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Abstract—The structural and geophysical characteristics of 2590-2580 Ma leucogranites in the northern Slave
Province have been studied to determine the role and conditions of late Archean regional deformation during
their emplacement. The irregularly shaped, straight sided, ¢. 10 km long Ulu pluton is located in the southern
part of the High Lake greenstone belt, northern Slave Province. Fabrics in the pluton and its wall rocks indi-
cate that it was emplaced at mid- to upper crustal levels during regional E-W late Archean compression. A
gravity survey and resulting three-dimensional gravity model of the pluton show that it has several linear,
deep (> 6 km) root zones, which feed a relatively thin (<2 km) tabular body. The orientations of the major
root zone, along the pluton’s western side, and three subsidiary roots correspond to those of the pluton con-
tacts to within 5°.

Landsat TM data reveal several sets of lineaments, interpreted to represent fractures formed during the
early assembly of the Slave Province, which cut both the greenstone belt and the younger plutons. Analysis of
these lineaments defines several maxima whose orientations correspond with those of both the feeder zones
and the contacts of the Ulu pluton. The pluton therefore appears to have been emplaced via an intersecting
set of vertical fractures. Magma was arrested by and spread along an unknown horizontal structure. Sub-
sequent inflation of the pluton was also facilitated by vertical translation on pre-existing fractures. © 1998

Elsevier Science Ltd. All rights reserved

INTRODUCTION

Over the last two decades, geologists have begun to
question the importance of diapirism in the ascent of
felsic magma through the crust, and the final emplace-
ment of plutons. An increasing number of workers
have suggested that the dominant mechanism of grani-
tic magma ascent is through fractures, either pre-exist-
ing faults (Petford et al., 1993, 1994) or fractures
created by the magma itself (Emerman and Marrett,
1990; Clemens and Mawer, 1992). In cither case if the
initial dyke is wide enough, and the magma viscosity
low enough to prevent freezing, magma transport is
quite rapid. The rate-limiting factor is either the supply
of magma, or the material transfer process necessary
to make space. Weinberg (1996) has suggested that in
some cases magma may ascend as diapirs part way
through the crust, with dykes propagating from the
top at shallow levels. Ultimately, the structural fea-
tures of a high-level pluton may not be related to the
ascent mechanism at all, but to the mode of emplace-
ment, once the magma has arrived. That mode of
emplacement will reflect the deformation behaviour of
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the wall rocks and the local stress field, which is itself
a function of the regional conditions and stresses re-
lated to the presence of the magma. While in general
we expect brittle wall rock behaviour at shallow crustal
levels, and ductile behaviour at deeper levels, a com-
plete continuum exists between these end-members
(Paterson et al., 1991). Complicated field relationships
may result from a combination of the two styles of de-
formation.

During the emplacement of a pluton, sufficient space
must be created locally for the influx of new magma.
This space can be made in a number of ways. Ductile
deformation of the surrounding rocks may allow
downward flow towards the source region during dia-
piric emplacement; regional deformation may allow, or
cause, lateral wall rock displacement by folding or
faulting; the roof of the pluton may be lifted, if it is
not too thick; the wall rocks may be fractured, allow-
ing blocks to be stoped and sink into the pluton; or a
single large block may sink into the underlying magma
chamber, in a process referred to as ‘cauldron subsi-
dence’. These final two mechanisms may be influenced
by the presence of pre-existing fractures in the wall
rock.

We have studied the structural and geophysical
characteristics of 2590-2580 Ma leucogranites in the
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northern Slave Province to determine the role of late
regional deformation in their emplacement. Modelling
of gravity data from one of these plutons reveals a
relatively thin tabular body fed by several linear, deep
root zones, suggesting that it was fed by several dykes.
These root zones are parallel to several of the pluton
contacts, which are also linear. We have examined the
pattern of fractures throughout the region and have
found a correlation between these fractures and the
shape of the plutons. Recent reviews have shown that
the majority of plutons may be tabular bodies, with
the bulk of their area and volume less than 3 km deep
(Vigneresse, 1995b; McCaffrey and Petford, 1997;
Cruden, 1998). We propose that the Ulu pluton is
lopolithic, that it was fed by magma rising along a set
of intersecting fractures and that most of the space
was made for its emplacement by sinking of the floor
between those fractures.

GEOLOGICAL SETTING

The High Lake greenstone belt is located in the
northernmost Slave Province (Fig. 1). The supracrustal
rocks range in age from 2705 to 2605 Ma. Granitoid
batholiths, ranging in age between 2620 and 2600 Ma,
surround the belt. Two young leucocratic granites
intrude the belt. The Sneezy pluton, in the north, has
been dated at 2580 + 8 Ma (Villeneuve et al., 1997).
The Ulu pluton, in the south, was emplaced at
2588 4+ 4 Ma (Villeneuve et al., 1997).

The Ulu pluton is a homogeneous quartz, plagio-
clase, microcline, biotite leucogranite. The pluton has
a very low mafic mineral content, and appears as an
aeromagnetic low on regional aeromagnetic maps.
Similar late- to post-deformational leucogranites have
been described throughout the Slave Province. Their
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geochemistry is consistent with a partially melted
metasedimentary source region (Davis et al., 1994). It
has been suggested (King ef al., 1992; Kusky, 1993;
Davis et al., 1994) that such late leucocratic granites in
the Slave Province were emplaced during a period of
crustal extension. Although earlier studies have con-
cluded that compressional deformation in the Slave
Province was over by ¢. 2600-2595 Ma (van Breemen
et al., 1992; Isachsen and Bowring, 1994), microstruc-
tural observations and magnetic fabric studies show
that compressional deformation outlasted the emplace-
ment and cooling of the Ulu pluton (see below and
Dehls, 1997). This deformation produced variable
magmatic and solid-state fabrics parallel to the main
cleavage in the belt.

CONTACT RELATIONSHIPS

The contacts between the pluton and the surround-
ing supracrustal rocks are sharp and linear at both the
map (Fig. 2) and outcrop scale (Fig. 3a). The granite
is exposed in an area that is systematically 10 m or
more lower than the surrounding supracrustal rocks
(Fig. 3b). This, together with the observation that con-
tacts dip outward at moderate (~50-60°) angles in a
number of locations along the east, west and northern
margins, suggest that the present level of exposure is
close to the original roof of the pluton. However, in
most places pluton—wall rock contacts are steep, and
are remarkably straight for several kilometres with
consistent trends of 035°, 077°, 145° and 178° (Fig. 2).
There is no evidence, such as mappable offsets, that
these linear contacts are faults which post-date empla-
cement. In several localities dykes of Ulu granite can
be seen penetrating the wall rocks without disruption
at the pluton contact.

There is no evidence of a contact-parallel foliation
in the wall rock suggestive of forceful emplacement of
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Fig. 1. Map of Canada showing the location of the Ulu pluton,
within the High Lake greenstone belt (HLGB), in the northern Slave
Province.
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Fig. 2. Detailed map of the Ulu pluton. The contacts between the

Ulu pluton and the surrounding supracrustal rocks are long and lin-

ear. The trends of the contacts (inset) are 035°, 077°, 145° and 178°.

The regional S5 foliation (thick lines) passes through, but is partly
deflected by the Ulu pluton.
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Fig. 3. (a) Sharp, intrusive contact between the Ulu pluton and the surrounding supracrustal rocks. (b) The surrounding
supracrustal rocks rise 10 m more above the exposed surface of the pluton. The dashed white line indicates the pluton
margin.

the pluton into ductile crust. However, bedding planes,
as well as the regional S5 foliation, which are both
subvertical throughout the belt, become shallower
within 2 km of the pluton’s northeastern and north-
western margins (Fig. 2). Microstructural and aniso-
tropy of magnetic susceptability (AMS) studies of the
Ulu granite show that the bulk of the internal foliation
within the pluton is continuous with S3 in the wall
rocks, and that this fabric formed during cooling of
the pluton from high 7 to ambient greenschist facies
conditions (Dehls, 1997). Because of the syn- to post-
intrusive nature of the S; foliation with respect to
emplacement of the Ulu pluton, these relationships
suggest that the local rotation of bedding and S; adja-
cent to the pluton occurred during regional D; defor-
mation and is not related to emplacement (Dehls,
1997). Wall rocks were effectively forced to flow locally
around a relatively rigid, tabular body in a similar
manner to a pre-kinematic porphyroblast.

Regional metamorphic conditions during formation
of the regional S; foliation were at greenschist facies.
Near the Ulu pluton this cleavage overprints porphyro-
blasts of biotite and chiastolite, which may have
formed at the initial stages of emplacement of the plu-
ton or be related to an earlier event. This suggests that
the pluton was emplaced at P-T conditions below the
AlLSiOs triple point (i.e. less than ¢. 10 km), but pre-

sent data cannot be used to constrain a minimum
intrusion depth.

GRAVITY MODELLING

A gravity survey of 130 stations was performed over
the Ulu pluton to determine its three-dimensional
shape. Data processing and three-dimensional model-
ling procedures are described by Dehls (1997).

The resulting three-dimensional model of the Ulu
pluton is shown in Fig. 4, along with a depth contour
map. The pluton has several linear, deep (>6 km)
root zones, highlighted by the white lines in Fig. 4,
which may have fed a relatively thin tabular body.
More than 60% of the pluton is less than 2 km deep
(Dehls, 1997). The individual roots along the main
root zone are an artefact of the gridding of the gravity
data (Dehls, 1997). The main root zone, along the plu-
ton’s western side, trends 030°. It is through this zone
that the bulk of the magma is assumed to have
ascended. Three subsidiary roots trending 077°, 140°
and 170° intersect the main root.

The linear nature of the root zones suggests that the
magma ascended along a set of intersecting fractures.
There is no evidence, from the gravity modelling
alone, as to whether these fractures were the result of
some earlier event or were created by the magma itself.
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Fig. 4. (a) Depth contours (in km) of the floor of the Ulu pluton from gravity modelling. Several linear deep root zones

are highlighted by the white lines. These root zones are parallel to the pluton contacts. More than 60% of the pluton is

less than 2 km thick. The individual roots along the main root zone are an artefact of the gridding of the gravity data
(Dehls, 1997). (b) Three-dimensional view of the bottom of the pluton model, showing the extent of the root zones.

LINEAMENT ANALYSIS

It is generally accepted that most lineaments are the
expression of fractures, including joints, faults and
dyke-filled fractures. In the Canadian Shield, linea-
ments have a strong topographic expression, and can
readily be detected on aerial photographs and satellite
images (Lowman et al., 1992). In order to determine
the regional extent of the fractures associated with the
Ulu pluton, a 90x90 km LANDSAT TM scene
centred on the High Lake belt was studied.

Lineament detection

Image analysis was performed on a PC using the
software package ER-Mapper 5.2. Lineaments were
visible in several band combinations, but a false-colour
image using bands 5, 4 and 1 was found most suitable
for the analysis. In order to enhance the visual detect-
ability of lineaments, a linear contrast stretch was
applied to the histogram of each band to enhance the
colour differentiation in the image. The image was
then converted to hue, saturation and intensity chan-
nels. By applying a Gaussian stretch to the histogram
of the intensity layer, the contrast in the image was
significantly enhanced, without changing the colour
balance (e.g. Kowalczyk and Ehling, 1991). By apply-
ing an edge-preserving adaptive filter (Budkewitsch et
al., 1994) to the intensity layer, high-frequency noise
was removed while linear features were preserved. The
result of these enhancements is an image in which
topographic features are highly visible. The intensity
channel, which contains most of the information, is
shown in Fig. 5.

Lineaments were drawn on a vector layer over the
image. By varying the scale at which the image was
displayed, linear or curvilinear features ranging in
length from 3 km to greater than 50 km were traced.
The lower limit of 3 km was chosen arbitrarily so that
only fractures of regional significance, which could be
expected to extend to some depth, were analysed. The
resulting lineament map was then overlain upon a geo-
logical map of the area, and all lineaments correspond-
ing to conformable contacts in the supracrustal rocks
were discarded. The resulting lineament map is shown
in Fig. 6. Statistical analysis of the lineaments was
then performed to determine their peak directions.

Statistical analysis of lineament directions

In lineament studies, the distribution of lineament
directions is usually displayed on a rose diagram (cir-
cular histogram), using a counting class of 5° or 10°.
Ideally, the data should be weighted by a length factor.
In order to analyse their directions, all lineaments are
represented as straight-line segments, although they
may be somewhat curvilinear in reality. In order to
avoid this step, and to automate the process, a method
based upon counting of intercepts on raster images
was used (Launeau and Robin, 1996).

The intercept counting technique has been developed
in order to determine the shape preferred orientation
of mineral grains (Panozzo, 1983; Launeau et al.,
1990), but is equally useful for any object population.
The technique is based on counting the number of
times a set of parallel test lines intercepts a set of
objects on the image along a number of directions.
The number of intercepts is a periodic function of «,
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the counting direction, and can be represented by a
Fourier series (Launeau and Robin, 1996). From this
Fourier series, a ‘rose of directions’ can be calculated.
The Fourier series is usually truncated at a level such
that the resulting curve matches the main features of
the data curve. This truncation is the equivalent of
smoothing the curve with a Gaussian filter, whose
half-height width is related to the level of truncation
(Launeau and Robin, 1996). This method of analysis
for lineament directions thus provides a measure of
directional density that is both weighted by lineament
length, and smoothed to remove noise.

In theory, the intercept method can be applied to a
vector dataset. However, in practice, it is convenient to
convert the dataset to a raster image such that the
lineaments have a thickness of 5 pixels. The lineament
map of the High Lake belt and surroundings was con-
verted to such a raster image. The intercept method
was applied with a 2° counting step. The rose of direc-

)
Fig. 5. A 50 x 50 km portion of the final enhanced LANDSAT TM image used to analyse lineaments in the study area.
Bands 5, 4 and 1 were combined as red, green and blue channels, and then converted to hue, saturation and intensity
channels. Shown is the intensity channel, which contains most of the information. See text for details on image proces-
sing techniques used. The Ulu pluton is situated to the southeast of this area.
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tions (Fig. 6) shows seven directional maxima at 010°,
029°, 056°, 074°, 125°, 147°, and 171°.

In a study of fracture patterns in the Canadian
Shield, Lowman et al. (1992) analysed three Landsat
scenes in the Slave Province, southwest and west of
the present study area (Fig. 7). Their circular histo-
gram for the orientation of lineaments in the Slave
Province shows several peaks with similar orientations
to the High Lake area. The data are not smoothed,
but peaks are located at 355-15°, 25-35°, 50-75°, 100—
120° and 135-155°. Each of the peaks in the High
Lake area falls within one of these intervals.

Origin of the lineaments

In both studies, the peak centred on approximately
140°/320° is very large. This orientation corresponds to
that of the Mackenzie dykes. Indeed, when the linea-
ment map is overlain on the aeromagnetic map of the
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Fig. 6. (a) Topographic lineaments in the High Lake greenstone belt and surrounding area. These lineaments are the

expression of fractures, including joints, faults and dyke-filled fractures. (b) The rose of directions for the topographic

lineaments. Several directional maxima correspond with the orientations of the root zones of the Ulu pluton, as well as
the contacts of the pluton with the surrounding rocks (see Fig. 2 inset).

High Lake area, it is clear that many lineaments corre-
spond to mafic dykes (Fig. 8). This is not surprising,
as mafic magmas, like granitic magmas, may ascend
within self-propagating fractures or intrude along pre-
existing fractures. These fractures may have any orien-
tation in regions where the horizontal principal stress
difference is much smaller than the magmatic driving
pressure (Delaney et al., 1986). Differential erosion
between the diabase and the surrounding rocks (mostly
granite in this case) makes these features clearly visible
from space.

The other lineament orientations are related to faults
and joints that may have formed either in the Archean
or the Proterozoic. Within the High Lake belt, major

faults show movement that post-dates the latest fold-
ing event. Exact timing for the movements cannot be
determined from cross-cutting relationships. However,
given that each of the fractures along which magma
ascended to fill the Ulu pluton corresponds with one
of the regional fracture sets, it is reasonable to suggest
that they existed at 2588 Ma when the Ulu pluton was
emplaced. Other evidence for the existence of these
fractures in the Archean comes from within the adjoin-
ing Anialik River greenstone belt, where Relf (1996)
has documented Archean movement along a number
of large faults with various trends. All of these faults
are found within the area of this study. Other faults in
the Anialik belt have demonstrable Proterozoic move-

(e

Fig. 7. (a) Location of images studied by Lowman ez al. (1992) (boxes labelled 1-3) and the present study (box labelled
PS). (b) Circular histogram of the orientation of lineaments in the Slave Province (modified from Lowman et al., 1992).
Note the similarity between the peak directions and those of the present study, shown in Fig. 6.
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Fig. 8. Shaded total field acromagnetic data for the High Lake area.

The Mackenzie diabase dykes, which have a very strong magnetic

expression, account for many, but not all, of the lineaments with

~140° trend. The location of the Ulu pluton is shown in white near
the southern edge.

ment histories, however earlier movement cannot be
ruled out.

EMPLACEMENT OF THE ULU PLUTON

Structural control of granite emplacement by frac-
tures has been reported for the Rosses Centred pluton
in Donegal (Pitcher and Berger, 1972) and plutons in
the Coastal Batholith of Peru (Bussell, 1976; Pitcher
and Bussell, 1977). In these cases individual plutons
were emplaced by lifting and foundering of large crus-
tal blocks between fractures, resulting in a rectilinear
pattern of contacts. In the Sierra Nevada it has been
proposed that in the Bald Mountain pluton magma
coalesced through the wuse of pre-existing joints
(Tobisch and Cruden, 1995). Although work by
Clemens and Mawer (1992) has demonstrated the abil-
ity of granitic magma to ascend in self-propagating
dykes, this does not seem to be the case for the Ulu
pluton. The correlation between the orientations of the
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pluton feeder zones, the pluton contacts and the
regional lineament pattern indicates that the mode of
emplacement of the pluton was controlled by brittle
fractures that were regional in extent.

The negative density contrast between the Ulu plu-
ton and its wall rocks suggests that the magma did not
stop rising because it had reached a level of neutral
buoyancy. Instead, the magma had to have been
stopped mechanically. Weertman (1980) has demon-
strated that magma rising through a fracture in the
crust may be stopped by a freely slipping horizontal
joint. The freely slipping criteria can be relaxed under
conditions of horizontal compressive stress (Weertman,
1980). Alternatively, the ascending magma may be
stopped by a sub-horizontal strength anisotropy
(Hogan and Gilbert, 1995). When the magma has been
stopped it spreads laterally, forming a sill and then
grows to form a tabular body. The final width and
thickness of the pluton is dependent on the growth
mechanism (i.e. roof-lifting, floor depression, stoping),
the available magma driving pressure, the magma
supply rate and volume, the emplacement depth, and
the state of stress in the lithosphere laccolith (Pollard
and Johnson 1973; Corry, 1988; Hogan et al., 1998;
Cruden, 1998).

In the case of the Ulu pluton, magma appears to
have risen along multiple fractures before spreading
laterally between them. Field relationships do not
allow us to conclude what caused the magma to stop.
The pluton is bound by pre-existing fractures which
suggests that they may have arrested the laterally
spreading magma and have played a role in the sub-
sequent vertical growth of the pluton (Fig. 9). Growth
of the pluton by stoping of angular blocks controlled
by the fracture pattern in the wall rocks may have
occurred. However, xenoliths are extremely rare in the
pluton, so that if stoping did occur the blocks may
have sunk below the current level of exposure, or the
blocks may have disintegrated due to fracturing caused
by thermal stresses (Clarke ez al., 1998).

The Ulu pluton may have grown by roof lifting to
form a laccolith, in which case vertical fractures in the
wall rocks would have acted as guides to lift the over-
burden. Lifting of the roof requires that the magma
driving pressure be greater than the vertical stress at
the emplacement level (Hogan et al., 1998). Under
most circumstances this restricts laccolith growth to
the uppermost 3 km of the crust (Hogan et al., 1998),
explaining the observation that laccoliths are rarely
reported for emplacement depths less than 2 km
(Corry, 1988). The fact that ductile deformation was
still occurring when the Ulu pluton was emplaced, as
well as the lack of a contact metamorphic aureole,
seems to rule out such a shallow level of emplacement.
However, greater emplacement depths for laccoliths
are possible if the source is very low density magma
from very deep crustal levels, in which case magma
driving pressures will be extremely high (J. Hogan,
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Fig. 9. Sketch of the Ulu pluton showing a hypothetical case of how regional fracture sets may have controlled the final

geometry of the pluton. (a) Map showing current exposure level and location of cross-section A—A’. (b) Cross-section of

the pluton showing present level of erosion A—A’. Orientations of contacts and fractures are based on field obser-

vation and lineament analysis and cross-sectional shape is based on gravity modelling. Precise location of fractures
is conjectural.

personal communication, 1998). Laccoliths also have
flat floors and rarely exceed thicknesses of 2 km
(Corry 1988). Although the bulk of the Ulu pluton is
<2 km thick, its floor is inclined inwards at angles of
<20° in the southeastern part to >80° adjacent to the
feeder zones (Figs 4 & 9b), which is inconsistent with a
laccolithic geometry.

Our preferred interpretation for the geometry and
mode of emplacement of the Ulu pluton is that it is
lopolithic in form (e.g. Corry, 1988), and that vertical
growth occurred mostly by depression of its floor (e.g.

Cruden, 1998). End-member kinematic models for

floor depression are a cantilever model in which space
is created by tilting the floor toward the magma feeder
zone, and a piston model in which space is created by
dropping the floor of the pluton between vertical faults
(Cruden, 1998). In both cases space is ultimately
accommodated by sinking of the crustal column
beneath the pluton into a deflating, partially molten
source region. The Ulu pluton appears to have growth
by a combination of both mechanisms, with piston
sinking occurring on pre-existing vertical fractures,

3 km Cabeza de Araya (Spain) 10 km
Ulu Pluton \\/\——z—-’—\/ . 10 km
Nordmarka-Hurdalen (Norway)  Ulu (Canada)
'V'
La Marche gFrance) Pontivy (France)
Fichtelgebirge fGermany) Huelgoat fFrance)
Mortagne (France) Plouaret (France
a b Qi? v

Fig. 10. (a) An E-W depth profile across the Ulu pluton, derived from the gravity model, shows the floor dipping
towards the feeder dyke. (b) Shapes of pluton floors derived from gravity models (modified from Vigneresse, 1995a). The
sloping floor of the Ulu pluton is typical of many plutons.
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resulting in the angular outcrop pattern of the pluton,
and tilting of the floor towards the root zones (Fig. 9).
Note that contributions by stoping and roof lifting
cannot be ruled out, but their role is less evident in the
data.

The cross-sectional shape of the Ulu pluton is simi-
lar to a number of other plutons revealed by gravity
modelling (Fig. 10) (Vigneresse, 1995a). This shape
appears to support a hybrid model of floor depression,
somewhere between the piston and cantilever models.
However, the width of the root zones and the observed
convex-up steepening of the floors toward them are
not predicted by the cantilever or piston models
(Cruden, 1998). This may be explained by differential
subsidence of the floor due to a combination of hotter,
more ductile rocks close to the conduits and variations
in volume loss in the source region, which is likely to
be greatest where conduits exit.

CONCLUSIONS

Seven fracture sets occur throughout a large portion
of the Slave Province. Field mapping and geophysical
modelling of the Ulu pluton show that its final
emplacement was controlled by intersecting fractures
that correspond to the regional sets. Magma is inter-
preted to have ascended along several of these vertical
fractures, and then spread laterally between them
along a horizontal crustal anisotropy. Space was made
for vertical growth of the pluton by differential sinking
of the underlying crust between fractures into the
deflating magma source region. Stoping and roof lift-
ing may have created additional room.

The fracture sets, which controlled pluton emplace-
ment in the late Archean, were subsequently reacti-
vated during brittle deformation of the Slave Province.
They acted as preferred avenues of ascent for
Proterozoic mafic magmas and developed into brittle
structures now visible as lincaments throughout the
region.

Acknowledgements—This paper is dedicated to the memory of the
late Jack Henderson who, together with Mariette Henderson, sup-
ported this project in the course of a Geological Survey of Canada
mapping activities in the High Lake belt. Additional support was
provided by NSERC Research Grants and an Educational Grant
from ER-Mapper to ARC. Reviews by Keith Benn and Ken
McCaffrey helped to improve the paper.

REFERENCES

Budkewitsch, P., Newton, G. and Hynes, A. J. (1994) Characteri-
zation and extraction of linear features from digital images.
Canadian Journal of Remote Sensing 20, 268-279.

Bussell, M. A. (1976) Fracture control of high-level plutonic contacts
in the Coastal Batholith of Peru. Proceedings of the Geologists
Association 87, 237-246.

Clarke, D. B., Henry, A. S. and White, M. A. (1998) Exploding
xenoliths and the absence of ‘elephants’ graveyards’ in granite
batholiths. Journal of Structural Geology 20, 1325-1343.

1153

Clemens, J. D. and Mawer, C. K. (1992) Granitic magma transport
by fracture propagation. Tectonophysics 204, 339-360.

Corry, C. E. (1988) Laccoliths: Mechanisms of emplacement and
growth. Geological Society of America Special Paper 220.

Cruden, A. R. (1998) On the emplacement of tabular granites.
Journal of the Geological Society, London 155, 853-862.

Davis, W. J., Fryer, B. J. and King, J. E. (1994) Geochemistry and
evolution of Late Archean plutonism and its significance to the
tectonic development of the Slave craton. Precambrian Research
27, 207-241.

Dehls, J. F. (1997) Modes of emplacement of late Archean leucogra-
nites in the High Lake greenstone belt, northern Slave Province,
Canada. Ph.D. thesis. University of Toronto, Canada.

Delaney, P. T., Pollard, D. D., Ziony, J. I. and McKee, E. H. (1986)
Field relation between dikes and joints: emplacement process and
paleostress. Journal of Geophysical Research 91, 4920-4938.

Emerman, S. H. and Marrett, R. (1990) Why dikes? Geology 18,
231-233.

Hogan, J. P. and Gilbert, M. C. (1995) The A-type Mount Scott
Granite Sheet: importance of crustal magma traps. Journal of
Geophysical Research 100, 15,779-15,793.

Hogan, J. P., Price, J. D. and Gilbert, M. C. (1998) Magma traps
and driving pressure: consequences for pluton shape and emplace-
ment in an extensional regime. Journal of Structural Geology 20,
1155-1168.

Isachsen, C. E. and Bowring, S. A. (1994) Evolution of the Slave
Craton. Geology 22, 917-920.

King, J. E., Davis, W. J. and Relf, C. (1992) Late Archean tectono-
magmatic evolution of the central Slave Province, Northwest
Territories. Canadian Journal of Earth Sciences 29, 2156-2170.

Kowalczyk, P. and Ehling, M. (1991) Analysis of TM images using
the HIS transform and adaptive equalization. In Proceedings of
the Eighth Thematic Conference of Geologic Remote Sensing, pp.
207-214. Denver, Colorado, 29 April-2 May, Environmental
Research Institute of Michigan. Ann Arbor, Michigan, U.S.A.

Kusky, T. M. (1993) Collapse of Archean orogens and the gener-
ation of late- to postkinematic granitoids. Geology 21, 925-928.

Launeau, P., Bouchez, J.-L. and Benn, K. (1990) Shape preferred
orientation of object populations: automatic analysis of digitized
images. Tectonophysics 180, 201-211.

Launeau, P. and Robin, P.-Y. F. (1996) Fabric analysis using the
intercept method. Tectonophysics 267, 91-119.

Lowman, P. D., Jr, Whiting, P. J., Nicholas, M. S., Lohmann, A.
M. and Lee, G. (1992) Fracture patterns on the Canadian Shield:
a lineament study with Landsat and orbital radar imagery.
Basement Tectonics 7, 139—-159.

McCaffrey, K. J. W. and Petford, N. (1997) Are granitic intrusions
scale invariant? Journal of the Geological Society, London 154, 1-4.

Panozzo, R. H. (1983) Two-dimensional analysis of shape fabric
using projections of digitized lines in a plane. Tectonophysics 95,
279-294.

Paterson, S. R., Vernon, R. H. and Fowler, T. K. (1991) Aureole
Tectonics. In Contact Metamorphism, ed. D. M. Kerrick, pp. 673—
722. Mineralogical Society of America Reviews in Mineralogy, 26.

Petford, N., Kerr, R. C. and Lister, J. R. (1993) Dike transport of
granitoid magmas. Geology 21, 845-848.

Petford, N., Lister, J. R. and Kerr, R. C. (1994) The ascent of felsic
magmas in dykes. Lithos 32, 161-168.

Pitcher, W. S. and Berger, A. R. (1972) The Geology of Donegal: A
Study of Granite Emplacement and Unroofing. John Wiley & Sons,
New York.

Pitcher, W. S. and Bussell, M. A. (1977) Structural control of batho-
lithic emplacement in Peru: a review. Journal of the Geological
Society, London 133, 249-256.

Pollard, D. D. and Johnson, A. M. (1973) Mechanics of growth of
some laccolithic intrusions in the Henry Mountains, Utah; II,
Bending and failure of overburden layers and sill formation.
Tectonophysics 18, 311-354.

Relf, C. (1996) Geology, mineral potential, and tectonic setting of the
Anialik River volcanic belt and the Kangguyak gneiss belt, northwes-
tern Slave province, NWT. Final report, Canada-NWT Mineral
Initiatives.

Tobisch, O. T. and Cruden, A. R. (1995) Fracture-controlled magma
conduits in an obliquely convergent continental magmatic arc.
Geology 23, 941-944.

van Breemen, O., Davis, W. J. and King, J. E. (1992) Temporal dis-
tribution of granitoid rocks in the Archean Slave Province, north-



1154

west Canadian Shield. Canadian Journal of Earth Science 29,
2186-2199.

Vigneresse, J.-L. (1995a) Far- and near-deformation field and granite
emplacement. Geodynamica Acta 8, 211-227.

Vigneresse, J.-L. (1995b) Crustal regime of deformation and ascent
of granitic magma. Tectonophysics 249, 187-202.

Villeneuve, M. E., Henderson, J. R., Hrabi, R. B., Jackson, V. A.
and Relf, C. (1997) 2.70-2.58 Ga plutonism and volcanism in the
Slave Province, District of Mackenzie, Northwest Territories. In

J. F. DEHLS, A. R. CRUDEN and J.-L. VIGNERESSE

Radiogenic Age and Isotopic Studies: Report 10, Geological Survey
of Canada, Current Research, 37.

Weertman, J. (1980) The stopping of a rising, liquid-filled crack in
the Earth’s crust by a freely slipping horizontal joint. Journal of
Geophysical Research 85(B2), 967-976.

Weinberg, R. F. (1996) Ascent mechanism of felsic magmas: news
and views. In The Third Hutton Symposium on the Origin of
Granites and Related Rocks. pp. 95-103. Geological Society of
America Special Paper, 315.



