may be part of the original hood of country rocks into which the pluton
intruded.

Two conclusions can be drawn from these observations about the
enveloping surface on top of the pluton. First, the presence of numerous
gneissic inclusions of less than 3-km depth throughout the pluton indicates
that the original enveloping surface was probably less than about 3 km
above the present erosional surface and second, the surface must have been
irregular with small 'trough-like' depressions and a large 'basin-like'
depression.

Gravity interpretations shown in Figure 6 indicate that the plu-
ton la joined to more extensive granitic rocks at a depth of about 8 km
below southeastern parts of the pluton and 3 km below the northwest end.
The large White Otter batholith outcrops at surface are about 4 km north-
west of the Eye-Dashwa pluton (see Figure 4; Ontario Geological Survey,
1981; Figure 2 of Schwerdtner et al., 1979). Granitic rocks interpreted to
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exist at depth adjacent to the Eye-Dashwa pluton may be the subsurface ex-
tension of the White Otter batholith, and may dip southeasterly beneath the
present study area. The Eye-Dashwa pluton may be a dome-shaped mass of
granitic rock extending up from the sloping surface of a much larger mass
of granitic rock at depth (Figure 13). This interpretation is supported by
aeromagnetic total-field data in that the pluton is located on the flank of
a regional gradient of magnetic intensity that decreases southeasterly away
from the White Otter batholith (see Figure 4 ) . The negative, southeasterly
gradient of magnetic total field may reflect increasing thickness of
gneissic rocks above the granite.

With the exception of lithological mapping, gravity and aeromag-
netic total-field surveys, the majority of geoscience research (Table 1)
was directed towards identification of large physical discontinuities such
as faults and fracture zones within the pluton. Before results of these
surveys can be adequately discussed, it is necessary to consider physical
characteristics of the discontinuities.

Generally less than 5% of the granite body is exposed at surface.
The remainder is covered by lakes, swamp deposits and thick sandy over-
burden that complicated interpretation of survey results.

Rock within fracture zones tends to be divided into small blocks
bounded by fractures, and thus is more easily removed at surface by
weathering and glaciation than adjacent intact rock. Thus fracture zones
are rarely exposed and are often expressed at surface by linear soil-filled
valleys. The lineaments shown in Figure 7 tend to be soil- and water-
filled valleys or generally continuous linear zones of low elevation, but
it is not proven that all lineaments are fracture zones.

The origin of lineaments is poorly understood, but there appear
to be many causes for them in addition to tho presence of the fracture
zones discussed above. For example, lineaments may be present only within
overburden above the rock, or they may result from enhanced erosion, such
as abrasion by glacial ice, within linear zones of otherwise uniformly
fractured rock. Another type of lineament that is common throughout
granitic rocks of the Shield tends to be V-shaped in cross-section with
wall rocks that do not contain an abundance of fractures. Walls of these
lineaments tend to be planar and were probably bounded by two long frac-
tures of opposing moderate dip, each of which defined one side of the
lineament. This type of lineament may have formed during glaciation when
the wedge of rock between the two opposing-dip fractures was more easily
removed than adjacent rock. Thus a lineament may or may not indicate
presence of a fracture zone within the rock.

Regional mapping identified only one major fracture zone where it
was well exposed on the shores of Dashwa Lake, but there are probably other
large discontinuities within the pluton. The air-photograph lineament map
(Figure 7) serves as a basis for inferring the existence of fracture zones,
but additional evidence is required to establish that a given lineament is
coincident with the surface trace of a major physical discontinuity in the
rock.
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Most of the geophysical surveys listed in Table 1 respond to
variations in electrical or magnetic properties, and it is useful to con-
sider how these properties vary between the granite, discontinuities and
overburden. Electrical resistivity values of plutonic rock are generally
in excess of 10* S'm (Heiiand, 1940) and this has been verified for the
Eye-Dashwa pluton (see Figure 12). Hematite, which tends to be the most
corn-ion filling material in near-surface fractures of the Eye-Dashwa pluton
(Stone and Karaineni, 1981), characteristically has much lower resistivity
values of 10~2 to 1Q~3 ft'm (Clark, 1966). Overburden materials such as wet
gravel and clay, which are particularly common in the bottom of linear
valleys, have resistivity values in the range 102 to 10"' n*m (Heiiand,
1940). It is apparent that zones containing abundant, interconnected,
hematite-filled fractures can be highly conductive relative to adjacent
granite, particularly if the fractures are open and contain saline water.
Overburden is also more conductive than the granite, so the interpretation
of electrical conductors depends on whether the conductor lies in the
overburden, in a fracture zone within the rock or both.

Magnetic susceptibility of most rocks is proportional to magne-
tite content, which is in the range of 1 to 2% for unaltered rock from the
Eye-Dashwa pluton (Kamineni and Brown, 1981). Magnetic susceptibility of
the unaltered granite is about lb x 10"3 SI units but reduces to about
5 x 10"3 SI units in altered zones where disseminated magnetite is altered
to hematite (Dugal et al., 1981a). Magnetic susceptibility can locally in-
crease to 20 x 10"3 SI units within fracture zones where hematite is con-
centrated (Dugal et al., 1981a). Thus, fracture zones of the Eye-Dashwa
pluton can be zones of high or low magnetic susceptibility depending upon
the presence or absence of abundant hematite-filling materials. Magnetic
susceptibility of soil covering the pluton has not been Investigated; how-
ever, wet soil within linear valleys is likely to contain iron in high oxi-
dation states (mainly hematite). Thus linear soil-filled valleys may
appear as zones of low magnetic intensity relative to adjacent unaltered
granite at surface.

Most geophysical surveys show that the linear valley A-A1 in
Figure 7 is characterized by low magnetic intensity and low resistivity.
However, neither the fact that it is a lineament nor its magnetic or elec-
trical signature prove that it is coincident with the surface trace of a
major discontinuity. Ground inspection indicates that the linear valley is
occupied by a lake, stream beds, swamp deposits and probably more than
10 m of gravel deposits comprising boulder till and small amounts of clay
that are common in the area. These surficial deposits may or may not be
responsible for the geophysical anomalies associated with the valley. Rock
does not outcrop in the valley; however, there is evidence for a slightly
anomalous number of east-southeasterly trending fractures adjacent to the
valley (Figure 19 of Stone, 1980) and this provides independent evidence
that the valley may overlie fractured rock.

Clearly, definition of major discontinuities throughout the Eye-
Dashwa pluton is difficult and inadequate at present. Improved resolution
may come from careful comparison of all geological and geophysical charac-
teristics of individual lineaments (P. Brown, work in progress), excavation
and drilling, or from geophysical techniques that can distinguish between
overburden and bedrock anomalies.
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5. GEOSCIENCE WORK AT THE GRID AREA

Ifuring the regional survey an accessible area near the eastern
boundary of the pluton was found to contain several small fault zones and
generally variable fracture intensity. On the basis of these characteris-
tics the grid area (see location in Figure 2) was selected for detailed
surface fracture mapping, diamond drilling and hydrogeological testing.
Overburden was removed from approximately 15 000 m2 of outcrop using bull-
dozers, backhoes and water pumps. Five Inclined boreholes were drilled to
form a criss-cross array beneath the cleared outcrop. Figure 14 shows
cleared outcrop of the grid area and surface traces of the boreholes.

5.1 SURFACE ANALYSES COMPLETED

5.1.1 Fracture Mapping and VLF-EM Surveys

Large cleared outcrops of the grid area permitted detailed exam-
ination of fractures and preparation of fracture maps. A grid-array of
painted dots at 1-m intervals on the outcrop surface served as reference
points for a geologist to construct scale maps of fracture traces
(Figure 15).

Nearly all fractures contain filling materials such as aplite,
epidote, chlorite or low-temperature fillings that include gypsum, calcite
and clay (Kamineni et al., 1980; Kamineni and Brown, 1981; Stone and
Kamineni, 1982). The total fracture population can be subdivided on the
basis of fracture-filling materials. Aplite fractures are oldest and cut
by epidote fractures, which in turn are cut by chlorite fractures and
finally low-temperature assemblages. Some fractures were repeatedly opened
and sealed as indicated by the presence of up to five filling materials.
Figure 15a displays traces of aplite, epidote and chlorite fractures. In
Figure 15b all chlorite fractures are removed while in Figure 15c chlorite
and epidote fractures are removed, leaving only the aplite fractures. The
series of maps (Figures 15 a,b,c) chronologically displays fracture history
beginning with emplacement of aplite fractures.

Textural evidence discussed by Stone and Kamineni (1982) indi-
cates that filling materials were emplaced during or Immediately after
fracture dilation. Thus the age of fractures is the same as the age of
their filling materials. Aplite, pegmatite and hornblende porphyry frac-
tures must have been emplaced at temperatures above 500°C because the
filling materials solidify below this temperature. Epidote and chlorite
fractures formed in the temperature range of 500°C to 200°C and most low-
temperature fractures dilated and were sealed at temperatures below 100°C
(Stone and Kamineni, 1982). It is apparent that fracturing took place over
a wide temperature range, but the majority of fractures that are filled
with epidote and chlorite must be ancient having formed at high to moderate
temperatures shortly after emplacement of the pluton.

Most surface fractures of the grid area have northwesterly
strikes, and vertical to northeasterly dips. Lengths of fractures (mainly
epidote and chlorite types) are apparently lognormally distributed with a
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mean length of 4.05 m (Stone, 1980). Faults are recognized by offset
markers and internal breccia textures, and they occur throughout the grid
area. Most fault displacements tend to be less than 10 cm. Three of the
largest fault zones are visible in Figure 14 as highly fractured areas.
They occur near grid co-ordinates E10050-N10040, E10400-N10040 and E1G430-
N10120 with displacements of 9.0 m, 0,6 m and 0.8 m, respectively.

Detailed surface mapping was extended to a 400-m x 800-m area
around the cleared outcrop where all exposed outcrops were examined.
Several small fault zones and a moderate-dip, 2-m wide, hornblende-porphyry
dike were recognized (Figure 16). Faults are characterized by zones of
brecciated rock up to 1-m wide. Ground VLF-EM measurements were made at
25-m spacings throughout this area and conductors detected by the survey
are also shown in Figure 16 (John Hayles, unpublished results). Good
correlation exists between VLF-EM conductor zones and rock discontinuities
within the survey area. A particularly good correlation is evident with
the largest, northwesterly trending fault zone (Figure 14). Other airborne
and ground geophysical surveys (Table 1) were also carried out over the
g-id area (see location of survey areas in Figure 4) but were unable to
detect the fault zones discussed above.

5.1.2 Magnetic Susceptibility Study

Magnetic susceptibility analyses of oriented core from the grid
area indicate a pervasive magnetic fabric (Coles, 1981). Eastern parts of
the grid area are dominated by a northeasterly striking foliation while
western parts exhibit a northwesterly striking foliation. Anisotropy of
magnetic susceptibility in unmetamorphosed granite bodies is generally
controlled by shape and distribution of magnetite grains (Ellwood and
Whitney, 1980). Magnetite, which composes 1 to 2% of the Eye-Dashwa pluton
(Kamineni and Brown, 1981), is of primary origin, and hence, the magnetic
fabric probably reflects primary flow fabric within the pluton. Altered
rock adjacent to fracture zones is characterized by reduced bulk suscepti-
bilities and reduced remanent intensities, and probably reflects conversion
of primary magnetite in the rock to hematite (Dugal et al., 1981a).

5.2 SUBSURFACE ANALYSES COMPLETED

5.2.1 Core Logging and Borehole Television Lodging

A total of 3364 m of wire-line diamond drilling was completed at
the grid area by Bradley Brothers Inc. during the summers of 1979 and 1980.
Locations of the five, 75.8-ram diameter holes are shown in Figure 14.
Length and orientation parameters of the holes are summarized in Table 2.
At the completion of each hole, the borehole positions were surveyed using
a downhole gyroscopic instrument (Dugal et al., 1984).

Geophysical and hydrogeological tests were performed in the bore-
holes ar^ core recovered from the drilling process was carefully logged and
used for a wide range of laboratory analyses. A major objective of down-
hole surveys is recognition of open fractures that might permit rapid move-
ment of aqueous fluids through the rock. Geoscience surveys carried out in
the boreholes and at the surface of the grid area are listed in Table 3,
and subsurface work is discussed below. Recovery of orientad core from the
boreholes was greater than 99%. All drill core was subsequently logged
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according to the method of Dugal and Hillary (in preparation). Lltho-
logical characteristics of the drill core and fracture paramenters such as
location, orientation, width of fracture, fracture-filling material and
wall-rock alteration were recorded in well-history reports for each bore-
hole (Dugal et al., 1984). Open fractures can usually be recognized in
drill core because the core has no cohesion across the fracture, and frac-
ture walls often have a severely altered and stained appearance.

At the completion of drilling, boreholes were logged using a
downhole television camera (Lau and Bisson, 1980a,b,c; 1981a,b). Fractures
in the borehole walls wer; observed on a television screen and their posi-
tions, orientations and widths were recorded. Although small thin frac-
tures (< 1 mm) can generally not be seen, television logging is a valuable
supplement to core logging particularly in recording highly fractured zones
where drill core is lost and in recognizing and measuring the width of open
fractures.

5.2.2 Characteristics of Fractures in Boreholes

A contoured equal area projection of poles to all fractures in-
tersected by boreholes ATK-1 and ATK-5 is shown in Figure 17. It is
apparent that the majority of fractures are subhorizontal, or have moderate
dip with northeasterly strike or steep dip with northwesterly strike.
Orientations of fractures at different intervals of the boreholes are dis-
cussed in detail by Dugal et al. (1981a,b). In general, fractures have the
same kind of filling materials at depth as at surface although several
distinctions are evident. Gypsum is most common at depths below 500 m but
other low-temperature filling materials are most common near surface.

Analysis of borehole data Indicates that more than half of the
fractures are subhorizontal. Fractures with this orientation were not
easily observed at surface due to lack of vertical relief. The borehole
data provide a necessary complement to surface data to establish the
orientation distribution of fractures in the pluton.

5.2.3 Borehole Geophysical Surveys

Geophysical surveys of the five boreholes measured jelf poten-
tial, single-point resistivity, 16-in and 32-in normal resistivity, focused
beam resistivity, natural gamma, gamma-gamma (density), neutron-neutron
(porosity), caliper (width) and temperature. Normal resistivity surveys
(16-in and 32-in) were completed in all holes except ATK-5. Results of the
survey are currently being compared with other borehole data to character-
ize the response of various types of fractured rock.

Bulk magnetic susceptibility tends to be variable in upper parts
of the boreholes with low values corresponding to altered rock and high
values to less-altered rock (Morris, 1979). Deep levels are characferized
by uniformly high bulk susceptibility and indicate generally less altera-
tion with depth. Magnetic fabric in ATK-1 is characterized by a foliation
dipping about 40° towards 45° within the plane of which an easterly to
northeasterly plunging lineation is usually present.
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The relationship between bulk magnetic susceptibility and minera-
logy of unaltered and altered sections of the borehole is discussed by
Dugal et al. (1981a) and elsewhere in this report (see Sections 4 and 5.2).
As discussed in Section 5.2 the magnetic fabric probably reflects primary
flow fabric. The magnetic foliation throughout ATK-1 is generally parallel
to the foliation measured on surface at the western end of the grid area.
Foliations within margins of intrusive igneous bodies are generally paral-
lel to the adjacent boundary of the body. If this is true for the Eye-
Dashwa pluton, then the easterly dipping magnetic foliations may indicate
that the contact may also dip easterly beneath adjacent gneisses.
Northeasterly striking magnetic foliations on surface at the eastern end of
the grid ares are ancjialous and probably reflect a local perturbation in
primary rock fabric.

A useful means of identifying open fractures involves detection
of thermal anomalies ?n the borehole. During drilling, heat generated by
the rotating drill bit is conducted upwards by circulating water. Heat ex-
change between the upward flowing, circulating water and adjacent rock can
be locally enhanced if the water enters an open fracture. In this way,
open fractures can appear as thermal anomalies in the borehole thermal pro-
file which gradually decay with time after the completion of drilling.
Consecutive temperature logs of borehole ATK-3 are shown In Figure 18 as
measured at various times after the completion of drilling. Thermal peaks
from near the top of the hole, which are most apparent In profiles measured
shortly after completion of drilling, are interpreted to occur at the same
depth as open fractures (Drury and Jessop, 1981).

Seismic tube-wave surveys have been completed in all boreholes
(C. Huang, unpublished data) and the results are being compared with geo-
logical data from the boreholes. The survey involves use of geophones
within the borehole, and the charge is exploded in a shallow hole. Open
fractures appear to yield a distinctive, recognizable response.

5.2.4 Borehole Hydrogeological Testing and Water Sampling

Hydrogeological testing was conducted in the boreholes using
single-packer and double-packer equipment and geochemical equipment for
sampling groundwater (Leech, 1981). Hydraulic head and hyoraulic conduc-
tivity were determined from tests where the boreholes intersected fracture
zones at various depths. Hydraulic conductivity (K) values were determined
on the basis of modeling the test zone as a porous medium (K ) or as an

equivalent fractured rock mass (K ) . Resulting values of K and K ,
^ erm7 6 pm era'
respectively, are shown in Figure 19. In most test zones K exceeds K ;

erm pm
however, a general decrease in both conductivity values is apparent with
depth from a range of 10~B to 10"6 m/s in the top 200 m to 10-'3 to
10" 1 0 m/s below the 300-m level.

Hydraulic head measurements also vary with depth as shown in
Figure 20. Measurements appear to fall into three groups consisting of
south-trending vertically downward gradients in the upper 200 m,
southeast-trending vertically downward gradients between 200 m and 500 m
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and high vertically upward gradients at about 1000 m. These results may
indicate at least three flow regimes within the test area.

Attempts were made to obtain representative groundwater samples
from fracture zones in the upper 200 m, despite known problems of contam-
ination, by circulating drill fluid during the drilling operation. Several
samples were obtained and analyzed at the University of Waterloo geochemi-
cal laboratory and at the Whiteshell Nuclear Research Establishment. It
was found that water within the fractures is of the HC0~/Ca/Na type and
tends to increase in total dissolved solid content with depth. Concentra-
tions of tritium in the sampled water tend to decrease with depth although
high tritium values in borehole ATK-2 at about 175 m may be due to drill
water influence. In general tritium analyses indicate water older than
30 a below 100 m although water b^low 200 m was not sampled due to low
permeabilities and insufficient zime for sampling.

5.3 CURRENT RESEARCH AND LABORATORY TESTING

The majority of geoscience field surveys planned for the first
phase at Atikokan are now complete; however, laboratory tests and data
analyses are continuing. Most of the current work (summarized in Table 4
and discussed below) involves establishment of chemical and physical
properties of drillcore and modeling of the fracture network and
groundwater movement within the grid area. As these data become available,
comparisons will be made with characteristics of other research areas.

5.3.1 Hydrogeological Testing and Modeling

Results of hydrogeological testing carried out in 1980 are being
studied to determine if the rock behaves as a porous medium or discretely
fractured material and further testing is planned to resolve the degree of
interconnectivity between test zones based on the geological fracture
framework.

Groundwater samples were collected at various depths in the bore-
holes to provide a better understanding of variations in groundwater chem-
istry with depth• Boreholes ATK-1 and ATK-5 have been sealed at several
depth levels with the intention of reopening the holes at a later date for
geochemical sampling (Lee et al., 1983). Several short vertical holes were
drilled throughout the grid area and are periodically monitored for vari-
ations in water-table levels.

Potential groundwater movement in the vicinity of the grid area
was studied using a computer simulation technique (Intera Environmental
Consultants Inc., 1981). The 7.0 x 8.0 x 1.5-km deep study area was
divided into 840 grid-block elements and water pressure boundary conditions
on the elements were provided by the level of water in nearby lakes. The
study area was modeled as homogeneous rock, rock containing vertical con-
ductive linear layers and rock containing horizontal conductive layers.
Travel time for a hypothetical particle released at 1020-m depth at the
grid area to neighbouring lakes was computed in each case. Infiltration
rate to the rock was found to be the most important parameter; it affected
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travel time by a factor of 10, and the eventual discharge site of the
particle.

5.3.2 Physical and Chemical Characteristics of Drillcore

Thirty-five, 70-cm-long standard samples were selected from ATK-1
core and individually subdivided for determination of mechanical, physical
and thermal properties. Preliminary analysis of the samples included
photography, detailed geological logging, geological description, geometri-
cal measurement, density and electrical resistivity measurements (Katsube
et al., 1980). Petrographic analyses were carried out including modal
analyses, grain-size measurements and chemical analyses (Chernis, 1981).
The majority of samples are granodioritic in composition according to the
classification scheme of Streckeisen (1967) and all have uniform igneous
textures with occasional evidence of dynamic recrystallization of quartz.

Mechanical properties studies were completed on 23 samples from
ATK-1 in which dilational wave velocity, uniaxial compressive strength,
Poisson's ratio and Young's Modulus were determined (McKay, 1980). The
studies indicate that the samples can be classified as high to very high
strength with compressive strengths ranging from 153 to 257 MPa. Poisson's
ratio ranged from 0.08 to 0.39 and Young's Modulus ranged from 55 to
123 GPa. Primary-wave velocities ranged from 2140 m/s to 5760 m/s under no
load and from 4390 m/s to 5960 m/s at a load o* 40.5 kN.

Physical properties were determined on 35, 10-mm-thick discs cut
from ATK-1 core. Means and standard deviations of the measurements are:
thermal conductivity, 3.27 + 0.12 W/(ra.K); density, 2.64 + 0.01 Mg/m3; and
porosity, 0.5+0.2% (Chomyn, 1981; Drury, 1981b,c). Porosity tends to
increase slightly with depth, but other properties do not exhibit any
consistent changes with depth.

Thermal-elongation measurements on 35 samples froa ATK--1 core
show very uniform expansion, between 0.65% and 0.85% from room temperature
to 500°C, with a slight tendency to lower expansions at lower depths (Bell
and Lemieux, 1980, 1981).

Intrinsic permeability of core samples from ATK-1 was measured by
Terratek Ltd. using the transient method of Brace et al. (1968) and found
to be very low. The permeability measured under constant confining
pressure does not change as a function of the depth from which samples are
obtained in the borehole. Permeability values from Atikokan tend to be
about a factor of 10 lower than permeability values of rocks with a similar
major mineral content and rock type from the Whiteshell research area
(Kamineni and Katsube, 1981). The variation in permeability may be
controlled by microfractures and grain boundaries associated with quartz
aggregates. In Atikokan, quartz in the granite samples occurs in isolated
aggregates as opposed to network aggregates, which are common at the
Whiteshell area. Permeability of Atikokan samples may be lower because
fluids are forced to follow more tortuous pathways associated with feld-
spars. Additional work is in progress to determine the relationship be-
tween porosity, permeability, pore structures and rock alteration in drill-
core from ATK-5 (Vladut, 1981). Permeability of test specimens with mean
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pore diameters In the range 0.04 pm to 0.13 pm is approximately constant at
0.7 microdarcies* (</>7 x 10~ 1 2 m/s at 20°C and 1 atm). As pore ..ize in-
creases from 0.13 to 0.80 pra, permeability tends to increase linearly by
more than two orders of magnitude. Rock altered to a pink colour had a
narrow range of slightly lower permeability values than unaltered rock.

5.3.3 Alteration and Sorption Characteristics of Drillcore

Most fractures in the Eye-Dashwa pluton have visible alteration
'halos' consisting of red-coloured rock within centimetre-wide zones adja-
cent to fractures. Differences in chemical and physical properties between
the altered and unaltered rock are under Investigation (Kamineni and Dugal,
1981, 1982).

Samples of drillcore from ATK-1 are being studied with regard to
sorption characteristics of radionuclides on various minerals. Thin sec-
tions are contacted with synthetic groundwater containing strontium-90, and
sorption of the ions on various minerals is detected by autoradiographs
(Abry, 1981). Rare-earth ions tend to be sorbed better than alkaline-earth
ions, and minerals such as sphene and epidote, which commonly occur as
fracture fillings and in alteration zones, tend to have the highest
sorption capacity in granites.

5.3.4 Geological Mapping and Fracture Analysis

Construction of Highway 622 across the Eye-Dashwa pluton during
1981 produced several excellent outcrop exposures in the form of rock cuts
adjacent to the road bed. Four rock cuts averaging 100 m in length by 6 in
in height were mapped in detail. These exposures provided an excellent
opportunity to examine fracture-filling materials that cannot normally be
observed on weathered surfaces. Up to five filling materials were observed
in some fractures, Indicating that they had been opened and sealed re-
peatedly. Other fractures transmit water and are apparently open at
present but may be undergoing the sealing process. Fracture data from the
rock cuts may serve as a basis for understanding the complex fracture
history of the pluton and the natural chemical processes which may promote
sealing of open fractures.

Measurements of roughness, width of alteration zone, displacement
and width were made on numerous fractures of known length so that compari-
sons could be made between each of these parameters and fracture length.
These data may permit length estimates of fractures In the subsurface based
on their width, roughness and alteration width measured in drillcore.

5.3.5 Fracture Configuration and Groundwater Movement Modeling

A major focus of current research on data from the Atikokan
research area involves modeling the three—dimensional distribution of frac-
tures in the grid area. Current techniques include establishment of dis-
tinct fracture anomalies at various depths in each borehole and on surface
(Hillary, 1982). Each fracture anomaly is characterized by one or more
fractures with common orientation, filling material and evidence of

* 1 darcy = 9.9 x 10"1
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shearing. Fracture zon^s are then interpreted between similar fracture
anomalies in two boreholes or from the surface to a borehole. A simplified
version of the subsurface fracture-zone configuration is shown in
Figure 21. The configuration consists of two easterly dipping fracture
zones that extend to surface (see the surface expression of the faulted
parts of the zones in Figure 16). Another zone deep in ATK-1 is of unknown
extent. A detailed interpretation of subsurface fracture zones is given by
Hillary (1982).

A refined map of subsurface fracture characteristics is under
development using computer data files, trigonometric projection techniques
and mechanical plotting devices (J. McEwen and J. Lau, unpublished re-
sults) . The refined subsurface fracture analysis involves creation of
'equivalent fractures' which are mathematical representations of real frac-
ture zones in the rock. Particular attention is given to fracture zones
that appear to be open, and hence are significant for present-day flow of
water through the rock. 'Equivalent fractures' are, in effect, semi-
infinite planes that intersect boreholes at the same depth as real fracture
zones and are parallel to element fractures within the zone. The
'equivalent fractures' are mathematically defined by a unit normal vector,
that is, a point on the fracture plane, and can be assigned a certain
length.

Block diagrams are constructed by mechanical plotting devices for
visual representation of the 'equivalent fracture' network. The data are
also used for further modeling of subsurface fracture configurations by
Ontario Hydro (Jim Reilly, personnel communication). This modeling is
basically a search for interconnectivity between 'equivalent fractures'.
Knowing their location, orientation and estimated length, it is possible to
determine which 'equivalent fractures' intersect, and thus define a con-
tinuous pathway by which water might move through the rock. The intercon-
nected fracture network is expressed as a matrix of numbers suitable for
input to computer programs capable of modeling groundwater movement through
the rock. In this way, it may eventually be possible to model groundwater
movement through fractured rock of the grid area.

A conceptual model is under development that characterizes poten-
tial pathways defined by open fractures throughout the Eye-Dashwa pluton
(Brown et al., 1981). The model incorporates large discontinuities such as
fracture zones of known location, which are assumed to be more permeable
than moderately or non-fractured granite. The location, orientation, per-
meability and size of small discontinuities are statistically estimated
from known distributions of these parameters obtained at surface. The
probability of groundwater movement from one part of the test area to
another can then be estimated. This technique may eventually be capable of
modeling groundwater movement through large volumes or rock without the
necessity of closely spaced boreholes.

5.3.6 Comparison of Fracture Characteristics Between
Research Areas

A major objective of current ana future research is comparison of
geophysical, geological and hydrogeological characteristics of different
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research areas. For example, comparison of fracture abundances Indicates
that rocks ol the Eye-Dashwa pluton contain more fractures than rocks of
the Underground Research Laboratory site (see location in Figure 1) but
fewer fractures than the Chalk River site (Brown et al., 1981). This is
true of fractures encountered in boreholes, surface fractures and major
fracture zones inferred from air-photograph lineament analyses.

GEOSCIENCE WORK AT THE GRID AREA: INTERPRETATION OF SURVEY RESULTS

Geoscience surveys at the grid area can be broadly class!fiod
into two groups:

(a) those intended to resolve precise physical and chemical
properties of the rock, and

(b) those Intended to locate and characterize fractures. Most
surveys of the first group were performed on standard samples
taken from drlllcore.

Standard samples subjected to physical and chemical rock proper-
ties tests (see Section 5.3.2) are generally granodiorlte. Thermal conduc-
tivity, thermal elongation, density and porosity are relatively uniform and
characteristic of the rock type (see for example, Clark, 1966, p. 4hl,
p. 20). Compressive strength, Young's Modulus and Poisson's Ratio ;it't' also
similar to those of other granitic rocks (see for example, Jaeger and Cook,
1969, p. 146). Permeability values of test specimens were low (0.1 tci
100 iiD*) and characteristic of unfractured igneous plutonlc rocks (see for
example, Freeze and Cherry, 1979, p. 29). Hence, physical .ind chemical
properties of drillcore from the Eye-Dashwa pluton are relatively uniform
and characteristic of granitic rocks in general. Slight variations in
grain size and mineralogy occur throughout the pluton; however, these v.iry
uniformly (see Figure 3 ) . It appears likely, therefore, that most physical
and chemical rock characteristics throughout the pluton can bo predicted on
the basis of the present work.

Fracture-tilling luaterials have proven to be very useful In
classification of fractures and establishment of fracture history. Frac-
turing must have begun before the pluton was completely solidified, thai is
when pegmatite, apiite and hornblende porphyry were empLaced. Fractures
containing these materials are probably Insignificant in terms of present-
day water flow through the rock because the fillings have welded fracture
walls together and are no more permeable than the granite.

Epidote and chlorite fractures were emplaced at high l.o mudi-rate
temperatures shortly after the pluton solidified. These fractures, which
are long, abundant and frequently rejuvenated (as Indicated by the presence
of younger filling materials), are most Important In defining (lie overall
fracture network In the rock mass. Youngest (low-temperature) fractures
are restricted to rejuvenated segments of epidote and chlorite fractures
and are common near surface.

* I darcy = 0.98/
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In addition to filling materials, several other fracture para-
meters seem to vary with depth* For example, open fractures detected by
core logging, borehole television surveys and thermal profiles are most
common within 300 m of surface. With increasing depth, hydraulic conduc-
tivity decreases and groundwater contains increasing amounts of dissolved
solids. These results suggest possible zoning In the grid area whereby
many fractures within about 300 m of the surface were opened in recent
geological time. Some were subsequently sealed with low-temperature
filling materials but others remain open and may form interconnected path-
ways for exchange of water with the surface. Fractures below 300 m tend to
be sealed and have apparently remained undisturbed since their formation.

In spite of the general understanding of fracture history and
fundamental zoning in the grid area it remains very difficult to locate
specific fracture zones. Detailed surface mapping and a ground VLF-EM
survey detected several fracture zones, but it is difficult to verify that
all significant fracture zones were detected due to poor exposure adjacent
to the large outcrop. Subsurface fracture zones are easily Identified by
inspection of drillcore, and modeling of drillcore data has permitted
Interpolation of many fracture zones between boreholes. At least two major
steep-dipping fracture zones exist within the grid area, as shown in
Figure 21, and several subhorizontal fractures have been interpolated be-
tween boreholes. However, the volume of rock containing the boreholes
(approximately 100 m x 500 m x 1000 m) represents less than 0.1% of the
pluton, and existing models do not have the capacity to extrapolate known
fracture zones beyond the grid area.

Much analytical work remains to be done on data and samples
collected from the grid area. In general, it appears that ohysical and
chemical properties of unfractured and unaltered rock can be established.
It is thought that these properties vary uniformly throughout large volumes
of the pluton. Location of discontinuities is reasonably well known within
central parts of the grid area; however, their complete extent is not es-
tablished due to lack of good surface exposure and closely spaced drill
holes.

7. DISCUSSION

Wide-ranging geoscience work was undertaken at the Atikokan re-
search site as part of the Canadian Nuclear Fuel Waste Management Program.
Several new and innovative survey techniques were applied to the research
area. Geological data, particularly fracture characteristics of drillcore,
were recorded in coded form suitable for storage and analysis by computer.
Downhole telfvision camera surveys and seismic tube-wave surveys were found
to be very effective at recognizing open fractures. Hydrogeological tests
were performed with new equipment designed specifically for small-diameter
boreholes within plutonic rocks.

In general, the research was intended to resolve shape, composi-
tion, and Internal fabric of the pluton, including location, intercon-
nectivity and hydraulic conductivity of fractures. Many of these
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objectives were achieved at Atikokan. Geophysical and geological data
indicate that the pluton is rooted to more extensive granite at depth and
contains several trough and basin-shaped inclusions of country rocks that
probably do not extend to great depth. Chemical and physical properties of
rock within the pluton were found to be characteristic of granite in
general and to be either uniform or to vary systematically with location-

Fractures were found throughout the pluton and most are sealed
with one or more filling materials. The fractures can be classified ac-
cording to the type of filling material they contain and several important
depth variations were found in the type of filling material, fracture open-
ness and hydraulic conductivity. Youngest fractures, containing the most
recent filling materials, and open fractures tend to be concentrated within
300 m of the surface. Hydraulic conductivity is highest in the near-
surface zone where the concentration of dissolved solids in water is simi-
lar to that of surface water as opposed to water from deeper levels. These
data suggest a possible zoning of fracture and hydraulic characteristics of
the pluton. Further refinement of this information is expected as current
analysis progresses.

Perhaps the greatest problem related to fiexd surveys involves
reliable detection of fracture zones. Fracture zones can be readily de-
tected where they outcrop at surface or where they are Intersected by bore-
holes. Unfortunately, less than 5% of the pluton Is exposed at surface and
boreholes are concentrated in a very small part of the pluton. Probably
the simplest and most direct means of improving detection of fracture zones
would be to conduct research in areas of good outcrop exposure. Most large
fracture zones could be detected in regions of greater than 30% evenly dis-
tributed outcrop exposure and a limited amount of surface excavation. As
discussed in Section 4, geophysical surveys yielded numerous anomalies that
may or may not be fracture zones depending on whether the electrical and
magnetic anomalies are generated in the rock or overburden. Solution to
this uncertainty could be achieved by followup surveys to test the response
of known overburden and rock mass conditions. Alternatively, improved pro-
cessing of the geophysical data may distinguish between overburden and rock
mass anomalies.

A second problem or shortcoming of current research involves con-
struction of adequate fracture configuration and groundwater movement
models. Despite the diversity and mathematical complexity of existing
models, they must be considerd preliminary because they do not account for
the true shape of fracture zones, their interconnectivity, spacing and
length. Knowledge of the age and tectonic origin of fractures will ba val-
uable in constructing fracture network models because it will allow predic-
tion of where specific types of fractures are likely to occur (i.e., near
surface or at depth, proximity to other major structural features), angular
relationships between faults, and the fracture characteristics listed
above. Detailed fracture network models constructed on this basis can be
used for modeling groundwater movement and eventually the long-term stabil-
ilty of nuclear waste disposal sites. Again, the best means of obtaining
this information is from research in areas of good outcrop exposure. The
availability of good natural outcrop exposure at surface and the willing-
ness to improve surface outcrop exposure when necessary are seen as the key
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ingredients for locating fracture zones and establishing adequate fracture
models. Abundance and quality of natural outcrop exposure are probably the
most important parameters to be considered in selecting new research areas.
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TABLE 1

GEOSCIENCE SURVEYS OF THE EYE-DASHWA PLUTON

Type of Survey Reference Results

Regional Mapping

Air-photograph
lineament analysis

Regional fracture
analysis

Petrological analysis

Airborne total-field
magnetics

Airborne vertical-
gradient magnetics

Gravity survey

Airborne electro-
magnetic survey

Airborne VLF-EM total-
field survey

Airborne total-field
magnetics

Ground resistivity/
induced polarization
(IP) survey

AMT survey

Ground VLF-EM survey

Terrain evaluation
study

Reflection seismic
survey

Brown et al., 1980

Brown et al., 1980

Stone, 1980

Kamineni and Brown,

1981

GSC, 1980

GSC, 1980

MacLeod, 1980

Paterson and Dvorak,

1980

Paterson and Dvorak,
1980

Paterson and Dvorak,|
1980

Paterson and rfatson,
1981

Redman et al., 1980

Hayles, personal
communication

Gartner Lee Associ-
ates, 1981

A. Green, personal
communication

Delineated boundaries of the
pluton

Inferred large discontinu-
ities within the pluton

Estimated orientations and
abundances of fractures
throughout the pluton

Established variation in
chemical composition of
the pluton

Delineated boundaries of
pluton

Found linear zones of high
and low magnetic intensity
within the pluton

Modeled subsurface configur-
ation of the pluton

Several low-grade conductors

were centred over lakes

Linear conductors were found
often associated with lakes
and swampy ground

Found linear zones of high-
and low-magnetic intensity
within the pluton

Located one near-surface
conductive zone in highly
resistive rock

Found a near-surface con-
ductive layer and several
su'^jurface conductive zones

Located several conductive
zones

Established regional, sur-
face drainage patterns and
terrain conditions

Analysis In progress



TABLE 2

BOREHOLE PARAMETERS

ATK-l
ATK-2
ATK-3
ATK-A
ATK-5

9
10
10
10
10

Co-ordinates of
N

964.7
082.3
079.4
101.1
100.1

9
10
10
10
10

E

944.8
111.9
239.9
189.6
471.0

Casing
Elevation

446.3
443.9
448.7
446.9
452.0

Starting
Trend

063°
225°
238°
241°
242°

Starting
Plunge

75°
75°
75°
70°
76°

Trend at
Bottom

88.5°
233.0°
262.0°
256.0°
266.0°

Plunge at
Bottom

53°
74°
72°
64°
44°

Length
(m)

1151.6
198.5
399.9
339.7
1274.3

True
Depth to
Bottom

1030.0
192.0
381.0
310.0
1101.7
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TABLE 3

SURFACE AND SUBSURFACE GEOSCIENCE WORK AT THE GRID AREA

Type of Work Reference Results

Surface fracture

Analysis of fracture-
filling materials

Physical characteris-
tics of surface frac-
tures

Ground VLF survey

Stone, 1980

Kamineni er. al., 1980
Kamineni a :d Brown,
1981

Stone, 1980

IHayles, unpublished
lesults

Magnetic susceptibility
analyses

I Directional survey
of boreholes

Well-history reports

Directional analysis
of fractures

Borehole television
survey

Downhole geophysical
survey

Magnetic susceptibility
analyses of drillcore

Coles, 1981

Dugal et al.

Dugal et al.

198A

1984

Dugal et al., 1981a,
b; 1981; Stone and
Kamineni, 1982

Lau and Bisson;
1980a,b,c 1981a,b

Collett, unpub-
lished results

Morris, 1979

Downhole thermal
profiles

Downhole tube-wave

surveys

Downhole hydrogeo-
logical testing

j Drury and Jessop,1981

Collett, unpublished
results

Lee et al., 1983

Identified small faults and
fracture zones at surface

Most fractures contain one or
more filling materials

Length and orientation statis-
tics of fracture sets were
estimated

Several VLF anomalies were de-
tected and correspond in loca-
tion with known fracture zones

Bulk susceptibility of altered
and unaltered rock was mea-
sured. Rock foliation was in-
ferred

Yielded location of boreholes
as a function of depth

Described lithology and frac-
ture characteristics of bore-
holes

Estimated orientational
statistics of fracture sets

Measured characteristics of
fractures in borehole walls

Downhole resistivity, density,
porosity width and temperature
I analysis

I Determined differences in bulk
|susceptibility of altered and
unaltered rock. Identified
magnetic fabric

Detected thermal anomalies in
boreholes after completion of
drilling

Open fractures were detected

Estimated hydraulic conductiv-
ity, hydraulic head and compo-
sition of water in certain in-
tervals of the borehole
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TABLE 4

CURRENT RESEARCH AND LABORATORY TESTING ON ROCKS
FROM THE ATIKOKAN RESEARCH AREA

Type of Work Reference Objectives

Groundwater sampling
and water table mon-
itoring

Preliminary and petro-
logical examination of
standard samples from
ATK-1

Mechanical properties
studies of standard
samples

Physical properties
studies of standard
samples

Thermal elongation
studies of standard
samples

Hydraulic permeability
measurements of samples
from ATK-1

Comparison of hydraulic
permeability values

Analysis of chemically
altered rock

Sorption characteris-
tics of samples from
ATK-1

Modeling of subsurface
fracture configura-
tions

Modeling of regional
groundwater movement

Comparison of fracture
characteristics be-
tween research areas

Dugal et al., 1981b

Katsube et al., 1980
Chernis, 1981

McKay, 1980

Chomyn, 1981,
Drury, 1981a,b

Bell and Lemieux,
1980, 1981

Kamineni and Katsube
1981

Kamineni and Katsube
1981

Kamineni and Dugal,
1981, 1982

Abry, 1981

Hillary, 1982;
McEwen and lau, un-
published results

Intera Environmental
Consultants Inc.,
981

rown et al., 1981

Establish water table and
groundwater chemistry

Establish physical and chem-
ical characteristics of
samples

Measure uniaxial compressive
strength of samples

Measure thermal conductivi-
ty, density and porosity of
samples

Measure thermal expansion
factors of samples

Measure hydraulic permeabil-
ity of core samples

Study relationship between
hydraulic permeable.' ty and
mineralogy

Determine chemical proper-
ties of altered rocks

Determine sorption capaci-
ties of fracture filling
materials

Interpolate fracture zones
between drill holes and the
surface

Model pathways and travel
time of a hypothetical
particle through the Eye-
Dashwa pluton

Establish relative abun-
dances of fractures and
fracture zones in research
areas
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FIGURE 1: Location of the Atikokan Research Area, Atikokan, Ontario
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FIGURE 2: Geological Map of the Eye-Dashwa Pluton (after Brown et al.,
1980)
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FIGURE 3: Map of Variations in Hornblende Content Within the Eye-Dashwa
Pluton. The heavy lines represent contours in weight % based on
petrographic modal analyses (after Kamineni and Brown, 1981).
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METAVOLCANIC

FIGURE 4: Map of Aeromagnetic Total Field and Geology in Vicinity of the
Eye-Dashwa Pluton. Contours are In gammas.
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FIGURE 5: Location Map of Geophysical Surveys of the Eye-Dashwa Pluton.
Area covered by aeromagnetic total-field and vertical gradient
magnetics surveys is shown in Figure 4.
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FIGURE 6: Gravity Models of the Eye-Dashwa Pluton (after MacLeod, 1980).
Models A and B represent vertical sections through the pluton
and country rocks below survey line 1 and 2 shown in Figure 5.
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FIGURE 7: Air-photograph Lineament Map of the Eye-Dashwa Pluton (after
Brown et al., 1980). Lineament A-A1 is discussed in the text
with reference to geophysical surveys carried out in its
vicinity.
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FIGURE 8: Contoured Isogonal Map of the Total Number of Fractures Per
Metre in the Eye-Dashwa Pluton (after Stone, 1980). Contour
interval is 3 fractures/m.
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FIGURE 9: Map of Vertical Gradient Magnetics in Vicinity of Air-photo-
graph Lineament A-A' of Figure 7 (after Geological Survey of
Canada, 1980). Lineament A-A' extends northwesterly through
the long axis of the central lake (stippled) in this figure.
Contour interval is 0.2 Y/m.
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FIGURE 10: Map of Filtered Total Vi.F-EM Field in Vicinit}' of Air-photo-
graph Lineament A-A' of Figure 7 (after Paterson and Dvorak,
1980). Lineament A-A' extends northwesterly through the long
axis of the central lake (stippled) in this figure. Contour
level is 5%.
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FIGURE 11: Map of Enhanced Magnetics In Vicinity of Air-photograph
Lineament A-A' of Figure 7 (after Paterson and Dvorak, 1980).
Lineament A-A1 extends northwesterly through the long axis of
the central lake (stippled) in this figure. Contour interval
is 200 gammas from 60 400 to 61 000 gammas.
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FIGURE 12: Pseudo Section of Apparent Resistivity Along Resistivity Profile 1 of Figure 5 (after

Paterson and Watson, 1980). Contour interval is variable (fl/m). Block bars at the bottom
of the figure represent location of zones of low resistivity associated with linear valley A-
A'(P <100 JJ*m) and grounded hydro-electric towers (cultural). Distance in metres along the
survey profile is indicated at top of the section.
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FIGURE 13: Block Diagram of the Interpreted Structural Relationship
Between the Eye-Dashwa Pluton and White Otter Batholith based
on Geological, Gravity and Aeroraagnetic Total-Field Data
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FIGURE 14: Map of the Grid Area of the Eye-Dashwa Pluton Showing Location of Boreholes, Outcrop
Distribution and Main Surface Fractures
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FIGURE 15: (a) Map of Aplite, Epidote and Chlorite Fractures in a Part
of the Grid Area

(b) Aplite and Epidote Fractures in the Same Area and
(c) Aplite Fractures Only
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FIGURE 16: Map of the Grid Area Showing Largest Fault Zones, a Hornblende Porphyry Dike and Ground
VLF-EM Anomalies. VLF-EM anomalies (John Hayles, G.S.C., personnel communication)
coincide with some of the major fault zones discussed in the text.
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FIGURE 17: Contoured Equal Area Plot of Poles to all Fractures in
Boreholes ATK-1 and ATK-5 of the Eye-i =»shwa Pluton (after
Dugal et al., 1981b)
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FIGURE 18: Consecutive Temperature Logs of Borehole ATK-3. Numbers refer
to time in days after drilling (after Drury and Jessop, 1981).
Note the thermal anomaly at about 70-m depth.



FIGURE 19: Plot of K and K versus True Vertical Depth in Boreholes ATK-1, ATK-2, ATK-3 and
ATK-4 (after Lee,eï?83). Note a general decrease in both K and K with depth.
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FIGURE 20: Plot of Hydraulic Head versus True Vertical Depth in Boreholes
ATK-1, ATK-2, ATK-3 and ATK-4 (after Lee, 1983). Note three
apparent clusters of hydraulic head measurements corresponding
to shallow (<200 m), intermediate (200 n - 600 m) and deep
(>600 m) levels of the boreholes.
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FIGURE 21: Simplified Interpretation of Fr&~.ture Zones Intersected by
Boreholes at the Grid Area. Section plane is vertical and
trends 075° through the grid area.



ISSN 0067-0367 ISSN 0067-0367

To identify individual documents in the series

we have assigned an AECL- number to each.

Please refer to the AECL- number when

requesting additional copies of this document

from

Scientific Document Distribution Office

Atomic Energy of Canada Limited

Chalk River, Ontario, Canada

KOJ UO

Pour identifier les rapports individuels faisant partie de cede

serie nous avons assigne un numero AECL- a chacun.

Veuillez faire mention du numero AECL -si vous
demanded d'autrcs exemplaires de ce rapport

au

Service de Distribution des Documents Officieis

L'Energie Atomique du Canada Limitee

Chalk River, Ontario. Canada

KOJ UO

Price: $4.00 per copy prix: $4.00 par exemplairc


