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Abstract

A study to evaluate structural controls on the Buffalo Head Hills kimberlites in the Peerless Lake area of
north-central Alberta was initiated because of the recognition of a set of north-trending lineaments that
appear to be spatially correlated with the orientation of the Loon River lowlands, irregularities in the
Phanerozoic sedimentary cover, and the emplacement of several kimberlitic diatremes. The combination
of aeromagnetic and Radarsat imagery, draped on a digital-elevation model, clearly depicts the relation-
ship between kimberlite intrusions and the intersection of north- and northeast-trending fault sets
observed at surface.

A structural-emplacement model constructed for the Buffalo Head Hills kimberlites is consistent with
worldwide examples in which kimberlite diatremes are associated with Phanerozoic grabens that result
from the frequent transcurrent and/or extensional reactivation of a deep-seated mobile zone.

The Precambrian basement in the Peerless Lake area has been greatly modified by a long tectonic 
ry. The contact between the Buffalo Head and Utikuma subdomains of the Buffalo Head Terrane 

inferred to represent a deep-seated crustal feature (mobile zone) due to the presence of

• a differentiated horst-and-graben block structure indicative of crustal uplift;

• sharply defined, north-trending lineaments of deformed Precambrian surface and pronounced 
elongated, linear aeromagnetic signatures that suggest dominant structural controls;

• localized geothermal patterns and retrograde metamorphism;

• a distinct north-trending gravity low that may be associated with deep-seated topographic dis
placement and/or granite plutonism; and

• low 
18

O values, similar to those reported from the Kimiwan Anomaly, which are believed to 
be indicative of extensional tectonism.

A basement to surface cross section (approximately 1600 m), orientated west to east in the study area,
shows that the Phanerozoic strata in the Peerless Lake area have been affected by structural events
throughout its depositional history. The locations of three north-trending, steeply dipping, normal faults
were identified. The faults appear to propagate through the entire Phanerozoic and possibly provided
important pathways for the emplacement of kimberlitic diatremes. Extensional reactivation events likely
occurred during the Paleoproterozoic, Middle to Late Devonian, and Late Cretaceous. During deposition
of Middle to Late Devonian Woodbend and Winterburn sedimentary rocks, the faults defined the bound-
aries of a graben structure that coincides with the boundaries of the Loon River lowlands and has been
informally named the Loon River graben. The main border fault, located on the western edge of the
Loon River graben, correlates with the north-trending parallel fault sets that exist at surface. 

The authors speculate that the regional distribution of the known Buffalo Head Hills kimberlites is con-
trolled by the extension of deep, north-trending basement fault zones at the regional scale. It is further
speculated that northeast-trending faults have significant impact on the location and shape of specific
kimberlite bodies. To date, advanced bulk-sample testing of selected kimberlites for diamonds has
occurred mainly on the western edge of the graben. This work may support the conclusion, drawn from
other studies, that the most significant diamond concentrations occur on the main border fault or western
shoulder of the graben.
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This study shows that surficial lineaments in Cretaceous strata can direct exploration companies to tec-
tonic zones in the Phanerozoic and basement, and therefore to potential conduits for kimberlites and
metalliferous hydrothermal systems. Furthermore, the structural features at the exposed surface of the
Phanerozoic stratigraphic sequence reflect a complex tectonic history that extends as far back as the
early Proterozoic.
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1 Introduction

Kimberlites are typically described as clusters of pipes and fissures, and often give the impression of a
random spatial distribution, with the intrusions occurring over an indefinite area. Despite a spatially lin-
ear distribution of alkaline intrusions within individual kimberlite clusters around the world, the associa-
tion of kimberlites with deeply penetrating structures within the continental lithosphere was, in the past,
a controversial issue. Resolution of the issue was hindered by the fact that many kimberlite fields are in
areas where the crystalline basement is covered by a veneer of sedimentary rocks that obscures any
direct structural relationship between the pipes and the underlying basement structure. Such is the case
in Alberta. With advances in technology and techniques, however, it has been recognized that the size
and shape of kimberlites and kimberlite clusters are strongly influenced by regional and local structural
controls.

Preliminary studies to investigate the surface topology of the Peerless Lake map area (NTS 84B; Figure
1) using 100 m digital-elevation data showed the presence of a set of north-trending lineaments that
appear to splay out in a wrench-like, or strike-slip, fault pattern. The lineaments are located on the
southeast flank of the Buffalo Head Hills (Figure 2), where bedrock irregularities may be more identifi-
able on exposed or near-surface Cretaceous strata, compared with areas of thick till, and may be spatial-
ly correlated with the western boundary of the Loon River lowlands. The surface lineaments are even
more intriguing given an apparent linear correlation with the location of several kimberlitic diatremes
discovered by Ashton Mining of Canada Inc. during 1997.

Lineaments interpreted on the western block of the Peace River Arch (PRA) are structurally typified by
a series of prominent grabens and half-grabens oriented parallel (east-northeast) and normal (north-
northwest) to the arch axis (Figure 3). Since the lineaments are a surface feature in an area dominated by
glacial deposits, there arises the question “is the north-trending lineament pattern related to surficial
processes, such as glacial and postglacial deposits and/or slumping of mid-Cretaceous shale down the
eastern slope of the Buffalo Head Hills, or is it the result of tectonic activity influenced by the reactiva-
tion of basement faults?”

The structurally complex PRA has long been the focus of hydrocarbon exploration in strata ranging from
Middle Devonian to Upper Cretaceous. Despite the discovery of multiple oil and gas reservoirs, and
hydrocarbon production (e.g., Utikuma, Otter, Evi, and Red Earth oil fields), publicly available data are
limited and maps depicting the structural geology of the Peerless Lake area do not exist. The same holds
true for much of the central and eastern parts of the PRA, where structural interpretation is complicated
by a thick, complex veneer of drift. For example, major thalwegs in the Peerless Lake area reach thick-
nesses in excess of 150 m (Pawlowicz and Fenton, 1995a). Furthermore, there is no consistent model to
explain the interrelationships between the basement and the Phanerozoic cover in northern Alberta.

The purpose of this study, therefore, was a detailed examination of the basement, Phanerozoic sedimen-
tary cover, and surface images to determine if the north-trending lineaments in the Peerless Lake area
can be correlated with basement tectonic zones and structures in the Phanerozoic that may have acted as
conduits for kimberlite emplacement. If this is the case, then a structural emplacement model for the
Buffalo Head Hills kimberlites can be applied to other areas of northern Alberta for regional and local
target-area selection.



Figure 1. Surface elevations in the Peerless Lake area (NTS 84B), with kimberlite cluster locations.
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Figure 2. North-trending surface lineaments on the southeastern flank of the Buffalo Head Hills, with kimberlite locations (see Figure 1 for location). 
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1.1 Location of Study Area

The authors acknowledge that the very idea of discussing tectonic relationships in northern Alberta
involves a broader picture than can be obtained from the detail for a specific study area. However, any
regional structural interpretations must also be scaled down to the level of a deposit model if there is be
any significant benefit for mineral exploration. While the current study, therefore, includes discussions
on most of northern Alberta, its main focus was on the Peerless Lake 1:250 000 map area (NTS 84B),
and on a ‘subcluster’ of Buffalo Head Hills kimberlites in the northwest corner of the area (Figure 1).
The Peerless Lake map area lies in the central part of the Peace River Arch in north-central Alberta. The
area is bounded by latitudes 56ºN and 57ºN, and by longitudes 114ºW and 116ºW. It is characterized by
three broad highlands: Buffalo Head Hills, Peerless uplands, and Birch Mountains (Figure 1). A broad
area of low relief known as the Loon River lowlands separates the upland regions, and particularly the
Buffalo Head Hills. The greatest overall relief is found in the Buffalo Head Hills uplands. The current
study focuses on kimberlites discovered on the southeast flank of the Buffalo Head Hills.

1.2 Previous Exploration Work

The Peerless Lake area is well known for its wealth of energy resources. To 1998, twelve conventional
oil fields and three gas fields in the map area have cumulatively produced an estimated 39 616 x 10

3
m

3

oil and 808 x 10
6

m
3

gas, respectively (Figure 4). The geology of the Utikuma Lake Keg River
Sandstone A and Red Earth Granite Wash A oil pools (the largest pools in the area) was synthesized by
Angus et al. (1989). They suggested that the oil pools are hosted by and trapped in Granite Wash sand-
stone reservoirs that pinch out against, or drape over, numerous paleotopographic features on the
Precambrian surface and are sealed by the overlying Muskeg Formation anhydrite.

In 1997, Ashton Mining of Canada Inc. and its co-venture’s Alberta Energy Company Ltd. and Pure
Gold Minerals Inc. publicly announced the discovery of a kimberlite field on the southeast flank of the
Buffalo Head Hills, approximately 35-45 km northwest of Red Earth, Alberta. Two drillholes, located on
anomalies Ashton identified as 7B and 7C, penetrated “olivine-dominated fragmental and tuffaceous
material” underlying glacial overburden at 34.0 m and 36.6 m, respectively (Ashton Mining of Canada
Inc., 1997a). The rock types were interpreted by Ashton to represent pipes (diatremes) that have intruded
from the Precambrian basement through a thick column of overlying younger sedimentary rocks to the
preglacial  surface. Petrographic studies of core from K7B and K7C confirmed that the drillholes inter-
sected kimberlites and identified indicator minerals, such as chromite and eclogitic and peridotitic gar-
nets (Ashton Mining of Canada Inc., 1997b).

To March 1, 2000, 32 kimberlite pipes have been reported in the Peerless Lake area and form at least
four spatially separate ‘clusters’ (Figure 1). Inferred sizes of the pipes, based on aeromagnetic signatures
and drilling, range from less than 1 ha to approximately 45 ha. Uranium-lead perovskite dates of 86 ± 3
and 88 ± 5 Ma (Carlson et al., 1998) indicate that the pipes were emplaced within sedimentary rocks of
the Middle to Late Cretaceous (Cenomanian to Campanian) Smoky Group, Dunvegan Formation, and
possibly Shaftesbury Formation of the Western Canada Sedimentary Basin (WCSB). These strata, which
form a sequence of alternating marine and nonmarine sandstone and shale, have limited exposure along
the northern and eastern flanks of the Buffalo Head Hills, and are largely covered southeast of the
Buffalo Head Hills by unconsolidated glacial deposits of variable thickness. Although several of the
pipes outcrop or form topographic highs up to 60 m above the surrounding terrain, most are covered by
variable thicknesses (up to 127 m) of fine- to coarse-grained glaciolacustrine and glaciofluvial sedi-
ments.



Figure 4. Oil and gas fields in the Peerless Lake area.
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Preliminary petrographic examination of the kimberlites indicates that the pyroclastic-crater facies con-
sists mainly of lapilli-bearing olivine crystal tuff with some juvenile lapilli-rich beds, which is strati-
graphically dominated by normally graded beds of coarse ash to coarse crystal tuff (Carlson et al.,
1998). Crustal xenoliths are typically shale of the Shaftesbury Formation, including blocky shale, shale
with fish scales, and silty shale, which may represent Shaftesbury subformations defined as the
Westgate, Fish Scales, and Belle Fourche, respectively. The mantle-derived xenolith population includes
peridotitic (lherzolite, wehrlite, and harzburgite), pyroxenitic, eclogitic, and corundum-spinel-bearing
rock types. Carlson et al. (1998) reported that spinel microphenocrysts appear to exhibit magmatic trend
1, the compositional trend associated with group I kimberlites (Mitchell, 1995). Mantle xenolith textures
vary from coarse granular, through coarse tabular and porphyroclastic sheared, to much rarer fluidal
styles.

At least 18 of the 32 kimberlites are reported to be diamondiferous, and five with higher microdiamond
counts (including K5, K6, K11, K14, and K91) have been mini-bulk sampled (Ashton Mining of Canada
Inc., 1998a, 1999a). The Buffalo Head Hills kimberlite cluster may have the potential to host economic
diamond deposits due to 1) the large size of these kimberlites (up to approximately 45 ha); 2) minimal
overburden (some pipes are outcropping); 3) readily accessible infrastructure from the oil and gas indus-
try in the Red Earth area; and 4) the presence of diamonds in a large number of the pipes and broadly
favourable indicator mineral chemistry.

1.3 General Surficial Geology

Most of the surficial deposits in northern Alberta have not been systematically mapped, so the type and
thickness of the glacial and other surficial units are either unknown or poorly known. The thickness of
surficial deposits in the Peerless Lake map area varies significantly, from less than 15 m to greater than
244 m (Ceroici, 1979). Pawlowicz and Fenton (1995a, b) showed that the areas of thickest drift (greater
than 150 m) follow major paleochannel thalwegs and occur in 1) the Wabasca-Loon River paleovalley;
2) a northwest-trending Muskwa River paleovalley, which is in the southern portion of the map area; and
3) the area east of Peerless Lake. The Wabasca-Loon River paleovalley is hereafter referred to as the
Loon River lowlands and coincides mainly with the lowland valley present in the Peerless Lake map
area.

Previous work on the surficial geology of the Peerless Lake map area includes a hydrogeology study by
Ceroici (1979) and a preliminary airphoto interpretation map by Andriashek (1985). More recently, an
airphoto interpretation was completed on 1:50 000 scale maps, using 1:40 000 (1989) and 1:60 000
(1984) airphotos, to assist with sampling strategies in the Peerless Lake map area. A surficial geology
map for the Peerless Lake area will be released in the near future (Fenton and Pawlowicz, in prepara-
tion). A brief overview of the surficial geology in the Peerless Lake area has been extracted from these
reports and is presented below.

Surficial deposits of glacial origin in the Peerless Lake map area include glaciofluvial, glaciolacustrine,
and glacial sediments. Ablation, englacial, and basal deposits of variable thickness and topographic
relief dominate the area. The upland areas consist primarily of ground and hummocky disintegration
moraine of variable relief. The moraine is characterized by irregular knobs of glacial sediment, resulting
from ice stagnation and ablation, and is often intercalated with local patches of organic sediments and
fine- to coarse-grained glaciolacustrine deposits. The till-plain material, which is characteristic of the
lowland part of the map area, consists of fine-grained, loamy to clayey silt till that is mottled dark olive
brown with minor dark grey, often oxidized, and slightly to strongly calcareous. In addition, both the
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upland and lowland areas contain reworked till of variable extent.

Poorly sorted, coarse-grained silt, sand, and gravel deposits of glaciofluvial origin are widespread, and
include outwash plains, kames, kame moraines, eskers, and esker complexes interbedded with fine-
grained clay material that may be till and lacustrine sediments. Ice-contact glaciofluvial features adjacent
to the larger lakes have been reworked into strand lines and other beach-like deposits. Organic sediments
of variable extent and thickness cover many of the outwash plains.

Glaciolacustrine clay, silt and sand cover much of the Loon River lowlands and the southeast part of the
Peerless Lake area. Local lenses of clay are also found within till throughout the area. The clay is often
oxidized and orange-brown in colour, and varies greatly in thickness. Strand lines on several of the larg-
er lakes, such as Loon and Lubicon lakes, indicate former lake levels that can be attributed to postglacial
and Recent lacustrine processes.

Postglacial deposits of variable extent and thickness are present throughout the Peerless Lake area and
include deposits of eolian, organic, fluvial, and lacustrine origin. Mainly bogs and fens, often of large
extent cover the central part of the area. The organic areas not only cover the underlying surficial mate-
rials, but also completely mask the underlying morphology where they are greater than 2 m thick.
Organic sediments are often associated with fluvial channels and low-lying regions. Alluvial sediments
are present along major river and streams, and are often mixed with variable amounts of organic
deposits. Fluvial deposits, consisting primarily of silt and clay with minor sand, form flood plains and
small channel bars. Colluvium, which is concentrated along the valley walls, provides much of the sedi-
ment in the fluvial system.

2 Surface Observations

Satellite images can be effective in distinguishing block and fault structures of various depths and ori-
gins. Linear, concentric, or concentric and radial arrangements of hydrography, soil, vegetation, and
other landscape elements, as well as textures, tones, and colours of images resulting from the composi-
tion of the geological substratum detect structures.

The northwest corner of the Peerless Lake map area (NTS 84B) was selected for an integrated surface-
imaging study. The area is centred on the north-trending topographic lineament observed on the digital-
elevation model (DEM) and encompasses five known kimberlite locales, including K4, K5, K6, K7, and
K14 (Figure 2; Skelton and Bursey, 1998). The objectives of the study were to

• integrate optical and radar satellite imagery with aeromagnetic and digital topographic data to deter-
mine if the emplacement of the kimberlites is related to structural lineaments; and

• if so, determine the probability of using spatially integrated data sets for the detection of kimberlites
in other areas of northern Alberta.

2.1 Previous Remote-Sensing Studies

The application of remote-sensing tools, such as Landsat TM (e.g., Richards, 1986; Lillesand and Kiefer,
1987) and synthetic aperture radar (SAR; e.g., Singhroy et al., 1993; Lowman, 1994), has proven useful
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in many earth-science subdisciplines, such as lithological mapping, structural geology, resource manage-
ment, glacial geology, water-resource development, and environmental sciences.

Remote-sensing techniques have been used worldwide as a prospecting tool for kimberlites during the
past two decades, mainly because of their ability to define regional tectonic patterns and contrasting soil-
vegetation associations (Woodzick and McCallum, 1984; Marrs et al., 1984; Pin-Qing, 1987; Atkinson,
1989; Almeida-Filho and Castelo Branco, 1992). The analysis of medium-resolution satellite images for
many known diamondiferous areas (Russia, South Africa, and Australia) has shown large concentric-
radial structures of 100 km or more in diameter (Kaminsky et al., 1995; Sokolovsky et al., 1998). The
ring-like morphological features are thought to be related to deep-seated structures, which may be relat-
ed to magmatic chambers. Koldaev (1976) linked the occurrence of Siberian kimberlites to deep-seated
faults and their intersections; he suggested that such features are not always obvious at the surface but
can be found with gravity and magnetic anomalies. An integrated study of remote-sensing, geomorpho-
logical, and geophysical data over the Colorado-Wyoming (United States), Mwadui (East Africa), and
Mir (Siberia) kimberlites showed that transverse textural patterns are a common characteristic of kim-
berlite provinces, and that the kimberlite pipes occur near the intersection of major structural trends that
could be interpreted as deep-seated faults (Woodzick and McCallum, 1984). Such an association indi-
cates that these features may have provided the zones of weakness that allowed kimberlite magma to
ascend from the upper mantle. Woodzick and McCallum (1984) concluded that associated transverse
patterns are detectable on a small scale and may provide a textural signature that can be used for the dis-
covery of new kimberlites.

Linear topographic orientations in Alberta and Saskatchewan have been measured using multiple tech-
niques, including remote sensing, field mapping of joints, and analysis of drainage patterns (e.g., Gay,
1973; Babcock, 1974; Scheidegger, 1982; Stauffer and Gendzwill, 1987; Misra et al., 1991). Haman and
Jurgens (1976) and Mollard (1986) discussed examples of the relationship between subsurface structure
and surface photolineaments in central Alberta. Misra et al. (1991) integrated Landsat MSS, TM, and
Seasat satellite radar images to prepare a lineament map that covers much of the WCSB. They suggested
that faults that outline the basement blocks control the orientation of faults in the sedimentary cover
(Figure 5). A marked increase in lineament densities is believed to outline the northern and southern
margins of the PRA and, interestingly, circular lineaments mark the centre of the PRA. In addition,
Misra et al. (1991) outlined a “Central Fault Zone”, characterized by a 100 km wide linear feature that
trends north-northwest across all of Alberta and may represent a broad fault zone (Figure 6).

The application of remotely sensed data over the PRA has been used mainly by the oil and gas industry,
and many case studies are not currently available in the public domain. Satellite radar can be used to
map topographic lineaments that are often marked by illumination contrast by virtue of changes in trend
and facing direction of the terrain slope with respect to the incident microwave reflection (Singhroy and
Saint-Jean, 1999). Its sensitivity to topographic expression and surface roughness make radar imagery an
important source of information for both energy and mining exploration activities in northern Alberta.
Rheault et al. (1991) integrated satellite imagery (Seasat SAR and Landsat TM [Thematic Mapper]) with
vertical-gradient magnetic data, Bouguer gravity anomaly data, and elevation data. They delineated two
major lineaments that trend northwest and northeast, and effectively extended a major northwest corridor
of oil- and gas-producing wells on the western part of the PRA. In northwestern Alberta, Touborg (1990)
correlated radar and Landsat TM imagery with regional magnetic data. They concluded that the radar
imagery shows a phenomenal structural and textural resolution, with important details about east-north-
east-, northeast-, and north-trending fault systems and potential dome-structural highs and salt-basin
structures along the Hay River dextral fault.
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2.2 Data Acquisition and Methodology

Digital-elevation data (100 m resolution), Landsat TM5 and Radarsat-1 (S7, F5) images, and high-reso-
lution aeromagnetic data were acquired for the northwest corner of the Peerless Lake map area (Table
1).

The DEM was created from spot elevations derived from the Resource Data Division of Alberta
Environmental Protection. The spot elevations were extracted and interpolated to a uniform 100 m reso-
lution raster image using the technique of minimum curvature (Golden Software, 1995).

The Landsat TM5 and Radarsat-1 (S7, F5) images were geometrically corrected to a digital topographic
base map datum (NAD83 datum; UTM Zone 11 projection) using ERMapper image processing software
(Earth Resources Mapping Pty. Ltd., 1999).

Radarsat-1 was filtered using a Gaussian filtering technique that minimizes speckle and noise inherent in
raw radar imagery. A radar mosaic of the two scenes was created for the initial evaluation. Although the
two images have different spatial resolutions, and the resulting mosaic showed the differences in the res-
olutions, the interpretation was not adversely affected. The two scenes were tone balanced and draped
over the digital elevation model. The resulting image provided both structural and textural information
(related to structure) that highlighted significant structural features. This is discussed in greater detail in
the next section.

Spectra Exploration Geoscience Corp provided the aeromagnetic data as processed images. The parame-
ters of the airborne aeromagnetic survey include: traverse-line spacing of 100 m in an east-west direc-
tion; control-line spacing of 1000 m in a north-south direction; and flying height of 60 m. Processing of
the aeromagnetic survey included: tieline- and micro-levelling using GeoSoft software; Wiener filtering;
and reduction to pole. The data were subsequently reprocessed by AGS (using ERMapper software) and
filtered to a final resolution of 30 m. The first vertical derivative of the aeromagnetic data emphasizes
the magnetic contrast of bodies in the downward continuum and is useful for lithological mapping. The
horizontal gradient was also examined and, although not investigated in detail, the patterns were thought
to be related to magnetic contrasts associated with glacial outwash in the surficial deposits.

2.3 Results

Elevation data as a stand-alone product proved to be very valuable in delineating surficial features on
the southeast flank of the Buffalo Head Hills. Topographic drainage patterns directly south of Sawn
Lake exhibit dominant northeast and southeast trends similar to those associated with the overall fabric
of the western part of the Peace River Arch. However, this fabric abruptly ends at approximately latitude
115º46�W (UTM: 575000 Easting, Zone 11), where the topography is influenced by the observed north-
trending lineaments (Figure 1) before being masked by the Loon River lowlands farther to the east. In

Table 1. Type and resolution of data for surface-data integration models.

Data Layer Type Resolution Date of Capture
Digital-elevation data Interpolated surface 100 m  
Landsat TM5 Bands 1, 2, 3, 4, 5, 7 30 m 10-June-1984 
Radarsat fine beam F5 6.5 m 31-January-1998 
Aeromagnetic 1st vertical derivative 30 m 1998 
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addition, the surficial expression of several kimberlitic diatremes can be located on the DEM as topo-
graphic highs, particularly kimberlite K5, which is elevated approximately 60 m above the surrounding
topography at the western edge of the Loon River lowlands (Figure 7). It seems worthwhile, therefore,
to include digital-elevation data in the regional phase of tectonic evaluations, where synthetic-relief
images, stereo pairs, shaded-relief images, or oblique perspective images provide an ideal level of the
base information required for detailed evaluations.

Nixon (1981) and Atkinson (1989) considered Landsat 1, 2, and 3 images, with a resolution of approxi-
mately 60 by 80 m, to be of limited value in detecting individual kimberlites, which are often smaller
than 150 m in diameter. However, more recent thematic-mapping satellites (Landsat 5, 6, and 7), with
resolution of 30 by 30 m, may prove beneficial in regional evaluations of geobotanical anomalies and
structural lineaments that may be associated with kimberlites. In the current study, Landsat TM5
imagery was initially used as a regional-scale image for examining the terrain through variation in vege-
tation and the possible spectral response in bands 1, 3, 5, and 7 (0.45-0.52, 0.63-0.69, 1.55-1.75, and
2.08-2.35 microns, respectively). Several band combinations of Landsat TM5 data, from a scene that
encompasses the northwest corner (NTS 84B/13) of the Peerless Lake map area, were combined to
assess the visual relationships with the kimberlite pipes; the band combinations include 1/2/3 (RGB),
7/4/1 (RGB), 7/5/1 (RGB), and vegetation index bands 4/3. Like the DEM, all Landsat TM mosaics
showed a strong northeast-southwest fabric (trending 055º). The linear trend is particularly strong direct-
ly south of Sawn Lake (Figure 8). This observation is consistent with older, pervasive tectonic regimes
in the WCSB that form a regmatic and orthogonal fracture system dominated by northeast- and north-
west-trending fracture directions (Gay, 1976; Jones, 1980; Greggs and Greggs, 1989).

The ratio of bands 5 and 7 has the potential to outline clay minerals containing hydroxyl cations that can
be associated with hydrothermal alteration. The ratio of bands 3 and 1 can assist in detecting areas of
iron oxide (red staining). These ratios were applied to the Landsat TM5 image, but no significant zones
of iron-oxide or hydroxyl alteration were noted in the resulting images because of the extensive vegeta-
tion cover (possibly related to the date of image capture, June 1995). No immediately recognizable cor-
relation�s were observed between the Landsat TM5 images and the geobotanical expression over the
individual kimberlite pipes, probably because 1) the kimberlites are overlain by varying amounts and
sizes of vegetation, including mixed deciduous and fir trees; and 2) the 30 m resolution of the Landsat
TM5 spectral responses is not sufficient for detecting most kimberlite bodies. It should be noted that the
spectral signatures of the kimberlites, and the soils and vegetation over the kimberlites, were not fully
tested.

In the current study, Radarsat (standard/fine) draped over a three-dimensional rendering of the digital-
elevation data provided the optimal surface image for investigation of structures. Figure 9 clearly shows
multiple north-trending lineaments that correspond to the DEM observations and mimic the classic
expression of a strike-fault system. The predominant lineament (N4) can easily be traced, from the con-
vergence point of several fault splays near latitude 56º50�N, longitude 115º38�W, for 6 km at 003º and
8.25 km at 350º, before it heads due north, implying some offset by secondary, transverse structures. A
second major lineament (N2) veers north-northeast from the main fault and runs 3.75 km at Az. 016º
before it is redirected Az. 008º. Parallel lineaments can also be identified to the west of the main north-
trending lineament (N4). Lyatsky et al. (1999) suggested that the north-trending faults (Tabbernor and
Saskatoon faults) are pre-Hudsonian trends that control the boundaries of the Archean Glennie and
Hanson Lake blocks, and some Early Proterozoic basins.

The Radarsat-DEM mosaic highlights a second set of lineaments, trending northeast, defining structures



Figure 7. Topographic highs associated with kimberlites K5 and K6.



Figure 8. Landsat TM image (bands 7, 4, 1) in the northwest corner of the Peerless Lake area.
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Figure 9. Radarsat image draped on elevation data, viewed from the northeast, showing transverse structures in the northwest corner of the Peerless Lake area.
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that were not previously recognized (Figure 9). These lineaments (NE1 to NE5) are not nearly as distin-
guishable as the north-trending faults, and are greatly enhanced by a Radarsat-DEM combined mosaic.
The northeast-trending lineaments are orientated transverse to the main north-trending lineament at two
distinct angles: 070º in the southern part of the mosaic and dissecting Sawn Lake (the latter lineament
not shown on Figure 9), and 055º in the central part of the mosaic. The latter direction parallels 1) major
dextral 1.9 Ga shear zones found in the WCSB, including the Great Slave Lake Shear Zone (GSLSZ)
and the Snowbird Tectonic Zone (STZ); 2) northeast-trending basement faults located in the western part
of the PRA, including the Worsley, Blueberry, Berwyn, Whitemud, and Hines Creek faults; and 3) topo-
graphic linear features throughout much of northern Alberta. The prominent northeast lineaments are
very old, and Hanmer (1988) and Hoffman (1990) concluded that they predate the Early Proterozoic
Hudsonian Orogeny. They line up with, and appear responsible for, the offset and change in orientation
of the major north-trending faults as viewed on the surface.

In order to interpret the association between the north- and northeast-trending fault sets and kimberlite
emplacement, the first vertical derivative of the high-resolution aeromagnetic data (RGB colour) was
draped over the shaded-relief Radarsat-DEM (Figure 10). The horizontal-gradient vector of the total
magnetic field, which is useful for edge detection of lithological boundaries or fault-block edges in the
basement, clearly depicts the shallow, high-frequency magnetic highs associated with the kimberlites. A
striking association is observed between the locations of the kimberlites and the intersection of north-
and northeast-trending fault sets. For example,

• kimberlite K4 occurs at the intersection of north-trending fault N6 and northeast-trending fault NE1;

• K5 occurs at the intersection of N4 and NE2;

• K6 occurs at the intersection of N2 and NE2;

• K7 occurs near the intersection of N3 and NE3;

• K14 occurs at the intersection of N3 and NE4; and

• K91 occurs at the intersection of N4 and NE5.

The correlation between the enhanced subtle structures and the kimberlites clearly indicates that the
emplacement of the kimberlite bodies was structurally controlled.

3 Hypothesis and Objective of Current Study

The dynamics of tectonism in the WCSB has far-reaching implications for the exploitation of energy and
mineral resources. In the past, a proactive oil and gas industry has relied largely on seismic and aero-
magnetic data to assist in interpreting Phanerozoic structural traps. Glacial cover and a lack of baseline
tectonic information have hampered mineral exploration in northern Alberta. Any additional interpreta-
tions of basement structures, and the relationship between basement structures and the overlying sedi-
ment, will benefit both industries.

The spatial integration of digital-elevation data (100 m), Radarsat (S7, F5) images, and high- resolution
aeromagnetic data, discussed in Section 2, shows that there is a direct correlation between the intersec-
tion of north- and northeast-trending structures and the emplacement of the Buffalo Head Hills kimber-
lites. As surface ‘probing’ tools advance in technology, so might our interpretational skills and overall
knowledge of tectonism in the subsurface (i.e., the Phanerozoic succession and the Precambrian base-
ment). The Peerless Lake area may prove to be an exceptional area in northern Alberta to test new tools
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and skills, especially since both energy and minerals exploration in the area have resulted in significant
discoveries that are dependent on near-basement or basement-influenced structures. For example, oil
exploration discovered intricate structural traps associated with basement faulting and actively focused
on the relationships between the Precambrian and the Granite Wash reservoir rocks. Hence, the collec-
tion of deep well data, amassed from numerous oil and gas exploration wells that penetrate to the
Precambrian basement, provides the opportunity to study a significant database in the Peerless Lake
area. New interpretation derived from well logs, aeromagnetic, gravity, and basement and Phanerozoic
geology may help to resolve the subsurface controls on the lineaments observed on the surface. As well,
it will shed light on the structural controls on the emplacement of the Buffalo Head Hills kimberlites.

Thus, the goal of this study is to investigate subsurface data to improve upon our hypothesis that the sur-
ficial lineaments are the result of repeated tectonic activity along deep-seated basement mobile zones or
fault/fracture corridors that develop pathways through the Phanerozoic cover and allow the emplacement
of kimberlitic magma.

The study focuses on the subsurface evidence to test our hypothesis. The basement component investi-
gates potential zones of tectonic movement, or mobile zones, in the Precambrian basement by interpret-
ing Precambrian surface topography and aeromagnetic, gravity, metamorphic, and geothermal data. The
Phanerozoic component documents the interaction between the basement and the overlying Phanerozoic
sedimentary succession by constructing a geological cross section, oriented from west to east across the
Loon River lowlands, from 16 wells, 13 of which penetrate the surface of the Precambrian basement.
The results will help in developing a kimberlite structural-emplacement model that will provide a frame-
work for future structural investigations in the central and eastern parts of the PRA, and potentially in all
of northern Alberta.

No attempt was made to relate possible crustal structures to sublithospheric processes and make predic-
tions on the ‘quality’ of the mantle-root associated with the Buffalo Head Hills kimberlites. Finally, the
study focuses on the relationship between the kimberlite cluster and the crustal structural controls,
including the mode and extent of surface and near-surface kimberlite emplacement.

4 Basement Evidence

Rifting, as a geological process, varied greatly through the Earth’s history. A chronological summary
from Milanovsky (1987) follows. In the Archean, the development of the oldest linear tectonic zones,
and formation of greenstone to granulite belts, combine the features of both rift and geosynclinal
processes of subsequent epochs. Early Proterozoic mobile zones developed under a similar tectonic
regime, but differed in size, scale, and intensity of deformations and thermal processes. The typical rift
structure has existed in the Earth’s crust since the Early Proterozoic, when intracratonic rifting acquired
the form of aulacogen and aulacogeosynclinal zone development thought to be related to the geosyncli-
nal process. During the Mesozoic-Cenozoic epoch, rifting increased considerably, became independent
of geosynclinal process, and is believed to be a main form of continental crust destruction and formation
of the oceanic basins.

It is generally accepted that mobile zones typically form under a regime of uplifting and extension/com-
pression. The basement associated with mobile zones is usually characterized by 1) well-developed
block faulting and horst-and-graben structures; 2) widespread intrusive and volcanic rocks, including
basic, ultramafic, and even granitic intrusions; 3) metamorphism, ranging from greenschist to amphibo-
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lite facies; and 4) major gravity and magnetic anomalies (Kaminsky et al., 1995). Geophysical signa-
tures of rift zones have been summarized by Ramberg and Morgan (1984) and Morgan and Ramberg
(1987), and characteristically show sharply contrasting, elongated magnetic and gravity anomalies. For
diamond exploration, the geophysical signatures of old paleo-rifts include 1) high seismic-velocity lower
crustal layers; 2) a long-wavelength Bouguer gravity low (thickened crust); and 3) complex, short-wave-
length magnetic anomalies associated with upper crustal plutons (Kaminsky et al., 1995). In addition,
geophysical signatures similar to those associated with transform-related fractures may be associated
with the major rift-bounding faults.

North American rift systems, so far, support the widespread occurrence of extensional, transfer-zone-
bounded, half-graben structures, as suggested by Bally (1981, 1989) and Gibbs (1984). In the western
United States, extensional strain is heterogeneously distributed in the Great Basin (particularly north-
central Nevada and southwest Nevada), the Sonoran Desert (southeast California and southwest
Arizona), and the Rio Grande Rift (Colorado-Wyoming to Mexico). In the WCSB, extensional reactiva-
tion may have occurred in association with thrusting and terrane accretion along the western continental
margin of North America. Major, northerly striking faults in the Omineca-Okanagan Domain (southern
British Columbia and northern Washington) developed during a period of substantial crustal extension
between 58 and 52 Ma (e.g., Carr et al., 1987; Parrish et al., 1988). Extension in the Omineca-Okanagan
Domain is believed to have started immediately after or just before the cessation of thrusting in the
Canadian foreland to the east. Coney and Harms (1984) and Parrish et al. (1988) suggested that exten-
sion may be directly related to crustal instability induced by thickening and thermal weakening during
earlier contraction.

4.1 Crystalline Basement: Tectonic Summary

The basement rocks underlying the PRA have been subdivided into five distinct, predominantly north-
trending tectonic domains (Figure 11), based mainly on aeromagnetic potential field data (Ross et al.,
1991; Ross et al., 1994) and U-Pb zircon and monazite age determinations (Villeneuve et al., 1993).
From east to west, these five domains are the Rae Terrane, the Taltson Magmatic Zone, the Buffalo
Head Terrane, the Chinchaga Low, and the Ksituan High. The Taltson Magmatic Zone, the Great Bear
Magmatic Zone, and the Hottah Terrane can be extended from the exposed Precambrian Shield into the
subsurface. However, the Buffalo Head Terrane, the Chinchaga Low, and the Ksituan High are isolated
from the exposed Precambrian Shield and restricted to the subsurface of northern Alberta. Accretion of
these domains to the western margin of the Rae subprovince of northeastern Alberta is thought to have
occurred as a result of successive closure of several small ocean basins (Ross, 1990). Figure 11 also
illustrates Ross’s (1990) division of the Buffalo Head Terrane into three subdomains: Utikuma, Buffalo
Head High, and South.

Figure 12 outlines the postulated accretionary history, which began with subduction of oceanic crust
beneath Archean crustal blocks at 2.4 Ga, followed by progressive amalgamation and, finally, closure at
about 1.9 Ga. The progressive closure of oceanic basins and the accretion and amalgamation of formerly
disparate slivers of continental crust have left distinctive magmatic belts that formed during subduction
between 1.900 and 1.998 Ga (Ross, 1990). The accretion events are thought to be responsible for the
first-order geometric patterns of basement magnetics and have left impressive crustal-scale reflection
fabrics.
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Three distinct magmatic belts, with ages of 1.8-2.0 Ga, were identified in the subsurface of northern
Alberta:

• Taltson Magmatic Zone, which is exposed in northeastern Alberta and is dated at 1.91-1.99 Ga 
(McDonough et al., 1995)

• Ksituan High, which lies along the western border of Alberta and is dated 1.9-1.99 Ga

• Rimbey High, which is a positive aeromagnetic anomaly trending northeast across central Alberta 
and is interpreted as a discrete 1.78-1.85 Ga magmatic arc (Ross et al., 1991).

Ross et al. (1991) noted that the 2.0-2.4 Ga Buffalo Head-Chinchaga domains are flanked by younger
(1.9-1.987 Ga) magmatic rocks of the Taltson Magmatic Zone and Ksituan Magmatic Arc. They specu-
lated that northern Alberta evolved during northeastward translation of the Slave Craton (Figure 13) and
its collision with the Churchill Province. The lack of a rigid indenter outboard of the Churchill Province
and south of the GSLSZ was, in part, responsible for the preservation of the Buffalo Head Terrane and
Chinchaga Low. Thus, the Buffalo Head and Chinchaga domains were flanked by outward-dipping sub-
duction zones that generated the adjacent, younger magmatic belts (Figure 12).

The Peerless Lake area is underlain by a convex westward, arch-shaped domain known as the Buffalo
Head Terrane (Ross, 1990; Ross et al., 1991). This broad region is characterized by generally north-
trending positive aeromagnetic anomalies that are bounded to the west by the Chinchaga Low and to the
south by the Wabamun High; it curves northeast to merge with positive aeromagnetic anomalies within
the GSLSZ. Zircon dating suggests that the Buffalo Head Terrane is composed mainly of Proterozoic
rocks formed between 2.32 and 2.0 Ga (Villeneuve et al., 1993). Scattered Sm-Nd analyses indicate a
domain of complex crustal growth that may have resulted from various degrees of mixing between
evolved and juvenile material during amalgamation of small Archean crustal blocks between 2.4 and 2.0
Ga (Thériault and Ross, 1990, 1991).

Ross (1990) subdivided the Buffalo Head Terrane into three distinct subdomains (Figure 11):

1) The Buffalo Head High, which comprises the western part of the Terrane and is characterized by 
high-relief, positive aeromagnetic anomalies with narrow negative septa and a strong north trend

2) The Utikuma Belt, which comprises the eastern part of the Terrane and is characterized by weaker, 
north-trending, positive aeromagnetic anomalies (compared to the Buffalo Head High)

3) The ‘South’ Buffalo Head, which is characterized by a distinct magnetic low signature.

A systematic investigation, including petrological, geochemical, and K-Ar isotope analysis of subsurface
samples from the Precambrian basement (summarized in Burwash et al., 1993, 1994), has developed a
‘contrasting picture’ of the Alberta basement. Burwash et al. (2000) essentially noted that a sparseness of
Precambrian core samples and a lack of correspondence between petrological/geochemical boundaries
(Burwash and Culbert, 1976) and aeromagnetic-derived boundaries (Ross et al., 1991) indicate that no
real division exists between the Buffalo Head and Chinchaga domains. This theory has been supported
by a general incompatibility between zero-contour and amplitude-contour anomaly maps; and aeromag-
netic and horizontal-gradient maps, especially those that treat the gradient as a vector (e.g., Lyatsky et
al., 1999; Edwards et al., 1998).

Instead, Burwash et al. (2000) reduced the number of basement divisions and reported that the
Athabasca Polymetamorphic Terrane (APT) is bounded on the east and west by the Taltson and Ksituan
magmatic arcs, respectively, and on the north and west by the GSLSZ (Figure 14). The circa 2.5 Ga APT
is characterized by strong cataclasis and recrystallization, which often obscure the mineralogy and tex-
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Figure 13. Northeastward translation of the Slave Craton and its effects on the tectonic evolution of northern Alberta (Ross et al., 1991; reproduced with permission of the
Canadian Journal of Earth Science).
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Figure 14. Tectonometamorphic map of the Precambrian basement of Alberta (Burwash et al., 2000) and location of the pro-
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ture of the original igneous or metamorphic rocks (Burwash and Krupicka, 1970; Burwash and Culbert,
1976). Uranium-lead zircon ages (ranging from 1.9 to 2.4 Ga) and depleted-mantle Archean Nd ages for
this terrane (Villeneuve et al., 1993) indicate that the APT represents Archean crustal material reworked
during the Paleoproterozoic. Burwash et al. (2000), have suggested that the APT is probably the south-
westward extension of the pre-Taltson basement exposed on the Precambrian Shield in northeastern
Alberta, northwestern Saskatchewan, and adjacent Northwest Territories. They further suggest that the
magmatic activity in the APT, reported by Ross et al. (1991), is coeval with that of the pre-Taltson base-
ment.

Burwash et al. (1995) proposed that widespread K-metasomatism of the middle and upper crustal rocks
of the APT accompanied the intrusion of the Thelon/Taltson and Great Bear/Ksituan magmatic arcs. This
K-rich metasomatism may be related to the final phase of accretion and annealing of the crust following
subduction and accretion. Basement cores near the community of Red Earth Creek, in the Peerless Lake
map area, show intensive dynamic metamorphism and K-metasomatism, and Burwash and Krupicka
(1969, 1970) subsequently mapped the Red Earth Granulite Domain (Figure 14). Burwash (pers. comm.,
1999) suggested that the true extent of the granulite facies terrane has yet to be determined.

A north- to northwest-trending linear aeromagnetic low, known as the Kimiwan Isotopic Anomaly
(Muehlenbachs et al., 1993), is located approximately 110 km west of the Peerless Lake area. The
Kimiwan Anomaly coincides with a zone of significantly depleted 

18
O (SMOW) values that led

Burwash et al. (in press) to suggest that the anomaly was formed by interaction of basement rocks with
surface-derived fluids, as part of a north- to northwest-trending zone of crustal extension.

Paleoproterozoic (2.5-1.6 Ga) orogenic belts in Canada preserve a record of rifting, drifting, and eventu-
al colliding amalgamation of the principal Archean provinces. As summarized by Hoffman (1988, 1989),
the zenith of Paleoproterozoic orogenesis was 2.1-1.8 Ga, the interval during which much of the core of
the North American Craton was assembled. The tectonic and metamorphic history of the Precambrian
basement of Alberta reflects two major orogenies: 1) the ca. 2.7-2.5 Ga Kenoran, which underlies south-
ern Alberta and possibly parts of the Wyoming craton; and 2) the ca. 2.0-1.7 Ga Hudsonian, which
affected much of northern Alberta. Burwash et al. (1995) proposed that a widespread tectonothermal
event (the Hudsonian Orogeny at 1.9 Ga) affected much of the Precambrian Shield. In the WCSB por-
tion of the Precambrian Shield, early Hudsonian (2.0-1.9 Ga) east-west compression resulted in the
north-trending Taltson and Ksituan magmatic arcs.

4.2 Peace River Arch

During the Paleozoic, the Peace River Arch (PRA), Tathlina High, and Western Alberta Arch formed
major cratonic positive features at the western edge of the North American Craton (Figure 15). The PRA
is the largest of these structures and has the longest recorded history of tectonic activity. It is an east-
northeast-trending structure that extends from the Front Ranges in northeastern British Columbia across
north-central Alberta, a distance of approximately 750 km. In northwestern Alberta, the PRA has created
a wide zone of structural disturbance that measures, from north to south, approximately 230 km near the
British Columbia border, 165 km at longitude 118ºW and 110 km at longitude 114ºW (Figure 16). At the
Alberta-British Columbia border (longitude 120ºW), the PRA stands approximately 1,000 m above the
regional elevation of the basement (Cant, 1988). This elevation decreases toward the east, and is approx-
imately 500 m at longitude 114ºW in central Alberta and less that 50 m near longitude 110ºW in eastern
Alberta.
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Figure 15. Principal positive cratonic features at the western continental margin during the Paleozoic.
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Figure 16. Stucture-contour map of the Precambrian surface, Peace River Arch (Trotter, 1989; Figure 16. Stucture-contour map of the Precambrian surface, Peace River Arch (Trotter, 1989; from O�Connell et al., 1990;
reproduced with permission of the Canadian Society of Petroleum Geologists).
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It is important to note that most of the geological literature on the PRA describes the western part of the
arch (west of longitude 117ºW) and forms the basis for the following synthesis on the origin and tecton-
ic history of the arch. Various mechanisms have been proposed for the origin and development of the
PRA. Difficulties in the interpretation of Paleozoic tectonics of the western margin of the continent and
vague descriptions of present-day fracture zones are cited as complications that prevent the construction
of a convincing analogy of the PRA (Cant, 1988). O’Connell et al. (1990) felt that it is unlikely the arch
is a failed rift or a flexural uplift, as previously suggested by Stelck et al. (1978), Cant (1988), and
Stephenson et al. (1989). They proposed instead that it formed as the result of the continental extension
of an oceanic fracture zone, where basement uplifts form linear ridges at a high angle to the continental
margin. O’Connell et al. (1990) and O’Connell (1994) divided the history of the PRA into three broad
phases:

1) Uplift, onlap, and burial (Precambrian to Early Carboniferous): The PRA was superimposed upon
pre-existing Precambrian basement geology. That is, it overprinted the earlier basement structure and
was active, or uplifted, as early as the Late Proterozoic. Graben structures along the crest of the arch
appear to have resulted from the flexure associated with initial uplift. A change from active uplift and
onlap to a more passive onlap and a nearly complete burial of the arch occurred from Middle Cambrian
to Upper Devonian. Tectonic subsidence of the passive margin and regional tectonic stresses resulting
from the influence of various bounding tectonic regimes acted as major influences controlling onlap of
the arch (Dix, 1990).

2) Extension, uplift, and subsidence (Early Carboniferous to Jurassic): Grabens such as the Dawson
Creek Graben Complex, formed during a long-lived episode of extension during the Carboniferous and
are several orders of magnitude larger in size than the grabens formed during the initial uplift of the
arch. Active graben formation was followed by a passive interval of local subsidence during the
Permian, Triassic, and Jurassic.

3) Regional loading and subsidence (Jurassic and Cretaceous): Regional subsidence occurred from the
Late Jurassic onwards. The presence of many minor structural offsets throughout Cretaceous strata may
have been caused by the reactivation of underlying PRA basement structures as a result of loading by
thrust sheets (Cant, 1988; Hart and Plint, 1990).

The PRA is believed to have continued as an incipient rift extending from the Paleozoic passive conti-
nental margin (Cant, 1986; O’Connell et al., 1990). Speculation still exists as to whether this rift system
began as a failed arm generated during Cambrian break-up of the continent or as a result of a hot spot
beneath the craton. Later tectonic events in western North America, such as the accretion of the dis-
placed terranes in the Mesozoic, probably further influenced the arch (Cant, 1986). O’Connell et al.
(1990) summarized the following mechanisms for the development of the PRA.

The PRA likely represents the manifestation of the continental extension of an oceanic fracture zone,
where compressional stresses can be transmitted to distant continental plate interiors (Zoback and
Zoback, 1989). Marshak and Paulsen (1996) proposed that continental interior enigmatic fault and fold
zones represent the distribution of Proterozoic-Eocambrian extensional tectonism. The extensional tec-
tonism developed distinct rift basins and swarms of en échelon normal faults that both parallel and mir-
ror the structural style of known rift zones. Groups of parallel structures terminate along strike, and link
via transverse zones to other groups of structures sharing the same overall trend. Typically, the midconti-
nent faults dip steeply and  penetrate the basement at depth (Root, 1993; Marshak and Paulsen, 1996).
Once formed, midcontinent fault zones remained zones of weakness, allowing cratonic blocks to jostle
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relative to one another during the Phanerozoic, thereby inverting faults and creating transpressional or
transtensional structural assemblages. The zones were reactivated repeatedly during Phanerozoic
episodes of movement associated with marginal collision orogenies (Kluth, 1986) and during times
when the continental margin hosted subduction zones, rifts, or passive margins (Heller et al., 1993).
Some continental fracture zones developed into incipient rifts, characterized by sedimentation and vol-
canic activity accompanying widespread extensional deformation (Gorini and Bryan, 1976).

4.3 Peerless Lake

The following discussion combines new and existing data to evaluate the potential for a basement
mobile zone (or zones) in the Peerless Lake area, which may have formed under a regime of uplifting
and/or extensional and compressional events.

4.3.1 Basement Uplift and Deformation

The change from an overall cratonic-miogeosynclinal regime, represented by much of the Sauk (600 to
478 Ma) and Tippecanoe (478 to 401 Ma) sequences, to a dominant foredeep regime likely put the North
American lithosphere under horizontal stress that caused buckling on a lithospheric scale (Cobbold and
Davy, 1988), with the PRA as a main expression of that deformation. The Precambrian surface of the
PRA region displays a gently undulating, peneplaned topography, punctuated in places by discrete
grabens and half-grabens of generally subvertical nature (O’Connell et al., 1990). Based on an isopach
contour map of the basement (Figure 16), Trotter (1989) divided the arch into two broad regions: 1) a
western block characterized by large-scale, broad grabens and half-grabens orientated both parallel (east-
northeast) and normal (south-southeast) to the arch axis (Sikabonyi and Rodgers, 1959); and 2) an east-
ern block, where the structures are not as broad in nature and topographically represent spatially com-
pacted zones of surface deformation. The eastern block is offset to the southeast along a northwest-
trending line that coincides with an aeromagnetic low and a change in the regional Precambrian base-
ment surface. This line is believed to represent a basement shear zone (Wilson, 1989; O’Connell et al.,
1990).

A total of 5155 Precambrian surface picks were assembled from the Alberta Energy and Utilities Board’s
General Well Data File (Figure 17). These picks were used to create a grid map of the crystalline base-
ment in the PRA area (Figure 18). While a zone of large-scale, broad grabens and half-grabens (equiva-
lent to those previously designated as the western part of the PRA) is readily apparent, the updated
Precambrian surface map improves the resolution in the central and eastern parts of the PRA, compared
with the map of Trotter (1989). For example, Figure 18 shows a central zone of very small scale, intri-
cate, block-like structures between longitudes 116.5ºW and 115ºW, and an eastern zone of north-trend-
ing, medium-scale grabens located immediately east of longitude 115ºW. The western zone appears to
continue to the south, whereas the central and eastern zones have distinct boundaries and internal edges,
suggesting structural control. The central zone appears to have been displaced in a southerly direction
relative to the western and eastern zones, indicating that the basement has likely been separated by
major strike-slip faults.

A total of 2,926 Precambrian surface picks were used to grid the Peerless Lake map area (NTS 84B),
which is characterized by a mosaic of compact, block-shaped areas of crustal surface deformation.
Distinct variations in elevation and sharp boundary definition indicate a horst-and-graben environment
with a large component of structural control. The graben-like terrain is probably caused by buckling and
warping that occurred in the crust and lithosphere. This buckling and warping contributed to the



Figure 17. Well control for surface-representation model of the Precambrian surface, Peace River Arch.
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Figure 18. Surface-representation model of the Precambrian surface, Peace River Arch.
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mechanical breakage of the crust into blocks, possibly during repeated periods of extension and com-
pression associated with the accretion of the Cordilleran terranes.

Well-pick control is excellent in areas associated with hydrocarbon exploration, particularly in the south-
west, west-central, and north-northeast parts of the Peerless Lake map area (Figure 17). Since hydrocar-
bons are extracted from reservoirs hosted by Granite Wash sedimentary rocks that overlie the
Precambrian basement, prior exploration has targeted structural traps associated with basement faulting
and/or reactivation of basement faults. The age of the Granite Wash Formation is generally assumed to
be Devonian, although the oldest strata are undated and could conceivably range in age from Proterozoic
to Devonian, coinciding with the age of the first positive phases of the PRA (McMechan, 1990; Hein
and McMechan, 1994). The irregularity of the near-basement seismic reflections in ages of Granite
Wash deposition could be interpreted as the expression of faults that imposed a structural control on
Granite Wash accumulation (Eaton et al., 1996, 1999). An isopach map of the Granite Wash (Figure 19)
shows predominant narrow, north-northwest-trending (340º to 350º) and northeast-trending (055º) elon-
gate features in the west and central parts of the Peerless Lake map area. The Granite Wash isopachs in
the west-central part of the map area show a tightly spaced, complex pattern similar to an area of
Precambrian surface complexity in the central part of the PRA, where Trotter and Hein (1988) interpret-
ed the Granite Wash to be largely confined within graben structures. Trotter (1989) postulated that this
graben development in the central part of the PRA might be related to episodes of extension related to
PRA uplift farther to the west.

Angus et al. (1989) constructed geological cross sections from seismic data collected over areas of
hydrocarbon production in the Peerless Lake area (Figure 20). Granite Wash reservoir distribution
appears to be strongly influenced by the topography of the Precambrian surface. Three different types of
traps have been recognized for Granite Wash zone reservoirs: 1) onlap of Granite Wash sandstone onto
bald Precambrian highs; 2) draping of Granite Wash sandstone over Precambrian paleotopographic
highs; and 3) post-Muskeg block faulting, resulting in the preservation of thick Granite Wash sandstone
on top of faulted Precambrian highs (Angus et al., 1989). The relatively impermeable Precambrian base-
ment rocks, the shale within the Granite Wash, and the overlying Muskeg anhydrite all provide effective
lateral and/or top seals. Closure is achieved either by differential compaction or fault offset. Possible
pre-Granite Wash faulting can be inferred from abrupt slope changes on the Precambrian surface identi-
fied on seismic profiles (Angus et al., 1989). Dec et al. (1996) noted that steep escarpments of a few
paleovalleys may mark the location of normal faults that were active before and/or during deposition of
the Granite Wash; however, there is no compelling evidence that the faults were active during Granite
Wash sedimentation. According to Angus et al. (1989) and Dec et al. (1996), the large-scale ‘graben-
like’ features can be attributed to post-Granite Wash, pre-Watt Mountain normal faulting.

4.3.2 Basement Lineaments and Structures

Several lineament orientations were inferred from the Precambrian-surface map (Figure 18). Easily iden-
tified basement lineaments include 045º, 080º, 105º-108º, and 342º; other lineaments include 003º, 030º,
060º, and 310º (Figure 21). This is consistent with surface-imaging techniques (Babcock, 1974; Penner
and Mollard, 1991; Misra et al., 1991; Lyatsky et al., 1999), which detected two principal fault and lin-
eament directions, northeast-southwest and northwest-southeast, and a subsidiary east-west/north-south
set in the PRA region.

One of the most noticeable basement-surface lineaments in the Peerless Lake area is a large east-south-
east-trending (108º) fault. This fault divides the Peerless Lake area into two distinct basement domains:
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Figure 19. Isopach map of the Granite Wash Formation (Trotter, 1989; from O�Connell et. al.,1990; reproduced with permission of
the Canadian Society of Petroleum Geologists).
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Figure 21. Precambrian-basement surface-representation map with lineaments, Peerless Lake area.
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a northwestern area, with widespread basement deformation, and a southwestern area, characterized by a
less disturbed, smoother basement topography consisting of a single, small cluster of deformations
(Figures 18 and 21). The authors have inferred that this major basement fault can be directly correlated
with a major lineation observed on the surface topography DEM (compare Figures 18 and 21). The ori-
entation of this fault coincides with an east-southeast-trending division used by Ross (1990) to mark the
northern limit of the South Buffalo Head subdomain (Figure 11). The South Buffalo Head subdomain is
characterized by a broad, low-relief, negative magnetic region with little internal fabric that is easily dis-
tinguishable from the high-relief magnetic regions to the north. Other interesting features on the
Precambrian surface map (Figure 21) include 1) the convergence of three major lineaments (030º, 080º,
and 105º) at about latitude 56º28’N, longitude 116º01’W (UTM 560613E, 6256629N, Z11); and 2) the
presence of a small but highly pronounced topographic high at latitude 56º37’N, longitude 115º42’W
(UTM 579577E, 6275932N, Z11).

In order to speculate on the tectonic influence of lineaments observed on the Precambrian surface in the
Peerless Lake area, the structural geology of northern Alberta (at least) must be considered. Kusznir and
Ziegler (1992) suggested that, in many rift systems, the driving force for extension is externally derived,
presumably from plate-boundary forces. In northern Alberta, the Taltson and Ksituan magmatic arcs and
the Buffalo Head Terrane are bounded to the north and south by the GSLSZ and STZ, respectively. The
GSLSZ and STZ, both of which are important elements of the Early Proterozoic evolution of the west-
ern Canadian Shield, are major zones of northeast-trending dextral shear that extend for over 2000 km
and locally form mylonite zones up to 25 m wide (Hoffman, 1988; Hanmer, 1987, 1988). The GSLSZ
may have accommodated up to 700 km of eastward translation of the Slave Craton relative to the Rae
Province. The STZ, where it has been studied in Saskatchewan, is a broad zone of ductile mylonite that
appears to be largely Archean in age (Hanmer, 1997). Although this would suggest there is no connec-
tion between the two shear zones, the relationship between them, and with the Buffalo Head Terrane, is
still unknown. North-trending shear zones in the Taltson Magmatic Zone of northeastern Alberta can be
confidently linked with the GSLSZ and are believed to be truncated by the STZ in the subsurface of
Alberta (Ross et al., 1991). This suggests a component of Early Proterozoic activity and the possibility
that some remnant rift zone may have been preserved in the form of a major strike-slip fault zone.

The presence of north-trending zones of strike-slip faulting has been widely documented in the exposed
Taltson Magmatic Zone (e.g., Godfrey, 1986) and in those parts of  northern Alberta covered by
Phanerozoic sedimentary rocks (e.g., Lyatsky et al., 1999). Although the magnitude of strike-slip dis-
placement and width of the fault zones vary widely, Moody and Hill (1956) suggested that the major
elements of the regmatic shear pattern, which is common to the entire outer crust of the Earth, tend to be
aligned in eight directions (285°, 300°, 330°, 345°, 015°, 030°, 060° and 075° if the primary compres-
sional stress were north to south). These include shear zones of en échelon conjugate strike-slip faults,
zones of en échelon anticlines that are frequently ruptured by normal faults, low-angle thrusts, and
basins with systematic arrays of steep normal and reverse faults. These features are both compressional
and extensional (with respect to the horizontal), and the patterns evoked are characteristically repeti-
tious, acting in nearly the same direction throughout much of crustal history (Moody and Hill, 1956;
Moody, 1973; Harding and Lowell, 1979).

As major north and south ‘bordering’ faults for much of northern Alberta, the GSLSZ and STZ were ori-
ented on a strain ellipse diagram with respect to the internal faults and shears located from Precambrian
basement topography in the Peerless Lake area (and typical of the PRA). The resulting geometric rela-
tionships are characteristic of a Riedel array (Figure 22), where shear zones of en échelon, conjugate
strike-slip faults resemble R and R´ Riedel shears (Riedel, 1929). In this model, the offset of dextral
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strike-slip faults (GSLSZ and STZ) is characterized by the formation of oblique-slip, extensional north-
trending faults oriented at an angle of 45º to the principal displacement zones (R-shear).

This kinematic model may hold true for extensional, north-trending, strike-slip zones, conjugate to the
R-R´ faults, that are observed in the exposed Precambrian Shield of northeastern Alberta, Saskatchewan,
and Northwest Territories. The Taltson Magmatic Zone (Culshaw, 1984; Bostock et al., 1987) is dissect-
ed by major, regional, north-trending, ductile shear zones. South of latitude 60ºN, the Taltson Magmatic
Zone is cut by the ca. 1.93 Ga Charles Lake Shear Zone, which splays off the GSLSZ at approximately
longitude 110ºW. Observed in outcrop near Charles Lake, Alberta, the 2 to 3 km wide Charles Lake
Shear Zone forms the master strike-slip fault of a crustal-scale transpressional system. It is characterized
by mainly sinistral, vertical to subvertical, strike-lineated, granulite to upper amphibolite facies
mylonites that exhibit extreme ductile deformation (Langenberg and Nielson, 1982; Godfrey and
Langenberg, 1984; McDonough, 1997). In the District of Mackenzie, Northwest Territories, the
emplacement of the north-northwest-trending (320º) Sparrow Dyke swarm can be constrained only par-
tially and indirectly by kinematics associated with north-trending, sinistral, strike-slip faulting (Bostock
and Loveridge, 1988; Bostock and van Breemen, 1992).

The kinematic model may also be applied to northern Alberta. Although much of the Precambrian base-
ment is covered by a thick sequence of Phanerozoic sedimentary rocks, a series of north-trending aero-
magnetic lineaments is detectable and has been used by Ross et al. (1991) to differentiate basement
domains (Figure 23). In general, the aeromagnetic lineaments are roughly parallel and trend sharply
north-northeast near the GSLSZ, north in the central part of northern Alberta and north-northwest as
they approach the STZ and the Wabamun Domain. When these aeromagnetic lineaments are oriented to
the Riedel ellipsoid (Figure 24), their central and southern parts are parallel to the maximum extension
fracture conjugate to R-R´ (see Figure 22). For example, the Kimiwan Anomaly, which is believed to
have formed by interaction of basement rocks with surface-derived fluids as part of a north- to north-
west-trending zone of crustal extension (Burwash et al., in press; discussed in more detail in the
“Thermal Events” section), is oriented parallel to the direction of maximum extension. The aeromagnet-
ic lineaments are grossly bent to from north-northeast to east-northeast as they approach the GSLSZ.
The ductile nature of the GSLSZ may influence the orientation of these faults, physically bending them
to their present-day shape. In the south, the STZ is less ductile and does not have as much influence on
the dominantly north-trending faults.

A linear magnetic low occurs in the Peerless Lake area. The north-trending lineament can be traced from
the GSLSZ at longitude 114.3ºW, southward to the Peerless Lake map area, where it is thought to be
directly in line with the north-trending lineament observed on the surface-topography DEM.
Unfortunately this is hard to illustrate since federal aeromagnetic data (Dods et al., 1989) are not avail-
able in this area. The same north-trending aeromagnetic lineament was used by Ross (1990) to divide
the Buffalo Head Hills terrane into two distinct subdomains, the Buffalo Head High and the Utikuma
Belt (Figures 11 and 23). The geophysical characteristics (strike directions and size) of this lineament
mimic those of the exposed basement faults, such as the Charles Lake Shear Zone. Hence, the aeromag-
netic lineament and coinciding subdomain boundary within the Buffalo Head Terrane are thought to rep-
resent a major regional, north-trending, ductile shear zone similar to the 1.93 Ga Charles Lake Shear
Zone.

4.3.3 Red Earth Granulite Domain and Trout Mountain Gravity Low

The Red Earth Granulite Domain (Figure 14) has been recognized as a large zone of retrograded gran-
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ulite with local areas of unretrograded granulite (Burwash and Power, 1990; Burwash et al., 2000). The
granulite contains the mineral assemblage orthopyroxene-biotite-quartz-plagioclase±K-feldspar, where
orthopyroxene is commonly altered, sometimes completely, to serpentine pseudomorphs, while biotite
remains unaltered. Interestingly, the granulite is confined to the Peerless Lake area, thus indicating that it
is the result of a local crustal or lithospheric event. The granulite facies metamorphism is believed to
have occurred ca. 1.9 Ga, which is consistent with metamorphism across northern Alberta and north-
western Saskatchewan (Langenberg and Nielsen, 1982; Chacko, 1997). Villeneuve et al. (1993) reported
that a subsequent thermal-magmatic event between 1.9 and 2.0 Ga reset the zircon crystallization ages.

The horizontal gravity gradient data clearly illustrate the juxtaposition of contrasting crustal domains
and can be used to characterize regions on the basis of their gravity signature (Ross et al., 1994). The
STZ, and its inferred extension into Alberta, forms one of the most dramatic gradients on the entire map,
extending from the frontal thrust of the Rockies northeastward to Hudson Bay (Figure 25). Recent
Lithoprobe observations of the STZ show that a broad, linear, gravity high changes to a gravity low over
a short distance; the sharply contrasting gravity anomaly is believed to relate to a feature of the base-
ment and correlates to topographic displacement (up to 10 km) in the Moho (D. Schmitt, pers. Comm.,
2000). Ross et al. (1994) suggested that similar anomalies, indicative of basement features, are present
over the exposed Precambrian Shield, such as the Taltson Belt in northeastern Alberta. The Peerless
Lake area is characterized by one of the most dominant horizontal gravity gradient highs in north-central
Alberta (Figure 25). The anomaly trends in a northerly direction and its width and contrasting high to
low gravity pattern over short distances are similar to anomalies of the STZ. Therefore, Schmitt’s obser-
vations regarding Lithoprobe data in the STZ area may be applicable to interpretation of the gravity
anomalies in the Peerless Lake area (i.e., they are the result of displacement deep in the crust).
The Bouguer gravity was draped onto the Precambrian basement surface to study any associations
between gravity anomalies and basement topography (Figure 25). Large-scale Precambrian surface
deformation appears to coincide with the outline of the gravity low, particularly near the northeastern
edge of the anomaly. Subsurface Precambrian sampling by Burwash and Power (1990) resulted in the
recognition of an anatectic granite body near the centre of the Red Earth Granulite Domain; its outline is
directly associated with a dominant, north-trending gravity low in the Peerless Lake area. They postulat-
ed that this gravity low (termed the “Trout Mountain gravity low”) is best modelled by the intrusion of a
30 by 150 km, north-trending microcline granite pluton (Figure 25).

Burwash and Power (1990) suggested that the north part of the pluton is bounded by steep walls, is
approximately 20 km wide and trends due north, whereas the southern half is less well defined, more
than 30 km wide and trends 025º. Their observation supports the large-scale graben development dis-
played on the Precambrian surface topology indicated by this study. The surface deformation mirrors the
Bouguer gravity low, particularly in the northern part of the anomaly, and may be directly associated
with the periphery of the pluton or an area of intense crustal uplift. Burwash (pers. comm., 1999) sug-
gested that the pluton was intruded ca. 1.83±5 Ga (Rb/Sr), which is time equivalent to the K metasoma-
tism, and may have preferentially formed during reactivation of a major mobile zone. Interestingly,
Burwash and Power (1990) noted that the orientation and change of trend of the axis of the granite plu-
ton closely parallel a number of tectonic lineaments that exist in the exposed Precambrian Shield in
northeastern Alberta and the adjacent District of Mackenzie, Northwest Territories (Bostock, 1981;
Langenberg, 1983).

In comparison to the placement and timing of other plutonic events in the WCSB, it seems logical to
suggest that a strike-slip environment was most likely associated with magmatism and K-metasomatism
of the Trout Mountain gravity anomaly. Episodes of substantial volcanism seem to be closely related to



Figure 25. Horizontal gravity gradient map of northern Alberta with basement domain outlines (compiled by the Geophysics Division, Geological Survey of Canada; from Ross et al., 1994;
   reproduced with permission by the Canadian Society of Petroleum Geologists). Inset map (b) shows Bouguer Gravity draped over Precambrian basement topography with

 the location of the proposed Trout Mountain Pluton.
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times of significant extension (e.g., Oldow et al., 1989; Lister and Baldwin, 1993). For example, several
authors have suggested a genetic link between strike-slip tectonism and granitoid emplacement (e.g.,
Davies, 1982; Hutton, 1982; Castro, 1985; Guineberteau et al., 1987; Tikoff and Teyssier, 1992), where
infilling by magma occurs concurrently with the development of a pull-apart void formed by movement
along an arc-parallel, strike-slip fault system (Dorobek, 1995; Dooley and McClay, 1997; Figure 26).
Although magmatic events can occur in a variety of settings, it is possible that the Trout Mountain gravi-
ty anomaly is related to a zone that has undergone significant extension, perhaps related to a deep-seated
mobile zone. Thus, the Peerless Lake area may represent an area with high potential for periods of
transtensional movement and the development of pull-apart basins that would facilitate the tapping of
mantle material.

Potassium-argon dating of the Alberta basement indicates that the last regional metamorphic event, the
Hudsonian Orogeny, occurred between 1.9 and 1.6 Ga (Burwash et al., 1962). Thus, emplacement of the
ca. 1.83 Ga Trout Mountain pluton occurred during a period of deformation involving continental colli-
sion between the Slave Province and the western Churchill Province. Ductile interaction between these
two continental blocks took place along the GSLSZ during the period 2.0-1.9 Ga (Hanmer et al., 1992),
an interval that also included all the known magmatism within the Taltson Magmatic Zone (1.99-1.90
Ga; Bostock et al., 1987; Bostock et al., 1991). McDonough et al. (1993) and Hanmer (1997) postulated
that north- and northeast-trending shear zones in the Taltson Magmatic Zone of northeastern Alberta and
along the Virgin River Fault Zone appear to be contemporaneous with plutonism. In the District of
Mackenzie, Northwest Territories, the northwest-trending (320º) Sparrow dyke swarm, crystallized at
1.827 Ga (U-Pb); dyke emplacement can be constrained only partially and indirectly by relations with
north-trending, sinistral, strike-slip faulting (Bostock and Loveridge, 1988; Bostock and van Breemen,
1992). In the mid-Hudsonian (1.9-1.8 Ga), the direction of compression shifted to northwest-southeast,
resulting in the emplacement of the 1.85-1.83 Ga Rimbey Granites, which are coeval with the main
magmatism in the Trans-Hudson Orogeny of Saskatchewan. The final igneous activity associated with
the Hudsonian event, as defined in the Tazin Complex of Saskatchewan, includes a series of syenitic
lamprophyre dykes dated by Rb-Sr whole rock at ca. 1.78 Ga (Sassano et al., 1974).

4.3.4 Thermal Events

Thermal events in the Peerless Lake area may also be indicative of a deep-seated mobile zone. Analysis
of K and U metasomatism from 424 unweathered Precambrian core samples across the PRA region,
between latitudes 55ºN and 59ºN, yielded a complex pattern of variable heat generation at the top of the
Precambrian (Bachu and Burwash, 1994; Figure 27). Stephenson et al. (1989) related the presence of
local crustal signatures in the PRA to localized thermal events occurring during the Paleozoic. A signifi-
cant, north-trending, positive temperature anomaly in the Precambrian is located in the north-central part
of the Peerless Lake map area. In addition, preliminary temperature estimates have been obtained for the
Red Earth Granulite Domain, using feldspar reintegration geothermometry (Burwash et al., 2000;
Ranger et al., in prep.). The analysis of sixteen samples yielded feldspar reintegration temperatures of
between 700º and 990ºC. Burwash et al. (2000) have concluded that the extent of the apparent granulite
metamorphism in the Peerless Lake area is more widespread than originally inferred.

A north- to northwest-trending linear aeromagnetic low, known as the Kimiwan Anomaly
(Muehlenbachs et al., 1993), is located approximately 110 km west of the Peerless Lake area. The anom-
aly coincides roughly with 1) a major shear zone that divides the PRA into western and eastern blocks
(Trotter, 1989; Wilson, 1989), and 2) the boundary between the Chinchaga Low and Buffalo Head
Terrane (Ross et al., 1991). Oxygen isotope analysis of 248 basement samples led to the discovery of a
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zone of significantly depleted 18O (SMOW) values of less than +5� that exactly coincides with the
Kimiwan Anomaly (Burwash et al., in press; Figure 28). The average 18O (SMOW) values for crys-
talline rocks in northern Alberta are between +6 and +11�, which is typical of crustal rocks worldwide.
The deficiency of 18O concentrations is indicative of high-temperature (350-400ºC) interactions
between crustal rocks and surface waters (Muehlenbachs et al., 1994; Chacko et al., 1995). The
Kimiwan Anomaly has been dated by Rb-Sr and K-Ar methods at 1.78-1.69 Ga (Chacko et al., 1995),
and a 40Ar-39Ar hornblende date of 1.794 Ga provides a reasonable estimate of the timing of 18O deple-
tion (Burwash et al., in press).

Based on the depleted 18O values, physiography of the anomaly (elongate rather than circular) and
geochronology, Burwash et al. (1995) and Burwash et al. (in press) have suggested that the Kimiwan
Anomaly formed by interaction of basement rocks with surface-derived fluids in a north- to northwest-
trending zone of crustal extension. Burwash et al. (1995) stated that the zone of crustal extension formed
in the late stages of the Hudsonian Orogeny, and that the time of crustal uplift and extension tectonics
are best documented by the Kimiwan Anomaly. In addition to the Kimiwan Anomaly, depleted 18O val-
ues have also been discovered in crustal rocks associated with the STZ and major faults related to the
Fort St. John Graben and PRA.

Depleted 18O values were also discovered in three basement cores collected in the south-central
Peerless Lake map area (Figure 28). A quartzofeldspathic granite with abundant epidote from well
Candel et al. Utikuma 2-35-82-9W5 (56º8’N, 115º17’W; UTM 606274E, 6223550N, Z11), yielded
depleted 18O values of 3.07� (R.A. Burwash, pers. comm., 1999). The depleted 18O values trend north
and are centrally located on the Trout Mountain gravity low.

The depleted 18O values from basement cores in northern Alberta provide significant information on the
interaction between rock and fluids of varying temperatures, and a potential tool to help decipher the
tectonic evolution of the Alberta basement. Documented examples of depleted 18O values in basement
rocks have been found in two specific geological environments: 1) near epizonal plutons and volcanic
calderas (Criss and Taylor, 1983); and 2) in zones of crustal extension, where crustal thinning brings
high-temperature rocks near the surface and provides the heat necessary for fluid circulation (Nesbitt
and Muehlenbachs, 1989). Thus, stable isotope data have the potential to evaluate basement tectonics in
poorly exposed regions where conventional field-based structural techniques are difficult to apply (e.g.,
Taylor et al., 1991).

If the depleted 18O values from the basement of the Peerless Lake area are interpreted to be the result of
crustal extension, it can be inferred that the fault zones developed during transcurrent shearing in the
Hudsonian Orogeny have been preferentially reactivated during times of uplift and extension. Known
large-scale processes for lowering the 18O of crystalline rocks to values below +4� involves interaction
of isotopically normal rocks with surface-derived fluids at temperatures greater than 350ºC (Taylor and
Sheppard, 1986). Hence, the low 18O values in the Peerless Lake area may indicate that the north-trend-
ing lineament observed on aeromagnetic and topographic maps is associated with high-temperature
interactions between crustal rocks and surface waters in an extensional setting similar to the 1.794 Ga
Kimiwan Anomaly.

4.4 Discussion

The Precambrian basement in the Peerless Lake area has a structural fabric believed to have formed
under a regime of uplift and periodic extension/compression. A north-trending, deep-seated crustal fea-
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ture or mobile zone is inferred to exist at the approximate contact of the Buffalo Head and Utikuma sub-
domains of the Buffalo Head Terrane due to the presence of

• differentiated horst-and-graben block structures indicative of crustal uplift. The graben-like terrain is
probably caused by buckling and warping in the crust and lithosphere, resulting in the mechanical
breakage of the crust into blocks. Accumulations of hydrocarbons are strongly influenced by the
paleotopography of the Precambrian surface. Oil is trapped in porous Granite Wash reservoirs where
boundary faults of generally vertical Precambrian grabens and half-grabens form tight lateral seals.

• sharply defined lineaments on the Precambrian surface and pronounced, elongated, linear aeromag-
netic signatures suggestive of dominant structural controls. North-trending, ductile shear zones,
described from the exposed Taltson Magmatic Zone, are believed to continue as parallel master
strike-slip faults of a crustal-scale transpressional system beneath the Phanerozoic sedimentary rocks
to the west. The geometric relationships between faults in northern Alberta are characteristic of a
sinistral Riedel array, where offset of major dextral strike-slip faults (GSLSZ and STZ) is character-
ized by the formation of oblique-slip, extensional north-northwest-trending faults. Despite a thick
Phanerozoic cover, north-trending aeromagnetic lineaments are detectable in the Peerless Lake area.
The north-south orientation of the Loon River lowlands and the contact between the Buffalo Head
and Utikuma subdomains of the Buffalo Head Terrane coincide with this aeromagnetic lineament.
The lineament mimics the geophysical characteristics, strike direction, and size of exposed basement
faults such as the 1.93 Ga Charles Lake Shear Zone.

• localized geothermal patterns and retrograde metamorphism. A significant north-trending, positive
geothermal heat anomaly, located in the north-central part of the Peerless Lake map area,  was dis-
covered by K- and U-metasomatism analysis of unweathered Precambrian core samples. The ther-
mal anomaly is augmented by the Red Earth Granulite Domain, which has been recognized as an
isolated zone of retrograded granulite, so far described as unique to the Peerless Lake area.

• a distinct, north-trending gravity low that is similar in appearance to gravity anomalies associated
with the STZ, which are thought to be related to deep-seated topographic displacement (up to 10
km) in the Moho. The north-trending gravity low in the Peerless Lake area may be caused by the
intrusion of a 30 by 150 km, north-trending anatectic granite pluton near the centre of the Red Earth
Granulite Domain. Rb/Sr dating has dated the pluton at 1.83±5 Ga. The age and axis orientation of
the granite pluton closely parallel those of several granitic intrusions and tectonic lineaments,
respectively, in the exposed Precambrian Shield of northeastern Alberta and the adjacent District of
Mackenzie, Northwest Territories.

• depleted 18O values from the basement of the Peerless Lake area that may be the result of crustal
extension. The Peace River Arch has been tectonically active as early as the Late Proterozoic, allow-
ing cratonic blocks to jostle relative to one another during the Phanerozoic, thereby creating
transtensional structural assemblages. A negative oxygen-isotope anomaly (Kimiwan Anomaly),
which is located approximately 110 km east of the Peerless Lake area, is believed to have formed by
interaction of basement rocks with surface-derived fluids in a north-northwest-trending zone of
crustal extension formed during the late stages of the Hudsonian Orogeny. Extensional development
associated with the ca. 1.794 Ga Kimiwan Anomaly may have also influenced the Peerless Lake
area mobile zone, as suggested by north-trending depleted 18O values in the south-central part of
the map area.

Mobile zones of deformation and magmatism are often divided into transcurrent intracratonic and rift-
related zones, depending on their geological position. The Peerless Lake area may be typical of the
PRA, where initial strike-slip faults, developed during transcurrent shearing in the Hudsonian Orogeny,
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have been preferentially and repeatedly reactivated during compressional-extensional events. Once
formed, these midcontinent fault zones remain zones of weakness and are reactivated repeatedly during
Phanerozoic episodes of movement. Sedimentation and volcanic activity accompanying transtensional
deformation may characterize them. Thus, the basement of the Peerless Lake area is favourable for the
emplacement of kimberlitic diatremes, which commonly favour the reactivation of major deep faults or
shears (mobile belts) that traverse the entire crust and may even traverse the lithosphere.

5 Phanerozoic Evidence

The Precambrian basement in the Peerless Lake area consists predominantly of high-grade metamorphic
rocks (Burwash and Krupicka, 1969). These are covered by a sequence of Paleozoic and Cretaceous sed-
imentary rocks about 1600 m in thickness (see Table 2 for the stratigraphic nomenclature used in the
study area). Hence, it seems impossible to envision the effects of the basement on the overlying
Phanerozoic cover. Indeed, a major problem with advocating the study of Cretaceous structural trends as
a tool to search for elusive deep-seated fault zones is that few studies have been able to outline the ‘con-
tinuous’ propagation of a fault plane from the basement, through the entire Phanerozoic, to the surface.
Yet the distributions of modern topographic lineaments, Quaternary channels and joints found at the sur-
face in the interior Platform often correlate with those of major structures in the Precambrian basement
and the Phanerozoic cover (Jones, 1980; Maughan and Perry, 1986; Greggs and Greggs, 1989).
Conformable patterns from seismic, gravity, and magnetic surveys provide confirmation that lineament
concentrations are likely associated with long-lived zones of weakness (Penner and Mollard, 1991;
Misra et al., 1991; Lyatsky et al., 1992; Edwards et al., 1995).

Whereas some fractures propagate into a basin from the surface down (e.g., due to bending of the crust
in the North American Laramide foreland), basement faults may propagate upsection through the cover
by episodic reactivation induced by changes in the regional stress field (Allen and Allen, 1988; Edwards
et al., 1995). The influence of such faults on the structure and configuration of Phanerozoic stratigraphy
has been recognized worldwide. Periodic reactivation of basement faults has been documented as a con-
trol on basin stratigraphy, including sedimentary lithofacies and present-day topography, and the distri-
bution of mineral deposits and oil and gas fields. Selected examples, compiled by Edwards et al. (1995),
include the North Sea Basin (Glennie, 1990); western and central European Mesozoic basins (Voigt,
1963); southern Ireland (Gardiner, 1978); Saudi Arabia and northern Iraq (Edgell, 1990; Ameen, 1992);
China (Zhang and Zhang, 1981); Australia (O’Driscoll, 1982); New Zealand (McQuillan, 1983); eastern
Brazil (Barosh and Harali, 1983); the Argentine Plains (Pasotti and Canoba, 1976); the eastern and west-
ern continental margins of Canada (Grant, 1987; Lyatsky, 1993); and the Williston Basin of Canada
(Thomas, 1974; Kent and Christopher, 1994).

5.1 Basement-Cover Interaction

Tectonically, all modern cratonic platforms have been undergoing slow, fairly continuous tectonic subsi-
dence, complicated by internal, low-amplitude, differential platform uplifts and depressions, since the
latest Precambrian and Early Cambrian (Lyatsky et al., 1999). The notion of ‘basement controls’ in the
overlying Phanerozoic strata of the WCSB has been invoked by many workers, often on the basis of
subsurface mapping or near-alignment with geophysical fabric, to explain the remarkably linearity of
certain hydrocarbon production trends in the basin (Eaton et al., 1994). Gay (1973, 1995) described the
linear arrangements of oil and gas fields, and basement block boundaries, in various basins of the United
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States (e.g., Powder River Basin, Wyoming; Paradox Basin, Utah-Colorado). In southern and central
Alberta, several authors have attributed linear hydrocarbon production trends, such as the carbonate plat-
forms and reefs of the Cooking Lake and Leduc formations to some form of tectonic control. The
Rimbey-Meadowbrook reef, for example, trends 018º for approximately 180 km (Sikabonyi and
Rodgers, 1959; Keith, 1970; Jones, 1980).

The influence of deep-seated basement structures on the expression of sedimentary facies in the
Phanerozoic cover of Alberta has been proposed by a number of workers (e.g., Mountjoy, 1980; Cant,
1984; Smith et al., 1984; Leckie, 1986; Hart and Plint, 1990; Kent and Christopher, 1994). As well,
Alberta basement transects from Lithoprobe seismic data yield examples of basement-cover interaction
in central Alberta that confirm basement structures as having influenced Phanerozoic patterns of deposi-
tion, and perhaps diagenesis (Eaton et al., 1994; Chen and Bergmann, 1999; Edwards and Brown, 1999;
Ross and Eaton, 1999). Industry seismic data have also confirmed the near-vertical nature of many (or
most) Phanerozoic faults in northern Alberta, and indicate that recurrent normal faulting took place on
pre-existing basement structures during two main phases of reactivation: 1) Middle Cambrian to Late
Devonian (e.g., Kanasewich et al., 1969; Cant, 1988; McMechan, 1990; Barclay et al., 1990; O’Connell
et al., 1990; O’Connell, 1994; Slind et al., 1994); and 2) Late Cretaceous, corresponding to the Laramide
Orogeny (e.g., Sikabonyi and Rodgers, 1959; Stelck, 1975; Lam and Jones, 1985; Cant, 1988; Hopkins
and Pollock, 1988; Taylor, 1989; Hart and Plint, 1990; Donaldson et al., 1998).

It is thought that these steeply dipping, shallow faults in northern Alberta were responding to episodic
rejuvenation of basement faults through tectonic adjustments (Jones, 1980; Cant, 1988; Hart and Plint,
1990; Heller et al., 1993) and/or changes in compressional stress and resultant movement on deep-seat-
ed, low-angle décollement surfaces that form boundaries between Proterozoic terranes (Edwards and
Brown, 1994). Interpretation of the Lithoprobe survey data by Eaton et al. (1994) has led to the correla-
tion of reflection character for the recognition of three generalized styles of basement-cover interaction:
1) drape over pre-existing basement highs; 2) basement faulting; and 3) sedimentary facies changes
associated with deep-seated structures (Figure 29).

It is clear that several episodes of crustal extension occurred throughout the Phanerozoic and that they
have influenced facies distribution and depositional architecture in west-central Alberta (Barclay et al.,
1990; Hart and Plint, 1990). O’Connell et al. (1990) demonstrated the possibility that regional
Precambrian fault zones in the Peace River region have been reactivated throughout the Phanerozoic,
and that several major basement terrane contacts coincide with 1) trends of Devonian and Carboniferous
grabens, 2) emplacement of Late Devonian dolomite occurrences, and 3) a linear Cretaceous erosional
feature.

5.2 Structural Control on Sedimentation Patterns in the Phanerozoic Succession and Development of the
Loon River Graben

In order to address the hypothesis that the Phanerozoic strata in the Peerless Lake area are affected by
basement structure, a geological cross section, oriented from west to east across the Loon River low-
lands, was constructed using geophysical logs from 16 wells (Figure 30). Thirteen of these wells pene-
trate the surface of the Precambrian basement. The uppermost stratigraphic marker on the geophysical
logs varies between wells: base of Fish Scales Member of the Shaftesbury Formation in wells 1, 2, 4,
and 5; Peace River Formation in wells 7, 8, 11, 12, 14, and 15; Harmon Member of the Peace River
Formation in well 3; Bluesky Formation in wells 6, 9, 10, and 13; Graminia Silt in well 16. This is
because of a) the Loon River lowlands forming a major topographic low (i.e., wells 6 through 12) and/or
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b)
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Figure 29. Seismic-expression schematic diagrams of different styles of basement-cover interaction in central Alberta: a) sedi-
ment drape over pre-existing basement highs; b) intersection of inferred basement faults with basement-sediment contact; and
c) sedimentary facics change at basement tectonic boundary (Eaton et al., 1994; reproduced by permission of the Canadian
Society of Petroleum Geologists).
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Figure 30. Surface topography of the Peerless Lake area, showing location of wells used for a basement to surface cross 
section.
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b) the interference of casing (i.e., wells 5 through 16). The cross section is presented as a series of four
sketches, each depicting a different stratigraphic interval:

1) Precambrian surface to top of the Elk Point Group (datum: top of the Watt Mountain Formation)
2) Beaverhill Lake Group (datum: top of the Beaverhill Lake Group, i.e., Mildred Formation equivalent

to the base of the Cooking Lake Formation)
3) Woodbend-Winterburn groups (datum: top of the Winterburn Group, i.e., Graminia Formation)
4) Bluesky Formation to highest stratigraphic marker (datum: Bluesky Formation for wells 1 through 14,

Spirit River Formation for well 15).

O’Connell (1994) has summarized the general stratigraphy of the Phanerozoic sedimentary succession in
the area of the Peace River Arch. A summary of the characteristics of the individual stratigraphic units
across the Loon River lowlands is given in Table 3.

5.2.1 Elk Point Group

Clastic, carbonate, and evaporitic rocks of the Middle Devonian Elk Point Group represent the initial
sediments that onlapped much of the PRA (O’Connell, 1994). Most of the units in the Elk Point Group
have a clastic inshore facies characteristic of the flanks of the basin, or contain coarse siliciclastic
interbeds derived from the arch. In the Peerless Lake area, sedimentary rocks of the Elk Point Group
directly overlie the Precambrian basement (Figure 31). The total thickness of Elk Point Group strata
increases from 130 m in the west (well 1) to 296 m in the east (well 16), consistent with depositional
onlap of Elk Point Group sediments onto the paleotopographic high of the PRA to the west.

5.2.2 Granite Wash Formation

The Granite Wash Formation is a time-diachronous, lithostratigraphic unit of fluvial, estuarine, and shal-
low-marine clastic sedimentary rocks that overlies the Precambrian surface of the PRA and interfingers
with Middle and Upper Devonian carbonate, shale, and evaporite units to the south, east, and north
(Grayston et al., 1964). An isopach map of the Granite Wash by Trotter (1989) shows that the Granite
Wash in the western and central parts of the Peerless Lake map area forms narrow north- to northeast-
trending sand bodies (Figure 19).

Deposits of the Granite Wash filled in the irregular topography of the Precambrian surface, reaching the
greatest thickness in structural lows that have been interpreted to be, in part, related to grabens and half-
grabens formed during episodes of extension related to arch uplift (Angus et al., 1989; Trotter, 1989).
Along the cross section constructed for this report, the thickness of the Granite Wash ranges from 0 m
(well 15) to 20.5 m (well 13), and documents the irregular topography of the Precambrian surface. The
cross section intersects paleovalleys containing an increased thickness of Granite Wash between wells 4
and 7 and wells 12 and 14. A facies transition between Granite Wash and sedimentary rocks of the
Contact Rapids Formation occurs east of well 15. The total thickness of Granite Wash and Contact
Rapids in well 16 is 28.3 m.

5.2.3 Keg River Formation

In the vicinity of the PRA, the shelf-carbonate sedimentary rocks of the Keg River Formation are com-
monly interbedded with shale and sandstone of the Granite Wash (Burrowes and Krause, 1987;
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Sandstone
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Formation/
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10 to 35 m; greatest thickness below
Loon River lowlands
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57 to 77 m; irregular; greatest thickness
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9.5 to 140 m; thickening to E

Facies change into carbon-
ates of Lower Grosmont

45 to 160 m; greatest thickness
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transition from Duvernay shale to Grosmont
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sition from Lower Ireton shale to Grosmont
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49 to 100 m; thickening to W; irregular
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Up to 60 m; irregular; deposition on
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Sandstone
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Tectonic activity inferred from changes in lithology/facies and/or thickness.

Table 3. Characteristics of the individual stratigraphic units across the Loon River lowlands.



Watt Mt.

Muskeg

Keg River
Granite Wash

DATUM: Watt Mt.

Basement tilting downward toward the east

Possible zones
of faulting
Proposed �border�
fault

Evaporites

Carbonates

Shale

Clastics

LEGEND

100 metres

50

0

0 10 20
metres

Figure 31. Peerless Lake cross section: Precambrian basement to Watt Mountain Formation.

WEST    EAST

Apparent fault
movement



EUB Earth Sciences Report 2000-01 (April 2002)   �   58

Campbell, 1987). In the Peerless Lake area, the Keg River generally thickens toward the east, showing-
no significant irregularities in thickness along the line of cross section (Figure 31).

5.2.4 Muskeg Formation

The evaporitic rocks of the Muskeg Formation overlie the Keg River Formation with a gradational con-
tact. Along the cross section, the Muskeg generally thickens from 105 m in the west to 196 m in the
east. Decreased thickness in the vicinity of wells 9 and 14 suggests relative upward movement of the
basement, possibly related to rotational tilting of fault blocks, with normal faults located between wells
7 and 9 and wells 13 and 14. There is also some evidence of faulting between wells 15 and 16, although
an inferred fault was not included on Figure 31. Since the underlying Keg River carbonate rocks do not
display any irregularities in thickness, pre-existing relief can be excluded as a reason for the thickness
variations of the Muskeg Formation.

5.2.5 Watt Mountain Formation

In the PRA area, the deposition of the shale and sandstone of the Watt Mountain Formation was preced-
ed by a period of erosion, possibly associated with uplift of the Arch (O’Connell, 1994). In the Evi area
(Townships 86-87, Ranges 10-11W5), faulting occurred approximately contemporaneously with the
development of the pre-Watt Mountain unconformity (Angus et al., 1989). There, the Muskeg Formation
is anomalously thin or missing on the upthrown block due to the effects of pre-Watt Mountain erosion
(Angus et al., 1989). A cross section in the Red Earth Creek area provides evidence for post-
Muskeg/pre-Watt Mountain to syn-Watt Mountain faulting (Angus et al., 1989) by preservation of a
thicker succession of Muskeg sedimentary rocks and a thicker Watt Mountain unit in well 16-02-87-
9W5 compared to neighbouring wells.

Along the cross section prepared for this report, the Watt Mountain Formation increases slightly in
thickness from east to west, ranging between 9 and 13 m (Figure 31). Relatively rapid thickness varia-
tions of up to 3.4 m are visible in the western part of the cross section (e.g., thinning from 13 to 10 m
between wells 3 and 4; thickening from 10 to 12.4 m between wells 4 and 5; thinning from 12.4 to 9 m
between wells 5 and 6; and thickening from 9 to 12.3 m between wells 6 and 7) and may be due to pre-
Watt Mountain erosional relief and/or pre- to syn-Watt Mountain faulting.

5.2.6 Beaverhill Lake Group

Beaverhill Lake Group deposition in the PRA area was characterized by changes from relatively stable
tectonic conditions during deposition of the restricted-marine carbonate and evaporitic rocks of the Fort
Vermilion Formation and the open-marine carbonate rocks of the Slave Point Formation, to rapid differ-
ential subsidence away from the Arch during deposition of the Firebag, Calumet, and Christina forma-
tions, and the lower part of the Moberly Formation, in the so-called “Waterways basin” (Keith, 1990).
The relatively uniform character and thickness of the upper part of the Moberly Formation and the
Mildred Formation mark a return to more stable tectonics toward the close of Beaverhill Lake Group
sedimentation (Keith 1990). During the times of rapid subsidence, the basin around the Arch was being
filled by indigenous carbonate sediment and by silicate clay sediment from the east and north, resulting
in an imbricated infill of a series of shelf, slope, and basin phases in the Firebag, Calumet, Christina, and
Lower Moberly units (Stoakes, 1988; Keith 1990).

In contrast to the above, the sedimentation patterns along the cross section prepared for this report
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(Figure 32) suggest that rapid, local, differential subsidence was already occurring during deposition of
the Fort Vermilion and Slave Point formations. This subsidence is represented by thickness variations 1)
from 25.5 m to 36.6 m to 24.3 m in the Fort Vermilion Formation between wells 6, 7, and 9, 
respectively; 2) from 20.9 m to 14.9 m to 23.5 m in the Fort Vermillion Formation between wells 4, 5,
and 6, respectively; and 3) from 23.5 m to 34.8 m to 13 m in the Slave Point formation between wells 6,
9, and 13, respectively.

Thickness variations in the carbonate rocks of the Slave Point Formation may be due, in part, to differ-
ences in carbonate production, but the coincidence with the approximate location of possible basement
faults between wells 4 and 9 and wells 12 and 14 suggests that faulting also had an influence during
deposition of the Slave Point. In cores, the top of the Slave Point is characterized by an irregular,
scoured surface, underlain by a thin, dark-stained, and bored crust, and is interpreted as a submarine
hardground (Keith, 1990). The Slave Point decreases rapidly in thickness between wells 12 and 13 to the
east.

The Firebag Formation and Lower Calumet limestone fill the remaining relief up to the thickness of the
Slave Point Formation in well 12. This is consistent with the starved-basin concept of Keith (1990) for
the Firebag Formation and Lower Calumet limestone. The Middle Calumet shale reaches a maximum
thickness of 65.9 m in well 5 and thins to 44.5 m and 29 m to the west and east in the cross section,
respectively. In the western part of the cross section, the thickness variations of the Middle Calumet
shale unit provide a negative image of those of the underlying Slave Point Formation, suggesting that
the shale is filling pre-existing topography. The overlying Upper Calumet limestone and Christina
Formation generally have constant thicknesses of about 10 m and 20 m, respectively, and show only
slight thinning in the western part of the section.

The thickness of the Moberly Formation varies considerably along the cross section, indicating that tec-
tonic activity had resumed by the time it was deposited. The Moberly thickens westward from well 5
and eastward from well 6, reaching a maximum thickness of 76.9 m in well 7, and thinning to 61.6 m in
well 9. East of well 9, it increases slightly in thickness to 72.5 m in well 16. The observed thickness
variations indicate a horst-and-graben structure in the western part of the cross section, with wells 1 to 4
and wells 6 and 7 located in the downthrown blocks, and wells 5 and 6 and wells 9 to 16 located in the
upthrown blocks.

The Mildred Formation thins slightly from 12 m in the east to 8 m in the west, indicating a period of
tectonic quiescence at the close of Beaverhill Lake Group sedimentation.

5.2.7 Woodbend and Winterburn groups

According to O’Connell et al. (1990) and O’Connell (1994), sedimentation of the Late Devonian
Woodbend and Winterburn groups was significantly influenced by 1) localized movement of major fault
blocks, 2) local differential subsidence, 3) syndepositional removal of Elk Point Group salt, and 4) the
nature and volume of terrigenous clastic sediments introduced into the basin. The observed and inferred
displacement of Middle Devonian to Mississippian strata in Alberta has been attributed to deep-seated
faulting controlled by basement structure, whereby timing and orientation of fault reactivation influ-
enced sedimentation patterns and diagenetic development (Sikabonyi and Rodgers, 1959; Keith, 1970;
Viau, 1987). O’Connell et al. (1990) reported that normal block-fault movements had a major influence
on the deposition of the Woodbend and Winterburn groups in the western block of the PRA. During this
time, the western part of the PRA was undergoing a major episode of extension and uplift that may be
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tectonically associated with the Late Devonian to Early Carboniferous Antler Orogeny at the western
margin of the United States and the partially coeval Cariboo Orogeny in southwestern British Columbia
(O�Connell et al., 1990).

The Peerless Lake area was also undergoing a major period of transformation during the Upper
Devonian. The Woodbend and Winterburn groups exhibit a wide variety of thickness variations, reef
development, and lithofacies changes that are remarkably consistent with the north-trending Loon River
lowlands. Salient observations gained from Switzer et al. (1994) include:

� Majeau Lake Member (of the Cooking Lake Formation) isopachs display an abrupt, steeply thicken-
ing, north-trending zone coinciding with the Loon River lowlands (Figure 33). The Majeau Lake
basinal shale is considered to be time equivalent to the Cooking Lake Formation and progressively
replaces the upper part of the Cooking Lake Formation west (basinward) of the Rimbey-
Meadowbrook Reef Trend. The linear position of this reef trend suggests both structural and inherit-
ed topographic controls.

� Duvernay Formation isopachs form two north-trending, deep �troughs� that are directly north of the
map area (northern extension of the Loon River lowlands) and directly adjacent to the Loon River
lowlands (Figure 34). Interestingly, the location of the Loon River lowlands corresponds perfectly
with a lithofacies change eastward from shale to limestone to dolomite.

� The western edge of the Grosmont shelf complex forms a north-trending boundary directly east of
the Loon River lowlands. The facies transition between the Grosmont platform carbonate rocks and
the basinal Ireton shale is relatively abrupt and steep, especially in the case of Upper Grosmont
Stage III (Figure 35).

� Nisku-equivalent siliciclastic sediments (sandstone and siltstone) were deposited between several
isolated carbonate bank complexes that developed along the axis of the PRA. The siliciclastic rocks
form a north-trending wedge in the western Peerless Lake map area, adjacent to the western edge of
the Grosmont shelf (Figure 36). Subtle topography on the Upper Ireton shale, which was probably
controlled by differential compaction and/or structural movement of basement fault blocks, created
suitable sites for subsequent localized carbonate bank development. In contrast, deposition of the
Nisku Formation and overlying Graminia Silt in the basin apparently occurred on relatively flat
topography with no vertical displacement, indicating at least a temporary tectonic quiescence.

It is not difficult to visualize the influence of a major north-south structure in the Peerless Lake map
area, especially given the linear nature of 1) variations in depositional thickness; 2) a steep, abrupt ter-
mination in the basinward propagation of the Grosmont shelf carbonates; and 3) the narrow, north-south
wedge of siliciclastic material deposited during Nisku Formation time. Thus, a large-scale graben-like
structure can be inferred from thickness and facies variations in Winterburn strata on a west-east cross
section from the PRA to the Grosmont shelf edge (Figure 37).

The cross section of the Woodbend/Winterburn interval across the Loon River lowlands prepared for this
study (Figure 38) shows changes in thickness and sedimentary facies that confirm the propagation of the
proposed main graben fault between wells 4 and 5, coinciding with the location of the north-trending
surface lineament. In addition, thickness and facies variations between wells 9 and 10 and wells 13 and
14 also suggest possible reactivation of faults that had been inferred from variations in the underlying
strata (Figures 31 and 32).

The carbonate rocks of the Cooking Lake Formation mark the onset of a gradual deepening of the
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Figure 35. Abrupt termination of the westward-propagating Grosmont carbonate shelf in the Peerless Lake area:  a) map of major
Grosmont shelf edges; b) west-east  cross section showing the Grosmont stages (Switzer et al., 1994; reproduced  by permission of
the Canadian Society of Petroleum Geologists). Grosmont stages (Switzer et al., 1994).
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Figure 37. Cross section illustrating Winterburn stratigraphy across the Grosmont shelf edge; line of cross section shown in Figure 36 (Switzer et al., 1994; reproduced by per-
mission of the Canadian Society of Petroleum Geologists).
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Alberta Basin and reflect a rejuvenation of basin differentiation (Switzer et al., 1994). The Peerless Lake
area lies west of the edge of the Cooking Lake shallow-water platform. Thus, within the Peerless Lake
area, the Cooking Lake Formation is only present as a thin basinal limestone layer ranging in thickness
from 1.4 to 4.5 m.

The overlying basinal shale of the Majeau Lake Formation can be divided into two units, the Lower
Majeau Lake and Upper Majeau Lake. Along the cross section (Figure 38), the Lower Majeau Lake
gradually thickens from 9.5 m in the west to 140 m in the east. The Upper Majeau Lake shale changes
facies eastward into limestone and dolomite. This Upper Majeau Lake carbonate attains a thickness of
up 55 m in well 14 and forms the lowest unit of the Grosmont shelf complex, the Lower Grosmont stage
of Cutler (1983). The general deepening trend is reflected in the backstepping of the edge of the Lower
Grosmont buildup from well 12 to 14. The thickness of the Upper Majeau Lake unit (including the
Lower Grosmont carbonate rocks) generally increases from east to west, from 45 m in well 16 to 160 m
in well 6; continuing westward, the thickness decreases to 107 m in well 1. Thus, maximum subsidence
during deposition of the Upper Majeau Lake unit in the area was attained between wells 4 and 12.

According to Switzer et al. (1994), the source of the Majeau Lake clastic rocks has not been determined.
The majority of the shale appears to have been introduced into the basin from the north or northeast and
deposited along the northeastern edge of the basin adjacent to the Precambrian Shield (Stoakes, 1988;
Embry and Klovan, 1976).

The dark brown bituminous shale and limestone of the Duvernay Formation were deposited during the
maximum transgression of the Woodbend Group (Switzer et al., 1994). Similar to the Upper Majeau
Lake, the Duvernay shale changes facies eastward into shallow water limestone and dolostone of the
Upper Grosmont stages I and II of Cutler (1983). The westward progradation of the Grosmont units near
the eastern extension of the Peace River Arch at a time of basinwide maximum transgression indicates
that the eastern part of the arch subsided at relatively slower rate than the rest of the basin. The com-
bined thickness of the Duvernay interval (including the correlative Upper Grosmont stages I and II)
ranges between 28 m in well 1 and about 70 m in wells 5 and 6 and wells 15 and 16. The Duvernay
Formation attains its greatest thickness near the shallow-water carbonate rocks of the Upper Grosmont I
and II, due to the supply of platform-derived carbonate detritus, whereas it generally decreases in thick-
ness in the deeper parts of the basin (Switzer et al., 1994).

The Ireton Formation can be divided into an upper and lower sequence of cyclic successions of basin-
filling shale clinoforms, indicating the end of apparent deepening and a major shift toward filling and
shallowing of the basin (Switzer et al., 1994). The bounding surface between the Upper and Lower
Ireton sequences in the Western Canada Sedimentary Basin has been informally referred to as the “Z”
marker (Stoakes and Wendte, 1987). The Lower Ireton shale prograded from east to west (west of the
line of section in Figure 38), and is most significant south of the Peace River Arch, completely filling
the East Shale Basin. The Upper Ireton shale prograded both southward and westward, and is largely
confined to the area north of the Peace River Arch.

In the Peerless Lake area, the Z marker could not be observed on well logs. In accordance with Switzer
et al. (1994), the bounding surface between the Lower and Upper Ireton members was therefore chosen
at the base of maximum progradation of the Upper Grosmont stage III, which is a shelf carbonate equiv-
alent of the basinal Lower Ireton shale (Figure 38). The Lower Ireton interval (including the Upper
Grosmont III) gradually decreases eastward in thickness from 180 m in well 1 to 72 m in well 16. The
edge of the carbonate shelf progrades from wells 7 westward to well 5, with maximum carbonate accu-
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mulation in well 7 (95 m). The uppermost Grosmont III cycle represents a lowstand shallow-water
wedge, which is restricted to the western half of the Grosmont complex where insufficient underlying
Lower Ireton fill had left suitable accommodation space (Switzer et al., 1994).

The Upper Ireton interval represents the last depositional sequence of the Woodbend Group. In the
Peerless Lake area, it is only present as a thin veneer encroaching onto the uppermost Grosmont III car-
bonate rocks. Along the cross section, the Upper Ireton interval varies in thickness between 1 m in well
10 and 17.5 m in well 1. The thickness changes most rapidly between wells 4 and 5 (from 12.5 to 5.4 m)
and between wells 9 and 10 (from 16.5 to 1 m), coinciding with the location of two of the proposed
faults (Figure 38).

Deposition of Winterburn Group sediments was characterized by two transgressive/regressive cycles,
resulting in continued general shallowing and filling of the basin. The first cycle encompasses the onlap-
ping stages of the Nisku Formation and the subsequent progradation of the Nisku carbonate shelf over
both the Grosmont shelf and carbonate banks encased in siliciclastic rocks between the Nisku shelf com-
plex and the fringing reef complex of the Peace River Arch (Switzer et al., 1994). Thickness variations
are thought to be mainly due to antecedent topography of the Woodbend Group, which resulted in a
complex pattern of subbasins; however, local variations in subsidence due to tectonic movement of
faults in the Peace River Arch region should not be discounted.

The second cycle is composed of transgressive silt and clay of the Calmar Formation and the prograding
platform carbonate rocks of the Blueridge Member of the Graminia Formation. The overlying Graminia
Silt has been formally included in the Winterburn Group, although it appears to be more closely related
to deposition of the overlying Wabamun Formation (Switzer et al., 1994).

In the Peerless Lake area, the Nisku carbonate rocks range in thickness from 49 to 100 m. Areas of max-
imum deposition occur between wells 4 and 9, and between wells 12 and 16. The Calmar Formation
varies in thickness between 5 and 16.4 m, and generally mimics the thickness distribution in the under-
lying Nisku carbonate rocks, indicating continued local variations in subsidence. The same applies to the
Blueridge carbonate rocks, which generally decrease in thickness from west to east, with centres of dep-
osition located between wells 4 and 12 and wells 13 and 15. Finally, the Graminia silt shows only a
gradual increase from 3 m in well 1 to 9 m in well 16.

Thus, by the end of the Nisku depositional sequence, the vast majority of the Western Canada
Sedimentary Basin was filled to a shallow and uniform level. As a result, a relatively flat surface was
present at the time of the next marine incursion, which led to deposition of the Wabamun Formation car-
bonate rocks.

5.2.8 Wabamun Formation

The Wabamun Formation forms a widespread, generally uniform, micrite-dominated carbonate ramp that
thins across the crest of the Peace River Arch, indicating near-complete inundation of the PRA landmass
(Halbertsma and Meijer Drees, 1987). In much of the eastern part of the Peerless Lake area, it has been
affected by pre-Cretaceous erosion and is therefore unsuitable for thickness-variation analysis. In the
western part of the area, the Wabamun reaches a thickness of about 300 m and decreases steadily toward
the east (not shown).
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5.2.9 Carboniferous Strata

Whereas extension and uplift associated with major graben-forming events resulted in the deposition of
a very thick sequence of Lower Carboniferous Banff Formation and Rundle Group strata in the western
part of the PRA, the central part of the PRA is characterized by a distinct, abrupt margin of nondeposi-
tion. The zero edge, or area of nondeposition, occurs directly west of the Peerless Lake map area and
forms a north-trending margin.

Considerable work has been completed on the Carboniferous strata in the western part of the PRA. A
stratigraphic cross section of the Carboniferous Mattson assemblage and Permian succession in the
Peace River Embayment emphasizes the structural complexity associated with the formation of horst-
and-graben structures during this period (Figure 39). O’Connell et al. (1990) postulated that the
Carboniferous Dawson Creek Graben Complex (DCGC) is characterized by the development of an axial
graben system over an incipient rift associated with the continental extension of an oceanic fracture
zone. In addition, the transition from a craton-wide shelf to a limited basin at the beginning of the depo-
sition of the Stoddart Group may indicate the formation of an extensional stretch trough that marked the
first stage of the DCGC (Figure 40).

The main fault system developed within and adjacent to the DCGC was localized along discrete, conju-
gate, northwest-trending normal faults (Rycroft, Dunvegan, and Tangent Faults) that bound a series of
half-grabens. The Dunvegan Fault exhibits the most obvious spatial correspondence with the basement
magnetic fabric, running parallel to the steep magnetic gradient that separates the Ksituan and
Chinchaga domains, and the dolomitization trends in the Wabamun Formation. O’Connell (1994), there-
fore, speculated that antecedent basement structures influenced the structural evolution, and thereby sed-
imentation and diagenesis, of the western part of the PRA.

5.2.10 Cretaceous Strata

Following extensive erosion of Mesozoic and Paleozoic strata in pre-Cretaceous time, siliciclastic sedi-
mentary rocks of the Bullhead and Fort St. John groups (equivalent to the Mannville Group and lower
part of the Colorado Group in the Central Plains region) were deposited in the area of the Peace River
Arch. Continental and deltaic sedimentary rocks of the Gething Formation accumulated in the subsiding
foredeep in front of the Laramide orogenic front, followed by marine sands of the Bluesky Formation
(Hayes et al., 1994). The Gething and Bluesky formations of the Bullhead Group lap onto the flanks of
the then still emergent Red Earth Highlands. The Bluesky Formation is capped by open-marine fine-
grained clastic rocks of the Spirit River Formation (Fort St. John Group). The Spirit River Formation is
overlain by the Peace River Formation, which consists of marine shale of the Harmon Member, marine
sandstone of the Cadotte Member, and continental sandstone of the Paddy Member. It is followed by the
marine shale of the Shaftesbury Formation, which contains the Fish Scale Sandstone, extensively used
as a stratigraphic marker because of its widespread distribution and distinct well-log response.

Figure 41 shows the thickness variations of the Blue Sky, Spirit River, and Peace River Formations
across the Loon River lowlands. The top of the Bluesky Formation was used as a datum for wells 1
through 13, and the top of the Spirit River Formation for wells 14 and 15, since the Bluesky Formation
and the basal Spirit River Formation lap onto the pre-Mannville unconformity of the Red Earth
Highlands in the east. The relative lithological homogeneity of the Spirit River Formation makes it diffi-
cult to find meaningful log markers in order to correlate genetic units. As a whole unit, the Spirit River
Formation in the Peerless Lake area ranges in thickness from about 230 m in the west (well 4) to about
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Figure 40. Possible stages in the evolution of rifts (modified from Rosendahl, 1987; reproduced by permission of Elsevier
Science, Earth and Planetary Science Letters).



Figure 41. Peerless Lake cross section: Sub-Cretaceous unconformity to Shaftesbury Formation.
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172 m in the east (well 15). The Harmon Member of the Peace River Formation could only be correlated
in the western part of the cross section, where its thickness ranges between 11 and 16 m. The top of the
Peace River Formation was picked at the top of a massive sandstone unit (Paddy/Cadotte). The thickness
of the entire Peace River Formation (including the Harmon Member) varies between 25 m (well 7) and
63 m (well 11). The Fish Scales stratigraphic marker of the Shaftesbury formation was only present on
well logs from the westernmost part of the section. Elsewhere, sedimentary rocks of the Shaftesbury
Formation are either masked by casing or have been removed by glacial and fluvial processes that were
active in the Loon River lowlands.

Despite the difficulties in correlating the Cretaceous units, it appears that changes in sedimentary thick-
ness coincide with the location of the proposed easternmost fault, which has been shown to propagate
through the entire section and is expressed at the surface as a north-trending lineament on the eastern
slope of the Buffalo Head Hills (Figure 41). Interestingly, the sudden increase in thickness of the Peace
River Formation between wells 11 and 12 coincides with the eastern edge of the Loon River lowlands.

5.3 Discussion

The idea of grabens forming over a rift zone in the PRA is not a new one. For example, O’Connell et al.
(1990) postulated that the Carboniferous DCGC is characterized by the development of an axial graben
system over an incipient rift. The cross sections presented in this study, particularly Figure 31 (Watt
Mountain datum) and Figure 38 (Graminia datum), show that the basement in the Peerless Lake area
was uplifting in the central and eastern parts of the cross section during the Middle to Late Devonian. A
spatial relationship is evident between the Trout Mountain gravity low, broad doming, or arching, of the
basement in the Peerless Lake area, and the development of the Middle to Late Devonian half-graben,
hereafter referred to as the Loon River Graben. A possible mechanism for the formation of the Loon
River Graben is shown in Figure 40. The location of the faults depicts the early-stage evolution of a
Middle to Late Devonian mature half-graben that formed during the initial development of a rift zone
over an arching, or doming, of the basement.

The geometry of the Loon River half-graben basin in the Peerless Lake area shows a series of tilted
blocks that likely developed along faults paralleling the main border-fault system defined by wells 2
through 4. The asymmetry of the graben is principally controlled by Proterozoic faults: greater steepness
along the western slopes is generally the result of large active faults, whereas the opposite slopes are less
steep, but the role of faulting is still important. The stratigraphy within the Loon River Graben are not
centred geometrically because the half-graben is usually canted toward one end or the other as the main
border fault develops on the edges of a basement arch (Rosendahl, 1987; Burgess et al., 1988).
Rosendahl (1987), reasoned that relatively simple half-grabens produce maximum subsidence adjacent
to the geometric centre of the border fault, where the displacement is nearly dip-slip. In half-graben
basins that are bounded by listric normal faults, this accommodation is commonly asymmetrically dis-
tributed across the top of the hanging wall block, with the greatest amount of subsidence adjacent to the
boundary fault and near the midpoint of the fault’s strike length. Toward the arcuate ends of the half-
graben, the total throw on the border faults decreases as the relative proportion of strike-slip motion
increases. The authors of this study note that ideas on the geometry of the Loon River Graben are based
on the outline of a single, ideal half-graben in the cross section; it is likely that the interaction, or inter-
ference, of adjacent half-grabens complicates the geometry. The key to understanding rift morphology
lies in the ways in which half-grabens link together to make rift zones; further work throughout the
entire PRA, and northern Alberta, is required in this area.
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Previous studies of Upper Cretaceous strata in the PRA suggest that there is evidence for both 1) region-
al uplift of the southern flank of the arch, and 2) localized uplift and subsidence of blocks inferred to be
bounded by basement faults (Burk, 1962; Hart and Plint, 1990; Hayes et al., 1994; Hu, 1997; Donaldson
et al., 1998; Chen and Bergmann, 1999). Donaldson et al. (1998) noted the remarkable correspondence
between uplifted blocks affecting the deposition of the Bad Heart Formation (85.5 Ma) in the Clear Hills
and Smoky River areas of northwestern Alberta, where a linear aeromagnetic high (edge of the Ksituan
Magmatic Zone) occurs adjacent to a linear aeromagnetic high (the Kimiwan anomaly). Periods of
diminished in-place stress could result in subtle extension on the décollement surfaces that resulted in
reactivation of steeply dipping normal faults, which cut the Paleozoic strata but manifest themselves in
the Cretaceous section only as subtle drape structures (Figure 42; Edwards and Brown, 1994; Donaldson
et al, 1998). Furthermore, Donaldson et al. (1998) inferred that erosion was effected by marine process-
es, resulting in an essentially planar surface, and that areas of deeper erosion reflect differential uplift,
where truncation of strata in uplifted areas was followed by subsidence of the horst and subsequent
infilling of the resultant trough.

A direct correlation exists in the Peerless Lake area between the surficial Cretaceous lineament observed
on the DEM and a steeply dipping normal fault that is shown to propagate up through the Devonian and
Cretaceous sedimentary rocks (Figures 38 and 41). At the surface, the main border fault on the west
edge of the graben is thought to exhibit an area of deformation associated with the propagation of nor-
mal faults. The presence of a dispersed fan of splays resemble flower structures and may have caused
the dispersal of Buffalo Head Hills intrusions from a single basement structure.

Regional structure maps of Mesozoic surfaces show mainly the southwest-sloping regional dip imposed
by the Laramide Orogeny and the collapse of the PRA (Cant, 1984, 1988). In central Montana, Laramide
(Late Cretaceous-Early Tertiary) deformation resulted in tectonic inversion, thought to have been caused
by crustal shortening, that aligned Precambrian tectonic trends with the surface rise of the Little Belt,
Big Snowy, and related uplifts (Woodward, 1996). Therefore, in addition to local faulting events related
to basement faults, ‘elevated’ or uplifted, surficial sedimentary rocks in the vicinity of the PRA may pro-
vide evidence for the tectonic inversion of basement subsidence on the Arch.

6 Kimberlite Structural-Emplacement Model

6.1 Examples from Elsewhere in the World

Various hypotheses have been proposed to place kimberlite activity in its contemporary tectonic frame-
work. For example, Dawson (1970) attributed the emplacement of Cretaceous kimberlites in southern
Africa to uplift of the craton, with attendant downwarping and faulting around its periphery. Hence,
regional uplift played an important role in some past hypotheses that related kimberlites to hot-spot
activity (Crough et al., 1980). Helmstaedt (1993) and Helmstaedt and Gurney (1995) summarized the
main theories to explain the geotectonic controls on kimberlite formation and emplacement, which
include 1) regional uplifts above upwelling convection currents, 2) mantle diapirs, 3) mantle hot spots,
4) rifting of continents, 5) shallow-dipping subduction zones, 6) nonlaminar flow above subduction
zones, and 7) transform faults. Nonetheless, the fact remains that many kimberlites occur in areas of
regional basement uplift. For example, kimberlite pipes on the Rhodesia craton (Botswana and
Zimbabwe) are preferentially intruded along ‘upwarps’, distinguished by elevated basement and gravity
lows (Pretorius, 1986).
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In contrast, much of the current work tends to associate kimberlite magmatism with crustal thinning
linked with major plate movements. For example,

� Mesozoic kimberlite magmatism in Liberia, Angola, South Africa, and Brazil was contemporaneous
with the opening of the South Atlantic, whereas evidence linking it with hot spot activity is less
obvious (Dawson, 1986);

� kimberlites in the eastern United States are not related to hot spot occurrences, and have been
explained within the context of magmatic activity associated with Appalachian tectonism (Taylor,
1982); and

� hot-spot activity might not be a major factor for kimberlite magmatism in shallow-marine environ-
ments (Helmstaedt and Gurney, 1997).

Linear zones of kimberlites and associated alkalic intrusions have subsequently been explained by the
action of linear thermal cells, equatable with thermal plumes that rise from the lower boundary layer
vertically along major �pathways � (England and Houseman, 1984; Dawson, 1986).

Helmstaedt and Gurney (1997) suggested that the theme common to all intracratonic, kimberlite-control-
ling structures may be the requirement that, at the time of intrusion, one of the horizontal principal
stresses must be low enough to allow extensional reactivation and thus enhance upward propagation of
kimberlite feeder dykes. A major kimberlite event during the Cretaceous could thus be related to events
resulting from global plate reorganization following the breakup of a Pangea supercontinent (Anderson,
1994a) rather than to superplume tectonics (Haggerty, 1994). Specific controlling elements in kimberlite
emplacement are likely to be the lateral stresses generated at the base of the lithosphere when large ter-
ranes are accreted during orogeny, which may be attributable to small-scale convection induced by rift-
ing, particularly at the edges of Archean cratons (Anderson, 1994b).

White et al. (1995) suggested that, in areas dominated by an Archean basement and thick lithosphere,
two regional structural environments play host to alkaline intrusions and especially kimberlitic dia-
tremes: 1) deep-seated basement mobile zones or fault/fracture corridors, which cut through the crust
into the upper mantle; and 2) linear grabens, particularly grabens that result from frequent transcurrent
and/or extensional reactivation of a deep-seated mobile zone. Examples of kimberlites and lamproites
that were documented by White et al. (1995) to occur in regional associations with structural linear
grabens and fault/fracture corridors, include

� Devonian and Middle Carboniferous kimberlite pipes that occur along growth faults of the
Kandalaksha and Keretsk-Leshukoinskii grabens in the Archangel area of Russia; the grabens over-
lie or are bordered by a major mobile structure that extends for a distance of about 1000 km (Figure
43; Sinitsyn et al., 1992);

� Cretaceous Angolan kimberlites (in four fields or provinces) that occur along a major basement
structure (the Lucapa Corridor [graben]) that trends northeast for more than 1600 km and corre-
sponds to local basin development (Reis, 1972; De Boorder, 1982); and

� Miocene lamproite pipes, which occur along a major shear that forms the contact between the King
Leopold Mobile Zone and the Lennard Shelf in the Ellendale area of northwestern Australia, and are
hosted within the Fitzroy Graben (Figure 44; White and Smith, 1992)

In western Canada, it has been proposed that occurrences of kimberlite are or may be associated with
tectonic faulting following major orogenic events. For example, Leahy (1996) proposed that the geody-
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Figure 44. Deep structure underlying the lamproites of the Ellendale area of northwestern Australia (from White et al., 1995; reproduced with permission by Elsevier Science, 
Journal of Geochemical Exploration).
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namic evolution of the Laramide Orogeny, largely controlled by plate motions, initiated kimberlite vol-
canism at Fort à la Corne, Saskatchewan in the middle Cretaceous (Cenomanian). The Fort à la Corne
kimberlite field lies within the southerly extension of the Glennie Domain, a region that has recently
been shown to consist of an allochthonous Proterozoic sheet that has been thrust over Archean basement
(Collerson et al., 1990). Crustal structures, such as the root under the Glennie Domain and the
Shaunavon linear (fault), may have influenced the precise location of kimberlite eruption. Major north-
trending faults that bound the Archean Glennie and Hanson Lake blocks are expressed prominently in
potential-field maps; some of these north-trending faults might be as old as Late Archean (Lyatsky et al.,
1999).

Pell (1997) reported that Upper Cretaceous to Early Tertiary kimberlites in the Archean Slave Province,
Northwest Territories are aligned parallel to Proterozoic structures (northwest-trending Bathurst Fault
and northeast-trending MacDonald Fault) that may have formed during the docking of the Slave
Province with the rest of the North American Precambrian Shield (Hoffman, 1989). Locally, fracture sets
from an extensive network of Proterozoic dyke swarms in the Lac de Gras area may have provided local
zones of weakness for kimberlite emplacement (LeCheminant and van Breemen, 1994; LeCheminant,
1994).

Although Helmstaedt and Gurney (1995) have pointed out that the Proterozoic diabase dykes were
intruded horizontally outside the plume perimeter and thus are likely to have restricted depth extent, they
do not discount a similar orogeny-related genesis for Lac de Gras kimberlite emplacement (Helmstaedt
and Gurney, 1997).

The Permian Cross diatreme in southeastern British Columbia, which was emplaced prior to the
Columbian Orogeny, was transported about 100 km northeastward relative to the mantle and basement it
penetrated (Hall et al., 1986). Although the Cross diatreme is not directly related to any regional fault
system, the eastern flank of the Cordillera has been the locus of repeated alkaline igneous activity since
the Devonian (Currie, 1976). The alkalic diatremes west of the Cross pipe are aligned parallel to the
western edge of the Alberta arch (Ziegler, 1969) and probably mark the location of a normal fault sys-
tem in the Precambrian basement, which was reactivated during Devonian rifting. This fault system was
also probably reactivated during the Permian and provided the pathway for emplacement of the Cross
kimberlite.

6.2 Kimberlite Structural-Emplacement Model for the Buffalo Head Hills and Northern Alberta

A structural-emplacement model, which is described below and schematically summarized in Figure 45,
has been created from new interpretations of data compiled for the Precambrian basement and
Phanerozoic sedimentary rocks in the Peerless Lake area. Striking similarities exist between the model
developed for the Buffalo Head Hills kimberlites and some examples elsewhere in the world, where
kimberlite diatremes are associated with linear grabens that result from the frequent extensional reactiva-
tion of a deep-seated mobile zone.

Regional and local structures are important for the structural emplacement of the Buffalo Head Hills
kimberlites. Two important regional structural events are  1) formation of mobile zones in the
Precambrian basement, and 2) reactivation of the basement structural zones during the Phanerozoic. In
short, the model infers that long-established Precambrian mobile zones undergo frequent reactivation
that results in uplift and extension/compression of the Precambrian basement.
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The Precambrian basement in the Peerless Lake area is covered by approximately 1600 m of Devonian
and Cretaceous sedimentary rocks. Despite this, it was demonstrated in Section 4.3 that the faulted
zones extending from basement to Phanerozoic in the Peerless Lake area can be 1) identified through
data and hypothesis from previous studies, 2) identified through geophysics (gravity and aeromagnetics),
and 3) inferred from the kinematics of regional structures controlling the PRA and northern Alberta. In
short, the Precambrian basement of the Buffalo Head Terrane in the Peerless Lake area has been greatly
modified by deep-seated crustal tectonics that are reflected by

• differentiated horst-and-graben block structures indicative of crustal uplift;

• north-trending, sharply defined aeromagnetic signatures and lineaments on the Precambrian sur
face, suggestive of dominant structural controls;

• localized geothermal patterns and retrograde metamorphism;

• a north-trending, distinct gravity low that may be associated with deep-seated topographic displace-
ment and/or granite plutonism; and

• low 18O values similar to those of the Kimiwan Anomaly, which are believed by Burwash et al. (in
press) to be indicative of extensional tectonism.

As a primary structural event, we speculate that major deep faults or shears (mobile belts) in the Peerless
Lake basement developed during transcurrent shearing, possibly during the Hudsonian Orogeny, and tra-
verse the entire crust and perhaps the lithosphere. These mobile zones are continually reactivated during
compressional/extensional events, where transtensional periods are believed to control the intrusion of
mantle ultramafic magma in the Buffalo Head craton.

The model illustrates the upward propagation of basement structural events into the overlying sedimen-
tary rocks. Section 5.2 showed that the Phanerozoic strata in the Peerless Lake area have been affected
periodically throughout their depositional history by apparent movement along steeply dipping, normal
faults directly related to basement tectonism. For example, doming or arching of the basement in the
Peerless Lake area is geochronologically equivalent to the development of a Middle to Late Devonian
half-graben. The asymmetry of the half-graben (called the Loon River Graben), coincides with the
boundaries of the Loon River lowlands and is principally controlled by the location of three north-trend-
ing, steeply dipping, normal faults that are believed to sole out in the middle or lower crust. The geome-
try of the half-graben basin in the Peerless Lake area shows a series of tilted blocks that likely devel-
oped along faults paralleling a main border-fault system defined by the western edge of the Loon River
Graben.

The faults propagate through the entire Phanerozoic in the Peerless Lake area, and provide important
pathways for kimberlite emplacement. The location and orientation of faults 1 and 2 (Figure 45) coin-
cide with the location of kimberlite clusters in the Peerless Lake area. To date, no kimberlites have been
discovered in the vicinity of fault 3. An inferred fault coincides with the location of a third kimberlite
cluster. This inferred fault was not extended through the Phanerozoic because drill logs used in the cross
section did not penetrate basement in this area. The inferred fault may therefore, be related to an ‘off-
shoot’ from fault 3. However, the inferred fault does coincide with displacement of strata in the Upper
Devonian and with the eastern margin of the basement bouguer gravity anomaly. To date, kimberlites
associated with the main border fault have contained some of the best concentrations of diamonds.
Although this may simply reflect Ashton’s exploration strategies, the observation is consistent with the
structural control on diamond content reported from other diamond areas and further discussed in
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Section 6.4.

The observed sedimentary patterns are indicative of repeated tectonic reactivation during transcurrent or
extensional events. Three major episodes of basement reactivation have been identified:

(1) Paleoproterozoic to pre-Middle Devonian grabens formed structural traps for hydrocarbon reservoirs
in the overlying Granite Wash
(2) Middle to Late Devonian basement uplift created an inverse tectonic environment depicted by the
development of a mature half-graben (the Loon River Graben)
(3) Post-Albian Shaftesbury Formation (Late Cretaceous) tectonic adjustments were caused by the nor-
mal-sense reactivation of old deep-seated structures. These adjustments may have preceded, or at least
been coeval with, kimberlite emplacement.

Multiple tectonic adjustments may be time equivalent to lapses, or extensional events, during and/or
between compressional Columbia and Laramide orogenies. The age of the Buffalo Head Hill kimberlites
(86-88 Ma) suggests that the Late Cretaceous reactivation may have been equivalent to a pre-Laramide
extensional event. The age of emplacement is discussed further in Section 6.3.

Local structures play a significant role in the location and shape of individual kimberlites within the
cluster. The north-trending lineaments observed on the DEM surface expression coincides with the loca-
tion of the Loon River Graben’s main border fault. The topographically elevated ‘parallel fault sets’ may
characterize the surface deformation pattern associated with the propagation of normal faults from base-
ment in other parts of northern Alberta. The fault sets in the Cretaceous sediment are believed to cause
the dispersal of Buffalo Head Hills intrusions from a single basement structure.

Based on the integration of high-resolution aeromagnetics (first vertical derivative) draped on the combi-
nation of Radarsat and DEM (see Section 2.3), the kimberlites occur at the intersections of the main,
north-trending normal faults and northeast-trending transverse structures. The authors speculate that the
regional distribution of the kimberlites is controlled by the extension of deep, north-trending fault zones
at the regional scale, while older, northeast-trending faults have significant impact on the location and
the shape of the kimberlite bodies. This interpretation may explain a potential relationship between the
emplacement of kimberlites K5 and K6. It is possible that the northeast-trending fault NE2, along which
kimberlite K6 occurs, is left-laterally offset in the vicinity of kimberlite K5 along the north-trending
fault N4. The enlarged conduit that would have resulted may explain the exceptionally large size of K5,
which displays a magnetic anomaly signature measuring 600 by 600 m.

6.3 Timing of Kimberlite Emplacement

It is not always clear whether crustal structures were active during kimberlite emplacement or served
merely as conduits. Helmstaedt and Gurney (1997) reported that kimberlites in mobile belts were
emplaced either during normal faulting of older basement or, more commonly, following deformation
and cratonization of the mobile belt.

Perovskite from selected Buffalo Head Hills kimberlites gives U-Pb ages of 86 ± 3 and 88 ± 5 Ma
(Carlson et al., 1998), indicating that the pipes were intruded into Middle to Late Cretaceous Smoky
Group (Cenomanian to Early Campanian), Dunvegan Formation (Middle Cenomanian), and, possibly,
Shaftesbury Formation (Albian) sedimentary rocks of the WCSB. These rocks, which form a sequence
of alternating marine and nonmarine sandstone and shale, have limited exposure along the northern and
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eastern flanks of the Buffalo Head Hills, and are completely covered southeast of the Buffalo Head Hills
by unconsolidated glacial deposits of variable thickness. At least two pipes form topographic highs, up
to 60 m above the surrounding terrain (and actually outcrop), but most are covered by variable thick-
nesses of fine- to coarse-grained glaciolacustrine and glaciofluvial sediments that, in places, are up to
127 m thick.

Unfortunately, the nearest exposure of probable bedrock is approximately 20 km west of kimberlite K5,
where a brown to brownish grey, blocky, bioturbated shale to silty shale crops out in contact with basal
till. The palynological assemblage from the many angiosperm species and dinoflagellates in this shale
outcrop indicates a Late Cretaceous (probably Early Maastrichtian) age, equivalent to the Wapiti
Formation. Further work, perhaps auger coring, is required to determine if the shale is in place, as
opposed to being a ‘structural erratic’ produced by glacial rafting events. Thus, it is not possible to deter-
mine the exact age of kimberlite emplacement based on stratigraphy, nor is it possible at this time to
document the effects of kimberlite emplacement on the adjacent sedimentary host rocks.

The west to east cross sections (Figures 31, 32, 38, and 41) suggest that normal faulting extended from
basement to at least the base of the Shaftesbury Formation. It is difficult to extend the timing of the
faulting to younger rocks, since oil and gas logs use the base of the Fish Scales for a logging start point
or the base of the Fish Scales is stratigraphically too high in the lowlands of the Loon River Graben.
However, it is possible that Late Cretaceous (post-Shaftesbury) tectonic adjustments caused by the nor-
mal-sense reactivation of old, deep-seated structures preceded, or were at least coeval with, the forma-
tion of pathways for kimberlite emplacement. The tectonic adjustment may be time equivalent to a break
in compressional forces caused by the Columbian and Laramide orogenies.

The Laramide Orogeny rejuvenated mountain-belt development at the end of the Columbian Orogeny
and affected much of the western edge of the North American Craton. The Laramide Orogeny is
believed to have begun in the late Upper Cretaceous and probably ended early in the Oligocene
(Douglas et al., 1969). Brown (1987) suggested that the Laramide basement deformation in the United
States Cordillera began in the west during the Campanian and moved northeastward, with maximum
rates of deformation in the Wind River Mountains during the Maastrichtian and the Bighorn Range to
the east during the Paleocene and Eocene. In the midcontinental United States, regional-scale faults and
folds have been recognized and can be correlated with orogenic events that occurred around the margin
of the craton and within the hinterlands of the orogenic belts (e.g., Marshak and Paulsen, 1996).

Most regions affected by Laramide and older crustal shortening subsequently underwent extension and
regional magmatism. Thus, it may be assumed that the major extensional events in the WCSB were
related to counteraction of compressional stresses during, or at startup and closure, of the Laramide
Orogeny. However, the precise nature, geometry, and duration of such extensional events, for the most
part, are poorly constrained. For example, Aitken (1993) noted that extensional tectonism can coincide
with contractional effects in a transcurrent regime. Also, the definition of extensional décollement levels
within the crust, or perhaps the mantle, is presently less than satisfactory.

Many of the kimberlites and lamproites in western North America formed during or close to the
Laramide Orogeny (e.g., 52 and 74 Ma at Lac de Gras, Northwest Territories; 69 Ma for the Mountain
Lake Diatreme, northwestern Alberta; 94 to 101 Ma at Fort à la Corne, Saskatchewan; 50 to 54 Ma at
Bearpaw Mountains, Montana). Magmatism associated with the Colorado Plateau and eastern margin of
the Cordillera was limited to dispersed, small, ultra-alkalic igneous centres (Oldow et al., 1989). In addi-
tion, the timing of the Laramide Orogeny is significant because it encompasses the majority of volcanic
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tion, the timing of the Laramide Orogeny is significant because it encompasses the majority of volcanic
events in Alberta (e.g., Sweetgrass Intrusions at 49-50 Ma; Kneehills Tuff at 66 Ma; Crowsnest
Volcanics at 96 Ma; Viking bentonites at 100 Ma). Although extensional, transfer-zone-bounded, half-
graben structures have been documented in Alberta, there is currently no direct link between extensional
tectonics and volcanism. The Late Cretaceous (86.0 to 85.5 Ma) iron- and silica-rich ooidal ironstone of
the Bad Heart Formation, which crops out principally on the slopes of the Chinchaga and Clear Hills,
can be genetically related to hydrothermal fluid movement along steeply dipping normal faults (Eccles
et al., 2000). Thus, the Middle to Late Coniacian may be the �best-guess� age for one episode of Late
Cretaceous extension in northern Alberta and may correspond with the emplacement of the 86-88 Ma
Buffalo Head Hills kimberlites.

Magmatic events associated with multiple reactivation and extensional events are highly possible. A
recent study of the Fort à la Corne kimberlites observed that individual kimberlite anomalies consist of
multiple (two or more) stacked kimberlite bodies of different stratigraphic ages (Kjarsgaard et al., 1999).
The occurrence of coalescing eruptive centres has resulted in individual kimberlite bodies with extreme-
ly complex internal geometry. At Fort à la Corne, Kjarsgaard et al. (1999) reported a minimum of six
kimberlite emplacement ages that were assigned on stratigraphic grounds, including Mannville-,
Cantuar-, and Pense-equivalent kimberlites in Mannville Group strata, and lower Joli Fou-, upper Joli
Fou-, and Westgate-equivalent kimberlites in Colorado Group strata. Voloshina et al. (1970) reported
that different compositions of alkalic ultramafic and alkalic basaltoid rocks in the Dnieper-Donets
aulacogen of Russia were related to the maturity and structural development of the graben. Hall et al.
(1986) concluded that the Cross diatreme in British Columbia is a multiphase intrusion characterized by
a series of magmas type that includes brecciated to massive kimberlite derived from a single fractionat-
ing source. Hence, it would seem logical that established fault and rift zones in the Precambrian consti-
tute a continual zone of weakness that is preferentially active during tectonic reactivation. The manifes-
tation of kimberlite emplacement occurs during extensional periods, when magma is channelled upward
on faults that propagate from the basement, through the Phanerozoic, to the surface.

6.4 Structural Controls on Diamond Content

The structural juxtaposition of the kimberlite pipes within the graben, and in conjunction with the under-
lying rift zone, appear to be criteria for economically exploitable kimberlite deposits. Diamondiferous
deposits have been documented to occupy pathways associated with the shoulder parts of rifts, repre-
senting the areas of differentiated block movements, whereas only weakly diamondiferous alkali-ultra-
mafic rocks are usually found in the rifts themselves (Kaminsky et al., 1995). Figure 46 illustrates the
possible relationships between basement faults, basin structures, and diamondiferous kimberlites; it has
been superimposed on the Ellendale lamproite pipes, which are structurally controlled by parallel fault
sets (flower structures) along the Fitzroy Graben (White et al., 1995; White and Smith, 1992).

It is difficult to make any detailed interpretation of the influence of the structural setting with respect to
diamond resources in the Buffalo Head Hills area. Of the 32 kimberlites discovered to April 1999, accu-
rate locations for only 13 have been released by Ashton Mining of Canada Inc. (Skelton and Bursey,
1998). Future exploration will likely discover more kimberlites. However, broad location descriptions
taken from various news releases (Ashton Mining of Canada Inc., 1997a, b, c, d, 1998, 1999a, b) indi-
cate that the pipes are located on both the eastern and western flanks, and within the central portion, of
the proposed Loon River Graben. Although this may be only a function of exploration progress to date,
it is interesting to note that four of the five mini-bulk samples processed by Ashton are from pipes asso-
ciated with the main western border fault of the graben. These pipes include K5 (0.4 carats per hundred



Figure 46. Schematic diagram illustrating the possible relationships between basement faults, basin structures, and diamondiferous and barren kimberlites in a graben 
(from White et al., 1995; reproduced by permission of Elsevier Science, Journal of Geochemical Exploration).
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tonnes [cpht]), K6 (6.31 cpht), K14 (17.36 cpht and 11.78 cpht from a bulk sample), and K91 (12.71
cpht). A fifth mini-bulk sample was collected from kimberlite K11 (4.39 chpt), which is near the Loon
River and thus probably in the central part of the graben. Although this diamondiferous pipe is in the
centre of the graben, its high basement xenolith count (M. Marchuk, pers. comm., 2000) may indicate a
more vigorous magmatic event. It is also possible that each normal fault is associated with the shoulder
of a new developing graben, with the Loon River lowlands comprising three grabens with three diamon-
diferous areas. Again, it is too early to define structural-economic pipe relationships, but this study indi-
cates that higher diamond concentrations may be associated with the western edge of the graben. Recent
discoveries are also consistent with this line of thinking; for example, kimberlites BH-225 and BH-155,
which are ‘near’ and ‘south of’ K14, yielded elevated micro- and macro-diamond counts from initial
drill programs (Ashton Mining of Canada Inc., 1999b).

Ashton has released no information on the chemical composition or the timing of formation of the dia-
monds discovered in the Buffalo Head Hills. Diamonds from the Early Carboniferous Sloan kimberlite
in Colorado (Eggler et al., 1987), and from the Cretaceous Fort à la Corne kimberlite cluster in
Saskatchewan (Lehnert-Thiel et al., 1992; Scott-Smith et al., 1994), are characterized by being partially
nitrogen aggregated (type K) and having high aggregation temperatures (approximately 1230-1250ºC).
These diamond assemblages are thought to represent Proterozoic mantle conditions under stress, involv-
ing orogenic processes that occurred on the periphery of Archean craton blocks (Leahy and Taylor,
1997). Leahy and Taylor (1997) proposed that some of the Fort à la Corne diamond growth in the man-
tle was a direct result of the collision of the Glennie Domain (1.83-1.79 Ga) with the Superior and
Hearne craton, resulting in “Sloan-type” (after the Sloan kimberlite in Colorado) diamonds. They con-
cluded that the Sloan-type diamonds developed during a Proterozoic orogeny as a direct result of associ-
ated lithospheric thickening and thermotectonic reworking. Hence, the timing and paragenesis of dia-
mond formation are different from the usual Archean diamond growth (quiet conditions, low thermal
gradient).  This high-temperature diamond genesis may apply to other kimberlites and lamproites in
Proterozoic mobile belts around the world.

7 Conclusions

A combination of basement, Phanerozoic, and surface data and evidence were used to develop a struc-
tural-emplacement model for the Buffalo Head Hills kimberlites and for northern Alberta in general. The
regional structural geology of the Peerless Lake map area (NTS 84B) may be typical of northern
Alberta, where long-established mobile zones in the Precambrian basement have undergone frequent
reactivation, resulting in uplift and extension/compression of the basement. The basement in the central
part of the Peerless Lake area is inferred to represent a deep-seated mobile zone due to the presence of

(1) differentiated horst-and-graben block structures indicative of crustal uplift;
(2) distinct north-trending aeromagnetic and gravity signatures and lineaments suggestive of dominant 

structural controls;
(3) localized geothermal patterns and retrograde metamorphism; and
(4) low 18O values, such as in the basement shear zone known as the Kimiwan Anomaly.

Once formed, these midcontinental fault zones remained zones of weakness and were reactivated repeat-
edly during Phanerozoic episodes of movement. The Phanerozoic strata in the Peerless Lake area were
affected by three major episodes of basement reactivation during their deposition: 1) Paleoproterozoic to
pre-Middle Devonian; 2) Middle to Late Devonian; and 3) post-Shaftesbury Formation (Late
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Cretaceous). Three steeply dipping, normal faults were found to propagate from basement through the
entire Phanerozoic, and are postulated to have provided important pathways for kimberlitic magma to
ascend through the Phanerozoic strata. During deposition of the Middle to Late Devonian Woodbend
and Winterburn groups, the faults defined the boundaries of a graben structure that coincided with the
boundaries of the Loon River lowlands; this has been informally named the Loon River graben. The
western edge of the graben is defined by a main border fault, which develops parallel fault sets in the
Cretaceous sedimentary rocks and forms a series of north-trending ridges that can be observed on the
surface. The integration of Radarsat, DEM, and aeromagnetic data clearly show that the kimberlite pipes
occur at the intersections of north- and northeast-trending lineament sets. The authors speculate that the
regional distribution of the kimberlite cluster is controlled by the extension of deep, north-trending fault
zones at the regional scale, whereas the older, northeast-trending faults have significant impact on the
location and shape of the individual kimberlite bodies.

The Buffalo Head Hills kimberlite-emplacement model is consistent with examples, from elsewhere in
the world, where kimberlite diatremes are associated with linear grabens that result from the frequent
transcurrent and/or extensional reactivation of a deep-seated mobile zone. The model indicates, there-
fore, that the Loon River Graben in the Peerless Lake area of northern Alberta has the structural poten-
tial to host a world-class diamond deposit. To date, advanced diamond testing at Buffalo Head Hills has
mainly occurred on the western edge of the graben. This may indicate that the most significant diamond
concentrations are to be found on or near the western main border fault, or shoulder of the graben.

This study has shown that basement faults in the Peerless Lake area propagate to surface and demon-
strated the importance of investigating basement structure through stratigraphic and sedimentological
studies, and through integration of surficial datasets such as Radarsat and DEM. Fault detection in the
Phanerozoic sedimentary strata may allow for new methods of determining major Precambrian faults,
areas of basement doming, and the timing of reactivation events. Further Precambrian basement and
Phanerozoic structural studies are required throughout the PRA, and in northern Alberta in general, to
help unravel basement-cover interaction in Alberta. While this study has shed some light on the influ-
ence of basement-cover interaction, the geometry of the Loon River Graben is based on the outline of a
single, ideal, half-graben in the cross section; however, it is likely that the interaction, or interference, of
adjacent half-grabens complicate the geometry. Ultimately, the key to understanding rift morphology lies
in the ways in which half-grabens link together to form rift zones. Furthermore, the structural features
observed at the exposed surface of the Phanerozoic stratigraphic sequence reflect a complex tectonic his-
tory that extends as far back as the early Proterozoic.

The Buffalo Head Hills kimberlite-emplacement model has the potential to be used as a tool for explo-
ration in northern Alberta. Areas that exhibit structural characteristics similar to those in the Buffalo
Head Hills should be considered as having high potential during any assessment of  regional and local
targets in northern Alberta. Fault zones in Phanerozoic sedimentary rocks and/or the underlying
Precambrian basement may direct exploration companies to potential conduits for the emplacement of
kimberlites, lamproites, and ultramafic dykes, and the fluids that formed metalliferous epigenetic and
penecontemporaneous sedimentary deposits.
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