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ABSTRACT

The synergy of RADARSAT-1 and seismic imagery interpretation has been
applied in the Blackstone area of the Central Alberta Foothills in the Canadian Cordillera
thrust and fold belt to map the continuity of geological structures, which are of
importance for oil and gas exploration. The reconstruction of the continuity of thrust-fold
related major structures known in the area has been successful. Transverse faults and
lineaments with ENE-WSW, NE-SW, and NNE-SSW trends have been delineated on the
radar images. The ENE-WSW transverse faults have an extensional character, cut across
the inner and outer Foothills and are persistent at the regional scale. The NE-SW and
NNE-SSW transverse faults are wrench type faults, which are mainly localized in the
inner Foothills. These structures have been identified for the first time in the area and are
possibly a third generation fault-play type for oil and gas exploration.

Principal Component Analysis (PCA) of RADARSAT-1 images was applied in
the Buffalo Head Hills area, in the Western Canada Sedimentary Basin (WCSB), to
provide an enhanced image base for structural mapping. North- and NNE-trending
lineaments bounding the eastern edge of the Buffalo Head Hills along the Loon River
valley, a conjugate set of NW- and NE-trending lineaments, and ENE-trending
lineaments identifying the latest features in the area were outlined. The development of
these structures has been related to Precambrian terrane assemblage in the WCSB during
the Early Proterozoic, the development of the Peace River Arch, and the Laramide

Orogeny.
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In the Buffalo Head Hills area a weights of evidence statistical approach was used
to determine the spatial relationship of NNE-, NE-, -NW, and ENE-trending lineaments
to known kimberlite locations. This method outlined different degrees of spatial
correlation between kimberlites and lineaments, with higher correlations defined for the
NNE, NE, and ENE lineament datasets. A weights of evidence model was then
constructed using the structural lineament maps, the Buffalo High and Buffalo Utikuma
terrane boundary, Bouguer gravity data, and magnetic characteristics of the Buffalo High
and Buffalo Utikuma terranes. The model reveals maximum favourability for kimberlite
exploration along the Buffalo High and Buffalo Utikuma terrane boundary in
correspondence with NNE-trending lineaments and their intersections with NE and ENE
lineaments. The relationship of the kimberlite occurrences along the Buffalo High-
Buffalo Utikuma terrane boundary and structural lineaments seems to favour an
hypothesis of kimberlite emplacement through a major zone of weakness in the
basement, here characterized by the boundary between the Buffalo High and Buffalo

Utikuma terranes.
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Chapter 1

INTRODUCTION

1.1 OVERVIEW

The advent and development of geographic information systems (GIS) and
image processing systems (IPS), their converging functionality in the last decade, and
the integration of multi-source remotely sensed data to provide thematic maps have
had major impacts on the Earth sciences and many other land-related science
disciplines.

The evolution of survey technologies from satellite to airborne sensors, and
their use in GIS/IPS has enabled the development of integration techniques for
independently acquired data sources that can potentially provide complementary
information and insights on the geology of an area. They can be used as exploration
tools and can be of guidance in field mapping and data acquisition planning (Sullivan,
1991).

The use of remotely sensed data and GIS/IPS integration techmiques is
particularly important in field mapping and exploration projects as a cost effective
way of overcoming inaccessibility and terrain constraints (Drury, 1992; Bonham-
Carter, 1994). Increasingly during the last decade, GIS/IPS integration has become the
tool by which geologists complement and enhance their ability to spatially view and
analyze the geology and characteristics of an area of interest (Schetselaar, 1995;
Schetselaar et al., 2000).

Since 1996, RADARSAT-1 satellite Synthetic Aperture Radar (SAR) imagery

has become available to the scientific community (Parashar et al., 1993) introducing
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advanced options for data acquisition with multi-beam’ (footnotes refer to glossary)
operating modes (Figure 1.1), variable incidence angle® selection, and higher
resolution® depending on the beam mode* selection as summarized in Table 1.1. In
preparation for RADARSAT-1 (Luscombe et al., 1993; Denyer et al., 1993), the
Canada Center for Remote Sensing (CCRS) acquired airborne SAR imagery with the
C-CCRS airborne facility, which has similar frequency (5.3 GHz) and polarization’
(Horizontal-Horizontal, HH) to the European Remote Sensing Satellite Synthetic
Aperture Radar (ERS-1 SAR). However, the two systems differ in resolution,
incidence angle, and illumination® geometry. The resolution of the C-CCRS is 15 m
range’ and azimuth® compared to the 30 m of the ERS-1. The near-range incidence
angle9 of the C-CCRS airborne is 45°, with range Variability10 16°-90°, while the ERS-
1 is 23°. Geological applications of the C-CCRS airborne SAR imagery prototype of
RADARSAT-1 imaging capability, offering varying viewing geometry and spatial
resolution, were demonstrated by Singhroy et al. (1993) for various areas around
Canada, suggesting the suitability of RADARSAT-1 imagery for a range of
topographic conditions and terrain coverage. RADARSAT-1 applications have
followed in geological mapping (e.g., Paradella et al., 1997), structural mapping
applications (e.g., D’Torio and Budkewitsch, 1997; Paganeili and Rivard, 1999b,
2001; Paganelli et al., 2001a,b), geomorphological applications (e.g., Robinson et al.,
1999), and image integration (e.g., Riopel et al., 1999; Grunsky, 2001; Paganelli et al.,
2001b, d).

The ultimate purpose of combining spatial data from different sources in a GIS
is to describe and analyze interactions between spatial patterns, in otder to make
predictions with statistical models that provide support for decision-making. GIS

modelling applied to mineral mapping for exploration involves calculating a
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suitability, or mineral favourability, from geoscientific maps (Bonham-Carter, 1994).
The assignment of weights to the maps is carried out either by analyzing the
importance of evidence/pattern related to known mineral occurrences, or by using
subjective judgment of mineral deposits by geologists. The mineral potential is
calculated by weighting and combining multiple sources of evidence using a

predictive model, whose ultimate purpose is to outline new areas for exploration.

1.2 RATIONALE

This thesis presents new approaches for geological investigation by integrating
multiple types of remotely sensed data, including RADARSAT-1 satellite images,
gravity and aeromagnetic airborne data, as well as seismic data.

Remotely sensed data are often analyzed in isolation, which limits the amount
of information that can be derived. The rational for this research has been in the
development and application of data integration techniques to improve exploration
strategies. A specific objective has been to provide regional structural models
applicable to oil/gas and kimberlite exploration in two specific areas of Alberta. The
integration strategies presented here are intended to work with knowledge-driven and
data-driven image enhancement and pattern recognition techniques.

In support of kimberlite exploration, image-derived structural maps were
integrated in a GIS environment and analyzed using a weights of evidence statistical

model, resulting in the identification of possible targets areas for future investigation.
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The statistical modelling approach enabled an objective estimation to be made
of the spatial relationships between structures and kimberlite occurrences, which was
then used to suggest the influence of crustal structures on kimberlite emplacement.

Where possible, field knowledge or cross-validation with available maps and
ancillary data has been used to test the geological significance of the integrated

interpretations.

1.3 STUDY AREAS AND DATA SETS

The integration techniques presented in this thesis are applied to two
geologically distinct study areas in Alberta. The first is the Blackstone area, in the
central Alberta foothills of the Rocky Mountains, which is characterized by vegetation
coverage above 80% and difficult accessibility. In this area the integrated data set
consisted of RADARSAT-1 Standard Beam Mode S1 descending'!, and Fine Beam
Mode Near Range descending scenes, provided by the Resource Data Division of
Alberta Environment (Edmonton), and seismic lines provided by Petro-Canada as
sponsor of this project. The seismic data were made available to the author to better
constrain the structural information gathered from the radar images in support of
possible prospective target areas for oil/gas exploration. The main fieldwork
component of the project consisted of field-testing preliminary interpretations
obtained from the RADARSAT-1 imagery.

The second study site is the Buffalo Head Hills area, located in northern
central Alberta, within the Western Canadian Sedimentary Basin (WCSB). In this

area a more extensive data set, including RADARSAT-1 images, airborne gravity,
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and aeromagnetic geophysical data, was provided by the Alberta Geological Survey
(AGS). The data set was made available to the author to provide information on the
structural setting of the area, and to explore a possible link between structure and
kimberlite emplacement, with implications for kimberlite exploration. The Buffalo
Head Hills study site area is characterized by 80-90% vegetation coverage and
difficult accessibility. No fieldwork was conducted for this study; instead the
structural work has been cross-validated with a structural map interpreted from well,
high-resolution aeromagnetic, and seismic data, provided to the author by Rob Pryde

of the Alberta Energy Company (AEC).

1.4 THESIS OUTLINE

In Chapter 2, structural interpretations from RADARSAT-1 imagery and
seismic data integration are used in the Blackstone area, in the central Alberta
foothills of the Rocky Mountains, to define structural features controlling oil pool
separation, and outline possible target areas for light-oil exploration (Paganelli and
Rivard, 1999a, 1999b). The content of this chapter is from Paganelli and Rivard
(2001).

In Chapter 3, a newly developed approach (Grunsky, 2001) in the use of
Principal Component Analysis (PCA), using RADARSAT-1 imagery for geological
applications is illustrated, with emphasis on structural mapping in the highly
vegetated terrain of the Buffalo Head Hills area (Paganelli et al., 2001a, b). The
structural interpretation derived from the RADARSAT-1-PC imagery is constrained

through positive cross-validation with unpublished structural maps (Lockett, 1998;
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Pryde, 2000; Eccles et al,, 2000), and provides an interpretation of the structural
evolution of the area with possible implications for kimberlite and oil/gas exploration.
The content of this chapter is from Paganelli et al. (2001b).

In Chapter 4, a quantitative geo-spatial assessment based on Bayesian
statistical approach of prior and posterior probability, in a loglinear form known as
weights of evidence (Spiegelhalter, 1986), is used to produce a favourability map
illustrating areas for kimberlite exploration. This map is estimated using statistical
weights assigned to digital spatial predictor/thematic maps (Bonham-Carter, 1994),
identifying spatial patterns such as lineaments derived from the structural
interpretation (Chapter 3), geology, and geophysical characteristics of the Buffalo
Head Hills area basement terranes. The content of this chapter is from Paganelli et al.
(2001c, 2002).

The final Chapter 5 contains general discussion and conclusions, for each of
the study areas. Structural patterns identified in both the study areas are discussed in a
regional tectonic context.

An outlook on the current research on kimberlite age and location in Canada is
provided through work compiled by Heaman et al. (2002) to define a context in
relation to the Buffalo Head Hills kimberlite field. This review enables discussion of
models and environments for kimberlite magmatism that could apply to the Buffalo
Head Hills kimberlite field.

Possible recommendations and some of the limitations in the methodologies

applied in this thesis are discussed, with suggestions for future research.
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Table 1.1. RADARSAT-1 performance summary (data source Table 4, in Luscombe

et al., 1993).
Mode Resolution Range | Number | Swath Incidence
Azimuth of looks | width angles

Standard Beams (7) 24 mby 26 m 4 105 km 20°-49°

Wide Swath Beams (2) 32mby26 m 4 158 km 20°-39°

Fine Resolution (5) 9m by 8 m 1 49 km 37°-48°

Extended Coverage Beams

Low Incidence (1) 43 mby26m 4 170 km 10°-23°

High Incidence (6) 19mby26m 4 75 km 49°-59°

Scan SAR

2-Beam 35mby30m 1 310 km 20°-39°
100 m by 100 m 14

4-Beam 34 mby52m 1 520 km 20°-49°
100 m by 100 m 8

Values are averaged performance figures across a given set of Beams

Glossary:

! multi-beam: the minimum number of swath of around 100 km for the RADARSAT-1 Standard beam
Mode that give coverage of the 500 km accessibility region while avoiding nadir ambiguity is 7
(shown in Figure 1.1).

% incidence angle: defines the angle between the incidence microwave signal on the surface and the
perpendicular to incidence point on the surface.

? resolution: is defined by the spatial resolution on the ground in range (cross-track) and azimuth
(along-track).

*beam mode: defines the specific swath width, or footprint of the radar beam, with specific incidence
angle and resolution.

3 polarization: defines the planes of polarization of the emitted and received microwave signal from the
emitting and receiving satellite RADARSAT-1 antenna (e.g., in the RADARSAT-1 the microwave
signal is polarized horizontally for both emitted and received signal, HH).

% {ltumination geometry: illumination refer to the microwave signal emitted from the radar antenna,
whose geometry is defined by the combination of look direction, determined by the different
selection of ascending or descending orbit, swath width, incidence angle.

7 range resolution: spatial resolution on the ground in the range (cross-track) direction (perpendicular to
satellite orbit direction), which depends on the incidence angle.

® azimuth resolution: spatial resolution on the ground in the azimuth (along-track) direction (parallel to
satellite orbit direction), which depends on the incidence angle.

? near-range incidence angle: define the smallest incidence angle for a specific beam- mode selection
(e.g., in the RADARSAT-1 Standard Mode 1, the near-range incidence angle is 20° and the far-range
incidence angle is 27.4°).

10 range variability: refer to the interval of variability of the incidence angle within a specific beam-
mode (e.g., in the RADARSAT-1 Standard Mode 1 is 20°-27.4°; it can also refer to the interval of
variability for the whole 500 km accessibility region of the RADARSAT-1 Standard Beam Modes 1
to 7, which covers incidence angles from 20° to 49° (shown in Figure 1.1), corresponding to the
smallest near-range incidence angle for the RADARSAT-1 Standard beam Modes 1, and the far-
range incidence angle for the RADARSAT-1 Standard beam Modes 7, respectively.

" descending orbit: defines the RADARSAT-1 satellite orbit trajectory from north to south,
characterized by cross-track look direction from east to west; the ascending orbit defines instead the
RADARSAT-1 satellite orbit trajectory from south to north, with cross-track look direction from
west to east.
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Figure 1.1. RADARSAT-1 SAR imaging modes (modified after Luscombe et al.,

1993).
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Chapter 2
CONTRIBUTION OF THE INTEGRATION OF RADARSAT-1 AND SEISMIC
IMAGERY INTERPRETATION IN THE STRUCTURAL GEOLOGY OF THE

CENTRAL ALBERTA FOOTHILLS, CANADA, AS AID FOR OIL AND GAS
EXPLORATION

2.1 INTRODUCTION

The Foothills of the Central Canadian Cordillera thrust and fold belt is a known
area of fossil fuel production. Currently oil companies are pursuing several Cretaceous
play types in the outer Foothills, in front of the eastern limit of the foreland thrusts, in
Alberta and British Columbia (Figure 2.1). The plays are identified using seismic imaging
as a primary method, supported by surface geology. Often, the available surface geology is
very limited, mostly based on creek outcrops with limited air photo interpolation in areas
showing Quaternary overburden. In several cases, seismic mmages suggest that deep
targeted structural features should have a surface expression. However, limited seismic
coverage and poor imaging of the very shallow section (within 500 m from the surface) do
not allow proper surface mapping of the structures and tracing of these elements along
strike. Air photos provide limited but useful help in this highly vegetated environment
when sandstone ridges outline stratigraphic contacts and fault traces. Where outcrop is
limited to less than 20% the use of satellite radar imagery represents an additional tool that
complements air photo interpretation and field work to achieve better data integration in
areas of limited seismic coverage, and structural and geological data. The RADARSAT-1
satellite offers multiple imaging options due to varying viewing geometry and spatial

resolution (Luscombe et. al, 1993; Singhroy et al., 1993; Denyer et al., 1993) and is thus

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

suited for imaging a range of topographic conditions. The use of RADARSAT-1 satellite
SAR (Synthetic Aperture Radar) imagery in combination with seismic imagery
interpretation has been investigated in the Blackstone study area (Figure 2.1) of the
Central Alberta Foothills. The aim was to map the surface expression of geological
structures and their continuity, and provide a comparison with previous mapping using air
photo and traverse methods. The results of the integrated structural interpretation of
RADARSAT-1 and seismic imagery are presented with implications and applications of
this work for further oil and gas exploration in the Foothills (Paganelli and Rivard, 1999a,

1999Db).

2.2 REGIONAL GEOLOGY

The Central Alberta Foothills of the Central Canadian Cordillera thrust and fold
belt is characterized by an imbricated system of thrust faults that dip gently to the SW
(Figure 2.1). During the Laramide Orogeny, systems of imbricated thrusts carried strata of
Paleozoic rocks from above the Precambrian crystalline basement along a basal
decollement (Price and Mountjoy, 1970; Price, 1981). In the thrust and fold belt, outcrops
of resistant Paleozoic rocks mark the boundary between the Front Ranges and the
dominantly Mesozoic-Cenozoic rocks of the Foothills. Paleozoic rocks are dominantly
Middle and Upper Cambrian, Upper Devonian, and Carboniferous platformal carbonates,
whose sequences are separated by mechanically weak shale units characterizing potential

decollement horizons (Lebel et al., 1996). The Mesozoic-Cenozoic sequence consists
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predominantly of clastic marine and non-marine sediments that were deposited in the
foreland basin of the Cordilleran thrust belt (Chamberlain et al., 1989).

The Mesozoic-Cenozoic sequence of clastic marine and non-marine sediments of
the foreland characterizes the surface exposure of the Blackstone study area. The area is
divided into two different structural domains by the eastern limit of foreland thrusts. The
Foothills represent an imbricated system of NE-vergent thrust sheets gently dipping to the
SW that propagated from the Front Ranges and was underthrusted beneath the Alberta
Syncline. The Alberta Syncline is characterized by subtle structural features and SW-
vergent backthrusts in its west limb (Figure 2.2). In the Foothills, the Ancona thrust (NE-
vergent fault) defines the eastern limit of the Foothills, whereas at the west limb of the
Alberta Syncline, the Pedley (Charlesworth and Gagnon, 1985) and Lovett (Lebel et al.,
1996) SW-vergent backthrusts define the surface expression of the NE edge of the
deformed belt. Figure 2.3 displays a schematic section of the stratigraphic relationships of
the Central Alberta Foothills which apply to the Blackstone study area. The Cardium
Formation, within the Cretaceous sediments of the Alberta Group, represents the most
important of the productive horizons of the producing wells located in the eastern part of

the area.

2.3 METHODOLOGY

2.3.1 RADARSAT-1 Beam selection
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RADARSAT-1 scenes for the Standard Beam Mode 1 (S1) and Fine Beam Mode
1 (F1) were selected for this study because the character of the topography of the area
shows limited elevation variations ranging from 1097 to 1680 meters, with slope values
ranging from 0° to 38°. The steep incidence angle of the Standard Beam Mode 1 (20-27°)
is well suited to enhance subtle slope variations in this terrain and to map detailed
geological structures (Figure 2.4). The steepest incidence angle available for the Fine
Mode 1, at the time of data acquisition, was in the range of 36.4-39.6°. This viewing
geometry is not as optimal as that of the Standard Mode S1 for topographic enhancement
in this terrain and thus there is a trade off between spatial resolution and optimal viewing
geometry (Figure 2.5).

The topography of the area is mainly controlled by the NE-vergent thrusts of the
Foothills, which display characteristic scarp slopes facing NE and gentle dip slopes parallel
to the bedding surfaces facing SW. These topographic elements constrained the selection
of the optimal radar look direction, which should be oriented at right angles to the strike
of the geological features (Graham, 1977; Elachi, 1987; Sabins, 1987; Lillesand and
Kiefer, 1994). The ability to image lineaments using highlighted relief and shadows is a
result of the side-looking configuration of radar imaging (Koopmans, 1985). Therefore, to
maximize the illumination of topographic features described above, the RADARSAT-1 S1
and F1 scenes were acquired in a Descending Orbit which results in a westward look
direction, with orientation at approximately 45° to the strike of the NE-vergent thrusts of
the Foothills.

Surface roughness, soil dielectric properties, and slope attitudes (Evans et al.,

1986) affect radar backscattering. With the C band radar wavelength (7.5 cm) and HH
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polarization used by RADARSAT-1 most of the microwave energy interaction occurs
within the top portions of a forest canopy, which often indirectly reflects topographic
variation due to resistant and recessive lithological units (Brown et al., 1996) or structural
escarpments.

The structural interpretation was mainly conducted using the RADARSAT-1 S1
imagery due to the enhancement of topographic features (Singhroy and Saint-Jean, 1999).
The inherent properties of radar images, such as grey tone contrast and texture (Graham,
1977, Sabins, 1987; Singhroy, 1992; Lillesand and Kiefer 1994; Berger, 1994), were used
to interpret the topographic variations and identify geological structures relevant for oil

exploration.

2.3.2 Image Processing

RADARSAT-1 S1 and F1 data were geometrically corrected using control points
extracted in UTM coordinates from National Topographic Sheets (NTS maps 83B, 83C,
83F) at 1:250,000 scale. The geocorrected images are in UTM projection (Clarke 1866
Ellipsoid). A second order polynomial transform was applied for geometric correction,
and cubic interpolation resampling was used to retain edge information from the original
image.

Image enhancement consisted of speckle reduction using Lee (Lee, 1980) and
Ephanced Lee filters (Lee, 1981). A 3x3 kernel was used for the Lee Filter followed by

three successive applications of a 3x3 kernel Enhanced Lee filter to further reduce speckle,
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while maintaining edge continuity. Clearly, the effective resolution of the data was

degraded by these operations, but the detection of continuous features was facilitated.

2.3.3 Seismic data selection and interpretation

Seismic prestack depth-migrated data (Gray and Maclean, 1996; Yan and Lines,
2001) were selected in key locations after a preliminary image interpretation of the
RADARSAT-1 data to locate NE vergent thrusts, SW vergent backthrust, and related fold
structures. The interpretation of the seismic imagery provided a documentation of the
deep expression of the surface features determined from the radar. In some cases seismic
imaging provided important information for the along strike characterization of structures
with subtle surface expressions.

Three seismic sections with orientation parallel to the regional strike gave minimal
or no contribution to the overall interpretation. Thirteen sections, with orientation
perpendicular to the regional strike, yielded useful information. The structural features
outlined from the seismic interpretation of these lines are reported in Figure 2.6. The
interpretation of section B and C are shown in Figure 2.6A. These two seismic lines are
unpublished, however are 100% property of Petro-Canada Inc., which allowed their
publication m this work. The remaining 11 seismic lines are own by different companies
and have not been published. A published seismic line showing analogous structures
approximately 20 km NW from section A (Figure 2.6) was published by Lebel et al.

(1996), and few seismic lines can be found in LeDrew (1997) approximately in the same

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

location as section D (DB2 in LeDrew, 1997), C and B (DB1 in LeDrew, 1997), and A

(2.5 km east of LD6 in LeDrew, 1997).

2.4 RESULTS OF INTEGRATED RADARSAT-1 AND SEISMIC STRUCTURAL

INTERPRETATIONS

The integrated RADARSAT-1 S1 and seismic interpretation allowed the
reconstruction along strike of the continuity and characterization of the major NE vergent
Ancona and Brazeau thrusts, the Pedley-Lovett (Lebel et al., 1996) backthrust, and the
New Upper Bounding Backthrust (LeDrew, 1997), the Lovett anticline representing the
surface culmination of the Lovett Triangle Zone (LeDrew, 1997), a convergence zone
between the Ancona and Pedley-Lovett thrusts, and the Stolberg anticline-syncline ramp
fold structures in the Ancona thrust sheet (Price et al., 1977). These features are shown in
the structural interpretation map in Figure 2.7 and the lithological interpretation map
shown in Figure 2.8. In the lithological interpretation map the radar image allowed a good
differentiation of the Brazeau and Paskapoo Formation based on texture, and tone
variations. The predominant coarse-grained sandstone and conglomerate of the Brazeau
Formation result in a coarse texture and light grey tones in the image, while the Paskapoo
Formation characterized by fine-grained sandstone and shale displays a smoother texture
and darker grey tones. The Coalspur Formation defined by sandstone, shale, and coal
seams, is present with limited extent in the area between the Lovett and Cardinal Hills

structures, and between the Ancona and Brazeau thrust fronts. However, the radar
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response of the Coalspur Formation is defined by the same texture and tone characteristics
observed for the Paskapoo Formation, and therefore in the lithological interpretation map
the Paskapoo and Coalspur Formation were not differentiated. For a detailed lithological
mapping of the area refer to LeDrew (1997), and the published map of Langenberg and
Ledrew (2001).

The Lovett and Stolberg fold structures together with the Blackstone structure,
this last characterized by imbricated panels within the Ancona thrust sheet, host major
thrust-fold related oil plays and are of relevance for oil and gas exploration in the area. In
the structural interpretation map (Figure 2.7) the reconstruction of the structural
continuity of these major known structures along strike is consistent with published maps
(Price et al., 1977; Lebel et al., 1996; Langenberg and LeDrew, 2001), and the work of
LeDrew (1997). However, additional transverse faults and lineament structures have been
identified from this study.

In the RADARSAT-1 S1 interpretation (Figure 2.7) major transverse faults and
lineaments are shown. The observable offset along fault sets is a combined effect due to
the topography, textural variation, and contrast in tone of the lithology (Graham, 1977
Lillesand and Kiefer, 1994; Rossignol, 1996). Lineaments typically do mnot show
observable offset but are identified as linear trends detected by texture or tonal variations
in the image. These faults and lineaments were not detected in the seismic data, possibly
because of their vertical nature or superficial extent. Faults with approximately ENE-
WSW, NE-SW, and NNE-SSW trends have been identified across the area (Figure 2.9,
A), as well as structural lineaments with NE-SW, EW, NNW-SSE, and NNE-SSW trends

(Figure 2.9, B). The ENE-WSW faults (Figure 2.9, A) are mainly distributed in the
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Ancona thrust sheet and Alberta Syncline. They cut across the main features of the
Foothills and through the Alberta Syncline attesting their regional scale. The NE-SW and
NNE-SSW faults are preferentially located in the Foothills within the Brazeau thrust sheet,
although a few are imaged in the Alberta Syncline within the Lovett structure.

A set of approximately ENE-WSW faults cut across the Lovett anticline, intersect
the Pedley-Lovett backthrust in the west limb of the Alberta Syncline, and the Ancona
thrust front in the Foothills (Figure 2.7). The brighter tone and different texture of the
lithology at the core of the Lovett anticline (Brazeau Formation) contrast with that of the
surrounding lithology (Paskapoo Formation) allowing the detection of structural steps
resulting from the motion along these faults. The type of offset imaged along the faults
suggests that they could represent transverse extensional faults as shown in the enlarged
section of the Lovett area in Figure 2.10A. For clarity and comparison the same section
without interpretation is shown in Figure 2.10B. The motion along the faults is compatible
with lateral extensional faults associated with the propagation of the Ancona and Lovett
thrusts during and after thrust faulting. The density of the transverse lateral extensional
faults increases across the southeast-plunging nose of the Lovett anticline, which suggests
relaxation of the structure along a probable oblique ramp. A series of transverse ENE-
WSW faults cuts across the Ancona frontal thrust southeast of the Blackstone structure
and at the northwest plunging nose of the Stolberg anticline-syncline pair (Figure 2.11).
The motion along the faults may also be due to the presence of lateral extensional faults
along oblique ramps of the Blackstone culmination and the Stolberg anticline-syncline

structure.
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A set of NE-SW faults intersects the Lovett structure in the Alberta Syncline.
Structural steps of the Pedley-Lovett backthrusts are outlined and a consistent dislocation
of the plunging nose of the Lovett anticline is imaged (Figure 2.10A). The imaged offset
along the faults suggests they might represent right-lateral transverse tear faults
(Dahlstrom, 1970), in which a differential movement occurred during the translation of the
Pedley-Lovett thrust. The ENE-WSW extensional faults dislocate and postdate the NE-
SW faults.

In the inner foothills, NE-SW faults dislocate the Brazeau thrust fault which
bounds the Cardinal Hills thrust-fold structure (Figure 2.10A). The brighter tone and
rough texture of the Brazeau Formation of the Cardinal Hills show a distinct contrast with
the dark grey tone and smooth texture of the Paskapoo Formation lying in the footwall of
the Brazeau thrust. These features outline structural steps in the Cardinal Hills structure
with predominant left-lateral dislocations of the Brazeau thrust front. The imaged offset
along the faults suggests they might represent transverse wrench type faults, in which the
direction of slip is concurrent with the translation of the Brazeau thrust and is parallel to it.
This system of transverse tear faults strikes approximately 90° to the Brazeau thrust fault.
Other probable transverse tear faults are displayed in the Brazeau thrust sheet further
southwest where they terminate within the Brazeau thrust sheet (Figure 2.7).

None of the identified fault sets is reported on published maps. However, Schmidt
(1955) has previously documented evidence of local tear faults in the Central Foothills of
Alberta. Documented transverse tear faults cutting across strike are also reported in the
Front Ranges of the Southern Cordillera in the Banff area (Price et al., 1972), Canmore

area (Price et al., 1970), Rundle Thrust Sheet (Bielenstein, 1969) and Mount Bryant area
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(Zolnai, 1987), and in the Foothills were they have been documented in the Nordegg
(Douglas, 1956) and Chungo Creek maps (Douglas, 1958).

Structural lineaments with NE-SW, EW, NNW-SSE, NNE-SSW orientation were
also identified in this study (Figure 2.9, B). Lineaments can represent the continuity of
fault structures where no clear displacement is present but where a linear trend is still
detectable, as shown in the area between the Cardinal Hills ridge and the Lovett anticline
in Figure 2.10A. In the Plains/Alberta Syncline, fault structures commonly displace
lineaments. East of the Lovett anticline, the intersection between ENE-WSW transverse
faults and the NNE-SSW lineaments outline a subtle fault-block ridge. A few ENE-WSW
lineaments have been identified along the Brazeau River valley, which extends for several
kilometers across the inner and outer Foothills. Although no clear intersection
relationships have been identified with the Ancona and Brazeau thrusts (Figure 2.7), these
features could represent surface evidence of deeper structures related to the basement,
whose characterization might be corroborated through interpretation of high resolution

aeromagnetic images of the area.

2.5 DISCUSSIONS AND CONCLUSIONS

The results obtained in this work show that satellite radar data can enhance the
structural and lithological mapping of the Canadian Rocky Mountain. RADARSAT-1 S1
proved to be particularly good in this type of terrain for structural and lithological

mapping. At a regional scale, the main known structural features have been identified and
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mapped along strike with the assistance of seismic data. Additional structural features,
namely transverse faults and lineaments, have been delineated. The topographic expression
of deep-seated structures such as thrust and backthrusts has been successfully documented
and verified with the integrated seismic data. The deep extension of the transverse faults
and lineaments identified in the radar data was not visible using the seismic data, possibly
because the small offsets observed at the surface (in the order of tens of meters) cannot be
resolved. The integration of radar interpretation with aeromagnetic imaging may provide
further documentation of these faults and insights for the detection of those faults with
important displacement.

ENE-WSW transverse extensional faults, which cut across the inner and outer
foothills, are mainly localized at the termination of the major structural culmination of the
Lovett structure in the outer Foothills and the Blackstone and Stolberg structures within
the Ancona thrust sheet. Their localization suggest that they could be related to the
presence of deep structures such as oblique ramps lateral to the Lovett, Blackstone and
Stolberg culmination. Although this hypothesis remains untested, such transverse faults
could play a role in the structural separation of the main thrust-fold related oil plays
located in the Lovett, Blackstone, and Stolberg structures. Moreover, these structures
may characterize third- generation fault-play types of fractured reservoirs (Newson, 2001;
MacDonald et al.,, 1981; Rumsey, 1976) and represent potential targets for light-oil
exploration in the area.

The NE-SW transverse tear faults, localized in the inner foothills, cutting through
the Brazeau thrust sheet, determine left-lateral offsets of the Brazeau thrust in the Cardinal

Hills area. The observable displacement of the Brazeau thrust demonstrates that transverse

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24

tear faults propagated throughout the Foothills, and are not restricted to the Front Ranges.
A similar result was found by Douglas (1956) in the Nordegg area within the Bighorn
thrust sheet.

This work illustrates that satellite radar data can be used to improve the structural
and lithological mapping of terrains with dense vegetation cover and limited outcrop, such
as the Foothills of the Central Alberta Cordillera thrust and fold belt. In this study, the
interpreted features have been verified, where possible, with seismic imaging
interpretations, and the interpretations of radar imagery were used to fill mapping gaps in

the existing seismic coverage.
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Figure 2.1. Generalized tectonic map of the Canadian Cordillera thrust and fold belt
western Alberta and British Columbia, showing the location of the study area (modified
after Lebel et al., 1996). P: Pyramid Thrust; B: Bourgeau Thrust; PP: Pipestone Thrust;

SP: Simpson Pass Thrust.
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Figure 2.2. Geology of the Blackstone study area (modified after Price, 1977). PP:
Paskapoo Formation; uKB, Brazeau Formation.
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Figure 2.3. Schematic stratigraphic relationships across the Central Alberta Foothills and
Front Ranges (modified after Lebel et al.,, 1996). Carbonate rocks of Cambrian and
Mississipian age dominate the lower part of the sequence, and clastic marine and non-
marine sedimentary rocks of Mesozoic-Cenozoic age of the foreland basin define the
upper part. Thrust fault surfaces occur extensively parallel to stratigraphic horizons.
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Figure 2.4. Blackstone study area. RADARSAT-1 Standard Beam Mode 1 (S1),
Descending Orbit, acquired on August 5™ 1997. Incidence angle 20-27°, C band, HH
polarization. Nominal coverage area 100x100 km, approximate ground resolution 25 m,
pixel size in range and azimuth 12.5 m. The Township & Range Grid is shown for
reference.
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Figure 2.5. Blackstone study area. RADARSAT-1 Fine Beam Mode 1 (F1) Near Range,
Descending Orbit, acquired on July 7% 1998. Incidence angle 36.4-39.6°, C band, HH.
Nominal coverage area 50x50 km, approximate ground resolution 8 m, pixel size in range
and azimuth 6.25 m. The Township & Range Grid is shown for reference.
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Figure 2.6. Seismic interpretation on RADARSAT-1 Standard Beam Mode 1, showing
the correspondence of the topographic expression of the interpreted Ancona and Brazeau
thrusts, the Pedley-Lovett and New Upper Bounding backthrusts.
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Figure 2.6A. Interpretation of the seismic section B and C in the Lovett area. The
Ancona thrust, Lovett anticline, and New Upper Bounding backthrust structures are
shown. Their extrapolation to the surface was combined with the structural features
observed in the RADARSAT-1 Standard Beam Mode to compile the structural map in
Figure 2.7. The Cardium Formation is reported in the sections as it represents the oil-
productive horizon in the area.
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Figure 2.7. Blackstone structural interpretation on RADARSAT-1 Standard Beam Mode
1.
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Figure 2.8. Blackstone lithologic map on RADARSAT-1 Standard Beam Mode 1. Kbz:
Brazeau Formation; Tpa: Paskapoo Formation.
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Figure 2.9. Rose diagrams: A) transverse fault trends; B) lineament trends.

Fauits Lineaments

270 270 -

180 180
A) N =112 B)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

N = 286

37



38

Figure 2.10A. Details of the structural interpretation of the Cardinal Hills/Lovett area on
RADARSAT-1 Standard Beam Mode 1. Lower left, offset of the Brazeau thrust
bounding the Cardinal Hills ridge; top center, offset of the Lovett anticline and Lovett
thrusts. For symbols refer to Figure 2.7.
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Figure 2.10B. Uninterpreted section of Cardinal Hills/Lovett area on RADARSAT-1
Standard Beam Mode 1, for reference.
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Figure 2.11. Details of the structural interpretation of the Blackstone and Stolberg
structures on RADARSAT-1 Standard Beam Mode 1. For symbols refer to Figure 2.7.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40



41

Chapter 3

USE OF RADARSAT-1 PRINCIPAL COMPONENT IMAGERY FOR
STRUCTURAL MAPPING: A CASE STUDY IN THE BUFFALO HEAD HILLS
AREA, NORTHERN CENTRAL ALBERTA

3.1 INTRODUCTION

Principal Component Analysis (PCA) is a classical method used to express linear
combinations of multi-band images in order to analyze and reduce redundancy in the
input data set. PCA of multi-band quad-polarimetric radar images acquired during the
SIR-C/X-SAR mission has previously yielded useful results for lithological mapping
(e.g., Price, 1999), and analysis of visible and infrared bands from Landsat TM images
have been used for alteration mineral mapping (Loughlin, 1991; Crosta and Moore, 1989;
Tangestani and Moore, 2001). Recently, Geostationary Operational Environmental
Satellite (GOES) images have also been used for meteorological applications (Hillger,

1996b; Hillger and Ellrod, 2000).

Based on the same multi-band processing approach, we applied PCA to a multi-
band image containing four mosaic images from RADARSAT-1 Standard Beam Mode
S1/87 scenes in ascending and descending orbit. The four different geometrical
configurations of the input images/bands determine the backscattering variability of
surface targets within each scene. These differences are the independent contributions
which are mapped in the PCA as linear combinations in the resulting principal

components image.
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The first objective of this study is to assess the quantitative and qualitative
information present in the RADARSAT-1 principal component images using the Feature
Oriented Principal Components Selection (FPCS) method of Crosta and McMoore
(1989), and to explore their applicability for structural mapping in highly vegetated

terrains.

Radar topographic perception and response to surface geometry, roughness, and
dielectric properties have been widely used for structural and geological mapping in
desert (Blom et al., 1984; Rudant et al., 1994; Price, 1999), and vegetated (Sabins, 1983;
Berger, 1994) environments. The use of RADARSAT-1 synoptic properties has also
contributed to geological and structural mapping applications (Singhroy et al., 1993;
Berger, 1994; Paganelli and Rivard, 1999a, 1999b, 2001). RADARSAT-1 Principal
Component Analysis (PCA) based on the extraction of image components from a multi-
band image of RADARSAT-1 S1/S7 Mode in ascending/descending orbit (Paganelli et
al., 2001b; Grunsky, 2001) has also been used successfully for structural mapping. In
particular, the RADARSAT-PC2 image has been shown to be characterized by improved
topographic perception and surface texture information. In the present study,
RADARSAT-1-PC1, -PC2, -PC3, and -PC4 images have been used to outline linear
features interpreted to be related to underlying bedrock structures. Therefore, the second
objective of this study is to evaluate RADARSAT-1 PC imagery for structural mapping
in the Buffalo Head Hills area within a regional geological context as a contribution to

geological mapping and mineral exploration.

A significant regional structural study using remotely sensed data was carried out

previously by Misra et al. (1991). In that study, Landsat MSS, TM, and Seasat satellite
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radar images were used to prepare a lineament map of the entire western plains region of
Alberta, Saskatchewan, part of British Columbia, and a portion of North Western
Territories. The satellite images were interpreted visually to outline fractures and bedding
trends. Two main lineament datasets with NW and NE trend were outlined, which
revealed basement structures in northern central Alberta attributed to the Peace River
Arch, a Devonian flexural-isostatic crustal thinning (Ross, 1990). These NW- and NE-
trending lineaments have been clearly identified in the present study, and two additional

NNE- and ENE-trending lineament sets have also been found.

The structural interpretation in this study has been compared with unpublished
independent studies by Ashton Mining Canada Inc. (Lockett, 1998), and Alberta Energy
Corp. (Pryde, 2000). These studies, although focused on a restricted portion of the
Buffalo Head Hills, represent structural compilations from various datasets, and have
been used to add constraints to the interpretation in this paper. An additional study and
reference map was provided by the Alberta Geological Survey for the south-eastern
corner the Buffalo Head Hills, representing a subset area within the AGS report of the
Peerless Lake study by Eccles et al. (2000). The comparison with these datasets is purely
qualitative, because the data are protected by proprietary agreements, and are not
published at this time. However, at a regional scale the various studies show similarity
with the structural trends extracted using the RADARSAT-1-PC imagery, thus giving

confidence to the use of RADARSAT-1-PC imagery for regional structural mapping.
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3.2 REGIONAL GEOLOGY

The Buffalo Head Hills in north-central Alberta (Figure 3.1) has been an area of
intense oil and gas exploration, and recently also kimberlite exploration (Carlson et al.,
1998). It is part of the cratonic platform whose tectonic evolution has been influenced by
the uplift and extensional episodes of the Peace River Arch (Cant, 1988; O’Connell et al.,
1990; Ross, 1990). These episodes have determined the development since the
Phanerozoic of N- and NE-trending horst-graben block structures in the Precambrian
basement (O’Connell et al.,, 1990), which affected the sedimentation of a Middie
Devonian to Upper Cretaceous succession of platform carbonates, shale, and sandstone
(Figure 3.2 A).

The Precambrian crystalline metamorphic basement is characterized by Archean
crust, tectono-thermally reworked during the Proterozoic (Edwards et al., 1995). The
Buffalo High and Buffalo Utikuma accreted terranes are distinguished, based on a recent
re-interpretation of the magnetic high of the Buffalo Head High, and magnetic medium-
low of the Buffalo Utikuma (Pilkington et al., 2000). These terranes are largely
characterized by 2.0 to 2.3 Ga metaplutonic and metavolcanic rocks (Ross, 1990; Ross,
1991; Villeneuve et al., 1993). The Sm-Nd isotope systematics along with recent
Lithoprobe Program results indicate that the Proterozoic terranes in northern Alberta may
represent thin-skinned thrust slices emplaced over a composite Archean-Early
Proterozoic basement during the Paleo-Proterozoic, as has been proposed for the Taltson,
Ksituan, and western Buffalo Head terranes (Ross, 1990). West and southwest of the

Buffalo High lies the Chinchaga Low, which consists of metasedimentary and
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metaplutonic gneisses with U-Pb crystallization ages of 2.08 to 2.17 Ga (Ross, 1990).
Based on geophysical, Nd isotopic, and geochronological data, Theriault and Ross (1991)
and Villeneuve et al. (1993) speculated that the Buffalo Head terrane (now Buffalo High-
Buffalo Utikuma terranes) and Chinchaga Low may be composite Archean crustal
blocks, which amalgamated between 2.0 and 2.1 Ga. They also suggested that the
presence of 2.00-1.99 Ga granite rocks in the Buffalo Head Domain may have been
generated by collision with the Chinchaga Low. The schematic tectonic model proposed
by Ross (1990) for the assembly and growth of continental crust in northern Alberta is
reported here in Figure 3.1A, with the addition of the Buffalo High, and Buffalo Utikuma
terranes.

The Middle Devonian to Late Cretaceous sedimentary sequence and its
depositional history have been locally affected and/or structurally controlled by the Peace
River Arch structures (Figure 3.2, A; Cant, 1988; Ross, 1990; Hein, 1999). These
structures provide oil and gas traps and reservoirs within the Granite Wash and Keg River
formations (Mossop and Shetsen, 1994; Hein, 1999). A summary stratigraphic sequence
of the Cretaceous sediments in the study area is shown in Figure 3.2 (B), and their areal
distribution is shown in Figure 3.3.

The Buffalo Head Hills area has recently attracted interest for kimberlite
exploration (Carlson et al., 1998). Kimberlite pipes intrude the recessive Cretaceous
sediments of the Smoky Group, Dunvegan Formation, and Shaftesbury Formation
(Figure 3.3), and are characterized by crater facies lithologies, mainly of lapilli-bearing
olivine crystal tuffs. Crustal xenoliths consist of shales of the Shaftesbury Formation,

while mantle derived xenoliths include peridotite, pyroxenite, eclogite, and corundum-
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spinel-bearing lithologies (Carlson et al., 1998). U-Pb perovskite dates of 86+3 and 88+5
Ma (Carlson et al., 1998) suggest that the pipes were emplaced in mid to late Cretaceous

(Cenomanian to Campanian).

3.3 METHODOLOGY

3.3.1 RADARSAT-1 data selection and processing

A data set of 28 RADARSAT-1 scenes in Standard Beam S1 and S7 Modes (12.5
m pixel resolution) in ascending and descending orbit were acquired to provide full
coverage for the Buffalo Head Hills area. The data set provides four different geometric

configurations that combine different incidence angles characteristic of the S1 (20-27.4°)

and S7 (44.9-49.4°) Standard Beam Modes (Luscombe et al., 1993), and different look
directions (east or west) depending on the geometry of the acquisition mode in ascending

and/or descending orbit.

The pre-processing of the multi-beam RADARSAT-1 imagery consisted in
orthorectification using a digital elevation data in grid form, at 100 m resolution,
provided by the Resource Data Division of the Alberta Department of Sustainable
Development. The orthorectification is a necessary step in order to minimize the effects
of foreshortening and layover associated with the difference in incidence angles of the S1
and S7 beam modes. The data set was georeferenced using the Universal Transverse

Mercator (UTM) projection, Zone 11, National A Datum 83 (NAD83) ellipsoid.
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The RADARSAT-1 scenes were pre-processed for speckle reduction using a
11x11 Gaussian filter with Standard Deviation of 1.6. In order to conduct the regional
investigation of the Buffalo Head Hills area, mosaics of the RADARSAT-1 filtered
scenes were constructed. Linear stretch matching and adaptative average filtering were
applied to smooth image edge effects and image-to-image tone variations. Four mosaic
scenes MOSAIC_S1A (Figure 3.4), MOSAIC_S1D (Figure 3.5), MOSAIC_S7A (Figure
3.6), and MOSAIC_S7D (Figure 3.7) were generated, and have been respectively
assigned to bands 1, 2, 3, and 4 in a multi-band image MOSAIC_S1-S7. The multi-band
image was then used for Principal Component Analysis. The extent of the resulting
RADARSAT-1-PC images reflects the intersection area of the analyzed input bands, and
is outlined by the RADARSAT-PC mask in Figure 3.8. Statistical analysis has been
limited to the area within the mask (RADARSAT-PCmask) in order strictly to evaluate

and compare the resulting images from the PCA to the input image bands.

The Feature Oriented Principal Component Selection (FPCS) technique (Crosta
and McMoore, 1989) has been applied to analyze the information content of the
RADARSAT-1-PC images. The FPCS was developed by Crosta and McMoore (1989)
for analysis of Landsat Thematic Mapper (TM) data, but it is equally applicable to radar
images (Price, 1999). In this study we used the FPCS technique to examine the PCA
eigenvector loadings of the correlation matrix to select which of the principal component
images concentrate and highlight information directly related to the theoretical
backscattering signature of specific surface targets. The sign of the eigenvector loadings
indicates whether a target surface type is characterized by dark or bright pixels and how

this will affect its topographic perception, in relation to the radar backscattering response
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as a combination of geology/vegetation, topography, and slope orientation observable in
the input RADARSAT-1 image/bands. At the C band radar wavelength and HH
polarization used by RADARSAT-1, most of the microwave backscatter is a result of
interactions from primarily the top portion of the forest canopy. Image tone, contrast, and
texture variation are enhanced by the appropriate look direction and incidence angle
inherent in the RADARSAT-1 image acquisition. Topographic feature perception
observable in such images therefore reflects either changes in slope, such as erosional
escarpments due to variation of resistant and recessive lithological units (Evans et al.,
1986; Brown et al. 1996; Paganelli and Rivard, 1999a, 1999b, 2001), or structural
escarpments. In the study area, the Buffalo Head Hills topographic high defines east- and
northeast-facing slopes towards the Loon River valley, best seen in the westward-looking
RADARSAT-1 S1 and S7 descending mode scenes (Figures 3.5 and 3.7). In contrast,
the Peerless Uplands are characterized by westward-facing slopes towards the Loon
River Valley, and are highlighted in the eastward-looking RADARSAT-1 S1 and S7
ascending mode scenes (Figures 3.4 and 3.6). Both the Buffalo Head Hills and Peerless
Uplands define N-trending topographic highs whose perception can be either emphasized
or suppressed by the different look directions of the images. The steepest incidence
angles (S1 scenes) provide the best enhancement of the gentle topography of the area
(e.g., MOSAIC_S1D; Figure 3.5), whereas images characterized by shallower angles
(e.g., MOSAIC_S7D, Figure 3.7) provide less topographic enhancement (Singhroy and
Saint-Jean, 1999). These geometric factors affect the backscattering response from

surface targets and therefore provide unique input to the RADARSAT-1-PC imagery.
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3.3.2 Principal Component Analysis of RADARSAT-1 images

The principal component correlation eigenvectors in Table 3.1 define the loadings
that each input band provides to the principal components. The original eigenvector
values have been recalculated as a percentage of loading from the input bands and are
shown in Table 3.2. This transformation allows a more straightforward understanding of
the original band contributions to each RADARSAT-1-PC image. The relationships of
each RADARSAT-1 beam mode with the four principal components as a function of the
recalculated percentage loadings are shown in Figure 3.8 A. The eigenvalues defining the
relative proportion of the overall scene variance encompassed by each component are

shown in Table 3.3.

The analysis of the RADARSAT-1-PC1 image and eigenvectors shown in Figure
3.9 reveals a significant positive mixture of all the input bands, with the greatest
proportion provided by the MOSAIC_S7A and MOSAIC_S7D bands, this is also shown
by the percentage loadings relationships in Figure 3.8A (1). This image highlights
intensity information and tone variation related to radar backscattering in response to
topographic changes, vegetation, and superficial terrain distribution. As can be observed
in Table 3.3, the RADARSAT-1-PC1 image is characterized by the highest percentage of

total variance (53.55%).

In the RADARSAT-1-PC2 image shown in Figure 3.10, a highly negative loading
from band S1A (-58.02%) determines an inverse contribution to the image in terms of

tone variability, and inverse topographic perception of the surface features facing to the

west. Positive loadings are derived from band S7D (22.88%), S1D (11.82%), and S7TA
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(7.28%) as shown in Figure 3.8A (1). The image accounts for a total variance of 20.13%.
The S7D and S1D band contributions greatly enhance the topographic perception of E-
and NE-facing surface features of the Buffalo Head Hills, whereas the contribution of
band S7A imparts perception of the W-facing slopes of the Peerless Uplands (Figure
3.10). The inverse relationship of the SID and S1A band contributions optimizes
topographic perception of surface targets with different orientation, contrast, and textural
variability, making it particularly useful for the identification of surface topographic

features related to structural patterns in the underlying bedrock.

The RADARSAT-1-PC3 image shown in Figure 3.11 contains two positive
loadings with 38.40% contribution from band S7A, and 8.25% from S7D. The remaining
loadings are negative, with -2.32% from band S1A, and -51.03% from band S1D. The
image is characterized by 17.65% of total variance, with variance reduction of
approximately 3% compared to the RADARSAT-1-PC2 image. In the RADARSAT-1-
PC3 image the topographic perception is still appreciable due to the positive loadings of
band S7D and S7A, and their inverse relationship with the negative loadings of band S1A
and S1D as shown in Figure 3.8A (2), which results in an overall darker image tone. The
bands S1D and S1A account for the higher intensity of backscattering response in the
original images in relation to major topographic targets, due to the steeper incidence
angle used by RADARSAT-1 Standard Mode 1 data acquisition. The negative
contributions of these bands determine the presence of darker pixels corresponding to
topographic targets such as the Buffalo Head Hills and Peerless Uplands, resulting in a
subdued and/or inverse topographic perception. However, this effect combined with the

positive contributions of bands S7A and S7D results in emphasis of brightness contrast
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along the drainage patterns. Examples of well defined drainage with NNE- and ENE-
trends are observable in the Loon River Valley, whereas NW-trending drainage patterns

are defined by the Wabasca River, and in the Buffalo Head Hills (Figure 3.11).

The RADARSAT-1-PC4 image shown in Figure 3.12 contains two positive
loadings, with 18.42% from band S1D, and 32.75% from band S7A. The two negative
loadings are from band S1A with —8.12%, and band S7A with —40.71%. The contrast in
the image is derived by the inverse relationship of band S7A and S7D as shown in Figure
3.8A (3). These loadings produce a total image variance of only 8.68%, and this image
therefore contains the least correlated information. Nevertheless, useful geological
information may still be recognized, despite the noisy appearance of the image. For
example, abrupt tone variations that may be related to structural features are observable
in the Peerless Uplands, across the Loon River Valley, and in the northern and central
parts of the Buffalo Head Hills (Figure 3.12); these features do not appear in any of the

other components or original input bands.

3.3.3 Structural map interpretation approach and validation

Interpretation of the RADARSAT-1-PC imagery involved visual pattern
recognition of surface features resulting from the radar backscattering distribution,
foreshortening and shadowing effects, tone, contrast, and textural variations enhancing
the topographic perception in the RADARSAT-1 scenes (Paganelli et al., 2001b). The
RADARSAT-1-PC1, -PC2, -PC3, and -PC4 images have been interpreted separately to

allow independent identification of structural features, which may have variable degrees
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of accuracy or certainty in each image as an effect of the different input contributions
from the mosaic RADARSAT-1 scenes. The resulting lineaments have been analyzed in
their regional geological context, compiled and plotted on rose-diagrams to outline the
strike variability of the depicted features and the possible bias inherent n the
interpretation of the individual RADARSAT-1-PC images.

The offset relationships of the outlined structural features have been used as a
means to reconstruct the structural evolution of the Buffalo Head Hills. Identified
features have been compared with known regional structural trends, attributed to the
Peace River Arch development (Cambrian-Late Devonian), and the Laramide orogeny
(Cretaceous).

Qualitative comparisons of the structural trends outlined in this study have also
been made with unpublished independent studies conducted by Ashton Mining of Canada
Inc. (AMCI; Lockett, 1998), Alberta Energy Company (AEC; Pryde, 2000), and Alberta
Geological Survey (AGS; Eccles et al., 2000). These studies cover specific areas of
known kimberlite occurrences within the regional Buffalo Head Hills study area of this
paper. Nevertheless, they provide substantial support for the proposed interpretation. The
outline of the AMCI, AEC, and AGS maps is shown in Figure 3.3.

The AMCIT structural interpretation was compiled from 15 black and white aerial
photographs at nominal scale of 1: 60 000. The interpretation was conducted visually by
stereoscope to identify lineaments derived from drainage, topography, and Quaternary
features (Lockett, 1998). The hand drafted compilation at 1: 50 000 scale was then

scanned and vectorized to a final digital version at 1: 100 000 scale.
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The AEC structural interpretation was compiled from three data sets that included
structural data from oil/gas wells, aeromagnetic depth-solution analysis, and structural
interpretation data from compiled 2D-3D seismic sections (Pryde, 2000). Subsurface
structural data were derived for the Keg River Formation carbonate surface from oil well,
along with isopachs from the top of the Keg River Formation to the Precambriam
basement, which was used to define the morphology of the basement. This procedure
enabled the definition of the isopach of the Keg River Formation to the Precambrian.
These data were then compared with the high resolution aeromagnetic dataset, to estimate
the features’ depths into the basement and produce a map of the intrabasement-
Precambrian lineaments. The high resolution aeromagnetic data were processed using the
vertical dyke model and Euler depth determination (Reid et al., 1990; Gunn, 1997).
Intra-sedimentary lineaments were also interpreted from the subsurface maps and the
aeromagnetic data. The seismic data set consisting of 2-D lines and 3-D data cubes was
then used, where available, to develop a complete interpretation of the Precambriam
basement and to verify the trends established by regional subsurface mapping and the
aeromagnetic data. A minimum of four 3-D seismic cubes, and numerous 2-D seismic
lines orientated NE-SW (line spacing of approximately 2 miles) were used. The line
density diminishes northward from Swan Lake, and did not cover the northern part of the
map, for which only oil well and aeromagnetic data were used. The seismic interpretation
provided information through the entire stratigraphic sequence. The accuracy of the
seismic interpretation in the central portion of the study area has been estimated at 70%

(Pryde, pers. comm.). This estimate represents a correlation coefficient derived from the
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interpretation of all the data sets, on a density of 800 control points (wells) in the central
part of the map. The final structural interpretation map was produced at 1: 250 000 scale.

The AGS structural interpretation (Eccles et al., 2000) was compiled using a
mosaic of a RADARSAT-1 Standard Mode S7 scene (12.5 m pixel resolution, incidence
angle 47° at beam centre) and a RADARSAT-1 Fine Mode F5 scene (6.5 m pixel
resolution, incidence angle 46° at beam centre) draped on surface topography digital
elevation model (DEM, 10 meters resolution). The interpretation was conducted visually

and resulted in a map of approximately 1:212 000 scale.

34 RESULTS OF RADARSAT-1-PC IMAGERY STRUCTURAL

INTERPRETATION

Four lineament trends have been recognized in each of the RADARSAT-1-PC
images: NNE, NW, NE, and ENE. The intersection and offset relationships between the
various lineament groups enabled definition of a relative succession of events in which
the NNE lineaments are recognized as the oldest features bounding the main topographic
high of the Buffalo Head Hills and Peerless Uplands. This event was followed by the NW
and NE lineaments, which probably define a conjugate set. These lineaments are well
developed throughout the region, and cross-cut the earlier NNE lineaments. The ENE-
trending lineaments show cross-cutting relationships with all the previous lineaments and

are therefore interpreted to be the latest features.
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Readily recognized structures were observed using the RADARSAT-1-PC2
image due to the enhanced topographic perception, which aids visualization and
interpretation of structural features expressed by physiographic features, surface geology
transitions and/or associated vegetation coverage variation. This image is described
below in detail to illustrate examples of lineament intersections, offsets, and inferred
relative movements. Positive contribution in the lineament data compilation was derived

also from the interpretation of the RADARSAT-1-PC1, -PC2, and -PC3 images.

3.4.1 RADARSAT-1-PC2 structural interpretation

In the RADARSAT-1-PC2 image (Figure 3.13) the NNE-trending lineaments are
readily traced along the eastern boundary of the Buffalo Head Hills because of the very
good topographic perception due to contrasts in brightness, texture, and tone between the
Buffalo Head Hills E-facing scarp and the Loon River Valley. These contrasts are
probably due to the combined effects of the E-facing topographic slope and lithological
variations. Along the northern portion of the Buffalo Head Hills eastern boundary, these
features have a clear structural control on the path of the Wabasca River. NNE
lineaments that bound the W-facing slope of the Peerless Uplands, extend into the Loon
River Valley where they appear to control the drainage pattern. Additional NNE-
lineaments are observable in the central and southern portion of the area, and the SE

corner of the Buffalo Head Hills.

The NW-trending lineaments intersect and offset the NNE-trending lineaments as

described above, suggesting a relative age relationship. The NW lineaments set can be
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traced throughout the study area from the SE in the western boundary of the Peerless
Uplands, through the Loon River Valley, to the NW across the Buffalo Head Hills. The
offset induced by the NW lineaments is mainly observable in the northern portion of the
Buffalo Head Hills and Wabasca River, and across the Loon River Valley. Here, the
Wabasca River drainage is structurally controlled by NW-trending lineaments, and the
east-facing slope of the Buffalo Head Hills is truncated by a NW-trending trough. This
trough is emphasized by both topographic perception and brightness contrast, and the
texture and tone variation induced by a lithological transition between the Shaftesbury
Formation (in the trough), and the Dunvegan Formation/Smoky Group in the topographic
highs to the side. Other block-fault structures defined by the intersection of NW-trending
lineaments offsetting the Buffalo Head Hills NNE-bounding lineaments can be observed
in the central portion of the Buffalo Head Hills eastern scarp. Here again, the empasized
topographic perception, brightness contrast, texture, and tone variations between the
Shaftesbury Formation (in the Loon River Valley), and the Dunvegan Formation/Smoky
Group in the topographic highs, is interpreted to be a response to lithological changes and
structural escarpments. In the SE corner of the Buffalo Head Hills, the NW lineaments
define a series of step-faults propagating towards the SW, which can be observed due to
subtle topographic perception along the NW-trending lineaments, and the texture and
tone variation induced by lithologic transition of the Dunvegan Formation (medium grey)
and the Smoky Group (light grey tone). These features have probably determined the

down-throw of the SE corner and southern boundary of the Buffalo Head Hills to the SW.

The NE-trending lineaments intersect and offset the NNE-trending lineaments,

again indicating relative age. This lineament set can be traced mainly across the central
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part of the Buffalo Head Hills and extends through the Loon River Valley. The offset
induced by the NE lineaments is observable along the Buffalo Head Hills eastern
boundary, mainly due to texture and tone variations in response to lithological transitions
between the Shaftesbury Formation and Dunvegan Formation/Smoky Group. The highest
concentration of NE lineaments is observed in the Buffalo Head Hills near its eastern and
northern boundaries. In the northern portion of the Buffalo Head Hills, a series of NE-
lineaments is outlined by topographic features and brightness contrasts induced by
shadowing effects. This response is associated with texture and tone variation caused by
the lithologic transition between the Loon River Formation (dark grey), Shaftesbury
(medium light grey), and Dunvegan Formations (light grey). Their geometry suggest
step-faults propagating towards the northwest, which have down-thrown the Buffalo

Head Hills northern boundary towards the NW.

The ENE-trending lineaments intersect and offset the NNE-, NW-, and NE-
trending lineaments, and are therefore interpreted to be the youngest structural features in
the area. They are regionally distributed from north to south, almost regularly spaced, and
can be traced throughout the Buffalo Head Hills, the Loon River Valley, and part of the
western limit of the Peerless Uplands. The highest concentration of ENE lineaments is
observed in the SE corner, southern boundary, and NE portion of the Buffalo Head Hills.
In the SE portion of the Buffalo Head Hills, the offset induced by the ENE-trending
lineaments is mainly observable along the eastern boundary as textural and tone
variations in response to lithological transitions from the Shaftesbury Formation (within
the Loon River Valley), and the Dunvegan Formation and Smoky Group of the Buffalo

Head Hills topographic high. These lincaments seem to define step-faults that down-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

throw the southern boundary towards the SE. In the NE portion of the Buffalo Head
Hills, ENE-trending lineaments are at times identified by abrupt deviations of the
drainage pattern of the Wabasca River along its path parallel to the NE-edge of the
Buffalo Head Hills. Here the enhaced topographic perception of the Buffalo Head Hills
eastern edge and the shadowing effect and brightness contrast along the Wabasca River
provide a clear outline of the ENE-trending lineaments. In the NE corner of the Buffalo
Head Hills, the ENE-trending lineaments seem to define step-faults that down-throw the

northern portion of the Buffalo Head Hills towards the NNW.

3.4.2 RADARSAT-1-PC1, -PC3, and -PC4 structural interpretation

The structural interpretations of RADARSAT-1-PC1, -PC3, and -PC4 are
illustrated in Figure 3.14, A, B, and C respectively. The RADARSAT-1-PC1 lacks
topographic perception (Figure 3.14, A), although good contrast and tone variation,
clearly outline the NNE-trending lineaments in the Loon River valley. The NW-trending
lineaments are emphasized by detailed drainage pattern in the western side of the Buffalo
Head Hills, and the Wabasca drainage in the Loon River valley. The NE-trending
lineaments are mainly observable in the south-central portion of the Buffalo Head Hills
eastern edge, and the ENE-trending lineaments are readily observable in the Buffalo

Head Hills southern portion.

In the RADARSAT-1-PC3 image (Figure 3.14, B), high contrast and darker tone

emphasize the main drainage patterns. The moderate topographic perception highlights
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the Buffalo Head Hills east-facing scarp. Drainage patterns reveal additional NNE-
trending lineaments within the Loon River Valley, the western boundary of the Peerless
Uplands, and in the central and southern portion of the Buffalo Head Hills. The NW-
trending lineaments were traced along the Wabasca drainage, and the western side of the
Buffalo Head Hills. The NE-trending lineaments are not readily observable in this image,
whereas the ENE-trending lineaments are very well enhanced by high contrast and
textural variations across the Loon River valley and Buffalo Head Hills central and

southern portions.

In the RADARSAT-1-PC4 image (Figure 3.14, C) the surface target features are
poorly constrained by topographic perception, although the outlined lineaments in the
RADARSAT-1-PC2 and -PC3 images can be resolved by brightness contrast and texture
variation. The main features visible in this image are the ENE-trending lineaments, which
are defined as dark-grey ENE-trending corridors in the southern portion of the Buffalo

Head Hills, and extending across the Loon River valley into the Peerless Uplands.

3.4.3 Compilation of RADARSAT-1-PC structural data

The compilation of the lineaments extracted from all the RADARSAT-1-PC
images outlines well defined trends, with strike variations from north to south, throughout
the study area; this is most clearly shown in the NW- and NE-trending lineaments shown
respectively in Figure 3.15 (B) and 3.15 (C), the rose diagrams representation in Figure
3.16, and the relative standard deviation reported in Table 3.4. The minimal strike

variation is shown by the ENE lineaments.
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From the compiled data sets, it is clear that the NNE, NW and NE lineaments
represent the most prominent linear trends in the area (Figures 3.15, A, B, and C). The
ENE lineaments show a well defined trend that is superimposed on the previously

defined structural features (Figure 3.15, D).

The NW-trending lineaments have the highest strike variability, and separate the
study area in two structural domains: the southern part, in which there is a general WNW-
trend, and the northern part with a NNW-trend. This could imply variability and/or
rotation of the stress field over time during the development of the NW lineaments, or
may reflect a refraction effect imposed by the Buffalo Head Hills block. The NE-trending
lineaments also show a strike variation from south to north, which is consistent with that
observed in the NW lineaments data set. A more clear refraction effect imposed by the
Buffalo Head Hills block is observable in the NE-trending lineaments, especially in the
NE-corner of the Buffalo Head Hills block. These observations lead to the possibility that
the two trends may form a conjugate joint set suggesting E-W compression. The latest
ENE-trending lineaments exhibit an extensional character, suggesting a stress field to a

near E-W compression.

Geological causes for the strike variability of the NNE-, NW, and NE-trending
lineaments are possibly related to tilting effects of fault block interaction, and refraction
imposed by the Buffalo Head Hills block. In addition, although not quantifiable, the
different geometric properties inherent to the RADARSAT-1-PC images due to the
variable proportion of the RADARSAT-1 source images from the Principal Component
Analysis (Paganelli et al., 2001b) could be an additional cause for such a variability. This

effect is not accountable or minimal for the ENE-trending lineaments because their
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orientation is parallel to the look direction of the ascending and descending orbit mode
(W to E, and E to W look direction respectively) of the RADARSAT-1 source scenes.
Therefore, a minimal geometric variation induced by the processing would affect the

ENE-trending lineaments and their extraction from the RADARSAT-1-PC images.

3.4.4 Comparison with AMCI, AEC, and AGS structural interpretations

Similarities to the outlined lineament trends have been found in studies conducted
by Aston Mining of Canada Inc. (Figure 3.17, A; Lockett, 1998), Alberta Energy
Company (Figure 3.18A; Pryde, 2001), and the Alberta Geological Survey (Figure 3.19,
A; Eccles et al, 2000). Subsets of the RADARSAT-1-PC2 structural interpretation
matching the areas of the AMCI, AEC, and AGS maps are shown for comparison in
Figure 3.17 (B), 3.18B, and 3.19 (B) respectively.

NNE-lineaments defined by RADARSAT-1-PC analysis (Figure 3.17, B) are
observed in the structural interpretation derived from aerial photos and drainage patterns
in the AMCI study (Figure 3.17, A). In the AEC map (Figure 3.18A), well structural data
interpretation defined NNW-trending Precambrian lineaments that controlled the
sedimentation as shown by the NNW-trending isopachs of the Keg River Formation. The
seismic data provided verification of the NNW intra-sedimentary lineaments through the
Granite Wash and Keg River formations and the top of the basement, while the high-
resolution areomagnetic data enabled the identification of NNW intrabasement
lineaments (intrabasement- Precambrian in legend). All these lineaments fan towards a

more N-NNE oriented trend northwards, and at the eastern boundary of the AEC map.
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Looking closely at the orientation of the north-trending lineaments in the RADARSAT-1-
PC2 image (Figure 3.18B), within the sub-area covered by AEC map, the Buffalo Head
Hills eastern boundary is delimited by more NNW oriented lineaments, which fan
northwards towards more N-NNE oriented features. This similarity with the NNW-
trending lineaments in the AEC map constrains evidence that N-trending lineaments have
a deep-seated origin within the basement and sedimentary sequence of the Granite Wash
and Keg River formations (Middle Devonian), and influenced the sedimentation during
the Cretaceous. Evidence of N-trending lineaments (Figure 3.19, B) has also been found
in the AGS map (Figure 3.19, A), and these have been interpreted as delimiting the
eastern edge of the Buffalo Head Hills from the Loon River graben (Eccles et al., 2000).
This interpretation was derived from borehole stratigraphic reconstructions covering the
Devonian-Cretaceous sedimentary sequence to the Precambrian basement at
approximately 100 m depth, along an EW section between the eastern edge of the Buffalo

Head Hills and the Peerless Uplands.

The NW-trending features delineated in the RADARSAT-1-PC interpretation
(Figure 3.17, B) are comparable to NW lineaments identified from drainage and aerial
photos in the AMCI interpretation map (Figure 3.17, A). NW-lineaments (Figure 3.18B)
also find analogy with intrabasement-Precambrian and intrasedimentary lineaments
derived from wells, aeromagnetic and seismic data in the AEC map (Figure 3.18A). In
the latter map, a wide strike variability in the NW lineaments is present, which seems to
follow the trend observed in the NW-lineaments outlined in this study, and rotates to
more northerly-trending orientation progressively from south to north within the map

arca.
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The NE-trending features delineated in the RADARSAT-1-PC interpretation
(Figure 3.17, B) are comparable to NE lineaments identified from drainage and aerial
photos delineated in the AMCI interpretation map (Figure 3.17, A). NE-lineaments
(Figure 3.18B) find analogy with wrench, intrasedimentary, and Precambrian lineaments
delineated from wells, aeromagnetic and seismic data interpretation in the AEC map
(Figure 3.18A). In the latter map, the inferred kinematics of the NE-lineaments seems to
involve left-lateral movement defining a series of en-echelon grabens along the eastern
boundary of the Buffalo Head Hills. In the present study, a dip-slip with down-drop
movement to the SE has been associated to the NE-lineaments, however a combined dip-
slip and strike-slip left-lateral movement cannot be excluded. The isopach of the Keg
River Formation (Middle Devonian) follows to some extent the NE-trend, which clearly
shows the influence of this lineament trend on the Keg River deposition. The NE-
trending lineaments (Figure 3.19, B) have been documented as surface linear trends in the
AGS map as shown in Figure 3.19 (A).

The ENE-trending features delineated in the RADARSAT-1-PC interpretation
(Figure 3.17, B) are comparable to ENE lineaments outlined from air photo
interpretations in the AMCI structural map (Figure 3.17, A). ENE-lineaments (Figure
3.18B) find analogy with a few wrench, intrasedimentary, and intrabasement-
Precambrian lincaments delineated in the AEC map (Figure 3.18A). Similar ENE
lineaments are locally defined by isopachs of the Keg River Formation in the central
portion of the Buffalo Head Hills, and within the Loon River section. These comparisons

suggest that the ENE-trending lineaments extracted from the RADARSAT-1-PC
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interpretation have deep-seated origin within the sedimentary sequence, and are possibly

associated with intrabasement-Precambrian lineaments.

3.5 STRUCTURAL LINEAMENTS AND REGIONAL GEOLOGICAL CONTEXT

The structural lineaments identified in this study are analyzed in the context of the
regional tectonic history from published literature. This comparison suggests a possible
relationship between the identified structural trends in the Buffalo Head Hills area and
the development of the Peace River Arch structures, and the onset of the Laramide

orogeny.

NNE-trending lineaments

The NNE-trending lineaments define a persistent pattern bounding the Buffalo
Head Hills and Peerless Uplands, and have been identified as the oldest features in the
area. Magnetic data within the Buffalo Head Hills Precambrian basement outline a well-
defined fabric with NNE trend within the Buffalo High terrane, and NNW and NNE
trends within the Buffalo Utikuma terrane (Pilkington et al., 2000). Along the Peace
River Arch northern margin, NNE-trending lineaments identified in the underlying
Precambrian surface (O’Connell et al., 1990) have affected the deposition of the Granite
Wash siliciclastics to the east, interbedded with Leduc dolomite. These observations

suggest that the NNE-trending lineaments may have been originally Precambrian
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(O’Connell et al., 1990; Ross et al., 1991; Pilkington et al., 2000), and have influenced
and/or partially controlled the Peace River Arch structural development. From this
interpretation and analogy with previous work, it is suggested that the NNE lineaments in
the Buffalo Head Hills are related to steep, deep-seated Precambrian faults, sub-parallel
to the boundary between the Buffalo High and Buffalo Utikuma terranes, and which have
possibly been reactivated in the Phanerozoic (because they can be detected through the

Phanerozoic sedimentary cover).

NW-trending lineaments

The NW-trending lineaments define a well developed regional pattern which
clearly post-dates and offsets the NNE-lineaments bounding the eastern edge of the
Buffalo Head Hills. These lineaments had structural control on the drainage path
development of the Wabasca River, as can be observed in the northern part of the Loon
River Valley. NW lineaments have been recorded in the Peace River Arch area from a
combined study of the Precambrian basement surface and the Granite Wash (Devonian)
isopach (Cant, 1988). Based on the thickness patterns of the Granite Wash, Cant (1988)
suggested these were normal faults with down-throw to the west-southwest. This type of
movement is similar to the SW down-throw of the SE corner of the Buffalo Head Hills
observed in this study. The NW-trending lineaments are attributed in the literature to the
Mid- to Late Devonian faulting phase of the Peace River Arch (Cant, 1988). More
recently, Pilkington et al. (2000) outlined NW-trending preferential strike orientation
within the gravity data of the Buffalo High and Buffalo Utikuma terranes, which have

been suggested to characterize the fabric of the Precambrian terranes. This suggests that
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the NW lineaments outlined in this study might have a Precambrian origin, and have been
reactivated during Proterozoic and Phanerozoic time. Evidence within the Buffalo Head
Hills of the timing of NW-trending fault reactivation, as in the Peace River Arch region,
is derived from evidence of intrasedimentary lineaments in the Keg River formation
(Middle Devonian) in the AEC map (Figure 3.18A). On the southeast flank of the Peace
River Arch, the NW-trending Dunvegan normal fault seems to define the Cretaceous Fox
Creek Escarpment (O’Connel, 1988) and appears to coincide with underlying basement
structures defined by the shear zone boundary between the Ksituan and Chinchaga

domains (Ross and Eaton, 1999).

NE-trending lineaments

The NE-trending lineaments define a persistent regional pattern throughout the
Buffalo Head Hills. Their development clearly post-dates and offsets the NNE-trending
lineaments, as observed along the eastern edge of the Buffalo Head Hills. NE-trending
structures have previously been recorded in the basement and overlying sedimentary
sequences of the Peace River Arch area (O’Connell et al., 1990). In the Peace River Arch
area, the lineaments are parallel to the Arch axis, and are therefore interpreted to be
associated with its formation (Cant, 1988; O’Connell et al., 1990). The best known
structure, is the “Axial Graben”, which is clearly defined in the uppermost Devonian
Wabamun unit (Cant, 1988), and is also identifiable in the isopach of the Delbot
Formation of the Rundle Group (uppermost Mississipian). The NE-trending lineaments
have been documented on the exposed shield in Saskatchewan, and under the thin cover

of eastern Alberta (Garland and Bower, 1959), as well as in the Precambrian basement at
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the eastern edge of the Peace River Arch (O’Connell et al., 1990). These observations
suggest that the NE lineaments may originally have been Precambrian in age, and have
been reactivated repeatedly during the Paleozoic (O’ Connell et al., 1990). A synthesis of
electromagnetic studies in the Lithoprobe Alberta Basement Transect (Boerner et al.,
2000) outlined the presence of conductive structures (Kiskatinaw conductor) with
inferred NE strike direction bounding the Buffalo Head High terrane. Evidence within the
Buffalo Head Hills of the timing and characterization of NE-trending fault reactivation,
as in the Peace River Arch region, is derived from evidence of wrench intrasedimentary

faults in the Keg River formation (Middle Devonian) in the AEC map (Figure 3.18A).

ENE-trending lineaments

The ENE-trending lineaments have been recognized as products of the latest
tectonic event in the area, which post-dates and offsets the NNE-, NW-, and NE-trending
structures and Cretaceous sediments. They define a persistent regional pattern throughout
the Buffalo Head Hills. Evidence of ENE-lineaments in the Buffalo Head Hills from
seismic interpretations in the AEC map (Figure 3.18A) suggests the possible association

of these features with wrench faults.

Evidence for structures with ENE-WSW trend has been documented in the
southeast flank of the Peace River Arch within the lower Cretaceous sediments of the
Bluesky Formation (Cant, 1988; Rouble and Walker, 1994; Chen and Bergman, 1997).
These structures are perhaps related to the final subsidence of the Peace River Arch,
parallel the trend of the arch axis. Development of graben structures with dominantly E-

W oriented axes are documented in the northern edge of the western part of the Peace
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River Arch by O’Connell et al. (1990). Late Cretaceous strata reorientations have been
observed in the southeast flank of the Peace River Arch by Chen and Bergman (1999)
from isopach maps of the Colorado Shales and Lea Park Formation, changing from NW-
SE in Santonian (84-87.5 Ma) to E-W (NE-SW) in the Campanian (74.5-84 Ma). Chen
and Bergman (1999) suggested that this situation resembles the process in the Lower
Cretaceous of the U.S. foreland basin, which involved flexural subsidence and eastwards
forebulge migration during the Laramide orogeny (Currie, 1998). The Campanian
tectonic event may therefore be related to Laramide-style basement uplift (Chen and

Bergman, 1999).

The above suggests that the ENE-trending lineaments are probably the result of
extensional tectonics in the foreland due to horizontal translation of the terranes
accumulating on the western North American margin during the Laramide orogeny. This
convergence occurred at an angle with the orientation of the Buffalo High and Buffalo
Utikuma terranes boundary, which might have caused differential reactivation of pre-
existing structures. A kinematic reconstruction of the Laramide orogeny at 80 Ma (Bird,
1998b) suggests convergence with approximately N-S orientation. In the Buffalo Hills,
this kinematic scenario would suggest possible development of extensional faults with
ENE orientation, probably favoured by the existence of previous structures with NE-ENE
trend associated with the Peace River Arch. The timing of these lineaments appears to
coincide with kimberlitic magmatism in the area, a relationship which is further analyzed

using the statistical approach of weights of evidence in Paganelli et al. (2001c, 2002).
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3.6 DISCUSSION AND CONCLUSIONS

This study has focused on evaluating the potential of RADARSAT-1-PC imagery
to contribute to geological mapping and mineral exploration in the highly vegetated and

moderate relief environment of northern central Alberta.

When applying PCA the relative image variance is a measure of the amount of
information observable in each image. It appears that useful information, in particular for
structural mapping, can be obtained using the RADARSAT-1-PC2 and -PC3 images,
which are characterized by 20.13% and 17.65% respectively of the total image variance
from the input bands. In the RADARSAT-1-PC4 image the noise level is high and most
of the image characteristics are lost, but 8.65% of image variance remains and structural
information may still be present. The signal-to-noise ratio cannot be considered to be
evenly distributed in the principal components (Mather, 1987), and therefore higher noise
level does not necessarily make the image useless.

The RADARSAT-1-PC1 image is shown to be a good source of information for
tone and texture variations derived from surface and canopy contrast in the original radar
images, suggesting that this image could be used to improve automatic classification

schemes and data integration for surface terrain mapping.

The improved topographic perception in the RADARSAT-1-PC2 and -PC3
images provides optimal interpretability of structural features. In particular,

RADARSAT-1-PC2 could provide valuable data for structural interpretation/mapping
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and data integration. In comparison, RADARSAT-PC3 provides optimal response and

enhancement of drainage patterns.

The evaluation of RADARSAT-1-PC imagery for structural mapping in the
highly vegetated environment and moderate relief of the Buffalo Head Hills area, has
shown that topographic perception in the RADARSAT-1-PC2 provides valuable synoptic

properties together with texture and tone information.

The structural analysis provided sufficient information suggesting that the NNE-,
NE- and NW-trending lineaments have Precambrian origin, and have been shown to have
also effected the Phanerozoic sedimentary sequence. Those basement structures were
therefore possibly reactivated producing splays of analogous trends throughout the
sedimentary sequence. The latest ENE lineaments intersect all the above and it has been
suggested that they formed in an extensional regime associated with the Laramide

orogeny.

The outlined structural lineaments and their tectonic/geologic implications
provide a basis for kimberlite, as well as oil/gas exploration in the area. The NNE, NW,
and NE lineaments in the area have been associated with originally Precambrain
basement trends. The NNE lineaments reflect the general N-S trend of accreted terranes
defining the north central Western Canadian Sedimentary Basin. The NE and NW trends
are probably associated to the Peace River Arch development, and form a conjugate set
which suggests an E-W-trending compression regime during Mid to Late Devonian. The
ENE lineaments show extensional character probably developed in a near E-W
compression regime, which has been associated with the Cretaceous convergence

induced by the Laramide Orogeny.
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Ultimately, the distribution of the N-, NE-, and ENE-trending lineaments outlined
possible spatial interrelationships with the kimberlite emplacement, which have been

analyzed using the statistical approach of weights of evidence method in Paganelli et

al.(2001c, 2002).
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Table 3.1. Principal components loading from Correlation Eigenvectors.

Corr. PC1 PC2 PC3 PC4
[Eigenvectors

S1A 0.391 -0.908 -0.036 -0.145
S1D 0.479 0.185 -0.792 0.329
S7A 0.538 0.114 0.596 0.585
S7D 0.573 0.358 0.128 -0.727

Table 3.2. Principal components loading expressed in % from Correlation Eigenvectors.

%Corr. PC1 PC2 PC3 PC4
Eigenvectors

S1A 19.74 -58.02 -2.32 -8.12
S1D 24.18 11.82 -51.03 18.42
S7A 27.16 7.28 38.40 32.75
S7D 28.92 22.88 8.25 -40.71

Table 3.3. Eigenvalue analysis from correlation matrix.

PC |Eigenvalue |Difference |Proportion |% Total variance [% Cumulative [Ratio
Corr. Matrix Total variance |eigenvalue
PC1 2.142 1.337 0.536 53.55 53.55 1
PC2 0.805 0.099 0.201 20.13 73.68 2.66
PC3 0.7086 0.359 0.177 17.65 91.33 3.03
PC4 0.347 0.000 0.087 8.68 100.00 6.17

Table 3.4. Summary of lineament orientations in RADARSAT-1-PC interpretation.

RADARSAT-1-PC  |Total

lineaments trend |lineaments Mean (9) Std (2)

NNE 395 12.7 12.0
NW 564 310.0 13.6
NE 321 56.7 13.9
ENE 251 83.7 3.5
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Figure 3.1. Buffalo Head Hills study area and NTS coverage. GSLSZ, Great Slave Lake
Shear Zone; STZ, Snowbird Tectonic Zone. The inset shows the Precambrian basement

terrane boundaries (after Pilkington et al., 2000).
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Figure 3.3. Buffalo Head Hills geology outlined on RADARSAT-1-PC2: K1, Loon River
Formation (Lower Cretaceous), Kp, Peace River Group (Lower Cretaceous); Ksh,
Shaftesbury Formation (Lower-Upper Cretaceous); Kd, Dunvegan Formation (Upper
Cretaceous); Ks, Smoky Group (Upper Cretaceous); kimberlite, black circles. Outline
AMCI, AEC, and AGS structural maps.
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Figure 3.4. Mosaic of 8 filtered RADARSAT-1 S1 Ascending scenes (MOSAIC_S1A):
A, Peerless Uplands W-facing slope.
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Figure 3.5. Mosaic of 8 filtered RADARSAT-1 S1 Descending scenes (MOSAIC_S1D):

A, Buffalo Head Hills E-facing slope; B, Buffalo Head Hills NE-facing slope.
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Figure 3.6. Mosaic of 6 filtered RADARSAT-1 S7 Ascending scenes (MOSAIC_S7A):
A, Peerless Uplands W-facing slope.
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Figure 3.7. Mosaic of 6 filtered RADARSAT-1 S7 Descending scenes (MOSAIC_S7D):

A, Buffalo Head Hills E-facing slope; B, Buffalo Head Hills NE-facing slope.
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Figure 3.8. Outline of the resulting RADARSAT-PC image coverage of the Buffalo

Head Hills study area.
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Figure 3.9. RADARSAT-1-PC1 image.
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Figure 3.10. RADARSAT-1-PC2 image: A, Buffalo Head Hills E-facing slope; B,
Buffalo Head Hills NE-facing slope; C, Peerless Uplands W-facing slope.
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Figure 3.11. RADARSAT-1-PC3 image: A, Loon River Valley NNE-trend drainage; B,
Loon River valley ENE-trend drainage; C, Buffalo Head Hills NW-trend drainage; D,
Wabasca River NW-trend drainage.
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Figure 3.12. RADARSAT-1-PC4 image: A, artifact due to processing; B, Peerless
Uplands ENE-trend feature; C. Buffalo Head Hills ENE-trend features.
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Figure 3.13. RADARSAT-1-PC2 structural interpretation and kimberlite locations
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interpretation  and  kimberlite
locations of: A) RADARSAT-1-
PC1; B) RADARSAT-1-PC3; C)
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Figure 3.15. RADARSAT-PC lineament compilation: A) NNE lineaments; B) NW

lineaments; C) NE lineaments; D) ENE lineaments.
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Figure 3.16. Rose diagrams of lineaments interpreted on RADARSAT-1-PC images.
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Figure 3.17. A) Ashton
Mining of Canada Inc. (AMCI)
structural interpretation map
(Lockett, 1998); B)
RADARSAT-1-PC2 subset
structural interpretation map.
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Figure 3.18A. Alberta Energy Company (AEC) structural interpretation map (Pryde,

2000).
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Figure 3.18B. RADARSAT-1-PC2 subset structural interpretation map.
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Figure 3.19. A)
Alberta  Geological
Survey structural
interpretation map
(Eccles et al., 2000);
B) RADARSAT-1-
PC2 subset structural
interpretation map.
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Chapter 4

INTEGRATION OF STRUCTURAL, GRAVITY, AND MAGNETIC DATA
USING THE WEIGHTS OF EVIDENCE METHOD AS A TOOL FOR
KIMBERLITE EXPLORATION IN THE BUFFALO HEAD HILLS AREA,
NORTHERN CENTRAL ALBERTA

4.1 INTRODUCTION

Worldwide, kimberlite occurrences have been found to be spatially related to
regional scale structural lineaments (Woodzick and McCallum, 1982; Sarma and Verma,
2001). A structural study conducted in the Buffalo Head Hills area (Paganelli et al.,
2001b) provided sufficient information to suggest a close interrelationship between
kimberlite emplacement and structural features. The objective of this study is to assess
the spatial relationship between the outlined lineament trends in Paganelli et al. (2001a,
b) and the known kimberlite locations, to test this hypothesis in the Buffalo Head Hills

arca.

A geo-spatial quantitative assessment based on a Bayesan statistical approach of
prior and posterior probability, in a loglinear form known as weights of evidence
(Spiegelhalter, 1986), was used to analyze the spatial relationship between the lineament
trends and the kimberlite locations. The results are illustrated on a favourability map,
showing potential areas for exploration estimated using statistical weights assigned to the
spatial datasets used as predictor maps (thematic maps) identifying spatial patterns such
as lineaments, geology, and geophysical characteristics (Agterberg, 1989; Bonham-
Carter, 1994). This method has been previously applied by Watson (1989), Agterberg et

al. (1990), Bonham-Carter et al. (1988,1989), Wright et al. (1996), and Tangestani and
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Moore (2001) for mineral potential mapping. However, the present study represents its

first application to kimberlite exploration.

In the Buffalo Head Hills area, a first step in the application of the weights of
evidence approach has been to test the hypothesis that known kimberlite locations are
spatially related to the outlined structural lineaments in Paganelli et al. (2001a).
Quantitative spatial correlation and verification of this hypothesis has been followed by
the definition of four structural predictive maps integrated with three additional
predictive maps defining: (1) the revised boundary of the Buffalo High and Buffalo
Utikuma terranes from regional aeromagnetic data (provided by Dr. M. Pilkington, GSC,
Ottawa; Pilkington et al., 2000); (2) the average aeromagnetic response of the Buffalo
High and Buffalo Utikuma terranes (Pilkington et al., 2000); and (3) the Bouguer gravity
anomaly characteristics of the Buffalo Head Hills basement. A total of seven predictor
themes were therefore used in the weights of evidence model to define a favourability

map for kimberlite exploration.

4.2 REGIONAL GEOLOGY

The Buffalo Head Hills in north-central Alberta (Figure 4.1) has been an area of
intense oil and gas exploration, and recently also kimberlite exploration (Carlson et al.,
1998). It is located northeast of the Peace River Arch within the Phanerozoic succession
of the Western Canadian Sedimentary Basin. The Buffalo Head Hills is part of the

cratonic platform whose tectonic evolution has been influenced by the uplift and
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extensional episodes of the Peace River Arch (Cant, 1988; O’Connell et al., 1990). These
episodes have resulted in the development of N-trending horst-graben block structures
during the Phanerozoic. The Buffalo Head Hills is characterized by a sedimentary
succession of platform carbonates, shale, and sandstone of Devonian and Cretaceous ages
overlying a Precambrian crystalline metamorphic basement (Edwards et al., 1995). The
Precambrian basement is here defined by the Buffalo Head High and Buffalo Head
Utikuma terranes, whose differentiation is based on the high magnetic intensity response
of the Buffalo Head High, and medium-low magnetic intensity response of the Buffalo
Head Utikuma (Pilkington et al., 2000).

The Buffalo Head Hills area has recently attracted interest for kimberlite
exploration (Carlson et al., 1998). Kimberlite pipes intrude the recessive Cretaceous
sediments of the Smoky Group, Dunvegan Formation, and Shaftesbury Formation
(Figure 4.2), and are characterized by crater facies lithologies, mainly of lapilli-bearing
olivine crystal tuffs. Crustal xenoliths consist of shales of the Shaftesbury Formation,
while mantle derived xenoliths include peridotite, pyroxenite, eclogite, and corundum-
spinel-bearing lithologies. U-Pb perovskite dates of 86+3 and 88+5 Ma (Carlson et al.,
1998) suggest that the pipes were emplaced in mid to late Cretaceous (Cenomanian to
Campanian). The Buffalo Head Hills kimberlites contain mantle xenoliths that are
classified as predominantly of lherzolitic type (Carlson et al., 1998), with the occurrence
of G9 and minor G10 garnets suggesting the presence of a minor eclogitic component
(Sobolev et al., 1973). Cr-Ti spinels exhibit atoll-texture, and Cr,03; wt% vs. TiO, wt%
composition typical of magmatic trend 1, associated with group I kimberlites (Mitchell,

1995). Microphenocrysts of phlogopitic mica display evolution towards aluminous

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

phlogopite, thus plotting along the “kimberlite” trend on the AlLLO3 wt% vs. TiO; wt%
discrimination diagram (Mitchell, 1995).

The diamondiferous intrusive events in the Buffalo Head Hills range between
86+3 and 88+5 Ma (Carlson et al., 1998) from U-Pb perovskite dates. In the Mountain
Lake intrusion, northeast of Grande Prairie (approximately 100 km southwest of Buffalo
Head Hills) apatite fission track analyses gave dates of 7247 to 78+9 Ma (Leckie et al.,
1997a). This age range is consistent with the 86+2 Ma (U-Pb perovskite) of a kimberlite
pipe located along the eastern margin on the Aylmer Lake map sheet (NTS 76C) in the
Slave Province, Northwest Territories (Dredge et al., 1995). In contrast, Early Cretaceous
to early Tertiary microfossils in mudstone xenoliths, and a Rb/Sr age of 52+1.2 Ma
(Eocene), delimit the age of two pipes between Exeter Lake and Lac de Gras (Ward et al.,
1995). These age dates have constraint the association of the isolated Buffalo Head Hills
kimberlite field within the western mixed age province defined by Heaman et al. (2002),
which includes the kimberlite fields in the Wyoming and Slave craton, and fits the

description of a Type 3 kimberlite Province as defined by Mitchell (1986).

4.3 WEIGHTS OF EVIDENCE METHOD

4.3.1 Weights of evidence modeling approach

The location of 58 known kimberlite pipes have been used as training points to

assess the degree of spatial association with each of the obtained structural lineament
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datasets. The locations include 38 sites from Ashton Mining Inc. Canada, and 20 from
Montello, New Claymore, and Troymin (Skelton and Bursey, 1998). The study area
characterizing the region of interest was defined by a raster map (250 m cell size)
covering the Buffalo Head Hills area.

In the calculation of the weights and output favourability/response map, the study
area map acts as a mask. This mask enable to ignore areas of evidential themes (predictor
maps defining specific thematic patterns that express structural features, geology,
geophysical data etc.), and training points (the known kimberlite occurrences used to
derive the predictive power of the evidential themes) located outside the study area.

In the spatial analysis each kimberlite/training point is assumed to occupy a small
unit area, defining the “unit cell area”. In order to calculate the probability of a point
occurrence, a unit area must be selected so that the prior probability can be estimated.
The prior probability that a unit cell contains a point is assumed to be constant over the
study area, which using Baye’s Rule gives the posterior probability that each cell contains
a point (Bonham-Carter, 1994). The selected unit cell area was set at 1 km”* (Bonham-
Carter et al., 1988). The unit cell area is unrelated to the physical size of points, and is
independent of the grid size used in the raster datasets. The values of weights are
relatively independent of the unit cell area, if the unit area is small (Bonham-Carter,
1994; Kemp et al., 1999).

In the weights of evidence model the calculated weights are estimated from the
measured association between known kimberlite occurrences and predictor themes using
the overlap relationships of the known kimberlite points, and the classes of the theme

(one weight per class). Using binary themes (thematic maps defined by two classes, i.e.
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for a lineament theme, one class would define the area with lineaments, the other defines
the area without lineaments) two weights are assigned, one for presence of a lineament,
and one for absence of a lineament. The above hypothesis is then repeatedly evaluated for
all possible locations in the study area using the calculated weights.

In the spatial analysis, a unit cell (u) of 1 km x 1 km (nominal area for kimberlite
occurrences) was used. The total number of unit cells (1 km?) containing a kimberlite is
represented by N(O), where N() is the count of unit cells and O refers to the presence of
kimberlites. Defining the total area of the region of interest as A(T), where T identifies
the study area map, then N(T) = A(T)/u defines the total count of unit cells area in the
study area map. The average density of known kimberlites in the area defines the prior
probability P(O) that a cell contains a kimberlite:

N(O)

PO)=—"

N(T)
The assumption that the prior probability P(O) that a unit cell contains a kimberlite is
constant in the whole study area is essential for the application of Bayes’ Rule (Bonham-
Carter, 1994), which gives the posterior probability for each cell containing a kimberlite.
For a given binary map E, in which the presence of a pattern is denoted by E, and the
absence of a pattern as E, the conditional probability for the presence of a pattern will be
given by:

N(ONE)

P(O|E) = ——
N(E)

while for the pattern absent as:
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R N(ONE)
P(OE) = ———
N(E)
Using Venn notation, N(ONE) and N(ONE), summarizes respectively the number of
kimberlites on E present, N(E), and on E absent, N(E), obtained as spatial overlap
relationships between kimberlite pattern O (unit cell containing kimberlite) and the map
pattern present N(E), and absent N(E). By Baye’s Rule we can express the posterior

probability of a kimberlite in terms of the prior probability (Bonham-Carter, 1994) as:

P(E|O)

P(O[E) = P(O) « -
P(E|O)

It is convenient to transform the expression from probability units to logits L(), where
logits are the natural logarithms of odds, and odds are related to probability as
OD = P/(1 - P). Then the loglinear form of the posterior probability, posterior logit of
kimberlite per unit cell area given the E binary theme is:

L(O[E) = L(O)+ W*
if the pattern is present or:

L(O[E) = L(O)+ W~
if the pattern is absent, where W' defines the positive weight of evidence as:

P(E|O)

W'=In
P(E|O)

and W™ defines the negative weight of evidence as:

P(E|O)

W=In —
P(E|O)
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The measure of the spatial association/correlation of binary patterns and kimberlite
occurrence points has been assessed using the contrast C, defined as:
C=W"-W
which is the best estimator in a large area and when a large number of known occurrences
are considered (Bonham-Carter, 1994),
The final posterior probability Ppoy for the favourability map is calculated using

the conversion of odds (OD) to probability (P) as:
m
ODyost = exp(In ODprir + 3. W)
=

where k superscript identifies the sign of the weight values for the j-th pattern present (+)
or absent (-), and:

Ppost= ODpost/ (1+ ODpost)

The weights of evidence modeling (Spiegelhalter, 1986; Agterberg et al., 1990;
Bonham-Carter et al., 1988; Bonham-Carter, 1994) applied in this paper uses the method
implemented in the Arcview Geographic Information System (Arcview-GIS) package,

extension Arc-WofE (Weights of Evidence) by Kemp et al.(1999).
4.3.2 Data processing and binary map generation
Binary raster predictor maps were produced for each structural dataset defined as

compiled vector maps for the NNE-, NW-, NE-, and ENE-trending lineaments. First,

buffer maps with cumulative distance of 5 km, with intervals at 250 m, were created and
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weights were calculated to determine the best cutoff defining the best spatial relationship
(specific distance) of the structural predictor theme from the kimberlites. Different
interval widths were tested, and the 250 m width provided the best estimate of the cutoff
distance, and enabled therefore the maximum prediction power for the lineament themes
(Bonham-Carter, 1994). The cutoff distance was determined by the analysis of the
contrast (C), and as can be observed in Table 4.1, a cutoff at 250 m was chosen for the
NNE lineaments theme, cutoffs of 750 m were chosen for the NW lineaments (Table 4.2)
and NE lineaments (Table 4.3), and a cutoff of 1.000 km was defined for the ENE
lineaments theme (Table 4.4). A reclassification was then applied to create the final
lineament binary maps with a buffer width of 250 m for the NNE lineaments (Figure 4.3,
A), 750 m for the NW lineaments (Figure 4.3, B) and NE lineaments (Figure 4.3, C), and

1.000 km for the ENE lineaments theme (Figure 4.3, D).

The recalculated weights for the final lineament binary maps are summarized in
Table 4.5. It can be observed that the strongest spatial correlations have been found for
the NNE lineaments, where a very strong affinity (a total of 9 kimberlite occurrences in
the region within 250 m from the NNE lineaments), is defined by the total effect of the
upweighting (positive weight, W= 1.719) and downweighting (negative weight, W= -
0.1404), resulting in a maximum positive contrast (C) of 1.8590. The second strongest
spatial correlation is defined for the NE lineaments, with a total of 18 kimberlites within a
distance 750 m. Although the greater number of kimberlites the effect of upweighting and
downweighting is diluted because of the greater number of area units (i.e., greater surface
area occupied by the lineament class buffer <= 750 m; however, the W' (0.9260)

indicates a strong spatial association and defines a positive C of 1.1663. The ENE
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lineaments show positive spatial correlation coefficients with a total of 24 kimberlite
occurrences within 1.000 km from the lineaments. The 1.0 km buffer of the ENE
lineaments characterizes the maximum distance defined in the spatial correlation of
kimberlite occurrences and lineaments. The least spatial correlation is found for the NW
lineaments, for which 14 kimberlite occurrences lie within 0.750 km, but over a greater
area units proportion if compared with the NE lineaments that are characterized by the

same buffer distance.

Three additional predictor maps were integrated in the final weights of evidence
model, which included the Buffalo High and Buffalo Utikuma terrane boundary (Figure
4.4, A), the average magnetic response of the Buffalo High and Buffalo Utikuma terranes
(Figure 4.4, B), and the reclassified Bouguer gravity anomaly map (Figure 4.4, C). The
Buffalo High and Buffalo Utikuma terrane boundary was derived from the re-definition
of terrane boundaries in the Western Canadian Sedimentary Basin obtained from
aeromagnetic data interpretation (Pilkington et al., 2000). The data set, in point form, was
provided by Dr. M. Pilkington (Geological Survey of Canada, Ottawa) and was used to
create a polyline theme to define the terrane boundary and derive the buffer zone of
influence of the basement transition between the Buffalo High and Buffalo Utikuma
terranes. A buffer map with cumulative width of 20 km, and intervals at 1 km, was
created and weights were calculated to determine the best cutoff defining the best spatial
relationship of the terrane boundary predictor theme and the kimberlites. In this case, a
wavelength or buffer width of 1 km was applied in consideration of the structural
importance of this major basement transition between the Buffalo High and Buffalo

Utikuma terranes at regional scale within the study area. The highest C value resulted
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from a class distance of 10 km (Table 4.6). This distance was used to reclassify the buffer
zone in a binary map as shown in Figure 4.4 (A), whose weights attributes are
summarized in Table 4.7. The Buffalo High and Buffalo Utikuma terrane boundary
defines a strong predictor factor as 27 of the kimberlite occurrences lie within 10 km
distance, as expressed by the combined effect of W*(0.9092) and W(0.4188) resulting in

a strong positive C (1.328).

A polygon theme was derived from the terrane boundaries (Pilkington et al.,
2000) to define the Buffalo High and Buffalo Utikuma terrane extents, and create a
binary theme defining the Buffalo High and Buffalo Utikuma terranes based on their
average magnetic response (Table 1 in Pilkington et al., 2000). This map characterizes
the geophysical basement characteristics, and their possible effect in relation to
kimberlite occurrences. The average magnetic response of the Buffalo High is defined at
294 nT, while the Buffalo Utikuma is defined by 72 nT. The binary map of the Buffalo
High and Buffalo Utikuma terranes average magnetic response is shown in Figure 4.4
(B), and the weights attributes are shown in Table 4.8. Most of the kimberlite occurrences
are within the Buffalo Utikuma terrane (51), which is characterized by the lower
magnetic response with 72 nT. The spatial association is defined by W*(0.3974), which is
not particularly high because of the large unit area proportion covered by the Buffalo
Utikuma terrane. However, this is compensated by a strong negative W(-1.2206) due to
very small number of kimberlites (7) present in the Buffalo High terrane, which results in

a good positive C of 1.6181.

The original Bouguer gravity map of the Buffalo Head Hills has been reclassified

into four main classes to create the Bouguer gravity anomaly theme as shown in Figure
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4.4 (C). The original gravity data are derived from a regional airborne gravity survey with
grid spacing at 4 km and were provided for this work by the Alberta Geological Survey.
The dataset was resample to a 1 km grid spacing resolution. The main characteristics
observable in the Bouguer gravity theme are the northeastward termination of the Peace
River Arch Bouguer gravity anomaly (Ross, 1990) in the SW portion of the study area,
and the gravity high characterizing a N-S trend within the Buffalo Utikuma terrane along
the Loon River valley (parallel to the Buffalo High and Utikuma terrane boundary). The
latter, is probably associated with low density sediment accumulation in what has been
defined as “Loon River graben” by Eccles at al. (2000). This feature extends northwards
within an E-W zone, characterized by the same high gravity values, which is parallel to

the Peace River in the north of the study area.

The Bouguer gravity anomaly is a multi-class predictor theme, and has not been
reduced to a binary form in order to preserve the real picture of favourable or
unfavourable evidence with more precision (Bonham-Carter, 1994). It also provides a
representation of basement characteristics in relation to kimberlite occurrences. The
relative weights and C values of the Bouguer gravity theme are shown in Table 4.9, in
which each class has been identified by the central value of the Bouguer gravity range.
The relative weights and C values of the Bouguer gravity theme clearly outline a strong
spatial correlation with Bouguer gravity class —63 mgal (-67 to -58 mgal), in which 37
kimberlite occurrences are present. An inverse spatial correlation seems to be present
with the Bouguer gravity class -46 mgal (-57 to -35 mgal), despite the occurrence of 20
kimberlites, probably due to the high area units proportion covered by this gravity class,

with respect to the number of kimberlite occurrences.
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Table 4.10 reports the weights of evidence for the 7 themes used for modeling the

- final favourability map which is shown in Figure 4.5A. A pairwise test (Bonham-Carter,
1994) using y* of conditional independence (CI) between all possible pairings of the
binary and multi-class predictor/theme maps has been computed to outline dependencies.
The y* is based on squared deviations and enables to test the statistics of pairwise
frequency distributions. This method is generally applied because it does not require a
distribution to be normal, bimodal, or even uni-modal (Smith, 1966). The xz test is based
on the number of degrees of freedom (df) assigned in the model to each theme-pair,
which depends on the number of classes, excluding missing data, that occur in both

evidential themes being tested, as:

df = (number classes in themel - 1) x (number classes in theme?2 - 1).

This approach results in a df = 1 for the binary lineament themes, Buffalo High and
Buffalo Utikoma terrane boundary theme, and Buffalo High and Buffalo Utikuma
terranes average magnetic theme, whereas a df = 3 results for the Bouguer gravity theme.
Table 4.11 shows the relative df for each theme-pair, and Table 4.12 contains the y*
values used for testing CI between all possible pairings. The hypothesis of CI was not
rejected and resulted in a CI = 0.73. The CI value is below 1, and therefore implies a
possible dependence between theme pairings. With a probability level of 98% and df =1,
the tabled ¥* = 5.4 (Smith, 1966). A source of dependency is observable between the
Buffalo High and Buffalo Utikuma boundary theme and the lineament binary themes,

showing all 3 values above 5.4. This is probably induced by the composite nature of the
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Buffalo High and Buffalo Utikuma boundary theme, with portions characterized by
similar trend to the lineament themes. Similarly, another source of dependency can be
observed between the gravity map and the ENE lineament theme, shown by a y° value of
9.42, possibly induced by a ENE-trend in the transition of the gravity class -46 and -63
mgal. This could be an artifact due to the triangulation of the 4km original gravity data

grid, and its reclassification.

4.4 RESULTS OF THE WEIGHTS OF EVIDENCE MODEL IN THE BUFFALQO

HEAD HILLS

The final favourability map for kimberlite occurrence in a 1 km? area according to
structural predictor patterns and terrane characteristics is shown in Figure 4.5A. The prior
probability is 0.0017 with standard deviation of 0.0002. The posterior probabilities were
classified in five classes. Values less than or equal to 0.048 were considered as
background values (unfavourable), whereas values above 0.048 characterize combined

evidence that is favourable for kimberlite occurrences.

The ranking of regions by posterior probability defines a favourability map that is
based on a statistical model assuming that the known kimberlites are an adequate sample
of kimberlites in the region. The final kimberlite potential is obviously a reflection of the
quality and quantity of the original input data. Most of the known kimberlite occurrences
in the central Buffalo Head Hills have been predicted, showing that the model is well

constrained in this area by the higher data input and distribution, especially in relation to
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the lineament density, and the role of the geological/geophysical boundary of the Buffalo
High and Buffalo Utikuma terrane. This boundary, is parallel to the east-facing scarp of
the Buffalo Head Hills, and intersects its SE-corner, where most of the known kimberlites
are located. The poor prediction observed in the southern portion of the Buffalo Head
Hills study area, Loon River Valley, and Peerless Uplands is probably due to the lower

density of lineaments and kimberlite occurrences in these areas.

From the favourability map draped on the basement Digital Elevation Model
(DEM), gravity field, and the boundary of the Buffalo High and Buffalo Utikuma
terranes shown in Figure 4.5B, it is clear that the predicted potential kimberlite areas are,
with few exceptions, all located in the Buffalo Utikuma terrane, but very close to its
boundary with the Buffalo High terrane. In general, they show an approximately N-S
trend, which derives from the high correlation with the NNE-trending lineaments and

intersections with the NE- and ENE-trending lineaments.

The use of the basement DEM (derived from a subset of 871 picks of the
Precambrian basement surface from oil wells, with average grid spacing of 8 km,
compiled by the Alberta Energy and Utility Board, and resample to a 1 km grid spacing
resolution) reveals important characteristics of the Buffalo High and Buffalo Utikuma
terranes, such as the dome defining the northeastwards termination of the Peace River
Arch in the Buffalo High terrane, and the dome with NE-SW trend defining the central
portion of the Buffalo Utikuma terrane. In the southeast flank of the Buffalo Utikuma
terrane dome, known kimberlite occurrences trace a NE-SW trend, but few favourability
areas occur in this section. The NE-SW lineaments from RADARSAT-PC2, integrated

with the model (Figure 4.5B), mirror this NE-SW dome structure defined in the Buffalo
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Utikuma terrane. Although aeromagnetic data are not complete for this area, a magnetic
low characterizes the area in which the Buffalo Utikuma terrane indents the Buffalo High

terrane, showing a possible basement anomaly with NE-SW trend (Figure 4.6).

4.5 DISCUSSION AND CONCLUSIONS

The kimberlitic magmatism in the Buffalo Head Hills occurred during the Late
Cretaceous, which suggests a possible relationship between extensional ENE-trending
lineaments (Late Cretaceous), and their intersection with deep-seated basement faults,
and kimberlite emplacement in the upper crust. This hypothesis has been supported by a
statistical model which outlines the occurrence of favourable areas for kimberlite
exploration as mainly defined along the Buffalo High and Buffalo Utikuma terrane
boundary. This boundary parallels a set of NNE-trending lineaments, and kimberlite
favourability areas occur at the intersection of NNE, NE, and ENE lineaments. The
Buffalo High and Buffalo Utikuma terrane boundary defines a magnetic susceptibility
contrast between the two terranes and a deep-seated basement discontinuity in the
Buffalo Head Hills area. This geological context is similar to the association of basement
shear zones characterized by low magnetic susceptibility, intersecting ENE-WSW and E-
W lineaments, and kimberlite occurrences showing a conspicuous ENE-WSW, and E-W
orientation, illustrated by Sarma and Verma (2001) in the Wajrakarur kimberlite field

(India).
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The aeromagnetic data reported in Figure 4.6, indicate a low magnetic
susceptibility zone along the transition between the Buffalo High and Buffalo Utikuma
terranes. Speculatively, a magnetic low could be defined along a NE-SW trend, which is
parallel to the dome structure observed in the basement DEM (Figure 4.5B). However,
due to the lack of a complete aeromagnetic data coverage in the NE portion of the
Buffalo Head Hills this hypothesis will remain to be proven. The basement dome
structure is mirrored by NE-SW lineaments, and characterizes a kimberlite occurrence
trend in this sector of the Buffalo Head Hills area. In this area, a more accurate and
complete definition of the Buffalo Utikuma terrane provided by aeromagnetic data would
probably introduce additional predictive constraints in the statistical model, which would
enable a more complete picture of the kimberlite potential where the prediction model

seems poor.

The statistical approach of weights of evidence method enabled the quantitatively
characterization of the degree of spatial relationship between structural lineaments and
kimberlite locations, which shows a higher correlation with the NNE-trending
lineaments, followed by the NE, ENE, and NW trends. The integration of the derived
predictor lineament maps with the Buffalo High and Utikuma terrane boundary, and their
magnetic and gravity characteristics, enabled the development of a suitable favourability
map for kimberlite exploration. This statistical model outlines higher favourability within
the Buffalo Utikuma terrane and along the major basement discontinuity between the

Buffalo High and Buffalo Utikuma terranes.

The favourability areas are mainly located along a N-S trend, which reflects the

predominant spatial correlation with the Buffalo High and Utikuma terrane boundary, the
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parallel strike of the NNE-trending lineaments, and intersections with the NE- and ENE-

trending lineaments.

Within the Buffalo Head study area the transition between the Buffalo High and
Buffalo Utikuma terranes divides the area into two different domains. This boundary
roughly underlies the eastern edge of the Buffalo Head Hills throughout the area. From
the structural data analysis (Paganelli et al., 2001b) and its spatial correlation with
kimberlite occurrences as analyzed in the weights of evidence model, this terrane
transition is a key element in the formulation of a kimberlite emplacement model for the

area.

Although the formulation of a kimberlite emplacement model is not in the
objective of this paper, the structural element characterizing the Buffalo High and
Buffalo Utikuma terranes boundary defines an important zone of weakness at the upper
crustal level, and as shown by the prediction model, a locus and favourable corridor for
the final stage of kimberlite emplacement whose source material derives from mantle

depths.
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Table 4.1. Summary of RADARSAT-1-PC NNE total lineaments weights at variable
distance from kimberlite locations.

CLASS
DISTANCE STUDENTIZED
[km] AREA_SQ_KM (AREA_UNITS:NO_POINTS W+ C C [C/8(C)]
926.3750,  926.3750, 4
0.750.  948.5625.  948.5625 4 02824  -0.0191 0.3015: 0.5795
1.000 961.2500 961.2500 2 -0.4262 0.0203 0.4454; -0.619N
.. 1250 970.8750 9708750 4 02591 00177/ 02768 0.5320
1.500 959.5000: 959.5000 2 -0.4243 0.0201 -0.4445: -0.6164
1.750 937.5000 937.5000 4E 0.2942 -0.0198 0.3140 0.6035
2.000 927.7500 927.7500 1 -1.0848 0.0370 -1.1218 -1.1109
2.250 920.0000! 920.0000 1 -1.0764 0.0365 -1.1129 -1.1021
2.500 909.0625 909.0625 5 0.5494 -0.0414 0.5908 1.2562
2.750 895.5625 895.5625 3 0.0514 -0.0029 0.0542 0.0912
3000 875.5625 _ 875.5625 1 10269 0033  -1.0606  -1.0503
3.250 855.1250 855.1250 4 0.3866 -0.0248 0.4114 0.7905
3.500 842,9375 842.9375 0
3.750 811.6875 811.6875 3 0.1500 -0.0080 0.1581 0.2657
4.000 776.7500 776.7500 0
4.250 740.3750 740.3750 2: -0.1645 0.0068 0.1712 -0.2374
4.500 713.8125! 713.8125 3 0.2790 -0.0140 0.2930 0.4924
. A750 6785625 6785625 3 03299 00161 03460 05814
5.000 649.2500 649.2500 0
> 5.000 17694.5000° 17694.5000 3

Table 4.2. Summary of RADARSAT-1-PC NW total lineaments weights at variable
distance from kimberlite locations.

DISTANCE STUDENTIZED
[km] AREA_SQ_KM |AREA_UNITS NO_POINTS W+ W- c C [C/S(C)]
1843.7500.  1843.7500 3 -0.2819 0.0201 -0.3020 -0.5074
1713.5000  1713.5000 4 0.0798 0.0861 0.1653
1.000  1667.3125'  1667.3125 4 0.1071 -0.0084 0.1156 0.2218
1.250 1636.75000  1636.7500 4 0.1257 -0.0098 0.1355 0.2600
1.500 1601.9375,  1601.9375 5 0.3710 -0.0324 0.4035 0.8564
1.750 1523.3125. 15233125 3 -0.0906 0.0058 -0.0965 -0.1620
2.600 1407.50000  1407.5000 4 0.2770 -0.0200 0.2969 0.5698
2.250 1322,75000  1322.7500 2 -0,3554 0.0172 -0.3726 -0.5163
2.500 1224.50000  1224.5000 4 0.4167 -0.0280 0.4447 0.8531
2.750 1137.9375  1137.9375 2 02047 0.0091 0.2138 -0.2962
3.000 1060.4375.  1060.4375 0
3.250 997.2500: 997.2500: 0
3.500 932.3750 9323750 0
3.750 861.8125 861.8125 1 -0.6205 0.0170 0.6375 -0.6309
4.000 804.3125 804.3125 3 0.5498 -0.0256 0.5753 0.9656
4.250 752.3750 752.3750 3 0.6168 -0.0278 0.6446 1.0817
4500 697.2500 697.2500 2 0.2863 -0.0099 0.2962 0.4102
4.750 653.5000 653.5000 0
5.000 609.6875 609.6875 1 -0.2739 0.0062 -0.2801 -0.2772
> 5.000 10855.1250: 10855.1250 6
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Table 4.3. Summary of RADARSAT-1-PC NE total lineaments weights at variable
distance from kimberlite locations.

CLASS
DISTANCE STUDENTIZED
[km] AREA_SQ_KM 'AREA_UNITS NO_POINTS W+ w- c C [C/S(C)]
1596.4375  1596.4375 7 06936  -0.1104  0.8040 1.9116
13
A3k 4 d )
1,000 1240.0000°  1240.0000 5 06094  -0.0689  0.6783 1.4079,
1.250 1151.5625  1151.5625 3 01712 -0.0138 0.1849 0.3067
1.500 1077.7500  1077.7500 2 01688  0.0106.  -0.1794 -0.2465
1.750 997.2500,  997.2500. 0
2.000 9204375,  922.4375 1 07071 00290  -0.7361 -0.7257
2.250 853.8125  853.8125 0
2.500 793.1875.  793.1875 4 08341 00663  0.9004 1.6967
2.750 754.8750.  754.8750 2. 01881  -0.0097  0.1978 0.2717
3.000 689.3125.  689.3125 0
3.250 632.3125  632.3125 0
3.500 5756875  575.6875 0
3.750 541.31251  541.3125 0
4.000 508.6250  508.6250 0
4.250 482.8125  482.8125 0
4.500 464.0000  464.0000 0
4.750 4393750  439.3750 2 07312 -0.0292  0.7604 1.0436
5.000 411.8750  411.8750 0
> 5.000 18128.5000, 18128.5000 21

Table 4.4. Summary of RADARSAT-1-PC ENE total lineaments weights at variable
distance from kimberlite locations.

[CLASS ; A
DISTANCE ; STUDENTIZED
[km] AREA_SQ_KM 'AREA_UNITS:NO_POINTS W+ W- c C [C/S(C)]
0.250 2427.8125  2427.8125 3 05313 00527  -0.5839 -0.9757
0.500 2140.9375  2140.9375 8 05778  -0.0931 0.6709 1.7134
0.750 2028.8125  2028.8125 4 00633 00066  -0.0699 0.1331
1.250 1694.5625  1694.5625 4 01171  -00110  0.1281 0.2440
1.500 1495.6875  1495.6875 4 02423 00213  0.2635 0.5019
1.750 1332.0625  1332.0625 6 07654  -0.0811 0.8465 1.9229
2.000 1176.9375.  1176.9375 3 01941  -0.0128  0.2069 0.3456
2.250 1029.3750:  1029.3750 0
2.500 853.6250  853.6250 0
2.750 7545000  754.5000 0
3.000 667.0000  667.0000 0
3.250 590.2500°  590.2500 1 -02152 00056  -0.2208 -0.2181
3.500 530.4375.  530.4375 0 ;
3.750 497.5625 4975625 1 -0.0441 0.0010.  -0.0451 -0.0446
4.000 4586875  458.6875 0
4.250 403.6250°  403.6250 o
4.500 361.6250,  361.6250 1 02758  -0.0056  0.2814 0.2778
4,750 329.0625  329.0625 0
5.000 2882500  288.2500 0
> 5000 14025.1875  14025.1875 14
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Table 4.5. Summary of weights of the RADARSAT-1-PC lineaments for modeling
posterior probability of a kimberlite occurring in a 1 km? area.

'CLASS

DISTANCE STUDENTIZED
LINEAMENTS  [km] AREA_SQ_KM AREA_UNITS/NO_POINTS W+ W- c C [C/S(C)]
NNE 0.250 980.5625  980.5625 9 17186 -0.1404]  1.8590 5.1056
NW 0.750. 52204375  5220.4375 14 0.4800, -0.1145]  0.5045 1.9350
NE 0760,  4310.8750, 4310.8750 18 0.9260 -0.2404;  1.1663 4.1026
ENE { 1.000,  8487.1250] 8487.1250 24 05349 02565  0.7914 2.9652

Table 4.6. Summary of the Buffalo High and Buffalo Utikuma terranes boundary weights
at variable distance from kimberlite locations.

CLASS

DISTANCE STUDENTIZED

[km] AREA_SQ_KM | AREA_UNITSNO_POINTS W+ W- c c [CIS(C)]
1 657.5625  657.5625 2 00102 -0.0005.  0.0108 0.0148
2 656.1250.  666.1250 1 06823 00261  -0.7083 -0.6986
3 657.6875  657.6875 0
4 656.3750.  656.3750 2 00120 -0.0006  0.0127 0.0174
5 659.1875.  659.1875 0
6 658.1250.  658.1250 5 09302  -0.0853  1.0155 2.1129
7 657.1875.  657.1875 1 -06839  0.0262]  -0.7100 -0.7003
8 658.4375.  658.4375 3 04159  -0.0280  0.4438 0.7370
9 8571875 1

L) 656.2500 656.2500

5! -0.0855 1.0186 2.1191
12 654.9375 654.9375 2 -0.0008 0.0150 0.0206
13 650.1250 650.1250' 1 0.0256 -0.6986 -0.6891
14 645.5000 645.5000 1 0.0252 -0.6911 -0.6817
15 639.6875 639.6875 1 0.0247 0.6816 0.6723
16 636.1875 636.1875 1 0.0245 -0.6758 -0.6665
17 630.8125 630.8125 o N
18 625.0625 625.0625 1 -0.6337 0.0236 -0.6572 -0.6482
19 6218750 621.8750 0
20 618.3750 618.3750 1]

>20 22021.6875: 22021.6875 19!

Table 4.7. Weights of the Buffalo High and Buffalo Utikuma terrane boundary
reclassified binary theme used in the weights of evidence model.

BH/BU
boundary STUDENTIZED
[km]} AREA_SQ KM AREA_UNTS NO_POINTS W+ W- C C [C/S(C)]

10 6575.06256.  6575.0625 27 0.9092 -0.4188 1.3280 5.0380
>10 28400.5000: 28400.5000 N -0.4188 0.9092 -1.3280; -5.0380
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Table 4.8. Weights of the Buffalo High and Buffalo Utikuma terrane magnetic signature
for modeling posterior probability of a kimberlite occurring in a 1 km? area.

BH/BU magnetic é STUDENTIZED
[nT] AREA_SQ_KM ' AREA_UNITS : NO_POINTS Wa W- c C [C/s(C)]

BU 72 | 20505.9375| 20595.9375, 51 03974  -1.2206  1.6181 40129
BH 294 | 142285000 142285000 7. -1.2206 03974, -1.6181 -4.0129

Table 4.9. Weights of the Bouguer gravity anomaly for modeling posterior probability of
a kimberlite occurring in a 1 km? area.

Bouguer gravity | iSTUDENTIZE)
[mgal] AREA_SQ_KM {AREA_UNITS .NO_POINTS: W+ W- Cc C[C/s(C)]
[-97 to - 78] -88 1358.8750 1358.8750 0

[-77t0-68] -73 4237.3750 4237.3750 1 -1.9545 0.1124 -2.0669 -2.0488
[-67 to - 58] -B3 ; 15810.7500. 15810.7500 37 0.3418 -0.4121 0.7539 2.7572
[-87 to - 35] -46 13451.5625; 13451.5625 20 -0.1127 0.0648 -0.1775 -0.6421

Table 4.10. Weights for modeling posterior probability of a kimberlite occurring in a 1

km? area.
STUDENTIZED
THEME AREA_SQ_KM AREA_UNITS NO_POINTS W+ W- C C [C/s(C)]
NNE lineaments (0.25 km) 980.5625 980.5625 9 1.7186; -0.1404: 1.8590 5.1056
NW lineaments (0.75 km) 5229.4375! 5229.4375 14; 0.4800. -0.1145. 0.5945 1.9350
NE lineaments (0.75 km) 4310.8750: 4310.8750 18: 0.9260: -0.2404 1.1663 4.1026
ENElineaments (1.0 km) 8487.1250. 8487.1250 24: 0.5349. -0.2565. 0.7914 2.9652
BH-BU boundary (10 km) 6575.0625: 6575.0625 27: 0.9092; -0.4188: 1.3280 5.0380
BH/BU magnetic [nT]
BU 72 20595.9375: 20595.9375 51 0.3974, -1.2206. 1.6181 4.0129
BH 294 14228.5000. 14228.5000 7 -1.2206. 0.3974 -1.6181 -4.0129
Bouguer gravity [mgal]
-88 1358.8750; 1358.8750 0
-73 4237.3750: 4237.3750 1: -1.9545 0.1124; -2.0669 -2.0488
-63 15810.7500: 15810.7500 37; 0.3418. -04121. 0.7539 2.7572
-48 13451.5625; 13451.5625 20 -0.1127¢ 0.0648! -0.1775 -0.6421
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Table 4.11. Table of degree of freedom between all pairs of 7 binary and multi-class
themes assigned in the weights of evidence model.

ETHEME

BH_BFPCNWT

BH_BFPCNET

' BH_BFPCENET

BH_BFBHBU

BH_BU

GRAVITY_BH

Bh-bfpcnnet

Bh-bfpcnwt

Bh-bfpenet

Bh-bfpcenet

Bh-bfbhbu

Bh-bu

A
W W Iw W lw W

Table 4.12. ¥* values for testing conditional indipendence between all pairs of 7 binary
and multi-class themes of the weights of evidence model.

THEME BH_BFPCNWT  BH_BFPCNET BH BFPCENET BH BFBHBU BH BU GRAVITY BH

Bh-bfocnnet 0.32 450 0.03! 5.79 0.43 3.41
Bh-bfpenwt 3.56 2.84 6.1 1.26 0.33
Bh-bfpcnet 0.07 5.50 0.34 0.96
Bh-bfpcenet 6.24 1.31 9.42
Bh-bfbhbu 1.01 209
Bh-bu 3.35
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Figure 4.1. Buffalo Head Hills study area and NTS coverage. GSLSZ, Great Slave Lake
Shear Zone; STZ, Snowbird Tectonic Zone. The inset shows the Precambrian basement
terrane boundaries (after Pilkington et al., 2000).
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Figure 4.2. Buffalo Head Hills geology and kimberlite locations: K1, Loon River
Formation (Lower Cretaceous); Kp, Peace River Group (Lower Cretaceous); Ksh,
Shaftesbury Formation (Lower-Upper Cretaceous); Kd, Dunvegan Formation (Upper
Cretaceous); Ks, Smoky Group (Upper Cretaceous); kimberlite, black circles.
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Figure 4.3. Lineament binary maps used in weights of evidence modeling: A) NNE
lineaments; B) NW lineaments; C) NE lineaments; D) ENE lineaments.
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Figure 4.4. Additional predictor binary

themes used in weights of evidence modeling:

Legend A) Buffalo High and Buffalo Utikuma terrane
kimberlites contact binary theme; B) Buffalo High and

more favourable

distance (<= t0km) Buffalo Utikuma terranes average magnetic
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distance (> 10 km)  T€SPonse; C) Buffalo Head Hills Bouguer
gravity.
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Figure 4.5A. Buffalo Head Hills kimberlite favourability map.
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Figure 4.5B. Buffalo Head Hills kimberlite favourability map over the Bouguer gravity
field draped on the Precambrian basement DEM shading (illumination azimuth 45°,
elevation 70°) with structural trend from RADARSAT-1-PC2 (legend of posterior

probability as in 4.5A).
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Figure 4.6. Buffalo Head Hills magnetic anomaly field. The dark-grey line indicates the
possible susceptibility low with NE-SW trend (basement magnetic anomaly field from
Pilkington et al., 2000).
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Chapter 5

GENERAL DISCUSSION AND CONCLUSIONS

51 RADARSAT-1 CONTRIBUTION TO STRUCTURAL MAPPING AND

EXPLORATION

In this thesis the approach in data selection, processing and interpretation of
RADARSAT-1 imagery has been explored, and its contribution to structural mapping
applications as an aid to oil/gas and kimberlite exploration has been demonstrated in two
different study areas characterized by diverse geological setting, topography, and
vegetation coverage. Integration with geophysical data, where available, has furthermore
confirmed the suitability in the use of RADARSAT-1 imagery for structural mapping at a
regional scale.

In the Blackstone area, radar imaging filtering techniques and integration with
seismic data interpretation in a GIS environment enabled mapping of the continuity of
geological structures in the central Alberta foothills. RADARSAT-1 imaging for regional
scale mapping provides a complementary tool to traditional seismic data used in the
foothills environment, which is of particular importance for oil and gas exploration.

In the Buffalo Head Hills study, structural data have been obtained from the
interpretation of RADARSAT-1 principal component imagery. The structural data have
been integrated with geological and geophysical data for the assessment and development

of a statistical model for kimberlite exploration using GIS methods.
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5.1.1 Blackstone study area, Foothills Canadian Cordillera

The synergy of RADARSAT-1 and seismic image interpretation has been applied
in the Blackstone area of the central Alberta foothills in the Canadian Cordillera thrust
and fold belt to map the continuity of geological structures, which are of importance for
oil and gas exploration.

The surface features located on the radar images have been confirmed through
seismic imaging, which helped in the definition of the deep expression of thrusts and
related fold structures. RADARSAT-1 imaging provided important information for the
connection along strike of geological structures with subtle surface expression.

The reconstruction of the continuity of thrust-fold-related major structures known
in the area has been successful. Moreover, transverse faults and lineaments with ENE-
WSW, NE-SW, and NNE-SSW trends have been delineated on the radar images. The
ENE-WSW transverse faults have an extensional character, cut across the inner and outer
Foothills, and are persistent at the regional scale. The NE-SW and NNE-SSW transverse
faults are wrench-type faults, and are mainly localized in the inner Foothills. These
structures have been identified for the first time in the area and are possibly a third
generation fault-play type for oil and gas exploration.

The results of this work show that satellite radar imagery can greatly contribute to
the structural and geological mapping of the foothills terrain, and are therefore a valuable

aid for oil and gas exploration in analogous tectonic environments.
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5.1.2 Buffalo Head Hills study area, Western Canada Sedimentary Basin

The study analyzed the suitability of Principal Component Analysis (PCA) of
RADARSAT-1 images (Grunsky, 2001) to enhance interpretability of surface features for
structural mapping applications. Four Principal Components (PCs) were extracted from
the RADARSAT-1 Standard Beam Mode S1/S7 scenes acquired in ascending and
descending orbit. The use of PCA minimizes the data redundancy inherent in the
RADARSAT-1 scenes and creates component images that are characterized by a linear
combination of the input data. These images emphasize the unique information contained
in the source data as a response of the radar backscattering to surface roughness, soil
dielectric properties, slope attitude, and vegetation canopy variations. The Feature
Oriented Principal Components Selection (FPCS) method of Crosta and McMoore (1989)
has been applied to examine the PCA eigenvector loadings, and to understand which
principal component images will concentrate and enhance information directly related to
the theoretical backscattering response of specific targets.

The application of the method to the Buffalo Head Hills, north central Alberta, a
region of active kimberlite exploration, has shown that the RADARSAT-1-PC2 image
optimizes topographic perception inherent in the RADARSAT-1 scenes, and retains
information related to radar backscattering response to surface targets. This image
therefore provides sufficient detail to outline the major lineaments characterizing the
meso- and mega-scale structures of the Buffalo Head Hills (Paganelli et al., 2001a, b).

North and NNE-trending lineaments that bound the eastern edge of the Buffalo

Head Hills along the Loon River valley were delineated, and are interpreted to be related
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to Precambrian basement structures. A younger conjugate set of NW- and NE-trending
lineaments that form block fault structures within the Buffalo Head Hills area and its
eastern boundary has been outlined. These structures appear to be associated with
Precambrian basement structures and the development of the Devonian Peace River Arch
structures. ENE-trending lineaments have been identified as the latest structures,
offsetting the N-, NNE-, and NW-trending structures and extending throughout the
Buffalo Head Hills area. These lineaments have been attributed to extensional tectonics
during the Laramide Orogeny (Late Cretaceous). Positive constraints on the outlined
structural trends and history reconstruction have been provided by independent structural
studies conducted by Ashton Mining Canada Inc. (AMCI), Alberta Energy Company
(AEC), and the Alberta Geological Survey (AGS).

The statistical approach of weights of evidence method was used to determine the
spatial relationship of the NNE-, NE-, NW-, and ENE-trending lineaments to known
kimberlite locations (Paganelli et al., 2001c). The method revealed that the kimberlites
have different degrees of spatial correlation with the analyzed lineaments, and that the
highest correlations occur with the NNE, NE, and ENE lineaments. A weights of
evidence model was then constructed using the structural lineament maps, the Buffalo
High and Buffalo Utikuma terrane boundary, the Bouguer gravity anomaly, and magnetic
characteristics of the Buffalo High and Buffalo Utikuma terranes. The model revealed
maximum favourability for kimberlite exploration along the Buffalo High and Buffalo
Utikuma terrane boundary in correspondence with NNE-trending lineaments and their

intersections with NE and ENE lineaments.
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From the statistical model, the relationship of the kimberlite occurrences along the
Buffalo High-Buffalo Utikuma terrane boundary and structural lineaments seems to
favour the hypothesis of kimberlite emplacement through a major zone of weakness
within the basement, here characterized by the boundary between the Buffalo High and

Buffalo Utikuma terranes.

5.1.3 Structural similarities at regional scale and their implications

In the Blackstone area, ENE-WSW transverse extensional faults, which cut across
the inner and outer foothills, have been clearly identified and show similarities with the
ENE-trending lineaments identified in the Buffalo Head Hills area. Although the two
areas are characterized by completely different tectonic environments, these ENE-WSW
lineaments/faults probably reflect the evidence of a common extensional tectonic event
that occurred during the Late Cretaceous, which could be attributed to the onset of the
Laramide Orogeny. The mechanism for the Late Cretaceous extensional faulting is
interpreted to be flexural subsidence of the foreland plate and forebulge migration,
generated by thrust loading along the continental margin of western North America
during the Laramide Orogeny. This process is probably related to the subduction of the
Farallon plate beneath North America. The Farallon plate was subducted beneath the
length of the North American western seaboard (Figure 5.1, A) during the Laramide
orogeny (Burgess (1997). Mantle density contrasts and mass remobilization produced an
effect of dynamic topography and forebulge migration, with E-W wavelength of

thousands of km within the North American craton (Figure 5.1, B).
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Late Cretaceous extensional faulting in the Buffalo Head Hills finds analogy in
the Late Cretaceous differential sedimentation, stratal reorientation, and forebulge
migration postulated in the Peace River Arch region by Chen and Bergman (1999).

At regional scale, the evidence of ENE-WSW lineaments in the Blackstone area,
at the edge of the inner and outer Foothills of central Alberta, would be consistent with
the regional scale tectonic event that affected all the continental margin of western
Canada during the Laramide Orogeny. Evidence for ENE- and NE-trending lineaments
has been outlined by Misra et al. (1991) throughout the transition of the Rocky
Mountains region and the Foothills, and within the Western Canada Sedimentary Basin

(WCSB).

Late Cretaceous extensional faulting, although characterized by general NW-SE
strike, has been identified in southern Alberta, through the Lithoprobe Southern Alberta
Lithospheric Transect (SALT1995) which extends from the triangle zone in the Foothills,
to the Plains of southeastern Alberta within the WCSB by Lemieux (1999). These faults
have been interpreted to be induced by flexural subsidence of the foreland plate,
generated by thrust loading along the continental margin of western North America

during the Laramide Orogeny.

5.2 KIMBERLITES IN CANADA

A recent compilation of locations and dates related to kimberlite magmatism in

North America (Heaman et al.,, 2002) is reported here to illustrated the new
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characterization of kimberlite occurrences within Canada. The Phanerozoic kimberlite
magmatism in Canada has been divided into three main regions: (1) an eastern province
(kimberlites in Ontario, New York, and Pennsylvania) dominated by Jurassic (180-140
Ma) magmatism (Heaman and Kjarsgaard, 2001); (2) a Cretaceous central province or
corridor in Saskatchewan and Northwest Territories which includes the 103-94 Ma
Somerset Island and 101-95 Ma Fort a la Corne fields (Kjarsgaard, 1996b; Leckie et al.,
1997; Heaman and Kjarsgaard, 2002); (3) a western mixed age province defined by
kimberlite fields of the Slave and Wyoming cratons. In the Slave craton, the ages of
kimberlite emplacement range between ~50 and ~540 Ma (Heaman et al., 1997),
including Eocene, Cretaceous, Jurassic, and Cambrian ages in relatively close spatial
proximity (Heaman et al. 2002, and references therein). The western mixed age province
fits with the description of a Type 3 kimberlite province (Mitchell, 1986) as suggested in
Heaman et al. (2002). Type 3 provinces are characterized by kimberlite fields of different
age and petrological character (Mitchell, 1986). Within the western mixed province, the
Buffalo Head Hills kimberlites are characterized by a discrete magmatic event at 86-88
Ma (Carlson et al., 1999; Heaman et al, 2002).

Previous studies from Heaman and Kjarsgaard (2001, and references therein)
have identified a correlation between the local and global timing of kimberlite
magmatism in the eastern Jurassic province with a mantle plume model. A corridor of
kimberlite magmatism younging from northwest to southeast, is precisely coincident with
independent estimates for timing and location of continental extension related to the
Great Meteor hotspot track (Heaman and Kjarsgaard, 2001). However, other Jurassic

kimberlite occurrences in North America are not related to this hotspot, such as the
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Jericho kimberlite pipes (173 Ma) in Nunavut, northern Slave Craton (Heaman et al,,
2002).

In the Slave craton, the five dated kimberlites in the Ekati cluster have Rb-Sr
phlogopite ages of 47.5 to 53.9 Ma (Heaman et al.,, 2002). Late Cretaceous-Eocene
magmatism is common in western North America, and includes the 48 Ma Williams
kimberlite (central Montana, Marvin et al., 1980). Eocene extension and associated
magmatism is common throughout the Cordillera of North America and is generally
attributed to steepening of the eastward-dipping Farallon plate subduction zone and
concomitant upwelling of mantle asthenosphere (e.g., Lipman et al., 1972; Bird, 1992;
O’Brien et al., 1995; Beitsprecher and Thorkelson, 2001). Although unclear at this stage,
it is however possible that the Eocene kimberlite magmatism in the Lac de Gras region
could be linked to distal mantle perturbations caused by changes in geometry of the
Farallon plate subduction and ensuing Eocene crustal extension with upwelling of mantle

asthenosphere as suggested by Heaman et al. (2002).

5.2.1 Buffalo Head Hills kimberlite emplacement model

This thesis has provided information in relation to the possible implications of
basement structures and extensional fault systems that, at a crustal level, could have
played a role for kimberlite emplacement in the Buffalo Head Hills. The structural
controls at the high crustal level of kimberlite emplacement have been defined by the
structural data and statistical models, and indicate that Late-Cretaceous ENE-trending

extensional faulting, which represents a local and regional fracture pattern, may have an
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important control. At deeper crustal levels, the structural analysis and a statistical model
suggests that a major terrane boundary structure may control the ascent of the kimberlitic
magma from the upper mantle. This structure is interpreted to be a deep-seated transition
zone defined by the Buffalo High and Buffalo Utikuma terrane boundary. The Late-
Cretaceous reactivation of this major zone of weakness, through the intersection with
ENE-trending extensional faults, appears to play a role in the kimberlite emplacement in
the Buffalo Head Hills area, which are located along a corridor with approximately N-S
trend. However, a NE-SW trend is also defined by a cluster of kimberlites located across
the Loon River Valley and the Peerless Uplands, which seems to follow another major
magnetic low within the Buffalo Utikuma terrane (Figure 4.6). The author is not aware of
any age determinations for this kimberlite cluster, and their disposition, at an angle with
the major N-S trend observed along the Buffalo Head Hills, might indicate a different
timing and feeder system for this kimberlite cluster. In the Buffalo Head Hills area there
are no elements to clearly define the deep feeder system of the kimberlite field. Only one
kimberlite (K14), along the Buffalo Head Hills eastern edge, has been sufficiently drilled
to permit a near surface (0-200 m) geometric configuration, which is characterized by a
flared, bowl-shaped structure with a central neck and marginal apron deposits of limited
thickness (Carlson et al., 1999). Seismic profiles of other kimberlites in the area show
similar near-surface flaring, and also suggest that kimberlites are vertically persistent at
depth. The kimberlite pipes appear to be in the order of 40 to 150 m across at or near
basement, at approximately 1600 m depth, suggesting a disruptive feeder system (Carlson
et al., 1999). Deeper drilling would be required to clarify these relationships and

constrain pipe geometry.
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5.3 RECOMMENDATIONS FOR FUTURE STUDIES

The growing amount and accessibility of geophysical data, geological remote
sensing information, and field geological data are leading to the more common use of
GIS and IPS tools for qualitative and quantitative interpretation methods and studies. The
main advantages in the use of remotely sensed data and digital integration methods are
shown in this thesis to be cost-effective approaches to improving the understanding of

structural features at a regional scale.

The optimization of remotely sensed data interpretation and integration requires a
systematic approach in survey methodologies to establish interrelationships between the

remotely sensed physical measurements and field observed geological features.

In the use of radar data, a useful approach would be the verification of the
backscatter characteristics for specific surface targets, in order to outline differences in
the effect of different conditions of exposure, soil moisture, and vegetation coverage.
This approach would have been extremely useful for the analysis and interpretation of the
RADARSAT-1-PC imagery, in which a statistical combination of N components (where
N defines the number of input images) of the backscattering characteristics of the original
RADARSAT-1 images is represented, and merged in the resulting RADARSAT-1-PC-i

(withi=1 to N) image.

The use of principal component analysis is new in the use of RADARSAT-1
images with variable look directions. Therefore, a problem of non co-planarity of the

RADARSAT-1 images in ascending and descending mode integrated in the procedure
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may exist. This should be a point for further study, in order to verify how this might

affect the interpretation of surface features.

In the integration approaches using spatial analysis tools to determine spatial
correlation of geological features, the results are obviously affected by the accuracy and
quality of the interpretations. Visual interpretation is subject to the interpreter’s
knowledge and skill, and automatic feature extraction is a product that has yet to be
verified and filtered of processing artifacts. However, the two approaches should
eventually produce comparable results. Comparative analysis of the two methods should

be applied in improving the capability of automatic feature extraction tools.

Thematic maps derived from interpreted remotely sensed data introduce a source
of error when integrated and analyzed in a GIS environment to determine exploration
strategies and or exploration target areas. Although, it has not been a topic developed in
this study, it is however emphasized that such models are not absolute representations,
and are dependent upon the number of datasets used as input maps, and the conditions
imposed by the user. As well in this case, possible re-calibration of the model could be
obtained through field tests, in order to verify the accuracy in the outlined favourable
target areas, and therefore as a consequence to modify the initial conditions in the model

to meet the field evaluations.

With the advanced technology in radar data acquisition, radar image
characteristics will furthermore meet the user requirements for diverse applications in
geology, and other geoscience disciplines to analyze the earth surface. The new
RADARSAT-2 scheduled for launch in 2002, will be the first satellite to carry a fully

polarimetric synthetic aperture radar (SAR) while providing continuity of acquisition
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modes with RADARSAT-1. RADARSAT-2 will offer new capabilities such as selectable
polarization, dual polarization, and quad polarimetric modes, as well as some higher
resolution modes (RSIC, 2000). These new-generation of SAR systems, also called
polarimeters, can measure the amplitude and phase of the reflected wave for the four
available transmit and receive linear antenna polarizations [Horizontal-Horizontal (HH),
Horizontal-Vertical (HV), Vertical-Horizontal (VH), and Vertical-Vertical (VV)], that
will enable improved characterization of the physical properties of surface targets

illuminated by the radar antenna.
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