
 

 
       

        
        

Frontispiece 

Image shows duplexed conglomeratic sandstone beds of the Cadomin Formation. 
Duplexing has utilized laminae within the beds to accomplish the shortening and 
thickening of the unit. Outcrop is overturned forelimb of the Brazeau anticline. 
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Abstract 

The foreland limit of deformation in the Canadian Rocky Mountains is typically 

marked by a triangle zone located at the Plains-Foothills boundary. Along a 120 km 

segment of the Central Alberta Foothills-Plains boundary the geometry of the thrust 

front is unusual as foreland verging thrust sheets have developed and deformation 

continues for some distance into the Plains. The unique structural geometry that 

developed in this region depended on the presence of a single, dominant, very weak 

detachment surface positioned within the shaley Blackstone Formation. A regional 

study of the structural geology, for a 350 by 100 kilometre strip of the Central Alberta 

Foothills and adjacent Plains, provides a framework into which the contrasting 

structural styles of the triangle zone and foreland directed thrust faults fits. 

The Brown Creek structure is located at the Foothills-Plains boundary within the 

region of foreland directed thrusts. The Brown Creek structural model integrates 

interpretations of modern seismic data, wireline logs from petroleum wells and outcrop 

data from geological maps. The interpretation shows that the Brown Creek structure is 

a foreland verging fold cored by a branching thrust fault system. In neighbouring 

structures, located farther east in the Plains, foreland directed thrust faults cut up-

section to the surface from a single detachment horizon. To the west the outcrop 

pattern is "style ejectif" and the anticlines are cored by antiformally-stacked duplexes. 

Structural analysis of the "style ejectif" shows the tops of the antiformally-stacked 

duplexes are bounded by hinterland directed thrust faults. "Style ejectif" and triangle 

zone structural styles are manifestations of the tectonic wedging process. This study 

reveals that triangle zones and the "style ejectif" pattern development depend on the 

number of detachments utilized. 

Analysis of the mechanical stratigraphy in this study has come about through 

the development of the rock strength profile. The profile curves, in units of MPa, show 

the arrangement and thicknesses of incompetent and competent beds. The curves are 

derived from wireline log measurements of rock properties that are made in petroleum 

boreholes. The effective rigidity and shear modulus curves, which are calculated from 

the wireline logs, are used as proxies for the frictional strength of rocks. Variations in 

the measured mechanical stratigraphy lead to predictable variations in structural style. 
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LIST OF FIGURES 

Figure 1-1: Topographic map of the Canadian Cordillera and adjacent Plains, showing the 
Canadian Rocky Mountains. Lower left inset shows location of map within North America. 
Colour bar on left shows elevation in metres. Polygon over Central Alberta Foothills shown as 
map in upper right inset. Map in upper right inset is displayed for reference in other figures. 
Elevation data within Canada provided by Geobase and elevation data within the United States 
provided by USGS. 

Figure 1-2: Index map of the Central Alberta Foothills (coloured area) and adjacent deformed 
Plains to the northeast, showing prominent geological and physiographic features. Green' blue 
and yellow colours represent Mesozoic foreland basin siliciclastics. Pink and purple colours 
represent inliers of Paleozoic platform and shelf carbonates and shales. Rectangle on the main 
map outlines the area displayed in Figure 1-3. 

Figure 1-3: Index map of the north-central portion of the Central Alberta Foothills and adjacent 
deformed Plains showing bedrock geology. Prominent geological and physiographic features 
are labelled. The Brown Creek structure is marked by the hachured oval. The black rectangle 
outlines the area shown in Fig. 1-4. 

Figure 1-3: Geological bedrock map draped over physiography in the Brown Creek area. 
Sunbeam, Brazeau and Black Mountain synclines are separated by the Wapiabi and Brazeau 
thrust systems. Note closure on folded thrust faults along southwest boundary of Sunbeam 
syncline. Brown Creek structure is adjacent to the Ancona thrust fault. 

Figure 1-4: A view looking north across the Bow River valley at the southwestern edge of the 
Central Alberta Foothills. Note the rugged and bare nature of the Front Ranges compared to the 
vegetated and subdued relief of the Foothills to the east. 

Figure 2-1: Stratigraphic column of the Phanerozoic section located at the Brown Creek 
structure. Curves are derived from geophysical wireline logs of petroleum wells posted on the 
map in Fig. 2-2. Correlation and identification of formations based on Mossop and Shetsen 
(1994). See text for additional details and Fig. 2-2 for legend. 

Figure 2-2: Upper half of figure shows colour and swatch used to display the lithology bar on 
stratigraphic column (Fig. 2-1). Lower half of figure displays index and location map showing 
locations of the wells used to construct the stratigraphic column. 

Figure 2-3: Schematic diagrams illustrate the concept of rock strength. A shows a cross-
sectional view of a sheet of elastic material embedded in a viscous medium developing a buckle 
fold from a compressive force applied along its length. Effective rigidity is an intrinsic property of 
a material's resistance to folding. B shows a cross-sectional view of a weak elastic layer 
sandwiched between two strong layers developing shear strain from an applied shear force. 
Modulus of rigidity is an intrinsic property of a material's resistance to shear strain. 

Figure 2-4: Graph adapted from Moore and Lockner (2004a) illustrating the low strength of 
sheet structure minerals. Moh's hardness scale is labelled across the top. The grey trend line 
shows that for platy minerals the coefficient of friction increases with interlayer bond strength. 
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The blue trend line shows that the coefficient of friction decreases in the presence of water. For 
some minerals a reduction of effective compressive stress decreases the coefficient of friction. 

Figure 2-5: Stratigraphic column of Cambrian strata for the Brown Creek structure. Curves are 
derived from wireline logs of petroleum wells. Correlation and identification of formations based 
on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for legend. 

Figure 2-6: Stratigraphic column of the Upper Devonian for the Brown Creek structure. Curves 
are derived from wireline logs of petroleum wells. Correlation and identification of formations 
based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for legend. 

Figure 2-7: Stratigraphic column of the Lower Carboniferous for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for 
legend. 

Figure 2-8: Stratigraphic column of the Jura-Lower Cretaceous for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of formations 
based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for legend. 

Figure 2-9: Stratigraphic column of the Blackstone and Cardium formations for the Brown 
Creek structure. Curves are derived from wireline logs of petroleum wells. Correlation and 
identification of formations based on Mossop and Shetsen (1994). See text for additional details 
and Fig. 2-2 for legend. 

Figure 2-10: Stratigraphic column of the Wapiabi Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for 
legend. 

Figure 2-11: Stratigraphic column of the Brazeau Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for 
legend. 

Figure 2-12: Stratigraphic column of the Coalspur Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for 
legend. 

Figure 2-13: Stratigraphic column of the Paskapoo Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for 
legend 
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Figure 3-1: Bedrock geology map of the Central Alberta Foothills and deformed Plains. Map 
compiled from 35 Geological Survey of Canada, 4 Alberta Geological Survey and 3 other 
publications. Green and yellow colours represent Mesozoic strata. Pink and purple colours 
represent Paleozoic strata. Front Ranges are shown as shaded relief along southwest portion of 
map. Foothills lie in the coloured band. Plains are northeast of Foothills. Enlarged version of this 
map can be found in the back pocket of this thesis. 

Figure 3-2: Geology bedrock map of the Central Alberta Foothills and adjacent deformed 
Plains. Coloured area is subsurface structure map of the top of the Paleozoic strata (Turner 
Valley Formation). Warm colours (reds) represent high structures and cool colours (blues) 
represent structural lows. The map was generated in Kingdom Suite® using stratigraphic picks 
on wireline logs of wells drilled in the Foothills and in the adjacent Plains. Faults are Turner 
Valley Formation hanging wall cutoffs adapted from Fermor (1999).  

Figure 3-3: Geology map of the Central Alberta Foothills and adjacent deformed Plains. 
Coloured overlay is residual structure map of the top of the Wapiabi Formation. Warm colours 
(reds) represent high structures and cool colours (blues) represent structural lows. The map 
was generated in Kingdom Suite® using stratigraphic picks on wireline logs of wells drilled in 
the Foothills and in the adjacent Plains. Structural component of lithospheric flexural bending 
has been removed from structure values. Lines mark apices of structural highs. 

Figure 3-4: Geology map of the Central Alberta Foothills and adjacent deformed Plains. 
Coloured overlay is isopach thickness of Blackstone Formation measured from the base of the 
Cardium Formation to the top of the Viking Formation. Warm colours (reds) represent a thick 
unit and cool colours (blues) represent a thin unit. The map was generated in Kingdom Suite® 
using stratigraphic picks on wireline logs of wells drilled in the Foothills and in the adjacent 
Plains. Lines mark apices of structural highs of the Wapiabi Formation structure map (Fig. 3-3). 

Figure 3-5: Geology map of the Central Alberta Foothills and adjacent deformed Plains. 
Coloured overlay is residual structure map of the top of the Cardium Formation. Warm colours 
(reds) represent high structures and cool colours (blues) represent structural lows. The map 
was generated in Kingdom Suite® using stratigraphic picks on wireline logs of wells drilled in 
the Foothills and in the adjacent Plains. Structural component of lithospheric flexural bending 
has been removed from structure values. Lines mark apices of structural highs of the Wapiabi 
Formation structure map (Fig. 3-3). 

Figure 3-6: Composite Geology map of the Central Alberta Foothills and adjacent deformed 
Plains. Grey lines located in the Plains area mark apices of structural highs in the Wapiabi 
Formation. Bold black lines located in the Foothills area mark hanging wall cutoffs of the top of 
Paleozoic strata. Fault locations adapted from Fermor (1999). 

Figure 3-7: Bedrock geology and subsurface structural features of the southern portion of the 
Central Alberta Foothills and adjacent deformed Plains. Bold lines mark top of Paleozoic 
hanging wall cutoffs modified from Fermor (1999). Repeated north-south anastomosing green 
and yellow map pattern is created by numerous imbricate thrust faults linked to a detachment 
within the Fernie Formation. 
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Figure 3-8: Photographs of the southern portion of the Central Alberta Foothills. Upper 
photograph: Oblique view of a linear ridge north of the TransCanada Highway, about 20 
kilometres west of Calgary. Foothills are composed of numerous parallel linear ridges that are 
arranged in an en échelon manner. Middle and lower photographs are views looking west, 
taken from the Foothills-Plains boundary just west of Calgary. Foreground view shows the stark 
contrast between the pasture and forest covered Foothills to the rugged terrain of the 
outcropping carbonates of the Front Ranges. Lower photograph of Jumping Pound Gas 
Processing Plant located 15 kilometres west of Calgary. Gas plant processes natural gas 
produced from nearby Foothills structures. 

Figure 3-9: Cross-sectional view and map of a triangle zone. The western portion of the cross-
section is a generalized version of cross-section A of Soule (1993) and the eastern portion is a 
simplification of a cross-section presented by Classen and Lawton (2008). The cross-section 
shows an intercutaneous wedge of duplexed and folded strata bounded below by a foreland-
directed basal thrust fault and bounded above by a hinterland-directed thrust fault. 

Figure 3-10: Bedrock geology and subsurface structural features of the central portion of the 
Central Alberta Foothills and adjacent deformed Plains. Black bold lines mark tops of Paleozoic 
hanging wall cutoffs modified from Fermor (1999). Note Brazeau thrust fault outlines outcrop 
boundary of thrust sheet. Grey bold lines mark structural highs of the Wapiabi Formation that 
are linked to a detachment within the Blackstone Formation. Note deformation front swings far 
out into the Plains along the Cow Lake structure. The location of the Ram River cross-section is 
marked by line labeled R-R' (See Fig. 3-11) and the Dutch Creek cross-section is marked by 
line labeled D-D' (See Fig. 3-12). 

Figure 3-11: Ram River cross-section based on wells, geological maps and a seismic image 
published by Fermor (1999). Location of the cross-section is shown on the map in Figure 3-10. 
Cross-section encompasses the width of the Foothills and deformed Plains. Cross-section split 
at the Colt Creek syncline. The impressive 30 kilometre long Brazeau thrust sheet appears on 
the west half of the cross-section. The Paleozoic section within the hanging wall block carries 
almost all of the Paleozoic section and shows little deformation except near the leading edge. 
The Bighorn thrust enters section from the west at an elevation of -2000 metres. Thrust faults in 
the Plains gather into detachments located in the lower portion of the Blackstone Formation and 
within the Brazeau Formation. 

Figure 3-12: Dutch Creek cross-section based on wells and geological maps. Location of 
cross-section is shown on map in Figure 3-10. Cross-section encompasses the width of the 
Foothills and the western most portion of the deformed Plains. The Paleozoic section within the 
hanging wall block of the Brazeau thrust sheet carries almost all of the Paleozoic section. In this 
section the Brazeau thrust sheet shows more deformation compared to Ram River cross-
section. The leading edge of the thrust sheet is folded and a horse of considerable size is 
located at the base of the Brazeau thrust fault. 

Figure 3-13: Upper photograph: View from a hilltop, looking west towards the Brazeau Range,
 
an inlier of Paleozoic rock within the Central Alberta Foothills (see Fig. 3-10). Gap near centre
 
marks the location of the South Saskatchewan River. Rectangular box on extreme right is
 
shown in lower photograph.
 
Lower photograph: Large amplitude foreland verging anticline. Forelimb is overturned and
 
backlimb gently dips to the southwest. Outcrop is Paleozoic strata.
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Figure 3-14: Bedrock geology and subsurface structural features of the style ejectif portion of 
the Central Alberta Foothills and adjacent deformed Plains. Outcrop pattern shows a strong 
linear trend that parallels the fold belt. Black bold lines mark tops of Paleozoic hanging wall 
cutoffs modified from Fermor (1999). Anticlines tend to be narrow and located over Paleozoic 
hanging wall cutoffs. Note Brazeau thrust cuts back to the west at the northwest termination of 
the Brazeau Range. To the northwest the Brazeau thrust branches into several faults. Grey bold 
lines mark structural highs of the Wapiabi Formation that are linked to a detachment within the 
Blackstone Formation. The location of the Brazeau River cross-section is marked by the line 
labeled B-B'. 

Figure 3-15: Brown Creek cross-section encompasses the width of the Foothills and a portion 
of the deformed Plains. Location of cross-section is shown on Fig. 3-14. The section is split east 
of the Ancona thrust faults. Cross-section based on wells, geological maps and seismic images 
over the Brown Creek structure. Bighorn thrust emerges at surface at the 20 km mark. Within 
the footwall block of the Bighorn thrust fault three separate thrust sheets at the Paleozoic level 
are linked to the single Brazeau thrust sheet to the south. The three lower thrust sheets are 
carried by a detachment within the Palliser Formation. These thrust sheets carry a thinner 
package of Paleozoic strata than to the south. Overlying Mesozoic strata are deformed along 
bands that lie close to the Paleozoic hanging wall cutoffs of the three thrust sheets. The narrow 
bands are separated by long linear synclines. The structures verge towards the foreland. The 
amplitude to wavelength aspect ratios of the structures tends to increase towards the hinterland. 
The Brewster Creek structure shows the smallest aspect ratio whereas the Bighorn structure 
shows the largest. Brown Creek thrust fault and associated structures are based on seismic 
imaging courtesy of Suncor Energy. Fault architecture of Brewster thrust faults adapted from 
LeDrew (1997), Hrudey (2003) and Ebner (2007). 

Figure 3-16: View looking west from a ridge over the Brown Creek structure. Landscape 
consists of tree covered ridges that are oriented parallel to the fold belt. 

Figure 3-17: Bedrock geology and subsurface structural features of the northern portion of the 
Central Alberta Foothills and adjacent deformed Plains. Black bold lines mark the tops of 
Paleozoic hanging wall cutoffs modified from Fermor (1999). Note thrust faults at the Paleozoic 
level branch into a large number of faults at the Dismal Creek line and then die out to the 
northwest. Grey bold lines mark the apices of Mesozoic structures that are linked to a 
detachment within the Blackstone Formation. 

Figure 3-18: Stratigraphic fence diagram of Paleozoic strata oriented northwest to southeast. 
Interpreted lithology based on natural gamma ray curves from wireline logs. Blue represents 
strong, clean carbonates and green represents weak shale units. Four outcrop descriptions 
from Front Range locations are included. Regional trend shows shale input increases to the 
northwest. See Figure 3-19 for index map. 

Figure 3-19: Index map for Paleozoic stratigraphic section Fig. 3-18. Areas of Devonian reef 
growth are shown in blue. 
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Figure 3-20: Detailed map of the style ejectif region with on-reef, areas shown by blue colour. 
There appears to be a close relationship between off-reef facies and the development of the 
style ejectif. Schematic cross-section shown in lower part of figure shows how displacement 
along the basal detachment located just above crystalline basement is transferred up to the 
Palliser Formation. Duplexing of the Cambrian strata and associated folding in the Fairholme 
Group provide the mechanism for this transfer. 

Figure 3-21: Stratigraphic fence diagram of Mesozoic strata oriented northwest to southeast. 
Interpreted rock strength uses sonic velocity curves from wireline logs. Deflection of curve to the 
left (slow sonic velocities) represents weak rocks and deflection to the right (fast sonic 
velocities) represents strong rocks. Regional trend shows rock strength decreases to the 
northwest. Note absence of coal seams in the Blairmore Group. See Figure 3-23 for index map. 

Figure 3-22: Stratigraphic fence diagram of Mesozoic strata oriented northwest to southeast. 
Interpreted rock strength uses sonic velocity curves from wireline logs. Deflection of curve to the 
left (slow sonic velocities) represents weak rocks and deflection to the right (fast sonic 
velocities) represents strong rocks. Regional trend shows rock strength decreases to the 
northwest. Note absence of coal seams in Blairmore Group. This figure is parallel and 
hinterlandward of Figure 3-20. Rock strength of Fernie decreases toward the hinterland but 
strength of Alberta Group shales increases hinterlandward. See Figure 3-23 for index map. 

Figure 3-23: Index map for stratigraphic fence diagrams in figures 3-21 and 3-22. 

Figure 3-24: Shear modulus and effective rigidity curves representing rock strength in the 
Brown Creek area versus an area just south of the Cow Lake swingback. Note the rock units 
south of the swingback are stronger and the strength curves are more homogeneous to the 
south. 

Figure 3-25: Sonic logs from the Brown Creek area and from the southern region of the Central 
Alberta Foothills. Curves are used to compare the rock strength of the Blairmore Group to the 
Luscar Group. Overall strength of Mesozoic rocks from the Brown Creek area is much weaker 
than to the south. 

Figure 3-26: Sonic log is used to estimate severe borehole breakouts. Gaps in curve indicate 
possible zone of anomalously high pore pressure. An extra dense mud weight was used in the 
borehole of the 07-33-44-16W5 well to hold back the borehole wall. 

Figure 3-27: Outcrop of Luscar strata along North Saskatchewan River and its tributaries. 
Outcrop patterns indicate that the structural styles of Luscar strata include folding and imbricate 
faulting. 

Figure 3-28: Outcrop of Upper Cretaceous strata immediately to the west of the Brown Creek 
structure. Folded faults within the Alberta Group suggest complex style ejectif deformation.  
Limbs of anticlines dip steeply away from crests. Strata on the foreland side of the Wapiabi 
Thrust System are steeply overturned. 
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Figure 3-29: Dip meter data from borehole of petroleum well that penetrated the Brown Creek 
structure show intense meso-scale deformation. Lower portion of the Banff Formation is faulted, 
recumbent and isoclinally folded. 

Figure 3-30: Dip meter data from borehole of petroleum well that penetrated the Brown Creek 
structure show intense meso-scale deformation. Chaotic nature of dip data in the Shunda 
Formation indicates intense deformation. 

Figure 3-31: Dip meter data from borehole of petroleum well that penetrated the Brown Creek 
structure show meso-scale deformation. Gladstone Formation is simply folded. Gates Formation 
shows faulting and smaller scale folding. Blackstone Formation shows several faults. 

Figure 3-32: Plains portion (northeastern) of the Brown Creek structure cross-section. See 
Figs. 3-14 and 3-15. Stratigraphic picks of wireline logs are projected to cross-section along 
perpendicular trend. Section is re-plotted in Figure 3-33 at 20:1 vertical exaggeration. 

Figure 3-33: Plains portion (northeastern) of the Brown Creek structure cross-section. Section 
plotted with vertical exaggeration of 20:1. From Figure 3-32. Strata show increasing dip to 
southwest with some undulations. 

Figure 3-34: Estimated stratigraphic section based on structurally restored stratigraphy in the 
Plains and stratigraphic section measured at Blackstone Gap of the Bighorn Range. Index map 
indicates line of section in Plains and location of Blackstone Gap. 

Figure 3-35: Stratigraphic section illustrating stratigraphic variations at the Brown Creek 
structure. Index and location maps show locations of wells. The three western wells show 
thickening within the shale members of the Fernie Formation and the Cadomin Formation. The 
Upper Fernie Member nearly pinches out at the 07-33-44-16W5/2 well. The Mountain Park, Joli 
Fou and Viking formations thicken to the east. See Fig. 2-2 for legend. 

Figure 3-36: Cross-section from Figure 3-33 re-plotted with section flattened on the base of the 
Blackstone Formation. Annotated lines are estimates of original stratigraphic thickness. 
Difference between present day lines and annotated lines represents structural thickening. 
Thickening suggests about 3.5 kilometres of displacement along the Blackstone Formation. 

Figure 4-1: Schematic two-dimensional cross-section of simple detachment fold with volume 
and length conservation. a) Three units with uniform thickness prior to deformation. b) Line-
length and bedding thickness of upper competent unit maintained during folding over a ductile, 
shortened and thickened middle unit. Lower detachment is a blind thrust located at base of 
middle unit. Upper detachment located at anticline allows slip between ductile deformation of 
middle unit and flexing of upper unit. Area A1 equals product of shortening and unit thickness 
which is identical to A2, the area elevated above regional elevation. 
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Figure 4-2: Graph showing the relationship between area elevated above regional elevation 
and shortening of the beds (see Fig. 4-1 for details). Depth-to-detachment is annotated in red 
and displacements are labeled in blue at 13 points along the curve. Area elevated above 
regional rises rapidly for small displacements, reaches a maximum for a displacement of 3.8 km 
then starts to decrease as the fold starts to close. Corresponding cosine curves plotted in the 
lower right show shape of fold. = maximum dip of limb. 

Figure 4-3: Stages 0 to 4 of the development of an intercutaneous wedge (see Figure 4-2 for 
description of stages). Middle unit shortens and thickens creating a fold in the overlying unit. 
The model requires a tremendous amount of shortening of the middle unit to produce a fold of 
modest amplitude in the overlying unit. 

Figure 4-4: Stages 0 to 3 of deformation of a ductile middle unit (see Figure 4-2 for description 
of stages). Middle unit flows from syncline region into anticline. Thickness of middle unit is the 
limiting factor for shortening. Broad synclines are needed to fill narrow anticlines in order to 
effect significant shortening of the upper unit. Most fold belts can only achieve a limited amount 
of shortening. 

Figure 4-5: Stages 0 to 3 of layer parallel shortening of upper unit (see Figure 4-2 for 
description of stages). Middle unit shortens and thickens and towards the foreland the upper 
unit shortens and thickens by the same amount. 

Figure 4-6: Stages 0 to 3 with upper unit shortening by thrust faulting (see Figure 4-2 for 
description of stages). Fault initiates early on and develops a fold as middle unit shortens and 
thickens. Stage 3A thrust sheet has foreland vergence. Stage 3B thrust sheet has hinterland 
vergence similar to the upper detachment of triangle zone. 

Figure 4-7: Schematic two-dimensional cross-section of fault-bend fold model. Hanging wall 
block slides over flat-ramp-ramp fault and deforms internally. A) Forward model uses algorithm 
based on Suppe (1983) construction. B) Restoration model uses "fault parallel flow" algorithm. 
Note internal deformation of hanging wall block is not properly restored by fault parallel flow 
algorithm. 

Figure 4-8: Schematic two-dimensional cross-section of duplexed fold model. A) Fault 
geometry allows the development of a duplex within the middle units. B) Upper unit is pinned at 
both ends forcing it to shorten with the middle units and develop an unrealizable gap. C) Upper 
unit is allowed to slip towards the foreland. D) upper unit is pinned at the foreland edge and the 
duplexed middle unit is wedged into foreland strata. 

Figure 4-9: Partitioned displacement model. Displacement along lower detachment is 
progressively transferred to upper detachment via duplexing and folding of the middle unit. 
Shortening and thickening of the middle unit produces a fold in the upper unit. 
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Figure  5-1: Stratigraphic section at the Brown Creek structure. See Figures 2-1 and 2-5 to 2-13 
for a description of the curves and formations. Effective rigidity and shear modulus curves 
provide strength profiles for the stratigraphic section. Histogram of effective rigidity is shown on 
right side. Stronger rocks lie to the right and weaker rocks lie to the left. Narrow histogram 
indicates layers are relatively homogeneous; broad histogram indicates layers are highly 
anisotropic. 

Figure 5-5: Cross-section through the Alberta Group based on 2-D seismic courtesy Suncor 
Energy. Data show duplexing of the Alberta Group. Fault trajectory is steeper through stronger 
Cardium Formation (see shear modulus and effective rigidity profiles to the left). Bends in fault 
suggest local rotation of principal stress axes across lithological boundaries. 

Figure 5-3: A) Schematic diagram displaying bends in fault plane at lithological boundaries. 
(B) Local principal stress axes are rotated with respect to bedding. Maximum principal stress 
axis plunges towards the foreland and tends to keep faults close to base of weaker beds. (C) 
Mohr circle that describes the relationship between Coulomb failure, normal and shear stresses, 
and poles to fault planes. 

Figure 5-4: Same as Figure 5-3 except the bedding parallel shear has been removed. Lack of 
bedding parallel shear allows faults to cut up steeply in weak units. 

Figure 5-5: (A) Schematic diagram displaying the effect of layer thickness on folding. Doubling 
the thickness of a layer increases its resistance to folding by nearly an order of magnitude. 
(B) Schematic diagram displaying the effect of layer thickness on length of a thrust sheet. 
Thrust sheets carrying thicker strong units can be displaced farther without deforming internally. 

Figure 5-6: Composite sonic velocity curves from the Brown Creek area superimposed on 
curves from the Southern Region of Central Alberta Foothills. The curves include stratigraphy 
from the base of the Cambrian section up to the base of the Upper Cretaceous Brazeau 
Formation. Discrepancies between curves show overall weaker rock units for the Brown Creek 
area compared to the Southern Region. 

Figure 5-7: Schematic diagram of a growing wedge of critically stressed rocks. Wedge evolves 
and grows in a self-similar manner as the mountain belt develops. A) shows geometry of 
wedge. B) shows the end-members in profile, a narrow taper and a broad taper. C) shows self-
similar growth as more material is encountered in toe. A relic of the wedge can be seen in long 
dip directed cross-sections. 

Figure 5-8: Sandstone outcrop of Saunders Group located along Brown Creek. A scour surface 
within the sandstone unit has been utilized as a slip surface. Some calcite mineralization has 
occurred on the surface. Scour surface and calcite mineralization show striations suggesting a 
small fault has exploited the weakness inherent in a scour surface. 
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Figure 5-9: A) Sandstone outcrop of Saunders Group fluvial channel. Strata located in Brown 
Creek area. Scour surfaces within channel can be traced across the outcrop. Melissa Newton 
standing in front of outcrop is about 1.7 metres tall. B) Sandstone outcrop of Saunders Group 
fluvial channel located along Brown Creek. Fractures and partings occur along laminae 
surfaces. 

Figure 6-1: Cross-section of the Brown Creek structure. Section based on interpretation of 2-D 
seismic data courtesy of Suncor Energy. Colour legend for stratigraphy found in stratigraphic 
column (Fig. 2-1). Black lines mark thrust faults. 

Figure 6-2: Kinematic model illustrating the difficulties of correctly interpreting pervasive 
duplexing of certain units. Correct interpretation and restoration will pull the hanging wall cutoffs 
back to their footwall cutoffs and remove any structural thickening. 

Figure 7-1: Schematic cross-sections showing the contrasting structural styles across the Cow 
Lake swingback. A) North of the Cow Lake swingback the presence of the very weak 
detachment in the Blackstone Formation results in slip continuing far out into the Plains where 
the thrust front is marked by a foreland-directed thrust fault. B) South of the Cow Lake 
swingback multiple detachments with comparable strength are utilized in the development of a 
triangle zone. 

Figure 7-2: Simplified version of the Brown Creek cross-section (from Fig. 3-15). Stratigraphic 
units have been merged together into four major groups. Thrust faults and folds have been 
simplified. Thrust faults cut up-section from two dominant detachment surfaces. The lowest is in 
the Fernie Formation that is prominent to the SW. The middle is in the Blackstone Formation 
that is dominant to the NE. Foreland-directed thrust faults are found where the Blackstone 
Formation is the dominant detachment. The style ejectif region is located where the Fernie, 
Blackstone and Wapiabi formations are utilized as detachments. 

Figure 7-3: Cross-section of the Brown Creek structure and the portion of the next structure to 
the southwest. A) follows Dip Line 2 of Figure 6-7. The three major thrust faults are highlighted 
with bold black lines. Lower left region is a simple low angle thrust fault. The polygon outlines 
the area of branching faults and duplexing. The upper panel is folded over the underlying 
deformation. B) outlines the basic elements of the Brown Creek structure; the thrust fault, 
branching fault and upper folded regions. 

Figure 7-4: A) shows tension gash photographed on the TransCanada Highway just north of 
the town site of Banff. Structural feature is within the deformed footwall block of the Sulphur 
Mountain thrust fault. B) shows model of tension gash and demonstrates how small scale 
chaotic elements produce simple linear features. 

Figure 7-5: A) Photograph of an outcropping anticline within the Picuris Mountains of New 
Mexico. B) Schematic drawing of the fold. Upper competent unit determines fold shape and 
lower unit is compliant. Metamorphic grade is amphibolite. 
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14thJanuary , 1858 - ...The effect was quite 

exhilarating as they became lighted up rapidly by the pinky 

hue of the morning, and then I found that the black 

appearance which they presented the evening before arose 

from the immense proportions of abrupt cliffs which they 

present, on which snow cannot rest. 

Sir James Hector, The Papers of the Palliser 

Expedition 1857-1860 (from Spry, 1968, p. 207) 

CHAPTER 1: Introduction 

1.1 Thrust fronts 

Blind thrusts, or buried thrust faults, are common along the leading edges of 

foreland fold and thrust belts (Boyer and Elliott, 1982, p. 1197; Banks and Warburton, 

1986; Morley, 1986; Couzens and Wiltschko, 1996). The displacement along a blind 

thrust dies out to zero at a tip line that is buried. Conversely, some thrust fronts are 

marked by a foreland-directed thrust fault that is emergent at the synorogenic surface. 

A triangle zone is commonly found at the thrust front of the Canadian Rockies. A 

review of triangle zones throughout the world by Couzens and Wiltschko (1996) 

suggests that they are commonly found at thrust fronts but rarely internal to the 

orogenic belt. This prompts the question of whether triangle zones represent an early 

developmental stage of deformation or whether triangle zones only develop during the 

final phase of orogenesis (Morley, 1986; Jones, 1996). An analysis of structures in the 

Front Ranges, southwest of Calgary, Alberta by Sanderson and Spratt (1992) showed 

that triangle zones can develop episodically throughout the progressive development of 

an orogenic belt. 

It is not clear why some thrust fronts develop emergent thrusts whereas others 

develop blind thrusts. Elevated pore pressure has been proposed by Jones (1996), 

Jamison (1996) and Lawton et al. (1996) to explain the development of triangle zones. 

Morley (1986) argued that blind thrusts can develop through early internal deformation 

of a thrust sheet before the fault tip emerges at the surface. The internally deforming 

unit is weaker than the thick and stronger overlying unit. Couzens and Wiltschko (1996) 
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made several conclusions linking the mechanical stratigraphy of a region to the 

formation of triangle zones. Their conclusions were based on a comparative study of 

triangle zones throughout the world. In contrast to Morley (1986), Couzens and 

Wiltschko (1996) concluded that triangle zones develop if the overlying unit is weaker 

than the deforming thrust sheet and that the thickness of the overlying unit has no 

bearing on triangle zone development. The challenge in a comparative study of 

structures worldwide is determining what properties are similar versus different, and 

what properties are important and relevant. A more recent study, based on physical 

modeling, by Couzens-Schultz et al. (2003), concluded that the presence of very weak 

detachments promoted foreland-directed thrusting whereas moderately weak 

detachments promoted hinterland-directed thrusting which led to the formation of a 

triangle zone. 

Along all but a short segment of the Canadian Rockies the thrust front has 

developed a triangle zone (Jones, 1996, p. 140). The study area of this thesis is 

centred on the short segment where the structural style at the thrust front is that of a 

foreland-directed thrust. Within a short distance the structural style of the thrust front 

changes from a triangle zone to a foreland-directed thrust. The location of this change 

is in the Central Alberta Foothills and adjacent Plains. A focus of this thesis is 

determining the controls that led to the transition between the two contrasting structural 

styles. The mechanical stratigraphy is the key to understanding the strain path at the 

thrust front. In this study a quantitative measure of the mechanical stratigraphy is 

developed from which the controlling factor that leads to the two contrasting structural 

styles can be identified. The Brown Creek structure is located at the Foothills-Plains 

boundary and is part of the foreland-directed thrust system. A detailed examination of 

the geometry of the Brown Creek structure provides a vital view of the forethrust 

system that can be contrasted with a triangle zone. 

Understanding the nature of thrust fronts is critical to understanding the 

migration and trapping of hydrocarbons that are often found in thrust fronts. The 

geometry of structural culminations will depend on the structural style at the thrust 

front, whether it is a foreland-directed thrust system or a triangle zone. Successful 

exploration strategies along thrust fronts anywhere in the world will take these 

differences into account. Improvements in the general principles of structural geology 
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that may come from this thesis will help improve the probability of commercial success 

in petroleum exploration. 

1.2 Location 

The Canadian Rockies, a chain of mountains and foothills that mark the eastern 

margin of the Canadian Cordillera (Mathews, 1986), are outlined in Figure 1-1. Here 

the physiographic form of the Canadian Rocky Mountains marks the boundary, 

ignoring political borders. The area extends from Glacier National Park, Montana in the 

United States to the southeast, to the Liard River near the Yukon border in the 

northwest. The Rocky Mountains have characteristic lofty, prominent peaks that are the 

result of the sculpting by Pleistocene Epoch glaciers. The remarkable scenery and 

exquisitely preserved fossils of the Rocky Mountains have led to the designation of the 

Canadian Rocky Mountain Parks as a UNESCO World Heritage Site. The Canadian 

Rockies are world renowned for their pristine beauty. They also present unique 

opportunities for the advancement of the general principles of structural geology. The 

stratigraphy prior to deformation was simple and "layer-cake", metamorphic overprint is 

minimal and the strata are not obscured by outpourings of volcanic material. 

Thousands of structural geologists throughout the world have visited and studied the 

structures in the Canadian Rockies learning the fundamental principles of their 

vocation. Our study area is located within the Central Alberta Foothills, along the 

eastern margin of the Canadian Rocky Mountains. 

The Brown Creek Structure is located along the eastern margin of the Central 

Alberta Foothills, northwest of the Brazeau Range (Figs. 1-2 and 1-3). Brown Creek, 

which flows along the southern boundary of the Brown Creek Structure, is located less 

than an hour's drive on the Forestry Trunk road (Highway 940) northwest of Nordegg, 

Alberta. The structure is along strike of the Stolberg anticline and is marked at the 

surface by the Ancona thrust fault. The structure is bounded at depth by a thrust fault 

that climbs up-section towards the foreland from a detachment within the Devonian 

Palliser Formation carbonates to the Paleogene siliciclastic rocks at the surface. 

To the west and heading upstream, Brown Creek traverses the Brazeau and 

Wapiabi thrust fault systems that carry older strata to surface along narrow but long 

zones that trend parallel to the Rocky Mountain foreland thrust and fold belt (Fig. 1-4). 

The Sunbeam, Brazeau and Black Mountain synclines are broad in profile and long 
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Figure 1-1: Topographic map of the Canadian Cordillera and adjacent Plains, showing the 
Canadian Rocky Mountains. Lower left inset shows location of map within North America. 
Colour bar on left shows elevation in metres. Polygon over Central Alberta Foothills shown as 
map in upper right inset. Map in upper right inset is displayed for reference in other figures. 
Elevation data within Canada provided by Geobase and elevation data within the United States 
provided by USGS. 
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Figure 1-2: Index map of the Central Alberta Foothills (coloured area) and adjacent deformed 
Plains to the northeast, showing prominent geological and physiographic features. Green, blue 
and yellow colours represent Mesozoic foreland basin siliciclastics. Pink and purple colours 
represent inliers of Paleozoic platform and shelf carbonates and shales. Rectangle on the main 
map outlines the area displayed in Figure 1-3. 
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Figure 1-3: Index map of the north-central portion of the Central Alberta Foothills and adjacent 
deformed Plains showing bedrock geology. Prominent geological and physiographic features 
are labelled. The Brown Creek structure is marked by the hachured oval. The black rectangle 
outlines the area shown in Fig. 1-4. 
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Figure 1-4: Geological bedrock map draped over physiography in the Brown Creek area. 
Sunbeam, Brazeau and Black Mountain synclines are separated by the Wapiabi and Brazeau 
thrust systems. Note closure on folded thrust faults along southwest boundary of Sunbeam 
syncline. Brown Creek structure is adjacent to the Ancona thrust fault. 

and linear in map extent and divide each fault system. An important feature of the 

Brazeau and Wapiabi fault systems is that they are folded along with the strata; in 

some cases folding is tight (Hake et al., 1942; Erdman, 1950; Scott, 1951). Map and 

cross-section views suggest that older strata have been squeezed up into the cores of 

the anticlines. Dahlstrom (1970, p. 365) called this “style ejectif”. The Brown Creek 

thrust fault and the folded faults of the Foothills to the west appear to share a common 

root in a basal thrust fault within the Devonian Palliser Formation. 
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Past attempts to model these thrust fault and folded fault structures have been 

hampered by the lack of quality data. Recent drilling and seismic imaging however, has 

probed deeper into the strata and subsurface structures. The recently acquired 

seismic and wireline log data allow for new interpretations about the origins of these 

enigmatic structures. More than an academic question, understanding the nature and 

relationship of the fold and thrust fault systems in the Central Alberta Foothills is also a 

factor in the understanding of the migration and trapping of hydrocarbons in other 

thrust fronts in the world. In the absence of small scale complexities, structural 

culminations would not exist and the natural gas in the Foothills would not have been 

trapped. 

1.3 Central Alberta Foothills 

The Central Alberta Foothills are shown by the coloured portion of the 

geological map (Fig. 1-2). This area lies between the Bow and the Athabasca River 

valleys to the south and north, respectively, and is bounded by the Front Ranges to the 

west and the deformed Plains to the east (Fig.1-2), (Fox, 1959, p. 992). Most of the 

outcropping rocks are Mesozoic strata and are coloured in shades of green and yellow. 

Paleozoic inliers are coloured in shades of red, pink and purple. 

The western boundary between the Central Alberta Foothills and the Front 

Ranges is marked by the McConnell thrust fault for all but a short segment in the north 

where the McConnell thrust terminates and the Miette thrust begins. The McConnell 

thrust fault carries a thick sheet of weather-resistant Paleozoic carbonates to surface 

over weaker Mesozoic beds and forms a cliff along most of the extent of the Front 

Ranges - Foothills boundary. Figure 1-5 was taken from a lookout just south of the Bow 

River Valley, looking north. It shows the lighter coloured, unvegetated Paleozoic 

carbonates of the McConnell thrust sheet thrusted over Mesozoic strata. 

The boundary separating the Central Alberta Foothills and the deformed Plains 

to the northeast is not as straightforward (Osborn et al. 2006, p. 458). In general the 

eastern boundary of the Foothills is physiographical, the Foothills expressing greater 

relief and ruggedness than the adjacent Plains (Fox, 1959, p. 992). The poorly 

indurated rocks of the uppermost Paskapoo Formation of the Plains produce subdued, 



 
 

      

        

          

          

     

      

           

      

         

        

         

        

         

       

            
 

    

9 

Figure 1-5: A view looking north across the Bow River valley at the southwestern edge of the 
Central Alberta Foothills. Note the rugged and bare nature of the Front Ranges compared to the 
vegetated and subdued relief of the Foothills to the east. 

gentle relief in contrast to the weathering-resistant sandstone beds of older and more 

indurated strata that are exposed in the Foothills. Structuring has elevated the 

Mesozoic strata in the form of an anticline and weathering has stripped away the 

overlying beds leaving a series of linear ridges that mark the eastern boundary of the 

Foothills. The physiographic differences between the Plains and Foothills correspond 

to the different ages and lithologies of strata that are exposed at the surface (Price and 

Mountjoy, 1970, p. 11). In many places, however, there is little to no contrast in the 

ruggedness between the Foothills and Plains and as a consequence the marking of the 

boundary becomes an arbitrary procedure. The sculpting of the terrain by glaciers and 

by other weathering processes has altered the landscape, removing some of the 

ruggedness of the Foothills. Where the boundary is difficult to draw based on 

physiography, geology can be used to define it. 

A striking feature of the Central Alberta Foothills is its long and arcuate trend 

that sub-parallels the mountain ranges to the west. The trend in the south averages 



 
 

          

       

         

    

           

       

      

       

  

  

       

      

        

           

          

         

     

       

          

     

       

        

          

          

         

        

         

         

       

          

        

10 

170o, in the central region 135o and in the north 115o. Major structures are parallel over 

hundreds of kilometres and the overall outcropping stratigraphic level shows a degree 

of consistency along strike. There are a few locations where the structures and 

stratigraphy change abruptly. These areas provide unique opportunities to understand 

the processes that control structural development. A study of the contrasting structural 

styles and stratigraphy between the southern portion of the Central Alberta Foothills 

and the area along Brown Creek serves to illustrate these structures and provide 

insight into the kinematic and mechanical processes that control the development of 

the Brown Creek structure. 

1.4 Triangle zones 

The Brown Creek structure is not identified as a "triangle zone", a common 

structural feature that marks the boundary between the Plains and Foothills of Alberta 

(Gordy et al., 1977, p. 14). At surface a triangle zone is characterized by foreland-

dipping beds on the foreland side of the zone and hinterland-dipping thrusted strata on 

the hinterland side. A key feature of the triangle zone is that the basal, foreland-

directed thrust fault is blind; it does not emerge at the surface towards the foreland. 

Instead it continues at depth under the foreland-dipping strata where it appears to die 

out in some fashion. The deformation at the Brown Creek structure is markedly 

different from triangle zones in other parts of the Alberta Foothills as the basal thrust 

fault continues forelandward for some distance where it emerges at the surface. The 

triangle zone will be discussed in greater detail in Chapter 3. 

The map and cross-section of the Stolberg region by Jones (1971, p. 295-297) 

clearly show a basal thrust fault climbing up-section towards the foreland and emerging 

as a pair of foreland-directed thrust faults. His section was, in part, based on an earlier 

interpretation presented by Thomas (1958) that related the development of the 

Stolberg anticline to imbrication and duplexing at depth. Our mapping of the subsurface 

stratigraphy forelandward of the Brown Creek structure and interpretations of seismic 

data by Hrudey et al. (2003), LeDrew (1997) and Ebner (2007) demonstrate that the 

basal thrust fault at Brown Creek continues forelandward and emerges as faults 

mapped at the surface. These basal faults lie along trend of the Brewster and Sylvester 

faults mapped by Jones (1971) and are closely associated with them. 
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1.5 General geology 

The Foothills of west central Alberta and the adjacent deformed Plains to the 

northeast lie along the eastern margin of the Rocky Mountain foreland thrust and fold 

belt (Monger, 1989, p. 18-20). The Rocky Mountain belt comprises an easterly tapered 

wedge of supracrustal sedimentary rocks that lie on the North American crystalline 

basement. 

During episodes of mountain building over the past 200 million years, terranes 

have collided and accreted onto the western North America plate. During collisions 

sedimentary rocks were delaminated from the crystalline basement and deformed and 

transported from hinterland to foreland (Price, 1981; Price, 1994). 

The sedimentary rocks of west central Alberta lie upon crystalline basement 

rock that was formed during the Paleoproterozoic (Ross and Stephenson, 1989, p. 35). 

The sedimentary rocks comprise two packages that can be distinguished by their age, 

composition, induration, depositional styles and provenance (Monger, 1989, p. 20-21). 

The lower package is made up of Paleozoic, miogeocline to platform marine 

carbonates, shales and sandstones that were sourced from the North American craton 

and deposited along the western margin of North America. The upper package is 

composed of foreland basin deposits of Lower Jurassic to Paleogene age. These lower 

floodplain siliciclastics to marginal marine sediments were sourced from an elevated 

landmass in the hinterland, west of the foreland basin. The Early Paleozoic package 

has been buried for a much longer time period and to greater depths than the upper 

Mesozoic package, allowing the sediments of the lower package to become well 

indurated. The carbonate and sandstone rocks of the lower package are mechanically 

much stronger than the rocks of the upper package and this contrast has had a 

profound influence on the deformation style of the Canadian Rocky Mountains and 

Foothills. 

1.6 Methods 

The analysis and synthesis used in this thesis rely, to a very large degree, on 

subsurface information and interpretation. Wireline logs from boreholes provide 

detailed stratigraphy and structure at discrete, sparse map locations. Seismic images 

from 2-D seismic lines provide a continuous but lower resolution view of the 

stratigraphy and structure within the entire seismic volume. Integration of these two 
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types of data using fundamental principles of stratigraphy and structural geology can 

lead to sound models of the subsurface geology. Suncor Energy Inc. provided access 

to two 2-D seismic lines and wireline data recorded in petroleum boreholes. AccuMap® 

and geoSCOUT® software provided access to well log data as well as surface 

geographic information. 

An initial assessment of the surface stratigraphy and structural style was 

facilitated by analysis of surface maps based on outcrop data. Geological maps 

published by the Geological Survey of Canada and the Alberta Geological Survey and 

various publications provided the geology at the surface (see back pocket of this 

thesis). A compiled geological map of the Central Alberta Foothills greatly aided in 

developing an understanding of the spatial relationships between structures. Kingdom 

Suite® software provided the platform for interpretation of seismic data, integration with 

borehole data and development of subsurface geological maps. 

Due to the sparseness, lack of certainty and ambiguity in the subsurface data, 

there are risks that the interpretation and conclusions we make about the structuring 

can be biased. The process of balancing cross-sections provides a framework that 

helps keep our interpretations "honest". A balanced cross-section is viable and 

admissible (Elliott, 1983) and more likely to be closer to the truth than one based on 

conjecture. Midland Valley 2-DMove® and 3-DMove® software provided the tools to 

balance cross-sections. Experimentation with different structural geometries or different 

sequences of movement along faults has been a valuable tool in developing our 

understanding of the structuring. Global Mapper® was used to integrate data from 

many sources together in map view. Adobe Illustrator was used to render final figures. 

Details on methods employed in this thesis are presented along with the analyses. 

1.7 Historical background 

Although First Nations people had lived in the area during the previous 12,000 

years, and many Europeans had seen the Canadian Rockies prior to his arrival, Sir 

James Hector M.D. was the first geologist to study them. Hector was a geologist, 

naturalist and surgeon for the Palliser expedition of 1857-59 (Spry, 1968, p. xxxiii). In 

1858-59 Hector traversed a portion of the Canadian Rockies along the Bow, North 

Saskatchewan and Athabasca valleys and a number of their tributaries (Spry, 1968). 

He assigned ages to outcropping rocks based on fossils, correlated strata along the 
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mountain ranges and across the Plains, proposed that erosion produced some of the 

physiographic features of the mountains, and recognized that the strata of the Rocky 

Mountains are deformed (Spry, 1968, p. 292-294). Sir James Hector and his party 

experienced a great deal of hardship: exposure to the elements, continuing for days 

without rations, with food poisoning, and with misbehaving pack horses. Hector had 

been standing in a place just tens of kilometres southeast of the focus area of this 

thesis, when he made the observation, quoted at the beginning of this chapter, about 

his first observation of the Rockies. He had arrived at Rocky Mountain House late the 

previous day and could only make out the profile of the mountains in front of the setting 

sun. His excitement at making out details in the morning sun is evident in the quote. 

Each chapter begins with an epigraph from Hector that is relevant to the subject 

material of that chapter. In order to provide context for the discoveries in this thesis it is 

helpful for us to see how the science of geology has advanced over the past 150 years. 

The completion of the Canadian Pacific Railway in 1885 changed everything. 

Geologists from around the world could now visit and map the remarkable exposures 

along both sides of the railway (Collins, 1999, p. 7). The ensuing demand for coal and 

timber drove the construction of roads and railways farther into the Canadian Rocky 

Mountains. Despite improved access into the mountains, during the first half of the 20th 

century the task of geological mapping continued to rely on horses and approach on 

foot. The introduction of aerial photography to the area following the Second World 

War allowed the incorporation of areas inaccessible from the ground into the regional 

correlation of strata (Douglas, 1958, p. 1). The utilization of helicopters in the 1960s 

allowed unprecedented access for geologists to study outcrops in large, remote 

regions (Price and Mountjoy, 1970, p. 8). The advent of seismic data acquisition has 

provided images of the subsurface which aid in the construction of cross sections and 

reduce uncertainty in stratigraphic correlations (Bally et al., 1966). Improvements in 

seismic subsurface imaging combined with the increasing well density and depth 

coverage of petroleum wells drilled in the Foothills have greatly aided our 

understanding of the nature of the Canadian Rockies (Fermor, 1999). The 

development of the theory of Plate Tectonics in the 1960s was a major breakthrough in 

the advancement in structural geology. Structural geologists finally had a foundation 
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for constructing structural models that could accommodate their observations and 

interpretations. 

1.8 Outline of this thesis 

Chapter 2 provides a description of the layered lithologies of the Brown Creek 

structure and the underlying tectonics and paleo-environments that controlled 

sedimentary deposition in the Brown Creek area. The composition of sedimentary 

rocks is determined by tectonics and paleo-environments, and the mechanical strength 

of the rocks is determined by their composition. Ultimately, understanding the tectonics 

and paleo-environments in the Brown Creek area are keys to understanding the strain 

patterns that later developed in the area. Rock strength measurements and the factors 

that control rock strength are provided in Chapter 2. The tectonostratigraphic 

framework together with rock strength data provide the basis for understanding the 

mechanical stratigraphy of the Brown Creek structure. 

Chapter 3 explores the regional geology of the Central Alberta Foothills and 

provides the framework into which the Brown Creek structure will fit. The regional study 

combines maps of structural patterns with structural and stratigraphic cross-sections. 

The close relationship between stratigraphy and structural styles is demonstrated 

through their congruent variations along the length of the Central Alberta Foothills. 

Similarities and differences between structures along strike are noted and inferences 

are made about the conditions that caused them to form the way they did. The effective 

rigidity and shear modulus profiles that will be developed in Chapter 2 are used as 

tools in describing the mechanical stratigraphy. The changes in the strength profile 

along strike demonstrate the strong dependency of structural style on stratigraphy. In 

addition, evidence of mesoscopic and small scale structuring is presented. 

Chapter 4 presents a number of analytic kinematic models that are used to test 

the validity of proposed modes of deformation. The strengths and weaknesses of the 

models are explored and the models that match the geometry of structures in the 

Central Alberta Foothills are noted. 

Chapter 5 examines the mechanical stratigraphy of the Central Alberta Foothills 

and deformed Plains. The mechanical strength profile is examined in greater detail and 

its use in predicting the position of detachment surfaces and structural style is 

demonstrated. An example is presented of how layers with alternating mechanical 
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strengths modify the local stress field and in turn modify the strain path. The dominant 

role that layer thickness plays in controlling the strain path is explored through 

contrasting examples. The effects of stratigraphic architecture on the strain path are 

studied, particularly during the early stages of deformation. 

Chapter 6 examines the geometric, kinematic and mechanical aspects of the 

Brown Creek structure as shown by seismic imaging. 

Chapter 7 closes out the thesis by discussing the results and presenting 

conclusions. The results of the detailed study of Brown Creek in Chapter 6 are placed 

in context of the regional study of the Central Alberta Foothills. The synthesis of these 

studies leads to the conclusions presented at the end. 



 
 

 

         

 

        

      

          

      

         

       

    

     

         

      

         

      

          

      

     

     

       

     

  

    

      

       

      

     

      

     

    

      

16 

August 13th, 1858 - ...I got more fossils and found one 

bed of limestone that was quite full of the encrinite stems and 

corals. I also got Productus and Spirifer, so that the 

limestones are either of carboniferous or devonian age. 

Sir James Hector, The Papers of the Palliser 

Expedition 1857-1860 (from Spry, 1968, p. 293). 

CHAPTER 2: Tectonostratigraphic Framework of the Brown Creek area 

Sir James Hector discovered that the prominent cliffs in the Canadian Rockies 

were made up of limestone that had been deposited in a marine environment during 

the Carboniferous or Devonian periods. The discovery of key marine fossils, described 

in the quote above, was made while he climbed a peak near the present-day town site 

of Banff, Alberta. He had previously noticed that the rocks in the Edmonton, Alberta 

area were much younger, being deposited during the Cretaceous Period. Since his 

time geologists have measured and described in detail the entire Phanerozoic section 

of the Western Canada Sedimentary Basin. 

This chapter provides a description of the layered lithologies of the Brown 

Creek structure and the underlying tectonics and paleo-environments that controlled 

sedimentary deposition in the Brown Creek area. The composition of sedimentary 

rocks is determined by tectonics and paleo-environments, and the mechanical strength 

of the rocks is determined by their composition. Ultimately, understanding the tectonics 

and paleo-environments in the Brown Creek area is a key for understanding the strain 

patterns that later developed in the area. Rock strength measurements and the factors 

that control rock strength are provided in this chapter. The tectonostratigraphic 

framework together with rock strength data provides the basis for understanding the 

mechanical stratigraphy of the Brown Creek structure. 

2.1 Stratigraphic column 

In order to understand the potentially complex relationships between 

stratigraphy and structure, a reference stratigraphic column serves as a key. It 

presents important or critical contact relationships and ages of rock units within a 
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certain region and represents a summary of the geological record in chronological 

order. 

The stratigraphic column representing the stratigraphy at the Brown Creek 

structure (Fig. 2-1) was constructed from geophysical wireline logs obtained from 

petroleum wells drilled at or adjacent to the Brown Creek structure (Fig. 2-2). The 

geophysical logs were used for stratigraphic correlation with events identified on the 

well logs and in the seismic data, and also for lithology identification and rock strength 

estimation. The synthetic seismogram on the column provides the correlation between 

subsurface geology and seismic imaging of the subsurface. The seismic data were 

recorded and processed in the time domain and were later converted to depth using a 

simple velocity model. 

Although the entire Phanerozoic section can be displayed on a single 8 1/2 by 

11 page at a scale of 1:25,000 (Fig. 2-1), the details cannot be discerned over a few 

important intervals. Subsequent figures in this chapter are plotted at a 1:2,500 scale to 

reveal a more detailed picture of the stratigraphy. The segments of the stratigraphic 

column are presented in chronological order. Each figure is limited to a particular 

interval that is bounded by a major unconformity or a major change in depositional 

environment. Some intervals are thick and require multiple figures. In these cases 

overlap between the multiple figures is included. 

No single well can provide a full suite of logs over the entire Phanerozoic rock 

record at the Brown Creek structure. The stratigraphic column was constructed by 

selecting intervals from wells drilled at or adjacent to the Brown Creek structure that 

reflect true stratigraphic thicknesses (Fig. 2-2). Wells with a full suite of curves and with 

borehole paths perpendicular to bedding and minimal deviations from a straight path 

were preferred. The logs from the 07-33-44-16W5/2 well were used for the interval 

including the Upper Cretaceous Alberta Group and the interval from the base of the 

Upper Devonian Beaverhill Lake Group to the top of the Lower Carboniferous Turner 

Valley Formation. The logs from the 03-19-44-17W5 well were used for the interval 

from the base of the Jurassic Fernie Formation to the top of the Lower Cretaceous 

Mountain Park Formation. The 15-30-45-14W5 well was used for the Saunders Group 

interval. The 16-11-44-16W5 well was used for the Cambrian portion of the column. In 

order to account for a deviation in the borehole relative to the bedding attitude, a small 
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Figure 2-1: Stratigraphic column of the Phanerozoic section located at the Brown Creek 
structure. Curves are derived from geophysical wireline logs of petroleum wells posted on the 
map in Fig. 2-2. Correlation and identification of formations based on Mossop and Shetsen 
(1994). See text for additional details and Fig. 2-2 for legend. 
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Figure 2-2: Upper half of figure shows colour and swatch used to display the lithology bar on 
stratigraphic column (Fig. 2-1). Lower half of figure displays index and location map showing 
locations of the wells used to construct the stratigraphic column. 
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correction was applied to the Fernie Formation in the 03-19-44-17W5 well logs. The 

geometric correction was determined at the tie point between the 03-19-44-17W5 well 

and an estimate of the local attitude of the bedding. The 11-27-49-08W5 well, located 

nearly 100 kilometres to the northeast of Brown Creek, was used for the lowest portion 

of the Cambrian and basement interval of the stratigraphic column. 

The geophysical logs are plotted on the right hand side of each figure. These 

include calliper (outlines the lithology column), gamma ray (green), resistivity (red), p-

wave velocity (blue), s-wave velocity (yellow), p over s wave velocity ratio (mustard) 

and bulk density (orange). The shear modulus (violet) and effective rigidity (rose) are 

rock strength curves that are introduced in this chapter. Stratigraphic levels that are 

prone to shear failure are marked by the detachment symbol. The colours used to 

represent the various formations on cross-sections and maps are posted in the left 

hand column of Figure 2-1. The legend for the colours and patterns used to represent 

the lithology is posted on Figure 2-2. The column labelled synthetic seismogram is a 

composite seismic trace based on sonic logs of nearby wells. 

Measured height above the reference datum for the measured depths of the log 

is posted on the left side of the figure. The interpretation of Period, Stage, Group, 

Formation, Member and lithology is based, primarily, on correlations shown in fence 

diagram D–D’ of the Geological Atlas of the Western Canada Sedimentary Basin, 

(Mossop and Shetsen (compilers), 1994, p. 8) and similarly the discussions within each 

chapter that refer to the diagram. Fence diagram D–D’ of the Atlas includes wells 10-

24-045-17W5, 06-03-046-17W5 and 10-18-046-17W5, (Fig. 2-2). 

Some exceptions should be noted. The S-wave velocity, density and velocity 

ratio have been removed from the column (Fig. 2-1) to reduce clutter. The boreholes 

penetrating the Cambrian were drilled in the late 1970s to 1980s and did not record the 

shear-wave component of the velocity log. Consequently, the shear modulus and 

effective rigidity cannot be directly computed for the pre-1990 wells. The rock strength 

curves at the Cambrian level (Fig. 2-1) are based on a very simple model that employs 

values observed in the Upper Paleozoic for the same rock types. 
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2.2 Mechanical rock strength 

A more complete analysis of the stratigraphy of the Brown Creek area can be 

completed by taking into consideration evidence related to mechanical rock strength. 

Wireline logs measure in-situ geophysical properties of the rocks adjacent to the 

borehole. These measurements can be used to estimate the rock unit's ability to resist 

shear strain, shear failure and buckle folding. The dynamic elastic moduli of the rock 

units can be estimated from p-wave and s-wave velocity and rock density properties 

that are measured by geophysical logs. The mathematical relationships are shown 

below (Mavko et al., 1998, p. 18-9 and 51-2). Mechanical rock strength is discussed in 

this chapter; mechanical stratigraphy, the relationship between stratigraphy and 

deformation, is discussed in subsequent chapters. 

2.1! # $ 

2.2! % 

" 2.3! ! 

where: 

! �#�& !  �##�#! 

! �(!!�� !  "(� 
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The relationship describing buckle folding of an elastic layer in a viscous medium is 

(Biot, 1961 p. 1602): 

! !! !" ! 

where B is the effective rigidity 
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2.5! ! 
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and for a stratified viscous medium the relationship describing buckle folding is (Biot, 

1961 p. 1604): 
!% 2.6

! '!! # & " 

These two relationships have a similar form provided that 

2.7$ " 

where  is the viscosity of the layer and the differential operator is the time rate of 

change. Relationship 2.7 uses the correspondence principle that provides a method for 

modeling deformation by using materials with visco-elastic properties (Biot, 1961). The 

two rightmost curves on the stratigraphic column (Fig. 2-1) are the shear modulus 

(violet) and effective rigidity (rose) respectively. These two curves tend to track each 

other. The effective rigidity curve is a proxy for the rock's ability to resist folding due to 

compressive stresses and the shear modulus curve is a proxy to the rock's ability to 

resist slip on a plane due to shear stresses. The effective rigidity and shear modulus 

are intrinsic rock properties. A succession of beds with alternating mechanical 

strengths will develop buckle folds with the application of a compressive force of 

sufficient magnitude directed parallel to bedding (Fig. 2-3A). A stronger sequence of 

rocks will resist folding more than a weaker sequence of rocks. Weaker rocks tend to 

yield to a mild shear stress whereas strong rocks yield only to a large magnitude 

stress. A succession of beds with alternating mechanical strengths will develop 

detachment surfaces with the application of a shear force of sufficient magnitude 

directed parallel to bedding (Fig. 2-3B). 

A structural analysis of deformation in the Absaroka thrust sheet demonstrated 

that the mechanical stratigraphy controls the structural style (Chester, 2002). The study 

used published rock mechanics data measured in laboratories and structural style to 

infer strength values of the rock units for the construction of the rock strength profile 
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Figure 2-3: Schematic diagrams illustrate the concept of rock strength. A shows a cross-
sectional view of a sheet of elastic material embedded in a viscous medium developing a 
buckle fold from a compressive force applied along its length. Effective rigidity is an intrinsic 
property of a material's resistance to folding. B shows a cross-sectional view of a weak elastic 
layer sandwiched between two strong layers developing shear strain from an applied shear 
force. Modulus of rigidity is an intrinsic property of a material's resistance to shear strain. 

(Chester, 2002, p. 1173 and 1177). In this study on the Brown Creek structure in-situ 

measurements of rock strength are calculated from geophysical logs that measured the 

mechanical properties of the rock units in their natural environment. The following 

section of this chapter explores the relationship between detachment development and 

deformation versus variations in lithology and elastic moduli of layered rocks. 



 
 

      

       

    

       

        

     

         

        

         

        

    

      

        

           

          

     

      

        

       

       

 

   

      

      

      

        

       

     

     

        

    

     

         

24 

2.3 Factors controlling the strength of rocks 

Thrust faults within the Canadian Rockies show a preference for developing 

within certain stratigraphic units and forming long bedding-parallel detachment 

surfaces (Dahlstrom, 1970, p. 344). The detachment surfaces must develop in 

geomechanically weak rock units that offer little resistance to the applied tectonic shear 

stresses. Stratigraphic successions of alternating strong and weak beds preferentially 

deform by folding and duplexing, which involves flexure of strong beds and slip along 

weaker beds. Rocks such as shale, coal or evaporites are considered to be weak and 

are prone to developing detachment surfaces, but strong rocks will also fail given ideal 

physical or chemical conditions. In brittle conditions weak rocks will easily slide on 

discrete slip surfaces with a low coefficient of friction and in ductile conditions weak 

rocks will flow with a low differential stress. 

Ultimately it is chemical bonding and crystal structure that determines the value 

of the coefficient of friction on a slip plane. Covalent bonding produces solids that are 

the hardest and strongest with high elastic moduli and high melting points (e.g. quartz 

and diamond). These same materials also slide against themselves with a large 

coefficient of friction. Ionic bonding produces solids that are moderately hard and 

strong and tend to melt at lower temperatures (e.g. halite, anhydrite calcite). Van der 

Waals bonding produces solids that are weak with low elastic moduli (e.g. clay 

minerals). These weaker minerals slide against themselves with a small coefficient of 

friction. 

In this thesis the measured shear modulus and effective rigidity are used to 

determine the strength of rocks. These two elastic properties are chosen because they 

measure the rock's resistance to strains that are often observed in deformed rock. 

Other elastic modulus measurements, such as bulk modulus or Young's modulus, can 

also be used. The dependence of p-wave velocity on the elastic properties of rock 

implies that p-wave sonic velocity measurements can be used as a proxy for rock 

strength. The p-wave sonic velocity is routinely logged in petroleum boreholes and 

produces very reliable and accurate results. The s-wave sonic velocity is less 

frequently logged and may not be reliable in adverse borehole conditions. The s-wave 

sonic velocity was rarely measured in wells logged before the 1990s. The density log is 

usually measured but is less reliable in adverse borehole conditions. Consequently the 

p-wave sonic velocity is used in a number of cases as a proxy for rock strength. 
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The theory of contact mechanics and tribology states that shear strength (the 

resistance to sliding) is constant for a particular material and that the frictional force is 

proportional to the true area of contact (Hahner and Spencer, 1998). Within reasonable 

limits the true area of contact between two materials is proportional to the normal 

stress applied to the surface. This linear relationship is consistent with Amonton's laws 

of friction: 

1. The force of friction is directly proportional to the applied load 

2. The force of friction is independent of the apparent area of contact. 

Friction can be reduced dramatically by the introduction of a fluid within the 

contact surface. In this case shearing occurs within the fluid and friction is dependent 

on the chemical properties of the fluid in contact with the solid. Below is an expanded 

discussion of environmental factors that control the coefficient of friction. 

2.3.1 The role sheet-structure minerals and their saturating fluids play in 

controlling the strength of rocks 

Byerlee (1978) concluded that for large normal stresses the coefficient of 

friction of rocks and minerals sliding against each other on slip planes is nearly 

independent of rock type. For confining stresses less than 300 MPa the coefficient of 

friction ~0.85 and for those greater than 300 MPa the coefficient of friction is ~0.60 

(Byerlee, 1978, p. 624). This conclusion is misleading. Unfortunately, the large 

compilation of measurements that Byerlee (1978) presented was strongly biased 

towards rocks and minerals comprising framework silicates and carbonates. Despite 

the fact that shale makes up roughly one half of the total sedimentary rock volume 

(Boggs, 2006, p. 145) shale samples were not included in the compilation and only four 

clay minerals were listed. Those four clay minerals did not follow the trend of the rest of 

the samples. Chlorite, illite, montmorillonite and vermiculite, all sheet silicates, showed 

a lower coefficient of friction than the rest of the samples. The most important clay 

minerals found in shales are the sheet silicates: kaolinite, illite, smectite and vermiculite 

(Deer et al., 1992, p. 353-354). 

Weak bonding between the stacked, sheet-structure, unit cells of an individual 

clay mineral allows it to be cleaved easily. The absence of the tetrahedral form (found 

in stronger quartz and feldspar minerals), allows the sheet-structure geometry of clay 

minerals to yield easily to mild stresses. Clays tend to form aggregates (Deer et al., 
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1992) with plates parallel to and separated from each other by a thin film of water. The 

slippery, plastic property of wet clay is a consequence of shearing along a thin film of 

water that separates the parallel clay plates. 

Laboratory tests that were conducted on a variety of rocks determined that 

there was a linear relationship between their elastic properties and strength (Deere and 

Miller, 1966). The tests showed that there was a linear relationship between: Abrasion 

hardness (Dorry test) and ultimate compressive strength in uniaxial compression, 

Shore Hardness and ultimate compressive strength in uniaxial compression, Schmidt 

Hardness and ultimate compressive strength in uniaxial compression, abrasion 

hardness and ultimate compressive strength in uniaxial compression, Point-Load 

Tensile strength and ultimate compressive strength in uniaxial compression, Young's 

Modulus and ultimate compressive strength in uniaxial compression, and p-wave 

velocity and Young's Modulus. These tests demonstrate there is a linear relationship 

between the strength of rocks and their elastic moduli. 

The graph in Figure 2-4, adapted from Moore and Lockner (2004a, p. 11), 

illustrates the low coefficient of friction of sheet structure minerals compared to 

framework structure minerals and other non-sheet minerals. The coefficient of friction 

for dry sheet structure minerals corresponds to the (001) interlayer bond strength 

(Moore and Lockner, 2004a, p. 8). The shear strength of the minerals is linearly 

dependent on the interlayer bond strength, or hardness, of the mineral (Fig. 2-4); the 

softer the mineral the lower the coefficient of friction. In dried samples the platey 

minerals are in contact with each other and the shear strength depends on the 

interlayer bond strength. During shearing, sheet structure minerals initially rotate until 

the (001) layer is subparallel to a shear plane and then successive layers of the 

mineral are cleaved off leaving behind a streak of thin platelets of the mineral (Moore 

and Lockner, 2004a, p. 8). 

Water-saturated test samples consistently show a reduced coefficient of friction 

compared to corresponding dry samples (Fig. 2-4). The reduction in the coefficient of 

friction observed in these experiments is a result of a chemical bonding process not the 

consequence of a mechanical process. Fluids were bled off preventing any increase in 

pore pressure or a corresponding decrease in effective stress (Moore and Lockner, 

2004a). Sheet-structure minerals have a strong affinity for water and are able to adsorb 

water from the air. After samples had been evacuated and dried of any water content, 
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Figure 2-4: Graph adapted from Moore and Lockner (2004a) illustrating the low strength of 
sheet structure minerals. Moh's hardness scale is labelled across the top. The grey trend line 
shows that for platy minerals the coefficient of friction increases with interlayer bond strength. 
The blue trend line shows that the coefficient of friction decreases in the presence of water. 
For some minerals a reduction of effective compressive stress decreases the coefficient of 
friction. 

the samples had to be treated with great care to ensure that they remained sealed from 

the atmosphere. Under normal conditions on or below the earth's surface, a film of 

water envelops the sheet structure minerals. Only enormous pressures can expel the 

water. Renard and Ortoleva (1997) found that a film of water one molecule thick still 

envelops a grain of quartz at pressures up to 700 MPa; this corresponds to a burial 

depth of about 20 kilometres. In water saturated samples, the water envelops the 

minerals with a thin film, and if the platy minerals happen to be aligned parallel to each 

other the individual sheets will no longer be in direct contact with each other. Shearing 

is then localized along the water film between the sheets and the coefficient of friction 

for the water-saturated samples is the resistance to shearing of the water film rather 

than shearing of the mineral itself. The low slope of the blue trend line (Fig. 2-4) 
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suggests that the shearing strength of the water film is modified by the interlayer bond 

strength. The water film is typically just a few molecules thick so the electrostatic forces 

from the interlayer bonds affect the adjacent water molecules. 

Pink coloured annotations (Fig. 2-4) indicate that the coefficient of friction for 

some minerals falls to ~0.2 as the effective stress decreases to zero. For these 

minerals, increased pore pressure not only reduces the effective stress, but also 

reduces the coefficient of friction (Moore and Lockner, 2004b). 

Recent tests on simulated fault gouge indicate that the coefficient of friction 

decreases with increased percentage of clay content in either a linear fashion or a 

sigmoidal trend depending on whether the clay mineral is illite or montmorillonite 

(Tembe et al., 2010). 

This relationship shows that the strength or hardness of rocks can be used as a 

proxy for frictional strength of rocks and the study by Deere and Miller (1966) 

demonstrated that the strength of rocks can be used as a proxy for elastic moduli. 

These two studies together suggest elastic moduli can be used as a proxy for frictional 

strength of rocks. 

2.3.2 The role organic matter plays in controlling the fissile nature of shales 

Shale beds that are associated with detachment surfaces contain a high 

percentage of clay, are dark grey to black in colour, weather recessively and cleave in 

a flaggy manner. The dark colour is often due to a high organic content. Ingram (1953, 

p. 873) concluded after reviewing previous studies of clays and shales, along with his 

own study of 50 samples of shale collected throughout the United States, that no 

correlation exists between clay mineral type and fissility of shale. It appears that fissility 

of a shale rock depends primarily on the fabric of the clay minerals (i.e. the parallel 

arrangement of sheet structure minerals) which in turn depends on amount of organic 

content. He found that high organic content leads to flaggy cleavage, and parallel 

orientation of minerals; intermediate organic content leads to flaky cleavage and 

subparallel orientation of minerals; and low organic content leads to a massive 

mudrock without a preferred orientation of the minerals. Ingram (1953, p. 875) noted 

that humus appears to play a role in layering clay particles in a parallel orientation and 

that the weak cementing action of the organic material allows the rock to be pried apart 

easily. 
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2.3.3	 The role biological activity plays in controlling the fabric of clay minerals 

in shales 

Suspended sediment in estuaries often agglomerates into flocs that may 

become numerous and dense enough to appear as turbidity maximums. Eisma (1986) 

proposed that the majority of flocs are produced through biological activity. He noted 

that organisms such as bacteria and algae consume clay particles, coating them with 

mucopolysaccharides and secreting the particles as feces. Mucopolysaccharide is a 

sticky substance that can bond many clay particles together into microflocs; flocs of 

diameter less than 125 m are considered microflocs. Eisma (1986) found that the 

bonding of the sticky substance is strong enough to resist disaggregation of the 

microfloc even when vigorous ultrasonic vibrations are applied. He found the 

substance could only be removed from the clay mineral through oxidation. Ingram 

(1953, p. 875) also noted the strong adsorption of humus to clay particles. 

The secretions of algal and bacterial microorganisms act to minimize the 

volume of microflocs, as alternating layers of mucopolysaccharides become stacked 

with alternating layers of clay minerals during digestion and pore volume between clay 

minerals is reduced. The clay minerals tend to align parallel to the layers and are 

bonded tightly with the mucopolysaccharides. The microflocs then quickly settle out of 

suspension due to increased weight to surface area and naturally lie in a flat horizontal 

orientation. Deposition of clays in deep marine environments may be enhanced by 

biological processes similar to those that are observed in estuaries. The sticky 

properties of mucopolysaccharides should increase the longevity of microflocs 

deposited in a deep marine environment; the sticky substance may resist erosion from 

deep currents. An anoxic environment could preserve the mucopolysaccharides that 

are buried along with the clay particles. The connection between organic content and 

flaggy cleavage may lie in organic processes. 

The natural tendency of flaggy shales to be weak along bedding planes arises 

from the platy shape of clay minerals, their low interlayer bond strength and their strong 

affinity for fluids. Biological activities tend to aid in the aligning of minerals, their 

deposition, preservation and the interlayering of clay minerals with organic matter. 

There may be an organic process that explains why the dark, organic rich shales of the 

Fernie, Blackstone and Exshaw formations are mechanically weak and prone to 

developing detachment surfaces. 
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Results from the San Andreas Fault Observatory at Depth (SAFOD) project 

suggest that talc is responsible for aseismic slip along the San Andreas Fault in the 

Parkfield California area (Moore and Rymer, 2007). One of the investigations of the 

SAFOD project involved drilling a well that intersected the aseismic portion of the San 

Andreas Fault at a depth of about 3 kilometres. The well encountered serpentinite and 

related minerals including minor amounts of talc as it crossed the active fault surface. 

The occurrence of talc is significant because it is a soft and weak mineral (Fig 2.4) and 

its presence may explain the weak nature of that section of the San Andreas Fault. 

Throughout the drilling of the test well, no evidence of high fluid pressures was 

encountered in the vicinity of the fault (Gramling, 2007). 

2.3.4 The role carbon compounds play in controlling the strength of rocks 

Graphite has a coefficient of friction < 0.2 (Fig. 2-4) and this is attributed to 

weak van der Waals bonding between the layers of minerals. Unlike the other minerals 

tested by Moore and Lockner (2004a), graphite showed no reduction of friction with the 

presence of water. The fact that the addition of water did not affect the shear strength 

of graphite was not fully understood by Moore and Lockner (2004a). Part of the answer 

may lie in the unique properties of carbon. Graphite requires volatile additives to be an 

effective lubricant. Graphite is gas wet, strongly adsorbing gas onto its molecular 

surfaces, and its lubricating properties are due to shearing occurring through a thin film 

of gas molecules that coat its surfaces. This property may have a bearing on why coal 

is mechanically weak. 

The strength of coal depends on its rank and composition, anthracite having 

high rank and lignite having low rank. An unusual property of coal is that its grindability 

(an inverse measure of its hardness) reaches a maximum for bituminous coals 

(Berkowitz, 1979), whereas lignite and anthracite are stronger. This phenomenon is not 

well understood but the role gasses play in reducing the strength of graphite may also 

play a role in reducing the strength of bituminous coal. The bituminization process of 

coal compacts, dehydrates and depolymerizes the organic material and in the process 

generates hydrocarbons. These hydrocarbons (mostly methane) attach themselves to 

carbon atoms along surfaces within the volume of coal. Berkowitz (1979) reported that 

small coal particles behave in a plastic manner when subjected to a shear stress that 
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exceeded a certain critical value. That critical value decreased with increasing volatile 

content. 

2.3.5 The role elevated pore pressure plays in controlling the strength of rocks 

Gretener (1972) and others have suggested that a proposal by Hubbert and 

Rubey (1959) might explain how large thrusts could have developed in the Canadian 

Rockies. Hubbert and Rubey (1959) proposed that abnormally high pore pressure 

could lead to reduced friction in detachment surfaces and allow the development of 

large thrusts. Hubbert and Rubey (1959, p. 162) suggested that elevated fluid pressure 

in clay and evaporites can reduce friction sufficiently to allow slip within the weakened 

unit. Elevated fluid pressure reduces the effective normal stress across a slip plane 

(Terzaghi, 1936) which reduces the frictional traction across the surface. Elevated fluid 

pressures can develop in any rock unit that has low permeability and contains trapped 

fluids. The Brazeau Formation is rich in impermeable mudrocks and was deposited 

rapidly, a situation that is similar to the Gulf of Mexico where anomalous pore 

pressures exist at depth (Hubbert and Rubey, 1959). 

Ultra-fine-grained (micritic and cryptocrystalline) rock units such as the Lower 

Carboniferous Shunda and Upper Devonian Palliser formations merit a closer 

examination for evidence of detachment surfaces. The Palliser Formation is a 

competent, cliff-forming carbonate unit, over two hundred metres thick, that does not 

contain any shale beds. At first glance it would seem that the Palliser Formation would 

be a poor candidate for developing detachment surfaces, yet along the length of most 

of the Central Alberta Foothills certain beds within the Palliser Formation develop 

detachment surfaces that carry hanging wall displacements of several kilometres. It 

should be noted that all of the wells that penetrated the Palliser in the vicinity of Brown 

Creek have significant borehole breakouts within the unit and a number of exploratory 

wells north of Brown Creek encountered anomalous pore pressures, in some cases 

approaching lithostatic values. Outcrops of the Palliser Formation to the west often 

develop narrow recessive ledges. To the south, detachment surfaces aided in the 

development of at least 20 horses in a multiduplex within the Palliser Formation near 

the headwaters of the Elbow River (McMechan, 2001). The anhydrite beds near the 

base of the unit may provide a glide zone from which the detachments develop. 
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2.3.6	 The role elevated lithostatic pressure and temperature play in controlling 

the strength of rocks 

Dahlen (1990, p. 94) showed that for most rocks, except evaporites, the brittle-

ductile transition occurs at a depth of 10-15 km. The ionic bonds of halite and anhydrite 

are easily weakened by elevated temperatures and pressures. Halite is ductile near the 

surface of the earth and anhydrite becomes ductile below 4 km (Dahlen, 1990, p. 94). 

During deformation the anhydrite rocks found in the Lower Carboniferous Shunda, 

Lower Carboniferous Upper Pekisko and lower portion of the Upper Devonian Palliser 

formations were all deeper than 4 km. The Turner Valley Formation is repeated up to 

three times in the Stolberg structure, with the detachment lying in the Shunda 

Formation. The Husky-Dome-Richfield-Triad-Chungo Creek well core shows a zone of 

ductile deformation (Thomas, 1958, p. 127). 

2.3.7	 Conclusions on the role chemical bond type and strength plays in 

controlling the strength of rocks 

The type and strength of bonding in a rock controls the development of 

detachment surfaces. Strong covalent bonding of framework silicates produces strong 

rocks that resist strain and are associated with a high coefficient of friction along fault 

surfaces. Weak van der Waals bonding of sheet silicates contribute to weaker rocks 

that are easily ruptured and have a low coefficient of friction. This relationship shows 

that the elastic properties of rocks can be used as a proxy for determining the frictional 

strength of rock units. Rocks with high values of elastic moduli (e.g. Young's modulus, 

effective rigidity or shear modulus) are strong and have high coefficients of friction. 

Rocks with low values of elastic moduli are weak and have low coefficients of friction. 

The presence of organic matter and fluids such as water or oil can greatly reduce the 

frictional strength of rocks. Detachments develop in rock units that have low frictional 

strength such as shales that have a high percentage of clay minerals and are rich in 

organic matter. 
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2.4 Stratigraphic descriptions 

The sedimentary rocks at the Brown Creek structure lie upon crystalline 

basement. The sedimentary rocks comprise three distinct tectonostratigraphic 

assemblages: Cambrian platform and shelf carbonate and siliciclastic strata, Devonian 

- Lower Carboniferous platform and shelf carbonate and siliciclastic strata, and Upper 

Jurassic - Paleogene foreland basin siliciclastic strata. The Rocky Mountain Main 

Ranges to the west includes a fourth assemblage, Neoproterozoic clastic strata which 

are not discussed in this thesis. 

2.4.1 Basement 

The crystalline basement of the Central Alberta Foothills comprises long 

curvilinear crustal domains sutured together side-by-side in a northeast trend that is 

perpendicular to the structural fabric of the overlying sedimentary rocks (Ross and 

Stephenson, 1989, p. 34-37). The Brown Creek area is located along the suture 

between the Early Proterozoic age Thorsby Terrane and Wabamun Domain that are 

part of a major lineament known as the Snowbird Tectonic Zone (STZ). The outcrop of 

the STZ, west of Hudson Bay, is characterized by anastomosing mylonite zones that 

are interpreted to be a major fault zone (Ross et al., 1991, p. 513). This zone is likely to 

be mechanically weaker than adjacent terranes and has the potential for reactivation 

during periods of tectonic activity. The amplitudes of aeromagnetic and isostatic gravity 

fields are anomalously low along the Thorsby low suggesting that the crustal rocks are 

less dense and less magnetic. Seismic reflection imaging along a transect about 100 

kilometres northeast of Brown Creek, obtained by Lithoprobe, reveals the Thorsby Low 

basement reflector to be weaker and less continuous than the adjacent Wabamun 

Terrane (Eaton et al., 1995, p. 69). Based on trends and correlations derived from 

aeromagnetic and gravity maps, exposed lithologies, and inferences based on seismic 

character, the interpreted extension of the STZ into the Foothills may mark a zone of 

crustal weakness. The central and northern Alberta foothills are underlain by basement 

rock that is younger and possibly weaker than the Archean basement beneath the 

Southern Alberta Foothills. Weaker zones, such as the Thorsby Low or younger and 

weaker basement regions, can be prone to greater thinning during periods of crustal 

extension, leading to greater accommodation space. This difference in accommodation 

space along the length of the deformed belt has led to differences in depositional 
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environments, differences in sedimentary rock types and ultimately, differences in the 

strain histories along the deformed belt (see Chapter 3). Differences in basement 

lithologies along the length of the Canadian Rocky Mountains and Foothills have 

strongly controlled the variation of structural styles that developed along the length of 

the Alberta Foothills. 

2.4.2 Meso and Neo-Proterozoic Windermere Supergroup 

Farther to the west Mesoproterozoic rocks of the Belt Purcell and 

Neoproterozoic rocks of the Windermere Supergroup onlap the North American craton. 

The accommodation space created for the Mesoproterozoic to Paleozoic package of 

rocks suggests a protracted period of crustal extension and rifting along the western 

margin of the North American craton that continued on into the Cambrian Period (Price, 

1994, p.16-17). Although the rocks of the Windermere Supergroup are not present in 

the Brown Creek area they do onlap crystalline basement to the west and are carried 

to surface by thrust faults within the Main Ranges. The Windermere Supergroup is 

characterized by coarse, immature clastics, mudrocks and carbonates (Foo and Price, 

1991). 

2.4.3 Lower Cambrian Gog Group 

The Gog Group is characterized by quartzose sandstone, mudstone, siltstone 

and carbonates (Young, 1990). Rocks of the Gog Group have not yet been discovered 

in the Brown Creek area. Nearby wells have not penetrated deeply enough to 

encounter the unit and the basal detachment that carries hanging wall rocks of the 

nearby Brazeau Range and Bighorn Range to surface lies above the Gog Group. A 

basal quartzite that overlies the crystalline basement is encountered in wells drilled to 

the east (Fig. 2-5), but the relationship between the basal quartzite and Gog Group are 

not yet understood. 

2.4.4 Middle Cambrian Mount Whyte - Mistaya strata 

The Middle Cambrian succession near the Brown Creek structure is 550 m 

thick (Fig. 2-5) comprising six "grand cycles" that were proposed by Aitken (1966 and 

1978). The grand cycles are evident on the wireline logs of the stratigraphic column. 

The Mount Whyte shales "clean" upwards into the Cathedral carbonates and then the 

Stephen shales "clean" upwards into the Eldon carbonates and so on. The shales are 
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Figure 2-5: Stratigraphic column of Cambrian strata for the Brown Creek structure. Curves are 
derived from wireline logs of petroleum wells. Correlation and identification of formations based 
on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for legend. 



 
 

  

36 

Figure 2-5, continued 
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designated the "inner detrital facies" and the carbonates are termed the "middle 

carbonate facies" (Aitken, 1966, p. 405). On average the thickness of the shaley facies 

is about the same as the thickness of the carbonate facies (Fig. 2-5). 

Rock strength curves are not available for the Cambrian but it is inferred that 

the shale intervals have about one half the strength of the carbonate intervals. This 

inference is based on the contrasting strong and weak rock strength curves in the 

Devonian carbonate and shale sequence. A schematic representation of the rock 

strength curves is plotted on the 1:25,000 scale stratigraphic column (Fig. 2-1) to 

illustrate the alternating strong-weak characteristic of the Middle Cambrian sequence. 

In the Rocky Mountains of southern Alberta and southeastern B.C. the 

thickness of the Cambrian succession increases to the west and the thickness of the 

carbonate facies thickens at the expense of the shale facies (Aitken, 1966, p. 423). 

This westward trend of increasing proportion of carbonate lithology terminates abruptly 

at the Kicking Horse Rim, a paleo-escarpment where most of the carbonate facies is 

replaced by the "outer detrital facies" shales (Slind et al., 1994, p. 90). In the Rocky 

Mountains west of Brown Creek the Kicking Horse Rim is absent or subdued and the 

proportion of carbonates to shales does not increase to the west by the same amount 

as to the south (Slind et al., 1994, p. 94-95). The ratio of carbonate to shale in the 

Cambrian succession is significantly less in the Foothills around Brown Creek than in 

the southern Alberta Foothills. To the west of Brown Creek multiple duplexes of 

Cambrian strata are carried to the surface in the hanging wall of the McConnell thrust 

sheet (Mountjoy et al., 2002). These duplexes preferentially utilize shale units as 

detachment surfaces. The increased shale content of the Cambrian sequence that 

occurs from the Kicking Horse Rim and northward influences profoundly the structural 

style of Paleozoic strata. The significance for the Brown Creek area will be discussed 

in Chapter 3. 

2.4.5 Devonian Fairholme - Palliser strata 

The Devonian succession is more than 730 m thick and has been divided into 

four distinct stratigraphic units (Fig. 2-6). The lower three units, the Beaverhill Lake, 

Woodbend and Winterburn groups are typed by wireline logs from wells drilled in the 

Plains. Together these 3 groups are equivalent to the Fairholme Group that is typed 

from outcrop in the Front Ranges of the Rocky Mountains. The uppermost unit is the 
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Palliser Formation. The Devonian succession reflects a cyclical pattern of early reefal 

growth in a subsiding, shallow marine environment followed by basin fill with shales 

and argillaceous carbonates. Deposition is controlled by subsidence rate, the 

community of "reef growers", the input volume of shale and the degree of open or 

restricted marine circulation. In the Brown Creek area the base of the Devonian 

succession lies on the eastern slope of the Western Alberta Ridge, a north-northwest 

trending paleo-high with low relief. 

2.4.5.1 Beaverhill Lake Group 

The Beaverhill Lake Group is subdivided into a lower carbonate reef stage 

followed by an upper basin fill stage (Oldale and Munday, 1994, p. 149). A line of Swan 

Hills reefs developed along the eastern slope of the paleogeographic West Alberta 

Ridge including the Blackstone and Hanlan reefs that lie about 10 km to the northeast 

of the Brown Creek structure (Oldale and Munday, 1994, p. 150-162). The stratigraphic 

column (Fig. 2-6) includes the carbonates of the Blackstone reef, about 50 m thick 

overlain by nearly 60 m of shale. The Swan Hills reefs are variably dolomitized 

limestone and the lithology of the overlying Waterways Formation is mostly shale 

interbedded with argillaceous carbonate. 

2.4.5.2 Woodbend Group 

Deposition of the Woodbend Group is characterized by the development of a 

rapidly deepening marine basin that promoted the growth of tall Leduc reef complexes 

followed by a large influx of clastic shales and argillaceous carbonates (Switzer et al., 

1994, p. 171-172). Reef development in the Leduc Formation tended to be vertical as 

the survival of reef organisms depended on growing upward to maintain optimal water 

depth in a rapidly subsiding basin. The base of the group includes the shales of the 

Majeau Lake Formation (25 m thick, time equivalent to the Cooking Lake Formation) 

and the bituminous shales of the Duvernay Formation (10 m thick, time equivalent to 

the lower portion of the Leduc carbonates) (Switzer et al., 1994, p. 175-179). The last 

depositional sequence of the group is a massive influx of shale of the Ireton Formation 

(time equivalent to the upper Leduc carbonates and later) that filled most of the newly 

formed basin (Switzer et al., 1994, p. 179-189). At the Brown Creek structure the 

shales of the Ireton Formation account for more than 200 m of the total 250 m 
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Figure 2-6: Stratigraphic column of the Upper Devonian for the Brown Creek structure. Curves 
are derived from wireline logs of petroleum wells. Correlation and identification of formations 
based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for legend. 
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Figure 2-6, continued. 
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thickness of the Woodbend Group strata (Fig. 2-6). The Brown Creek structure is 

located along the southwest margin of the West Shale Basin at the mouth of the Cline 

Channel (Switzer et al., 1994 p. 181). The contrasting deformation style between on-

reef strata and off-reef strata is discussed in Chapter 3. 

2.4.5.3 Winterburn Group 

Deposition of the Winterburn Group is characterized by the final filling of the 

basin that developed during the time of deposition of the Woodbend Group (Switzer et 

al., 1994, p. 189-192). As the bathymetry continued to shallow, conditions favoured 

development of carbonate-producing organisms over larger areas and deposition 

became strongly controlled by rising and falling sea level. Carbonate shelves and 

ramps developed along the margins of the mostly filled basins and tall pinnacle reefs 

grew on these platforms during sea-level rise. The Bigoray and Wolf Lake members 

are part of a carbonate ramp and platform respectively. Shales of the Cynthia Member 

continued to fill the deepest part of the basin and were deposited on carbonate ramps 

during rapid sea-level rise. The infilling of the basin was completed with the Graminia 

Formation and beds of evaporites found within the formation indicate marine circulation 

had become restricted at times (Switzer et al., 1994, p. 193-195). The Brown Creek 

area is located along the southwestern margin of the Cynthia shale basin on a 

northwest facing carbonate ramp. Numerous West Pembina pinnacle reefs are located 

to the northeast of the Brown Creek structure (Switzer et al., 1994. p. 190). Total 

thickness of the Winterburn Group is more than 140 m (Fig. 2-6). 

2.4.5.4 Palliser Formation 

The Palliser Formation is characterized by a series of stacked ramp and shelf 

carbonates (Halbertsma, 1994, p. 203). The lithology of the Palliser is mostly limestone 

with significant dolomitization confined to certain regions and within certain intervals 

(Halbertsma, 1994, p. 204-217). The lithology of the Palliser Formation in the Brown 

Creek area is mostly tight micritic limestone with dolomitized porous zones that provide 

reservoir rock for natural gas. The lowermost anhydrite of the Palliser Formation is a 

continuation of the anhydrite and silt of the uppermost Graminia Formation. The 

chronostratigraphic boundary between the Frasnian and Famenian stages may occur 

near the base of the Graminia Silt (Switzer et al., 1994, p. 195). The Devonian units 
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below the Palliser Formation are not known for developing detachments. On the other 

hand detachments frequently develop within the Palliser. This is surprising given how 

strong the unit appears on the strength curve (Fig. 2-6). The Palliser is 230 m thick 

(Fig. 2-6). 

2.4.6 Lower Carboniferous Banff - Rundle strata 

The Lower Carboniferous succession is characterized by carbonates and fine-

grained siliciclastics of the Exshaw and Banff formations overlain by platform and ramp 

carbonates of the Rundle Group (Richards et al., 1994, p. 227-230). The Banff 

Formation is 150 m thick and the Rundle Group is 160 m thick (Fig. 2-7). 

2.4.6.1 Exshaw Formation 

The Exshaw is a thin, dark, bituminous shale that produces an anomalously 

high-amplitude radioactive spike on the gamma ray wireline log. In the Brown Creek 

area the upper portion of the formation has been eroded away, leaving a unit that is 

only 3 m thick (Fig. 2-7). The shale unit is weak and is a significant detachment 

surface. 

2.4.6.2 Banff Formation 

Member A of the Banff Formation (lowermost unit) is a succession of shale and 

argillaceous carbonates that grades upward into member B (middle unit) which 

contains bedded chert, spiculite, dolostone and limestone (Fig. 2-7), (Richards, 1990). 

Members C and D (upper unit) grade upwards from member B and contain silty to 

sandy carbonates and shale. Both the upper and lower units of the Banff Formation are 

relatively weak. The middle unit is relatively strong compared to the upper and lower 

units. 

2.4.6.3 Rundle Group 

The Rundle Group comprises the Pekisko, Shunda and Turner Valley 

Formations. The Lower Pekisko Member is composed of limestone whereas the Upper 

Pekisko Member and Shunda Formation contain anhydrite, dolostone and chert. The D 

member of the Banff Formation grades upward and laterally into the limestones of the 

Lower and Middle Pekisko, the two lowest members of the Rundle Group (Richards, 

1990). The Turner Valley Formation is the uppermost unit of the Rundle Group in the 
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Figure 2-7: Stratigraphic column of the Lower Carboniferous for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for 
legend. 
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Brown Creek area. It comprises dolostone, limestone and a streak of anhydrite in the 

upper half of the unit. The anhydrites form significant detachments, particularly in the 

Stolberg area. 

2.4.7 Triassic Spray River Group 

The Spray River Group is absent over the Brown Creek structure. However its 

eastern termination lies just to the west, and from there the Spray River Group 

gradually thickens to the northwest. The Formations are the Sulphur Mountain 

Formation and Whitehorse Formation (Gibson, 1968). The Sulphur Mountain 

Formation contains siltstone, shale and calcareous dolostone and the overlying 

Whitehorse Formation contains dolostone, limestone, sandstone and evaporites. The 

Whitehorse Formation tends to develop detachment surfaces in areas where this unit is 

present. 

2.4.8 Fernie - Nikanassin formations 

The Jurassic Fernie Formation marks a change in provenance and a change in 

depositional environment: from easterly, craton-derived sediments to westerly derived 

sediments; and from platform and shelf to foreland deposition (Poulton et al., 1994, p. 

297-304). In the Brown Creek area the Fernie Formation is 120 m thick and comprises 

four distinct members (Fig. 2-8). 

The lowest member of the Fernie Formation is the Nordegg Member, a 40 m 

thick unit of chert and limestone that lies unconformably over the eroded Upper 

Carboniferous Turner Valley Formation (Poulton et al. 1994, p. 299, 304). Its base is 

marked by a thin radioactive phosphatic layer. 

The Pokerchip Shale Member is 35 m thick anoxic, organic rich fissile black or 

green shale with minor siltstone and sandstone beds (Poulton et al., 1994, p. 299-301, 

304). 

The Rock Creek Member is a 25 m thick quartzose sandstone unit with a blocky 

log character (Poulton et al., 1994, p. 299, 304). This member is the youngest unit 

containing craton-derived clastic sediments. 

The overlying Upper Fernie Member is the oldest unit that contains westerly 

derived foreland basin clastics (Smith, 1994, p. 277). The Upper Fernie Member is a 25 

m thick shale unit that caps the formation (Poulton et al., 1994 p. 299, 304). The unit 
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Figure 2-8: Stratigraphic column of the Jura-Lower Cretaceous for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of formations 
based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for legend. 
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thickens west of the Brown Creek structure at the expense of the Rock Creek Member 

and the Upper Fernie eventually merges with the Pokerchip Shale Member. In the 

western Brown Creek area the upper contact with the overlying Nikanassin Formation 

is gradational. A unit known as the Passage Beds is sometimes defined in the 

gradational portion of the stratigraphy. The rock strength curves show the Pokerchip 

shale and Upper Fernie members to be anomalously weak and the two units are 

associated with detachment surfaces throughout most of the Alberta Foothills. 

The Nikanassin Formation is a sandstone, siltstone and shale unit that is 

absent over the Brown Creek structure. From the eastern termination of the 

Nikanassin, just to the west of the Brown Creek structure, the formation thickens 

dramatically toward the west (Smith, 1994, p. 278). Its base is marked at the bottom of 

well developed sandstone and siltstone beds overlying the Upper Fernie Member or 

Passage Beds Member (Poulton et al., 1994, p. 299, 304). 

2.4.9 Lower Cretaceous Luscar Group 

The Luscar Group disconformably overlies the Nikanassin Formation (or Fernie 

Formation, in the absence of the Nikanassin) and the top of the Luscar Group is 

disconformable with the marine shales of the Blackstone Formation (Langenberg and 

McMechan, 1985). The Luscar Group is equivalent to the Blairmore Group to the south 

but is characterized by commercial coal seams and a marine shale. This change in 

lithology from south to north along the Foothills of Alberta has a profound impact on the 

changes in structural style within the Central Alberta Foothills (see Chapter 3). At the 

Brown Creek structure the unit is 370 m thick Fig. 2-8). 

2.4.9.1 Cadomin Formation 

The Cadomin Formation marks the base of the Luscar Group. It is a relatively 

thin unit, only 30 m thick, but widespread along the foreland trough sub-parallel to the 

Alberta Foothills (McLean, 1977). The unit contains coarse-grained sandstone and a 

remarkable amount of gravel-sized clastics. The Cadomin is confined to the Spirit River 

paleo-valley, a north-south trending feature that is bounded to the east, by the Fox 

Creek paleo-escarpment (McLean, 1977; Smith, 1994, p. 277, 280). The Cadomin unit 

is interpreted to have been deposited in a series of alluvial fans sourced from the rising 
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Cordillera to the west (Hayes et al., 1994, p. 323). The Brown Creek structure is 

located along the eastern edge of the Spirit River paleo-valley. 

2.4.9.2 Gladstone Formation 

The Gladstone Formation was deposited as continental fluvial, shoreline and 

deltaic sediments that are rich in quartz and chert derived from uplifted older 

sedimentary rocks to the west (Hayes et al., 1994, p. 323). Beds tend to contain fine-

grained sandstone and siltstone that grade upwards (Hayes et al., 1994, p. 325). The 

unit is nearly 100 m thick. 

2.4.9.3 Bluesky and Moosebar formations 

The Bluesky Formation is a shallow bar facies sandstone and the overlying 

Moosebar Formation is a marine shale. The pair of formations represents the 

transgression of the Moosebar Sea over west central Alberta (Smith, 1994, p. 282 and 

Hayes et al., 1994, p. 323). To the west of the Brown Creek structure the Bluesky 

ceases to be identifiable on wireline logs. The rock strength of the Moosebar shale is 

quite low (Fig. 2-8) and this unit is utilized as a detachment surface. The Bluesky 

Formation is less than 10 m thick and the Moosebar Formation is about 15 m thick. 

2.4.9.4 Gates Formation 

The Gates Formation comprises three distinct members: the Torrens Member, 

a 30 m thick progradational sandstone that cleans upward from the underlying 

Moosebar shale Member; the Grande Cache Member, a 130 m plus thick unit 

characterized by commercial coal seams, mudstone, siltstone and sandstone, and the 

Mountain Park Member, 50 m thick and characterized by massive to thick sandstone 

units with abrupt bases, and clasts that exhibit fining upwards near the top 

(Langenberg and McMechan, 1985, p.1-9). The rock strength curves (Fig. 2-8) show 

the coal seams to be extremely weak. The shear modulus of the main coal seam is 1 

GPa, which is about one order of magnitude less than most of the other rock units in 

the formation. The coal seams are utilized as detachment surfaces and as slip planes 

for folding. 
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2.4.9.5 Joli Fou and Viking formations 

The marine shales of the Joli Fou Formation and the near-shoreline sandstones 

of the Viking Formation represent a regressive sequence from shelf to shoreface 

(Reinson et al., 1994, p. 355). The pair of formations are thin to absent over the Brown 

Creek structure and are difficult to identify on wireline logs. To the west the formations 

are absent and were either eroded away or never deposited. 

2.4.10 Upper Cretaceous Alberta Group 

The Alberta Group is an Upper Cretaceous succession that is predominantly 

marine to coastal marine foreland basin fill (Stott, 1963). In the Brown Creek area the 

rocks of the Alberta Group account for about one fifth of the stratigraphic thickness of 

the Phanerozoic succession, 960 m thick (Figs. 2-9 and 2-10). The lithology is 

characterized by shale, siltstone and sandstone. Within shale units are subordinate thin 

silty beds with sideritic concretions, and calcareous shales with thin beds of 

argillaceous limestone. The Cardium Formation, a prominent sandstone unit, 

subdivides the group into the Blackstone Formation below and the Wapiabi Formation 

above. 

2.4.10.1 Blackstone Formation 

The Blackstone Formation lies disconformably over the Luscar Group (Stott, 

1963, p. 23-24). The basal surface of the Blackstone Formation tends to be pebbly 

whereas the top of the Luscar Group is sharp and eroded. The upper contact with the 

Cardium Formation is transitional, coarsening upward from marine shales to shoreface 

sandstones. At the Brown Creek structure the unit is 370 m thick (Fig. 2-9). The 

thickness of the unit increases from 80 m in the southeast corner of the province of 

Alberta to greater than 500 m on the Bighorn River, west of the Brown Creek structure 

(Stott, 1963, p. 26). The base of the formation is time transgressive, onlapping the 

Luscar Group from northwest to southeast (Stott, 1963, p. 31). In general, the silt 

content is greater in the more westerly sections near the Rocky Mountains where 

siltstone beds and hard platy shales are abundant. Toward the east, silt content is 

diminished and the shales tend to be rubbly, flaky, or fissile (Stott, 1963, p. 26). The 

increased silt content toward the west and the thickening of the unit northwestward are 
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Figure 2-9: Stratigraphic column of the Blackstone and Cardium formations for the Brown 
Creek structure. Curves are derived from wireline logs of petroleum wells. Correlation and 
identification of formations based on Mossop and Shetsen (1994). See text for additional details 
and Fig. 2-2 for legend. 
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Figure 2-10: Stratigraphic column of the Wapiabi Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 
for legend. 
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major controlling factors in changes in structural style along the Central Alberta 

Foothills (see Chapter 3). The rock strength curves (Fig. 2-9) show the base of the 

Blackstone Formation to be very weak and the strength increases upward into the 

overlying Cardium Formation. The shales of the Blackstone Formation contain 

abundant carbonaceous material which may contribute to its weak rock strength. The 

lower portions of the Blackstone shale are extensively utilized as detachment surfaces. 

2.4.10.2 Cardium Formation 

In the Brown Creek area the Cardium Formation is partitioned into a lower unit, 

the Ram Member, and an upper unit, the Cardium Zone Member (Krause et al., 1994, 

p. 376-379). The Ram Member coarsens upward into a clean sandstone from the 

underlying shaley Blackstone Formation (Fig. 2-9). The sandstone comprises an 

extensive prograding barrier island and strandplain system that trends NNW through 

the Brown Creek structure (Krause et al., 1994, p. 377). The Cardium Zone Member is 

a mud dominated, coarsening upward sequence. The Ram Member is a natural gas 

reservoir at the Brown Creek structure and the Cardium Formation produces a strong 

seismic reflector which is very useful for correlation. The rock strength curve shows the 

Cardium Formation to be stronger than the Blackstone Formation below and the 

Wapiabi Formation above (Fig. 2-9). Even though the unit is only 70 m thick, its 

position within the Alberta Group has a marked influence on the structural deformation 

of the Brown Creek area. 

2.4.10.3 Wapiabi Formation 

The Wapiabi Formation is a marine shale with minor amounts of siltstone, 

sandstone and limestone. It conformably lies over the Cardium Formation and grades 

into the overlying lowermost Brazeau Formation. The unit is subdivided into seven 

members based on features observed in outcrop (Stott, 1963). The Bad Heart Member 

is a siltstone unit that generates a seismic reflection that is useful for correlation. The 

Chungo Member is a cliff-forming unit that is 20 m thick and useful for mapping 

purposes. At the top of the Wapiabi Formation the Lea Park Member is weak and tends 

to be an important detachment surface. 
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2.4.11 Upper Cretaceous - Paleogene Saunders Group 

The Saunders Group comprises the post Wapiabi sequence of entirely non-

marine, mainly fluvial, foreland basin fill (Jerzykiewicz, 1985). In the Brown Creek area, 

the thickness is nearly 2 km and it accounts for about one third of the stratigraphic 

thickness of the Phanerozoic succession. The lithology is characterized by interbedded 

mudstone, siltstone and sandstone with subordinate conglomerate, claystone, 

bentonite, coal and tuff. The unit is subdivided into the Brazeau, Coalspur and 

Paskapoo formations based on lithological content. 

2.4.11.1 Brazeau Formation 

The Brazeau Formation lies above the marine shales of the Wapiabi Formation 

and below the base of the Entrance Conglomerate. Jerzykiewicz (1985) and 

Jerzykiewicz and Sweet (1988) measured and described outcrops of the Brazeau 

Formation along the Blackstone River near the confluence of Brown Creek, as well as 

along the lower portion of Chungo Creek. Their estimated stratigraphic thickness is 960 

m and the estimated thickness based on our own work is 970 m (Fig. 2-11). The 

succession can be characterized as sandstone beds cyclically interbedded with 

mudstones. 

Many of the sandstone beds of the Brazeau Formation consist of fining upward 

cycles of fluvial channels that are often stacked units up to 12 m thick (Jerzykiewicz, 

1985). The bases of the cycles are abrupt and erosional and the channel lag deposits 

may contain plant debris, intraformational mud chips and quartz or chert grains up to 

pebble size. Within each channel body the lowest portion is usually massive or low 

angle to parallel bedded and the upper portion is tabular-planar or crossbedded. The 

most prominent sandstone channels have limited lateral extent and outcrops can be 

traced for several kilometres along strike before they terminate (Douglas, 1958, p. 16). 

The mudstones of the Brazeau Formation are mostly non-laminated overbank 

mud and debris and make up the bulk of the succession (Jerzykiewicz, 1985). Based 

on the gamma ray log on the stratigraphic column approximately three quarters of the 

Brazeau Formation is overbank mudstones. The lowest 200 m is relatively sand rich. 

The sandstone intervals are more numerous and they are cleaner and thicker than the 

rest of the formation. The intermediate interval from two hundred to three hundred forty 

metres shows an overall fining upward trend. The interval from the base to three 
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Figure 2-11: Stratigraphic column of the Brazeau Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 
for legend. 
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Figure 2-11, continued. 
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Figure 2-11, continued. 
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hundred forty metres is mapped as Lower Brazeau by Douglas (1958). The overlying 

interval is softer and less resistant to erosion. The top 400 m of the formation are 

poorly indurated and this may account for the weak and intermittent shear wave signal 

on sonic logs (Fig. 2-11). The mudstones of the upper portion of the formation tend to 

be organic rich with some thin coal beds and volcanic derived material such as 

bentonite also occurs in the upper section. The uppermost bed shows anomalously low 

resistivity, density and sonic velocity and high gamma counts. This bed may be 

equivalent to the Battle Formation of southern Alberta and Saskatchewan. 

2.4.11.2 Coalspur Formation 

The base of the Coalspur Formation is marked at the base of the Entrance 

Conglomerate Member that overlies the Brazeau Formation. The top of the Coalspur 

Formation is placed at the base of the first thick, massive sandstone bed of the 

Paskapoo Formation (Fig. 2-12). The Coalspur Formation is 400 m thick and divided 

into an upper and lower unit. The lower unit is characterized by overbank mudstones, 

minor sandstone, siltstone and bentonite beds. The upper unit includes several 

commercial grade coal seams. The base of the Upper Coalspur Formation is marked at 

the base of the lowest significant coal seam. The coal seams of the upper unit are 

utilized as detachment surfaces. 

2.4.11.3 Paskapoo Formation 

The Paskapoo Formation is characterized by mudstone, siltstone and 

sandstone beds with minor limestone, coal, pebble conglomerate and bentonite beds 

(McLean, 1990, p. 907). Some sandstone beds are more than 40 m thick (Fig. 2-13). 

Many units have a sharp base and fining upward sequences. The uppermost section 

has been eroded away and the thickness is variable. 



 
 

         
        

        
 

57 

Figure 2-12: Stratigraphic column of the Coalspur Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 for 
legend. 
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Figure 2-13: Stratigraphic column of the Paskapoo Formation for the Brown Creek structure. 
Curves are derived from wireline logs of petroleum wells. Correlation and identification of 
formations based on Mossop and Shetsen (1994). See text for additional details and Fig. 2-2 
for legend 
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2.5 Summary 

This chapter has provided the necessary ground work needed to understand 

the mechanical stratigraphy that controlled the development of the Brown Creek 

structure. The thicknesses, compositions and origins of the layered lithologies that 

make up the formations of the Brown Creek area have been illustrated through a 

stratigraphic column. A Rock strength profile has been developed that provides a 

quantitative measure of the mechanical stratigraphy. The strength profiles are functions 

of in-situ measurements of elastic moduli. There appears to be a proportional 

relationship between elastic moduli and frictional strength of rocks. Strong rocks have 

high elastic moduli and high frictional strength. Weak rocks have low elastic moduli and 

low frictional strength. In published literature, descriptions of mechanical stratigraphy 

have been confined to qualitative assessments, and often these statements are based 

on circular reasoning: “Detachments form in the Fernie Formation because it is weak. 

The Fernie Formation must be weak because detachments form within it.” The elastic 

moduli profiles that were introduced in this chapter provide a quantitative means of 

evaluating the mechanical stratigraphy and predicting structural styles or explaining 

observed structural styles. A rock strength profile can be constructed for any 

sedimentary basin in the world that has a suite of geophysical logs measured in a 

borehole. Sonic logs can be used as a proxy for rock strength when the full suite of 

shear sonic and density curves is unavailable. 
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January 26th, 1858 - ...In the afternoon the coal group, 

with the same characters as at the Rocky Mountain House, 

were seen, dipping with considerable angle to the N.E. A 

section of these one mile in length, showed the group of 

sandstones and shales to have a thickness of 300 to 400 

feet. 

Sir James Hector, The Papers of the Palliser 

Expedition 1857-1860 (from Spry, 1968, p. 215). 

CHAPTER 3: Aspects of the Central Alberta Foothills and deformed Plains 

stratigraphy and structure 

The quote above is from Sir James Hector in describing the outcrops along the 

North Saskatchewan River just north of Rocky Mountain House, Alberta. The northeast 

dip of the strata is due to structural deformation in the Upper Cretaceous Alberta and 

Saunders groups. At this location he was quite a distance from the Foothills, about 45 

km northeast of the Plains-Foothills boundary. This deformation, which is far from the 

Foothills, develops through a remarkable detachment that is found near the base of the 

Upper Cretaceous Blackstone Formation. This detachment has a profound impact on 

the structural style at foreland margin of the Central Alberta fold and thrust belt. 

In order to arrive at a geological interpretation of the Brown Creek Structure, it 

is most advantageous to start with an examination of the regional structural geology of 

the Central Alberta Foothills and adjacent Plains. The regional geology provides the 

framework into which the local observations fit. The regional study combines maps of 

structural patterns with structural and stratigraphic cross-sections. The close 

relationship between stratigraphy and structural styles can be demonstrated through 

their congruent variations along the length of the Central Alberta Foothills. Similarities 

and differences between structures along strike are noted and inferences are made 

about the conditions that caused them to form the way they did. The effective rigidity 

and shear modulus profiles (see Chapter 2) are used as tools in describing the 

mechanical stratigraphy. The changes in the strength profile along strike demonstrate 

the strong dependency of structural style on stratigraphy. 
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The study of small scale structure of rock units, deeply buried at the Brown 

Creek structure, is carried out by examining dip data obtained from borehole 

measurements. In localities where outcrop includes a similar stratigraphic sequence to 

that of Brown Creek, the mapped units are discussed. Both the dip data and the 

outcrops reveal meso-scale structures that contribute to the structural style. Small 

scale structural deformation that is cryptic cannot be easily discriminated from 

stratigraphic variations. The cryptic deformation may be inferred from the thickening of 

the unit. On the other hand some units may have thickened through stratigraphic 

processes. Examples are provided that demonstrate the challenges of discriminating 

between stratigraphic variations and cryptic structural deformation. 

3.1 Map views of the Central Alberta Foothills 

3.1.1	 Bedrock Geology Map of the Central Alberta Foothills and adjacent 

deformed Plains 

A compiled map of bedrock geology of the Central Alberta Foothills and 

adjacent deformed Plains is presented in Figure 3-1 and included in the back pocket of 

this thesis. The geological map was compiled from thirty five Geological Survey of 

Canada maps, four Alberta Geological Survey maps and three publications. Each map 

was converted to a rectilinear latitude - longitude grid in North American Datum 1927, 

imported into Adobe Illustrator and merged together. Contacts and faults were digitized 

and common colours assigned to equivalent formations. Some simplification and 

interpretation was necessary, especially to resolve the discrepancies that occur at the 

corners of four adjacent map sheets of different vintages. For verification and critical 

work, the reader should always refer back to the original maps. Spatial data have been 

superimposed over the final bedrock geology map. The waterways and roads were 

sourced from GeoBase® of the Earth Sciences Sector of Natural Resources Canada, 

and township grid and wells were obtained from IHS AccuMap®. The map was 

converted to the Universal Transverse Mercator projection zone 11 using Global 

Mapper®. The final product was draped over topography from GeoBase® and sun 

shading has been applied to enhance the topography. Coordinate conversion and sun 

shadow effects were computed and produced by Global Mapper®. 
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Figure 3-1: Bedrock geology map of the Central Alberta Foothills and deformed Plains. Map 
compiled from 35 Geological Survey of Canada, 4 Alberta Geological Survey and 3 other 
publications. Green and yellow colours represent Mesozoic strata. Pink and purple colours 
represent Paleozoic strata. Front Ranges are shown as shaded relief along southwest portion of 
map. Foothills lie in the coloured band. Plains are northeast of Foothills. Enlarged version of this 
map can be found in the back pocket of this thesis. 
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3.1.2 Map view of Foothills structures in Paleozoic strata 

A structure map of the top of the Paleozoic strata is displayed in Figure 3-2. 

Warm colours (reds) represent high structures and cool colours (blues) represent 

structural lows. The map was generated in Kingdom Suite® using stratigraphic picks 

on wireline logs of wells drilled in the Foothills and in the adjacent Plains. Data derived 

from approximately sixty thousand petroleum wells were loaded into Kingdom Suite®, 

covering the length of the Foothills and adjacent Plains, from Calgary to just northwest 

of Hinton, an area of 350 kilometres by 100 kilometres. Stratigraphic picks from 

AccuMap® and GeoSCOUT® were gathered and imported into a Kingdom project to 

produce preliminary regional structure maps of each of the stratigraphic units. 

Suspicious industry picks were hand edited after examination of the raster image well 

logs. The log curves for wells located within the Foothills and in the Plains immediately 

to the northeast of Brown Creek were handpicked and picks were entered into the 

project database. In all, handpicked stratigraphic tops for thousands of wells were 

entered into the project database to generate the final structure maps. A depth 

structure grid was generated for each stratigraphic unit, and isopach and residual 

surfaces were derived from the depth structure grids. A minimum curvature algorithm 

was used for gridding of the structure surfaces. The grid cell dimensions for the 

resulting grids was five hundred metres in X and Y. 

Most Foothills wells are drilled in structural culminations and very few have 

been drilled into structural lows. Control points, based on regional or local trends, were 

added to the gridding input to aid the software in generating the structural surfaces in 

areas of sparse well control. The map positions of hanging wall cutoffs at the top of the 

Paleozoic section are adapted from Fermor (1999) and have been revised to include 

information from wells drilled since the publication of his maps. 

Petroleum reservoir rock is found within the Turner Valley Formation. In the 

Brown Creek area the Turner Valley is the uppermost formation of the Paleozoic 

succession. Petroleum wells are drilled into the reservoir rock in trap position, just 

hinterlandward from the hanging wall cutoff of the target formation. Many Foothills well 

boreholes drilled during the past two decades have been directionally drilled along the 

leading crest of the reservoir rock, parallel and close to the cutoff line. In map view, the 

boreholes of wells that drain a petroleum pool will mark a locus, just hinterlandward of 
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Figure 3-2: Geology bedrock map of the Central Alberta Foothills and adjacent deformed Plains. 
Coloured area is subsurface structure map of the top of the Paleozoic strata (Turner Valley 
Formation). Warm colours (reds) represent high structures and cool colours (blues) represent 
structural lows. The map was generated in Kingdom Suite® using stratigraphic picks on wireline 
logs of wells drilled in the Foothills and in the adjacent Plains. Faults are Turner Valley Formation 
hanging wall cutoffs adapted from Fermor (1999). 
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the hanging wall cutoff line. This manifestation of human activity, when integrated with 

nearby cross-sections and seismic images, has allowed an inferred placement of 

hanging wall cutoffs, where data are sparse. 

The accuracy of the Paleozoic structure map (Fig. 3-2) is seriously limited due 

to the sparse and clustered nature of the existing petroleum well boreholes. 

Nevertheless the map clearly shows important patterns of Paleozoic deformation and 

variation in deformation along the length of the Central Alberta Foothills. One notable 

feature is the marked contrast in the styles of deformation in the Paleozoic and 

Mesozoic sections. Faults that outcrop within Mesozoic strata are numerous and 

closely spaced (Fig. 3-1) whereas Paleozoic deformation is characterized by a few, 

widely spaced thrust faults (Fig. 3-2). Comparison of the Mesozoic faults that outcrop 

(Fig. 3-1) with map views of subsurface Paleozoic faults (Fig. 3-2) reveals that there is 

little correspondence between the two sets of fault patterns. Petroleum reservoirs in the 

trap position of Paleozoic units have, for the most part, been discovered through 

subsurface seismic imaging. The Savanna Gas Field is the only Paleozoic reservoir of 

the Alberta Foothills to have been identified using outcrop information (Bally et al. 

1966, p. 339) and this success was achieved through dogged determination and great 

expense (Fox, 1959, p. 1010). The relationships between subsurface structures and 

structures expressed at the surface can be inferred from cross-sections that 

incorporate interpretations based on seismic imaging and correlation of wireline data 

from wells that penetrate the section. 

3.1.3 Map view of Plains structures in Mesozoic strata 

Structures that occur in the deformed Plains are often small in amplitude and 

may be difficult to detect on a seismic image. In order to express these structural 

features, cross-sectional displays must be plotted with vertical exaggeration. In some 

cases stratigraphic anomalies may be misinterpreted as structures and vice versa. 

The process of mapping outcrop in the Plains is impaired by the concealment of 

the outcrop by abundant vegetation, soil and muskeg. Subsurface mapping of the 

disturbed Plains structure is made possible through the estimation of structural 

changes based on stratigraphic picks from wireline logs and residual structure maps, 

which are useful tools for illustrating the geometric patterns expressed by subtle 

structures of the Plains. A series of subsurface isopach and residual structure maps of 
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Alberta Group strata are plotted and interpreted. These interpreted structures of the 

Plains can then be related to structures in the adjacent Foothills. 

A residual structure map of the contact surface between the top of the Wapiabi 

Formation and base of the Brazeau Formation is posted in Figure 3-3. An estimate of 

the broad curvature due to lithospheric flexural loading has been removed from the 

structure map, producing a residual surface that expresses the structural deformation. 

A grid generated from Wapiabi Formation tops that are not structured above regional 

elevation were used to estimate the lithospheric flexure. The surface was derived from 

a coarse grid (50 km interval) using a minimum curvature algorithm. The structures at 

the top of the Wapiabi Formation (Fig. 3-3) are characterized as broad, low amplitude 

features, up to tens of kilometres in width but having amplitudes of no more than two 

hundred metres. The apex of each feature is marked by a line in the residual structure 

map and also in subsequent isopach and structure maps. These lines mark zones of 

maximum structural thickening of the Alberta Group. The map of the isopach thickness 

of the Blackstone Formation (Fig. 3-4) shows maximum thickness of the formation is 

coincident with structures at the top of the Wapiabi Formation (Fig. 3-3). The residual 

structure map of the Cardium Formation (Fig. 3-5) shows that these structural 

culminations coincide with the structural culminations of the Wapiabi Formation (Fig. 3-

3). The evidence of structural thickening, from the maps discussed above, points to 

duplexing within the Alberta Group. Duplexing is supported by cross-sections, based 

on seismic evidence, presented in Jones (1971), Skuce (1996) and Ebner (2007). In 

addition to the seismic evidence, a large number of vertical wells have encountered 

repeated sections of the Cardium Formation along these thickened and elevated 

zones. These duplexes are linked to a basal detachment located within the Blackstone 

Formation. This basal detachment develops north of the Cow Lake swingback (Fig. 3-

6). Also note that a triangle zone is present along the Foothills-Plains boundary south 

of the Cow Lake swingback but absent north of the flexure. The triangle zone is 

marked on the map (Fig. 3-6) by a fault with teeth pointing down dip towards the 

Plains. The relationship between triangle zones and detachments at the Cow Lake 

swingback is significant and will be discussed below in this thesis. The Cow Lake area 

was identified by Rutherford (1944) as a position of "flexure" for the trend of the Rocky 

Mountains. 
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Figure 3-3: Geology map of the Central Alberta Foothills and adjacent deformed Plains. 
Coloured overlay is residual structure map of the top of the Wapiabi Formation. Warm colours 
(reds) represent high structures and cool colours (blues) represent structural lows. The map was 
generated in Kingdom Suite® using stratigraphic picks on wireline logs of wells drilled in the 
Foothills and in the adjacent Plains. Structural component of lithospheric flexural bending has 
been removed from structure values. Lines mark apices of structural highs. 
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Figure 3-4: Geology map of the Central Alberta Foothills and adjacent deformed Plains. 
Coloured overlay is isopach thickness of Blackstone Formation measured from the base of the 
Cardium Formation to the top of the Viking Formation. Warm colours (reds) represent a thick unit 
and cool colours (blues) represent a thin unit. The map was generated in Kingdom Suite® using 
stratigraphic picks on wireline logs of wells drilled in the Foothills and in the adjacent Plains. Lines 
mark apices of structural highs of the Wapiabi Formation structure map (Fig. 3-3). 
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Figure 3-5: Geology map of the Central Alberta Foothills and adjacent deformed Plains. 
Coloured overlay is residual structure map of the top of the Cardium Formation. Warm colours 
(reds) represent high structures and cool colours (blues) represent structural lows. The map was 
generated in Kingdom Suite® using stratigraphic picks on wireline logs of wells drilled in the 
Foothills and in the adjacent Plains. Structural component of lithospheric flexural bending has 
been removed from structure values. Lines mark apices of structural highs of the Wapiabi 
Formation structure map (Fig. 3-3). 
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The Brewster Creek thrust fault is a prominent structural feature that lies along 

a northwest - southeast trend from the Cow Lake swingback to the Dismal Creek 

lineation. This feature is identified on a cross-section and map produced by Jones 

(1971) as a pair of foreland-directed thrust faults. The Brewster Creek and Sylvester 

Creek faults were named after local creeks. The naming of the fault system in this 

thesis is simplified to Brewster Creek thrust faults. The map in Figure 3-6 shows fault 

segments that have been mapped at the surface just forelandward and lying parallel to 

the subsurface zone of thickening. The Coalspur Formation is mapped at surface along 

some portions of the fault. The relative forelandward position of the fault at surface 

versus the subsurface thickening demonstrates that the thrust sheets verge to the east 

at all points along the trend. The maps of Figures 3-3 to 3-5 show there is significant 

length and complexity to the Brewster Creek faults. The structures appear to increase 

in amplitude to the north and bifurcate just south of their northern termination. The well-

defined sharpness of the structure to the north versus the smooth character farther 

south is due in part to higher well density in the northern portion. 

The map in Figure 3-6 is a composite of the bedrock geology map (Fig. 3-1) 

with overlays of the subsurface structural elements of Mesozoic strata within the Plains 

(Fig. 3-3) and the subsurface structural elements of Paleozoic strata within the Foothills 

(Fig. 3-2). The remainder of this chapter examines these structural elements and the 

controlling stratigraphy in more detail. 
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Figure 3-6: Composite Geology map of the Central Alberta Foothills and adjacent deformed 
Plains. Grey lines located in the Plains area mark apices of structural highs in the Wapiabi 
Formation. Bold black lines located in the Foothills area mark hanging wall cutoffs of the top of 
Paleozoic strata. Fault locations adapted from Fermor (1999). 
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3.2	 The nature of along-strike variations in the Central Alberta Foothills and 

adjacent deformed Plains 

In the following sections, the structural styles of four regions along the Central 

Alberta Foothills and adjacent Plains are examined in greater detail. The southern 

region extends from the Bow River valley in the south to the Marble Mountain 

swingback in the north (Fig. 3-6). The Brazeau thrust sheet region begins at the Marble 

Mountain swingback and continues northward to the end of the Brazeau Range (Fig. 3-

6). The “style ejectif” region starts at the northwest end of the Brazeau Range and 

extends to the Dismal Creek lineation, and the north region starts at the Dismal Creek 

lineation and continues north to the Athabasca River valley (Fig. 3-6). 

3.2.1 Southern Region 

The outcrop geology of the southern region of the Central Alberta Foothills is 

characterized by imbricate faulting of Mesozoic strata and associated folding (Bally et 

al., 1966, p. 343). The long linear NNW - SSE anastomosing pattern of striped yellow 

and green colours is the surface expression of stratigraphy that has been tilted and 

repeated by imbricate thrust faults (Fig. 3-7). The strata, consisting of alternating layers 

of weathering-resistive and weaker recessive beds, produces the linear ridge and 

valley pattern of the Alberta Foothills. The ridge in the upper photograph (Fig. 3-8) is 

located a couple of kilometres north of the TransCanada Highway (Fig. 1-2) within the 

eastern half of the Southern Alberta Foothills. It is one of a series of long linear ridges 

that is capped by dipping, weathering-resistive sandstone beds. The middle and 

bottom photographs are taken from the Plains-Foothills boundary west of Calgary 

looking west. The green pasture and forest covered foothills in the foreground of the 

middle photograph are in stark contrast to the rugged relief of the outcropping 

carbonates of the Front Ranges in the background. The Jumping Pound gas plant in 

the bottom photograph has been processing natural gas produced from Foothills 

structures for over half a century. In spite of the lush vegetated look of the 

photographs, the climate of the eastern portion of the Southern Alberta Foothills is 

semi-arid and promotes the growth of grass. The Central Alberta Foothills receive more 

moisture than the Southern Alberta Foothills and are generally forest covered. This 

difference in climate has persisted since the time of deformation and its possible 

influence on the deformation of the Foothills will be discussed in Chapter 5.. 
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Figure 3-7: Bedrock geology and subsurface structural features of the southern portion of the 
Central Alberta Foothills and adjacent deformed Plains. Bold lines mark top of Paleozoic 
hanging wall cutoffs modified from Fermor (1999). Repeated north-south anastomosing green 
and yellow map pattern is created by numerous imbricate thrust faults linked to a detachment 
within the Fernie Formation. 
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Figure 3-8: Photographs of the southern portion of the Central Alberta Foothills. Upper 
photograph: Oblique view of a linear ridge north of the TransCanada Highway, about 20 
kilometres west of Calgary. Foothills are composed of numerous parallel linear ridges that are 
arranged in an en échelon manner. Middle and lower photographs are views looking west, 
taken from the Foothills-Plains boundary just west of Calgary. Foreground view shows the stark 
contrast between the pasture and forest covered Foothills to the rugged terrain of the 
outcropping carbonates of the Front Ranges. Lower photograph of Jumping Pound Gas 
Processing Plant located 15 kilometres west of Calgary. Gas plant processes natural gas 
produced from nearby Foothills structures. 



 
 

      

       

           

      

        

              

     

         

          

           

    

         

       

     

    

        

         

        

       

         

         

       

        

        

          

      

        

        

            

         

      

         

75 

Correlation of strata using wireline logs from the boreholes of petroleum wells 

that penetrate Mesozoic rocks, together with the interpretation of seismic data that 

image the subsurface of the south Central Alberta Foothills, reveal that imbricate faults 

merge together hinterlandward to a detachment surface that lies at or just above the 

base of the Mesozoic strata. The detachment usually occurs within the Jurassic Fernie 

Formation (Bally et al., 1966, Fig. 13, p. 370; Dahlstrom, 1970, Figs. 8 and 9, p. 344; 

Price and Fermor, 1992; and Soule, 1993). Beneath the Mesozoic imbrication only a 

few, widely spaced thrust faults carry Paleozoic strata, incorporating units of petroleum 

reservoir rock into trap position (Bally et al., 1966, p. 350). The bold black lines on 

Figure 3-9 mark the hanging wall cutoffs at the top of the Paleozoic section and the 

faults at these positions are directly connected to the numerous faults forelandward 

shown on the geological map. Consequently, on a dip-directed cross-section, the 

Mesozoic units appear to be shortened and thickened considerably more than the 

underlying Paleozoic units, and the attitiudes of the Mesozoic strata are discordant with 

the underlying Paleozoic strata. 

Along the length of the Southern Alberta Foothills and the segment of the 

Central Alberta Foothills south of the Cow Lake swingback, the eastern boundary of 

the Foothills is marked by a well developed triangle zone. Integration of subsurface 

seismic imaging together with well data and surface geology have provided insight into 

the internal geometry of these triangle zones (Lawton et al., 1994; Hiebert and Spratt, 

1996; Stockmal et al., 1996; MacKay, 1996; Slotboom et al., 1996; Soule and Spratt, 

1996; Dechesne and Muraro, 1996; and Classen and Lawton, 2008). The cross-section 

of Figure 3-9 displays the salient features of a triangle zone, along the southeastern 

portion of the Central Alberta Foothills, near Sundre, Alberta. The hinterlandward 

portion of the cross-section is a generalized version of cross-section A of Soule (1993) 

and the forelandward portion is a simplification of a cross-section presented by 

Classen and Lawton (2008). The basis of the interpretation and detailed analysis of the 

forelandward portion of the triangle zone by Classen and Lawton (2008) is a large, 

high-quality 3-D seismic data set. It is very useful to compare the cross-section of 

Figure 3-9 with the Brown Creek structure. The cross-section shows an intercutaneous 

wedge of duplexed and folded strata bounded below by a foreland-directed basal thrust 

fault and bounded above by a hinterland-directed thrust fault. Towards the foreland, the 
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Figure 3-9: Cross-sectional view and map of a triangle zone. The western portion of the cross-
section is a generalized version of cross-section A of Soule (1993) and the eastern portion is a 
simplification of a cross-section presented by Classen and Lawton (2008). The cross-section 
shows an intercutaneous wedge of duplexed and folded strata bounded below by a foreland-
directed basal thrust fault and bounded above by a hinterland-directed thrust fault. 
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basal thrust fault lies along a detachment within the Fernie Formation. A tapered 

wedge of deformed strata continues eastward under the Plains strata. The surface 

expression of the deformation does not appear to increase gradually in intensity from 

east to west, across the Plains-Foothills boundary. The change in intensity of 

deformation is abrupt (Fox, 1959, p. 996). There is little evidence of faulting in the 

Paskapoo outcrops on the Plains side of the Plains-Foothills transition, in contrast to 

the complex deformation that occurs within the Foothills. The gentle eastward dip of 

the Plains strata conceals the intense deformation found directly below within the 

intercutaneous wedge. In outcrop, the boundary between deformed Foothills strata and 

slightly deformed Plains strata marks the surface expression of a hinterlandward 

directed thrust fault. A key feature necessary for the formation of the triangle zone is 

the utilization of a pair of detachment surfaces; the upper and lower surfaces that 

bound the intercutaneous wedge. Deforming stratigraphic sequences that are 

dominated by a single detachment surface either develop poorly formed triangle zones 

or no triangle zone at all. 

The western margin of this portion of the Central Alberta Foothills is marked by 

a pair of culminations that elevate Paleozoic strata to the surface. The Panther River 

culmination is marked on the map in Figure 3-7 and 50 km to the south of it lies the 

northern end of the Moose Mountain Culmination. 

3.2.2 The Brazeau thrust sheet Region 

From the southern end of the Marble Mountain swingback to the northern 

termination of the Brazeau Range, the Brazeau thrust fault carries a single semi-

coherent thrust sheet comprising nearly the entire Phanerozoic section (Figs. 3-10, 3-

11 and 3-12). At surface, the leading edge of the Brazeau thrust sheet is marked by 

inliers of Paleozoic strata that are typically folded into a large anticline. The Ram River 

cross-section (Fig. 3-11) was interpreted from the bedrock geology map (Fig. 3-10), 

wireline logs of petroleum wells and from a seismic image included in Fermor (1999). 

The location of the cross-section (Fig. 3-11) is marked on the map in Figure 3-10. The 

section has been split into two segments; the southwest portion illustrates the Foothills 

and the northeast portion shows the Plains cross-section through the Brazeau thrust 

sheet region. The Dutch Creek cross-section (Fig. 3-12) was interpreted from the 

bedrock geology map (Fig. 3-10) and wireline logs of petroleum wells. The location of 
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the cross-section (Fig. 3-12) is marked on the map in Figure 3-10. The panoramic 

photograph (top photo, Fig. 3-13) shows a view of the eastern slope of the Brazeau 

Range. The lower photograph in Figure 3-13 is a close-up of the folded leading edge. 

The anticline verges towards the foreland with the forelimb overturned and the 

backlimb dipping gently towards the southwest. The overturned fold is located along 

the Dutch Creek cross-section (Fig. 3-12). These two cross-sections will be discussed 

in Section 3.2.5. 

It is interesting to note the stratigraphic levels of the ramps and flats of the 

Brazeau thrust fault. The Brazeau thrust fault cuts up-section rather abruptly, 

transecting the Jurassic Fernie Formation, the same unit that is utilized as a major 

detachment to the south (Fig. 3-11). The trajectory of the fault continues to rise in 

section towards the northeast until it flattens out along a footwall flat located within the 

Upper Cretaceous Brazeau Formation. Log data obtained from wells that penetrate the 

Brazeau thrust sheet indicate that the hanging wall detachment level is found in the 

Mount Whyte-Cathedral formations to the south, whereas the detachment surface cuts 

up-section to the uppermost part of Cambrian or Devonian strata to the north. This rise 

in section has a bearing on the basal detachment of the Brown Creek Structure. 

Mesozoic strata that outcrop on top of the Brazeau thrust sheet are faulted in 

an imbricate fashion with the faults merging into a detachment located within the Fernie 

Formation (Fig. 3-11). In this region of Mesozoic outcrop, the intensity of deformation 

increases toward the southwest across the deformed Plains and into the adjacent 

Foothills (Erdman, 1950, p. 16). The concentration of faults and the bedding attitudes 

increases to the west, indicating that deformation intensity increases to the west (Fig. 

3-11). This is in stark contrast to the sudden change in deformation intensity at the 

Plains-Foothills boundary that is observed in the Southern Region. The change in 

deformation style from the Southern Region to the Brazeau thrust sheet Region occurs 

at the Cow Lake swingback, a structure that is oriented sub-parallel to the direction of 

transport. From south to north, the leading edge of deformation swings out abruptly into 

the Plains along the Cow Lake swingback. South of the Cow Lake swingback, a 

triangle zone develops at the leading edge of deformation, at the Foothills-Plains 

boundary. Deformation within the Foothills of the Southern Region utilizes several 

detachment surfaces within the Jurassic Fernie Formation and above. North of the 
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Figure 3-10: Bedrock geology and subsurface structural features of the central portion of the 
Central Alberta Foothills and adjacent deformed Plains. Black bold lines mark tops of Paleozoic 
hanging wall cutoffs modified from Fermor (1999). Note Brazeau thrust fault outlines outcrop 
boundary of thrust sheet. Grey bold lines mark structural highs of the Wapiabi Formation that 
are linked to a detachment within the Blackstone Formation. Note deformation front swings far 
out into the Plains along the Cow Lake structure. The location of the Ram River cross-section is 
marked by line labeled R-R' (See Fig. 3-11) and the Dutch Creek cross-section is marked by line 
labeled D-D' (See Fig. 3-12). 
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Figure 3-11: Ram River cross-section based on wells, geological maps and a seismic image published by Fermor (1999). Location of the cross-section is shown on the map in Figure 3-10. Cross-section encompasses the 
width of the Foothills and deformed Plains. Cross-section split at the Colt Creek syncline. The impressive 30 kilometre long Brazeau thrust sheet appears on the west half of the cross-section. The Paleozoic section within 
the hanging wall block carries almost all of the Paleozoic section and shows little deformation except near the leading edge. The Bighorn thrust enters section from the west at an elevation of -2000 metres. Thrust faults in 
the Plains gather into detachments located in the lower portion of the Blackstone Formation and within the Brazeau Formation. 
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Figure  3-12: Dutch Creek cross-section based on wells and geological maps. Location of cross-section is shown on map in Figure 3-10. Cross-section encompasses the width of the Foothills and the western most portion 
of the deformed Plains. The Paleozoic section within the hanging wall block of the Brazeau thrust sheet carries almost all of the Paleozoic section. In this section the Brazeau thrust sheet shows more deformation compared 
to Ram River cross-section. The leading edge of the thrust sheet is folded and a horse of considerable size is located at the base of the Brazeau thrust fault. 
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Figure 3-13: Upper photograph: View from a hilltop, looking west towards the Brazeau Range, 
an inlier of Paleozoic rock within the Central Alberta Foothills (see Fig. 3-10). Gap near centre 
marks the location of the South Saskatchewan River. Rectangular box on extreme right is 
shown in lower photograph. 

Lower photograph: Large amplitude foreland verging anticline. Forelimb is overturned and 
backlimb gently dips to the southwest. Outcrop is Paleozoic strata. 

swingback, the deformation in the Plains utilizes a single detachment surface located 

within the Upper Cretaceous Blackstone Formation of the Alberta Group (Fig. 3-11). 

South of the swingback the outcropping geology and cross-sections based on 

seismic imaging (Figs. 3-9 and 3-10) suggest the triangle zone is well developed, 

whereas north of the swingback there is no evidence of a triangle zone. To the north 

the thrust front is marked by the Brewster thrust fault system, a foreland-directed 

thrust. In the Southern Region, the deformed strata of the Upper Cretaceous Brazeau 
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Formation of the Saunders Group are exposed at surface along the Foothills, and in 

the Plains the tilted strata of the Paskapoo Formation dip gently eastward toward the 

core of the Alberta Syncline. Starting in the vicinity of the Cow Lake swingback and 

continuing northward, the amplitude of the expression of the triangle zone diminishes 

to the north and the Paskapoo Formation outcrops in the footwall of the Brazeau thrust 

sheet. A study using physical models, by Couzens-Schultz et al. (2003), found that a 

very weak detachment promoted foreland-directed thrusting of the upper layer whereas 

stronger detachments promoted hinterland-directed thrusting of the upper layer. The 

presence of the detachment within the Blackstone Formation north of the Cow Lake 

swingback suggests this weak detachment is a key to the change in structural style 

from a triangle zone to a foreland-directed thrust system. 

3.2.3 "Style ejectif" Region 

From the northern terminus of the Brazeau Range and north to the Brazeau 

River, the outcrop geology of the Central Alberta Foothills is dominated by sub-periodic 

synclines of Mesozoic and Cenozoic rocks aligned parallel to the overall trend of the 

Rocky Mountain Fold and Thrust Belt (Figs. 3-14 and 3-15). The Bighorn, Black 

Mountain, Brazeau, Sunbeam and Swale Creek synclines lie neatly side-by-side (Fig. 

1-3) and are separated by narrow bands of older Mesozoic rocks. The intervening 

bands of Mesozoic rocks are compressed into anticlinal complexes of closely spaced 

thrust faults that have been folded into an anticline with limbs dipping steeply away 

from the narrow band. In the early 1950s, the Triad-B.A.-Stolberg well (06-10-42-

15W5) was drilled on the Stolberg anticline, about 25 km to the southeast of the Brown 

Creek structure. The borehole encountered nearly 1400 m of Blackstone Formation, 

more than three times its stratigraphic thickness (Thomas, 1958, p. 126). Since then, 

many wells that are positioned along these narrow bands of older strata have 

encountered similar over-thickened zones of Blackstone shale. The shale is 

mechanically weak and is prone to borehole breakouts during drilling. Many wells that 

were drilled prior to the 1990s were cased once the drill bit reached the Luscar as a 

precaution against borehole cave-in and the eventual loss of the borehole. A scenario 

that was considered at the time was that the shale of the Blackstone Formation had 

flowed in a ductile-like manner to fill the cores of these tight anticlines. By a process 

that is analogous to grout being squeezed up through elongate paving stones, map 



 
 

        

          

        

        

       

         

     

       

    

        

        

       

         

        

        

        

       

     

       

    

        

       

             

         

          

       

        

          

           

      

       

           

84 

and cross-section views suggest older strata being squeezed up into the core of the 

anticline; this is what Dahlstrom (1970, p. 365) termed “style ejectif”. It is unlikely that 

the shales of the Blackstone have flowed in a diapiric fashion. Style ejectif (Stille, 1917) 

refers to a surface description of broad synclines separated by narrow anticlines with 

complex folding and faulting. Dahlstrom (1970, p. 366) argued that even though the 

deformation within the anticlinal area is intense (crumpled), the folding and faulting is 

simply at a smaller scale. Other wells drilled in the same area have encountered great 

over-thickening of the Luscar Group which includes some competent beds of 

sandstone and siltstone. The interpretation favoured here uses numerous closely 

spaced faults that stack the units in an imbricate fashion (Fig. 3-15). The model that 

describes the structural style well is the antiformally-stacked duplex (Boyer and Elliott, 

1982, p. 1200). The spacing between synclines is approximately ten kilometres, and 

the length of the synclinal axis is typically several tens of kilometres. 

The Brown Creek cross-section (Fig. 3-15) shows that all of the structures lean 

towards the foreland but that the amplitude to wavelength aspect ratio of the structures 

increases towards the hinterland. The Bighorn structure to the west has the highest 

amplitude to wavelength ratio and the Brewster Creek structure has the lowest 

amplitude to wavelength ratio. The Brewster Creek, Brown Creek and Brazeau 

structures are carried by foreland-directed thrust faults. The Wapiabi structure appears 

to show a triangle zone at its foreland edge. 

At the Paleozoic level, the Brazeau thrust fault branches laterally into a number 

of smaller thrust faults to the north of the Brazeau Range (Fig. 3-14). The single bold 

black line of the Paleozoic hanging wall cutoff of the Brazeau thrust fault at the 

southern edge of the map cuts back to the southwest around the centre of the style 

ejectif region. North of this cut back location, the single hanging wall cutoff line splits 

into three major families of line segments that represent the multiple occurrences of the 

thrust sheet. Based on arguments presented by Dahlstrom (1969, p. 751) it is likely 

that the sum of displacements along the many faults to the north is equal to the single 

displacement along the Brazeau thrust fault in the south. The basal detachment level of 

the faults north of the cut back lies within the Upper Devonian Palliser and Lower 

Carboniferous Shunda formations. The "style ejectif" is best developed within areas 

associated with the branching of thrust faults, north of the Brazeau thrust sheet. The 
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Figure 3-14: Bedrock geology and subsurface structural features of the style ejectif portion of 
the Central Alberta Foothills and adjacent deformed Plains. Outcrop pattern shows a strong 
linear trend that parallels the fold belt. Black bold lines mark tops of Paleozoic hanging wall 
cutoffs modified from Fermor (1999). Anticlines tend to be narrow and located over Paleozoic 
hanging wall cutoffs. Note Brazeau thrust cuts back to the west at the northwest termination of 
the Brazeau Range. To the northwest the Brazeau thrust branches into several faults. Grey bold 
lines mark structural highs of the Wapiabi Formation that are linked to a detachment within the 
Blackstone Formation. The location of the Brazeau River cross-section is marked by the line 
labeled B-B'. 
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Figure  3-15: Brown Creek cross-section encompasses the width of the Foothills and a portion of the deformed Plains. Location of cross-section is shown on Fig. 3-14. The section is split east of the Ancona thrust faults. 
Cross-section based on wells, geological maps and seismic images over the Brown Creek structure. Bighorn thrust emerges at surface at the 20 km mark. Within the footwall block of the Bighorn thrust fault three separate 
thrust sheets at the Paleozoic level are linked to the single Brazeau thrust sheet to the south. The three lower thrust sheets are carried by a detachment within the Palliser Formation. These thrust sheets carry a thinner 
package of Paleozoic strata than to the south. Overlying Mesozoic strata are deformed along bands that lie close to the Paleozoic hanging wall cutoffs of the three thrust sheets. The narrow bands are separated by long 
linear synclines. The structures verge towards the foreland. The amplitude to wavelength aspect ratios of the structures tends to increase towards the hinterland. The Brewster Creek structure shows the smallest aspect 
ratio whereas the Bighorn structure shows the largest. Brown Creek thrust fault and associated structures are based on seismic imaging courtesy of Suncor Energy. Fault architecture of Brewster thrust faults adapted from 
LeDrew (1997), Hrudey (2003) and Ebner (2007). 
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Figure 3-16: View looking west from a ridge over the Brown Creek structure. Landscape 
consists of tree covered ridges that are oriented parallel to the fold belt. 

Paleozoic cutoffs are coincident with the surface locations of zones of intense 

Mesozoic faulting. This relationship will be discussed further in Chapter 7. 

The photograph (Fig. 3-16) shows the forest-covered ridge and valley of the 

style ejectif region. Outcrops with good exposure are limited to streams, creeks and 

road-cuts that transect the geology. Large portions of the bedrock geology map are 

inferred from trend, float and the lay of the land. 

3.2.4 Northern Region 

North of the Brazeau River to the Athabasca River valley there is a trend of 

decreased shortening within the Foothills (Fermor, 1999, p. 325 and 340). Northwest of 

the Brazeau River, the thrust faults at the Paleozoic level branch laterally into 

numerous thrust faults with minor displacement (Fig. 3-17). Some of these faults 

appear to die out completely to the northwest. The boundary of the zone of branching 

lies along the Dismal Creek lineation, sub-parallel to the transport direction that 
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Figure 3-17: Bedrock geology and subsurface structural features of the northern portion of the 
Central Alberta Foothills and adjacent deformed Plains. Black bold lines mark the tops of 
Paleozoic hanging wall cutoffs modified from Fermor (1999). Note thrust faults at the Paleozoic 
level branch into a large number of faults at the Dismal Creek line and then die out to the 
northwest. Grey bold lines mark the apices of Mesozoic structures that are linked to a 
detachment within the Blackstone Formation. 
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continues eastward from the Foothills into the easternmost area of the deformed Plains 

(Fig. 3-14). As the splay of thrusts within the Paleozoic strata dies out to the north, the 

"style ejectif" structures also disappear. The large displacements that are carried along 

the thrust splays give way to folding of Paleozoic and Mesozoic strata along the 

western margin of the Foothills and within the Front Ranges of the Rockies (Fermor, 

1999, p. 340). 

At the Mesozoic level of the northern region, the broad Entrance syncline is the 

largest structural feature in the Foothills, with dimensions exceeding 60 km in length 

and 10 km in width. East of the Entrance syncline is a well developed triangle zone of 

large amplitude (LeDrew, 1997; Hrudey et al., 2003). The leading edge of deformation 

continues far out into the Plains although the amplitude of the structures is greatly 

diminished. North of the Athabasca River, the width of the Foothills does not exceed 20 

km and a large component of the shortening to the north of the Athabasca River is 

taken up by folding and faulting that occurs to the west. 

3.2.5	 Changes in Paleozoic stratigraphy along the length of the Central Alberta 

Foothills 

The previous section discussed a number of changes in structural style that 

occur along the length of the Central Alberta Foothills. In many locations the transitions 

in structural style are gradual while in other localities the changes are abrupt. This 

section examines the changes in stratigraphy that correspond to marked changes in 

structural style. 

There is a dramatic change in the deformation style at the northern end of the 

Brazeau Range. Along the Brazeau Range, the Brazeau thrust sheet is carried by a 

single fault that emerges just to the northeast. The base of the Brazeau thrust sheet 

lies in the Middle Cambrian section. At the transition from the Brazeau thrust sheet to 

the “style ejectif” region, the Brazeau thrust fault branches laterally into several distinct 

thrust fault systems and the base of the thrust sheet cuts up-section into the Upper 

Devonian Palliser Formation (Figs. 3-11, 3-14 and 3-15). Northeast of the Brazeau 

Range, from township forty and northwestward, thrust faults develop in the Stolberg 

region (Fig. 3-14). The Stolberg thrust faults are rooted in a basal detachment within 

the Lower Carboniferous Shunda Formation (Thomas, 1958, p. 127). The basal 

detachment appears to be bedding parallel all the way back to the footwall cutoff at the 
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Brazeau thrust fault (Fig. 3-14 and Fermor, 1999, Fig. 12). Coincidentally, 

hinterlandward of the Stolberg thrust faults the well 07-13-39-15W5 penetrated 

hundreds of metres of repeated Paleozoic section near the base of the Brazeau thrust 

sheet (Fig. 3-14). Seismic images suggest the presence of structural horses (Fig. 12; 

Fermor, 1999, p. 337). The structural complexity of the horses and the development of 

the Stolberg thrust faults may be linked to a change in lithology. Although the geometry 

of the Brazeau thrust sheet is simple to the south of the Brazeau Range (Fig. 3-13), the 

development of horses, Stolberg thrust faults and the lateral branching of the Brazeau 

thrust fault are indications that the Paleozoic section of the Brazeau thrust sheet 

increases in complexity to the northwest (Fig. 3-14). This change in complexity is 

controlled by changes along strike in the Paleozoic stratigraphy. In order to understand 

the Brown Creek Structure, it is critical to understand the along-strike variation in 

structure and lithology. The lateral branching of the thrust faults north of the Brazeau 

Range appears to be linked to the development of "style ejectif" structures. The 

structural style at the Paleozoic level has some bearing on the structural style of the 

Mesozoic section. 

The stratigraphic section of Paleozoic strata in Figure 3-18 is based on 

correlation of wireline logs of wells drilled along the length of the Central Alberta 

Foothills and on measured sections at outcrops in the Front Ranges. The wells and line 

segments of the fence diagram are shown on the map in Figure 3-19. Interpretation of 

formations and lithologies is based on sections included in Slind et al. (1994, Figs. 8.9, 

8.10 and 8.12). The gamma ray log is used to discriminate between the two most 

common lithologies of the Paleozoic stratigraphy, carbonate and shale. Natural 

radioactivity in shale deflects the curve to the right whereas clean carbonates 

containing very little radiogenic material produce very low gamma ray counts. The 

interpreted lithology is marked by the pattern fill and colour shown in Figure 2-2. 

Sections that are shaley are shaded in green and carbonates are shaded in blue. 

The following sections examine the major stratigraphic units that underlie the 

Central Alberta Foothills and Plains, and describe how lithology influences the 

structural styles that occur along the Foothills and Plains regions. 
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3.2.5.1 Along-strike variations of Cambrian stratigraphy 

The carbonate content within the Cambrian stratigraphy decreases from 

southeast to northwest, from Calgary to Jasper, as illustrated in the fence diagram (Fig. 

3-18). The Brazeau thrust sheet carries Paleozoic strata with no significant 

deformation; the broad continuous nature is characteristic of a strong carbonate beam 

(Fig. 3-11). From the Brazeau Range and southward into the Waterton-Glacier area, 

shortening of Paleozoic strata is achieved through large displacements along a small 

number of thrust faults. The stratigraphic position of the Cambrian strata, at the base of 

the sedimentary sequence, appears to play a critical role in the development of beam-

like thrust sheets. Although sections of the Brazeau thrust sheet carry the shaley 

Clearwater embayment and west Ireton basin facies, the Cambrian strata on the whole 

are carbonate rich and mechanically strong. The carbonate content of the Cambrian 

strata northwest of the Brazeau Range is significantly reduced (Fig. 3-18) and the 

"mixed" carbonates are compromised and are unable to retain a rigid beam-like 

geometry. The hanging wall block of the McConnell thrust fault, just south of the 
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Figure  3-18: Stratigraphic fence diagram of Paleozoic strata oriented northwest to southeast. Interpreted lithology based on natural gamma ray curves from wireline logs. Blue represents strong, clean carbonates and 
green represents weak shale units. Four outcrop descriptions from Front Range locations are included. Regional trend shows shale input increases to the northwest. See Figure 3-19 for index map. 
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Figure 3-19: Index map for Paleozoic stratigraphic section Fig. 3-18. Areas of Devonian reef 
growth are shown in blue. 

Brazeau River, provides an example of deformation of a shale rich Cambrian section 

(Mountjoy et al., 2002). The McConnell thrust fault carries a remarkable multi-duplex of 

two dozen repeats of slivers of the Arctomys, Pika, Waterfowl and Sullivan formations. 

The weaker Cambrian strata have developed multi-duplexing and folding in a manner 

similar to the folding style of the off-reef shale facies in the Fairholme Group. The 
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outcrop pattern of Paleozoic strata in the northwest corner of the geological map (Fig. 

3-1), southwest of Hinton, shows that folding is the dominant structural style. Formation 

contacts show closure of these zones of folding, to the northwest and southeast. These 

tight folds inspired James McEvoy, a geologist with the Geological Survey of Canada 

who worked in the area in 1898, to name one such peak "Folding Mountain". 

Spectacular outcrops located along the Yellowhead Highway, just north of the town site 

of Jasper (Figs. 1-2 and 3-17), provide outstanding vistas for avid photographers and 

geologists (Gadd, 1995, p. 198). 

3.2.5.2 Along-strike variations of Devonian stratigraphy 

Within the Devonian Fairholme Group, carbonate reef growth exceeded 200 

metres in height. These reefs were surrounded by marine channels that were 

subsequently filled by clay rich detritus (Fig. 3-18). The lines on the map (Fig. 3-19) 

trace the present day (not palinspastically restored) boundaries between carbonate rich 

reef build-ups (blue pattern fill) and shale rich marine channels. The mapped 

boundaries are based on edges published by Andrews (1988) and Switzer et al. 

(1994). 

There is a sharp contrast between the mechanical stratigraphy of on-reef 

carbonates and off-reef shales. Clean carbonates of the Winterburn and Beaverhill 

groups are typically twice as strong as the shaley units of the Woodbend Group (Fig 2-

6). Field mapping of structures along the Front Ranges, directly west of the Brazeau 

thrust sheet, together with mechanical modeling in a centrifuge system, demonstrate 

that off-reef shale facies are mechanically weaker than on-reef carbonate facies (Spratt 

et al., 2004). Thrust sheets with a beam-like geometry tend to develop within the strong 

carbonates of the on-reef facies. Tight folds and other small scale structures tend to 

develop within the weaker shales of the off-reef facies. 

The index map (Fig. 3-20) shows that the region with the most pronounced 

"style ejectif" structures is located within the mouth of the Cline channel, within the off-

reef shale facies. In outcrop the zones of deformation are narrow and the synclines 

broad in contrast to areas away from the Cline Channel where the zones of 

deformation tend to be broad and less pronounced. There is a strong tendency for the 

narrow zones of deformation to lie directly above the hanging wall cutoffs at the top of 

the Paleozoic section. The coincidence, in a map view, of hanging wall cutoffs and the 
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Figure 3-20: Detailed map of the style ejectif region with on-reef, areas shown by blue colour. 
There appears to be a close relationship between off-reef facies and the development of the 
style ejectif. Schematic cross-section shown in lower part of figure shows how displacement 
along the basal detachment located just above crystalline basement is transferred up to the 
Palliser Formation. Duplexing of the Cambrian strata and associated folding in the Fairholme 
Group provide the mechanism for this transfer. 
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narrow zone of deformation is due to a large amount of thickening within the Mesozoic 

section directly above the Paleozoic hanging wall cutoff. There is a fundamental link 

between the thinner Paleozoic carbonate thrust sheets in the Brown Creek area (as 

opposed to the thicker Brazeau thrust sheet) and the "style ejectif" structures observed 

at the surface. 

The Brown Creek cross-section in Figure 3-15 shows simple discrete thrust 

faults cutting up from the base of the Cambrian strata and branching as they cut up 

through the Palliser Formation. It may be that the branching occurs much lower than 

what is shown in Figure 3-15. Duplexing of Cambrian strata and associated folding of 

the off-reef area of the Fairholme Group is a mechanism that would transfer 

displacement from the basal detachment just above the crystalline basement into the 

Palliser Formation. The deformation of Cambrian and Devonian strata may be broad 

and difficult to detect on short seismic lines. Outcrop in the adjacent Front Ranges to 

the west show that duplexing of Cambrian strata (Mountjoy et al., 2002) and folding of 

the Fairholme Group (Spratt et al., 2004) is common. 

3.2.6	 Changes in Mesozoic stratigraphy along the length of the Central Alberta 

Foothills 

Two stratigraphic fence diagrams of Mesozoic strata, based on wireline logs of 

wells drilled along the length of the Central Alberta Foothills, are shown in Figures 3-21 

and 3-22. The interpretation of formations and lithologies are based on sections 

included in Poulton et al. (1994, Fig. 18.10), Hayes et al., (1994, Fig. 19.18) and Leckie 

et al., (1994, Fig. 20.6). The map of Figure 3-23 shows the locations of the two 

stratigraphic sections. The section in Figure 3-21 was constructed using logs from 

wells that are situated in close proximity to the Foothills-Plains boundary (Fig. 3-23). 

The wireline log from the 11-01-38-13W5 well samples the stratigraphy from the 

footwall block of the Brazeau thrust fault. The section in Figure 3-22 was constructed 

using logs from wells that penetrate the Brazeau thrust sheet (hanging wall block). 

Palinspastic restoration of the Brazeau thrust sheet restores the sampled locations 

within the thrust sheet to a position some 30 km to the southwest (Fermor, 1999, p. 

322). Comparison of the two stratigraphic sections reveals variations in stratigraphy in 

the direction of tectonic transport, from southwest to northeast. Comparisons along the 

length of either of the two stratigraphic sections reveal variations along strike. Both 
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stratigraphic sections have been simplified for presentation; obvious repeats due to 

thrust faults have been removed and zones with large amounts of apparent thickening 

have been removed or adjusted. Some structural thickening still remains in some of the 

wells. 

The logs display in-situ P-wave sonic velocities of the rock units at the borehole 

interface. The curves are plotted as slowness, or transit time, in units of microseconds 

per metre. The axis is reversed so that values of "slowness" increase to the left. The 

sonic curve deflects to the right for rocks having faster sonic velocities and swings to 

the left for strata having slower velocities. Sonic velocities of rocks are used as a proxy 

to distinguish stronger units from mechanically weaker units. Strong rock units have 

high elastic moduli and high sonic velocities, and weak rocks that are prone to 

developing detachment surfaces have low elastic moduli and slow sonic velocities (see 

Chapter 2 and Section 2.3.7). The lateral variations of sonic velocities of rock units are 

used to understand the nature of lateral changes in detachment levels and structural 

styles. 
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Figure  3-21: Stratigraphic fence diagram of Mesozoic strata oriented northwest to southeast. Interpreted rock strength uses sonic velocity curves from wireline logs. Deflection of curve to the left (slow sonic velocities) 
represents weak rocks and deflection to the right (fast sonic velocities) represents strong rocks. Regional trend shows rock strength decreases to the northwest. Note absence of coal seams in the Blairmore Group. See 
Figure 3-23 for index map. 
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Figure  3-22: Stratigraphic fence diagram of Mesozoic strata oriented northwest to southeast. Interpreted rock strength uses sonic velocity curves from wireline logs. Deflection of curve to the left (slow sonic velocities) 
represents weak rocks and deflection to the right (fast sonic velocities) represents strong rocks. Regional trend shows rock strength decreases to the northwest. Note absence of coal seams in Blairmore Group. This figure 
is parallel and hinterlandward of Figure 3-20. Rock strength of Fernie decreases toward the hinterland but strength of Alberta Group shales increases hinterlandward. See Figure 3-23 for index map. 



 
 

  

  

100 

Figure 3-23: Index map for stratigraphic fence diagrams in figures 3-21 and 3-22. 
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3.2.6.1 Along-strike variations of the Fernie Formation 

In the Brown Creek area the detachments of the Fernie Formation are located 

within the shales of the Upper Fernie and Pokerchip members. These two units are 

very weak and thicken to the west (Figs. 2-8, 3-21 and 3-22) where they play a 

dominant role in controlling the deformation style. Within the Plains that lie east of the 

Central Alberta Foothills, the two shale members of the Fernie Formation pinch out 

(Poulton et al., 1995, p. 307-309). The slow velocities of the Fernie shales clearly stand 

out in the logs from wells in the Brazeau thrust sheet (Fig. 3-22) but are much thinner 

within the Plains (Fig. 3-21). This difference in thickness is not entirely stratigraphic as 

the rock units in the Brazeau thrust sheet have undergone more structural thickening. 

3.2.6.2 Along-strike variations of the Grande Cache Member 

The coal beds of the Grande Cache Member are, by far, the weakest rocks in 

the Central Alberta Foothills (Fig. 2-8). But these coals are not found everywhere within 

the Central Alberta Foothills. South of the Brazeau thrust sheet and along the length of 

the Southern Alberta Foothills the coals are absent. Within the Brazeau thrust sheet 

and to the northwest into the Northern Alberta Foothills the coals are present. (Figs. 3-

21 and 3-22). The southern limit of the Grande Cache coals, at the southern edge of 

the Brazeau thrust sheet, marks the boundary between the Luscar Group and the 

equivalent Blairmore Group to the south (Langenberg and McMechan, 1985). A direct 

comparison of the strength profiles of the Luscar Group versus the Blairmore Group is 

shown in Figure 3-24. The northern well, 07-33-44-17W5, is located just east of the 

Brown Creek structure (Fig. 3-23) and the southern well, 02-31-34-07W5, is located 

just east of the Plains-Foothills boundary east of the southeastern corner of the 

Brazeau thrust sheet. The 02-31-34-07W5 well is situated just to the north of the 

stratigraphic boundary between the Luscar and Blairmore groups. The coal seams in 

the northern well, near Brown Creek, are relatively thick and numerous whereas in the 

southern well there are fewer and thinner coal seams. A second comparison can be 

made between 07-33-44-17W5 which penetrated the Luscar Group and the 03-24-31-

09W5 well which penetrated the Blairmore Group (Fig. 3-25). The sonic velocities 

indicate that the coal seams in the 07-33-44-17W5 well are absent in the more 

southerly 03-24-31-09W5 well. Unfortunately the shear wave sonic log was not 

recorded in the southern well and there is no estimate of the geomechanical strength. 
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Figure 3-24: Shear modulus and effective rigidity curves representing rock strength in the 
Brown Creek area versus an area just south of the Cow Lake swingback. Note the rock units 
south of the swingback are stronger and the strength curves are more homogeneous to the 
south. 
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Figure 3-25: Sonic logs from the Brown Creek area and from the southern region of the Central 
Alberta Foothills. Curves are used to compare the rock strength of the Blairmore Group to the 
Luscar Group. Overall strength of Mesozoic rocks from the Brown Creek area is much weaker 
than to the south. 
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The presence of the coal seams within the Luscar Group may have influenced 

the development of the Brazeau thrust fault by providing a detachment surface that 

yields more easily than the underlying Fernie Formation. The Blue Hills - Moose 

Mountain thrust fault is connected to the Brazeau thrust fault by the transverse fault 

located at the Marble Mountain swingback (Fig. 3-7); (Fermor, 1999; Begin and Spratt, 

2002). To the south, the Blue Hills thrust fault maintains a low elevation profile by 

following a detachment within the Fernie Formation (Begin and Spratt, 2002) and coal 

seams of the Grande Cache Member are absent. To the north however, in the 

presence of coal seams, the Brazeau thrust fault bypasses the potential detachment 

surface of the Fernie Formation and follows a higher elevation profile. North of the 

Marble Mountain swingback, the Brazeau thrust fault flattens slightly within the coal 

seams of the Grande Cache Member and then climbs up-section into the Brazeau 

Formation (Fig. 3-11). There is a striking correspondence in the spatial extent of the 

coal seams of the Grande Cache Member and areas where the Fernie detachment 

plays a diminished role. From the Marble Mountain swingback, and north through the 

Brazeau thrust sheet and “style ejectif” regions, the coal seams of the Grande Cache 

Member are more prone to the development of detachment surfaces than the shales of 

the Fernie Formation. 

3.2.6.3 Regional variations of the Blackstone Formation 

The shales of the Blackstone Formation show a pronounced variation in sonic 

velocity, both along strike, from southeast to northwest, and in a transverse direction 

from southwest to northeast in the stratigraphic sections (Figs. 3-21 and 3-22). The 

sonic velocities of the shale within the Blackstone Formation range from about 4000 to 

4500 m/s at the most southerly well, 03-24-31-09W5, but are significantly slower, 3500 

to 4000 m/s, at the most northerly well, 07-33-44-17W5. The trend, from south to north, 

of slower sonic velocity is noticeable in both stratigraphic sections (Figs. 3-21 and 3-

22). In particular, the sonic velocity of the Blackstone Formation to the south of the 

Cow Lake swingback is significantly higher in places where the Blackstone Formation 

is not a significant detachment surface. South of the Cow Lake swingback, in the 02-

31-34-07W5 well, the sonic velocity near the base of the Blackstone Formation is about 

3800 m/s and north of the swingback in the 15-16-38-10W5 well the sonic velocity is 

diminished to about 3400 m/s. A relationship exists between the reduction of the sonic 
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velocity of the lower portion of the Blackstone Formation and the development of the 

detachment in the Blackstone Formation at the location of the Cow Lake swingback. 

A direct comparison of the strength profiles of the Blackstone Formation on 

opposite sides of the Cow Lake swingback is shown in Figure 3-24. The effective 

rigidity of the Blackstone Formation in the 07-33-44-17W5 well shows a trend of 

increasing strength with decreasing depth, with values as low as 20 GPa near its base 

to values approaching 45 GPa near the top of the formation. The strength profile of the 

02-31-34-07W5 well on the other hand, remains a uniform 35 GPa along the entire 

depth. The shear modulus profiles of the two wells (Fig. 3-24) reflect the same trend. 

A comparison of the sonic velocities of the Blackstone Formation in both 

stratigraphic sections (Fig. 3-21 and 3-22) shows that sonic velocities are generally 

higher to the west. The sonic velocities of the Blackstone Formation measured in wells 

located in the Brazeau thrust sheet, 06-34-38-16W5, 14-11-38-15W5 and 09-15-35-

12W5 (Fig. 3-22), are typically 4000 to 4500 m/s. Blackstone velocities measured in 

the wells to the east of the thrust sheet, 11-01-38-13W5, 15-16-38-10W5 and 02-31-

34-07W5, are consistently slower than 4000 m/s. The tendency for Blackstone sonic 

velocities to be higher to the north and west are consistent with observations made by 

Stott (1963) that the silt content of the Blackstone Formation increases towards the 

mountains and the thickness increases from south to north (Fig. 3-4) (see Section 

2.4.10.1). The depositional environment to the south and west is interpreted to be 

proximal as evidenced by the quantity of coarse material, whereas the environment to 

the north and east is inferred to be distal and contains higher clay content. The 

mechanical strength of the Blackstone Formation increases to the west as the silt 

content increases. The mechanical strength of the rocks in the Fernie Formation, on 

the other hand, increases to the east as the shale content decreases. 

The wells drilled in the Foothills and Plains north of the Cow Lake swingback 

often experience severe borehole breakouts within the Blackstone Formation. The 

wireline logs from the 16-11-44-16W5 and 07-33-44-16W5/2 wells, located about 7 

kilometres apart (see map in Fig. 2-2), are used to illustrate the severity and possible 

source of the breakout hazard. The calliper, gamma ray and sonic velocity curves for 

the 16-11-44-16W5 well are plotted in Figure 3-26. The diameter of the borehole 

ranges from 311 mm (the diameter of the drill bit) to 375 mm (the diameter of maximum 
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Figure 3-26: Sonic log is used to estimate severe borehole breakouts. Gaps in curve indicate 
possible zone of anomalously high pore pressure. An extra dense mud weight was used in 
the borehole of the 07-33-44-16W5 well to hold back the borehole wall. 
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extent of the articulated calliper arm). There are two main zones where the borehole 

diameter exceeds the maximum extent of the calliper arm. Within these zones of 

pronounced borehole breakout, the sonic log can be used to infer the severity of the 

breakout. The 07-33-44-16W5/2 borehole did not exhibit the same number and severity 

of borehole failures as the 16-11-44-16W5 well. Consequently the wireline logs from 

the 07-33 well are a better representation of the actual borehole rock properties. The 

sonic log from the 07-33-44-16W5/2 is represented by the bold overlay on the 16-11-

44-16W5 sonic log (Fig. 3-26). Zones with severe breakout can be identified by the 

separation between the two sonic velocity curves. The zones between 270 and 285 

metres and between 100 to 140 metres have developed severe borehole breakouts. 

The 16-11-44-16W5 well was drilled with a gelchem (water based) drilling mud with a 

density of 1100 kg/m3 whereas the 07-33-44-16W5/2 well was drilled with an invert (oil 

based) drilling mud with a density of more than 1500 kg/m3. The increased pressure 

exerted against the borehole walls by the higher density mud of the 07-33-44-16W5/2 

well successfully maintained the integrity of the borehole wall and prevented the 

formation from collapsing into the borehole. 

Compared to the acoustic properties of most shales, the ratio of the 

compression wave sonic velocity to the shear wave velocity is anomalously high in the 

Blackstone Formation. Within the lower portion of the Blackstone Formation the ratio of 

compression wave to shear wave velocity is almost two, which is relatively high for 

shale (Fig. 2-9). The compression wave velocity lies between 3000 and 4000 m/s 

which is substantially lower than that expected for a shale buried to a depth in excess 

of three thousand metres. The anomalously low compression wave velocity, high ratio 

of compression wave velocity to shear wave velocity, development of a detachment 

zone over a large map area and severe borehole breakouts that can be controlled with 

dense drilling mud, are evidence that support the view that the pore pressure within the 

Blackstone Formation is or has been elevated above normal hydrostatic values. 

The Blackstone Formation contains high Total Organic Carbon (TOC) values 

(Leckie et al., 1994, p. 349) and is likely a significant contributor to the light oil that fills 

the reservoir rock of the Cardium Formation. Temperature data can be used as 

evidence that the Blackstone Formation is a potential hydrocarbon source rock, and as 

a consequence, the formation is prone to developing detachment surfaces. A 

temperature of 72° C was recorded at the base of the Blackstone Formation in the 16-
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11-44-16W5 well. Neighbouring wells show similar temperature values at the base of 

the Blackstone Formation. These warm temperatures place the formation within the "oil 

window". An assumption that approximately one kilometre of overburden has been 

removed since the time of deformation, and a geothermal temperature gradient of 

twenty five degrees per kilometre, places the base of the Blackstone Formation at one 

hundred degrees Celsius, well within the "oil window". The Blackstone Formation has 

been within the oil window since the beginning of local deformation in the Paleogene. 

The generation and expulsion of hydrocarbons in the formation and subsequent 

increase in pore pressure of a liquid that is non-polar by nature likely led to a loss of 

cohesion and the development of the detachment within the Blackstone Formation. 

3.2.7 Luscar outcrops 

Along the North Saskatchewan River, just west of the Brazeau Range, the 

Luscar Group is carried to surface by the Brazeau thrust fault (Fig. 3-27). Structural 

duplexes that are found below the Brazeau thrust fault cause the thrust sheet to bow 

upwards and thus expose the Luscar Group (Fig. 3-12); (Fermor, 1999, p. 337). 

Numerous NW-SE trending folds have been mapped in the valleys of tributaries that 

flow into the North Saskatchewan River from the north and the valley of Jock Creek 

which joins the river from the south. The folds are confined mainly to the Gladstone 

and Gates formations of the Luscar Group. A few kilometres farther west at least 6 

imbricate thrust faults slice the uppermost portion of the Luscar Group. We could 

surmise that the presence of folds at depth within the Luscar Group is connected to 

imbricate thrust faults. 

3.2.8 Alberta Group outcrops 

Southwest of the Brown Creek structure, the Alberta Group is exposed at 

surface along a long narrow zone, the so-called "style ejectif" zone, that trends parallel 

to the Rocky Mountains (Fig. 3-28). Repeats of the Cardium Formation demonstrate 

that the Alberta Group is duplexed. The thrust faults in this area cut up-section from a 

detachment within the lower Blackstone Formation, through the Cardium Formation 

and merge at the top of the Wapiabi Formation. The mapping of thrust faults along an 

anticline to the west of the Sunbeam Syncline indicates closure to the northwest. This 
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Figure 3-27: Outcrop of Luscar strata along North Saskatchewan River and its tributaries. 
Outcrop patterns indicate that the structural styles of Luscar strata include folding and imbricate 
faulting. 
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Figure 3-28: Outcrop of Upper Cretaceous strata immediately to the west of the Brown Creek 
structure. Folded faults within the Alberta Group suggest complex style ejectif deformation.  
Limbs of anticlines dip steeply away from crests. Strata on the foreland side of the Wapiabi 
Thrust System are steeply overturned. 
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geometric relationship demonstrates that the faults are folded with the strata. The 

attitude of the beds on the flanks of the anticline dips steeply away from the crest. 

Along the foreland side of the Wapiabi Thrust System the bedding is steeply 

overturned. The strata of the Alberta Group, along with the faults, have been tightly 

folded. 

3.2.9 Meso-scale deformation 

Meso-scale deformation is common throughout the Brown Creek structure. The 

previous sections of this chapter have demonstrated that the mechanical stratigraphy 

of the Brown Creek area is weaker and more anisotropic than the Southern Region. 

The weaker, more anisotropic mechanical stratigraphy of the Brown Creek area 

promotes the development of meso-scale deformation. The number of potential 

detachment surfaces is large and the likelihood that they will be utilized is great. The 

discussion below provides examples of dip-meter data from wells that penetrated the 

Brown Creek structure. 

The first example of dip-meter data is from a well that penetrated a culmination 

along the Brown Creek structure and encountered complexly deformed strata of the 

Banff Formation. A schematic cross-section (Fig. 3-29 upper) with a close-up of the 

duplexed and folded zone (Fig. 3-29 lower) shows the complexity. The gamma ray log 

is a high resolution tool that can detect subtle features in relatively thin beds. The 

feature of note is a small asymmetric notch that is repeated four times (Fig. 3-29 lower 

left). The notch is right-side-up for the upper two events and lowest event, but the 

notch is up-side-down for the third event. At the same depth interval as the up-side-

down bed the measured dips change rapidly with depth. The borehole likely penetrated 

a tight, recumbent fold in the lowermost portion of the Banff Formation, a weak shaley 

portion of the formation (Fig. 3-29 lower right). This style of deformation is below the 

resolving power of seismic data and difficult to handle when restoring a structural 

cross-section. This type of deformation is simply lumped in with larger scale structural 

features. 

A second item to note in Figure 3-29 is that the upper fault is a detachment that 

lies within the Exshaw Formation. This detachment provides slip between the Palliser 

and Banff formations and allows them to duplex and fold somewhat independently of 

each other. 
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Figure 3-29: Dip meter data from borehole of petroleum well that penetrated the Brown Creek 
structure show intense meso-scale deformation. Lower portion of the Banff Formation is faulted, 
recumbent and isoclinally folded. 
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The second example of dip-meter data is from a well that penetrated an 

anomalously thick section of anhydrite in the Shunda Formation. A schematic cross-

section (Fig. 3-30 upper) with a close-up of the deformed zone (Fig. 3-30 lower) shows 

the complexity. The apparent thickness is more than double its true stratigraphic 

thickness and the tadpoles show a chaotic character suggesting ductile deformation 

(Thomas, 1958, p. 127). 

The third example of dip-meter data is from a well that penetrated a fold and a 

series of faults within the Blackstone and Luscar groups. A schematic cross-section 

(Fig. 3-31 upper) with a close-up of the deformed zone (Fig. 3-31 lower) shows the 

different structural styles of the Gladstone, Gates and Blackstone formations. 

Deformation within the Gladstone is minimal with the unit concordant with the 

underlying Paleozoic strata. A significant change in attitude occurs at the Moosebar 

Member with the Gates dipping in the opposite direction and with some degree of 

deformation. Rapid changes in attitude in the Blackstone Formation indicate several 

faults cut the section. Interpretation of dip-meter data was used in developing the 

interpretations presented in this chapter. 
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Figure 3-30: Dip meter data from borehole of petroleum well that penetrated the Brown Creek 
structure show intense meso-scale deformation. Chaotic nature of dip data in the Shunda 
Formation indicates intense deformation. 
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Figure 3-31: Dip meter data from borehole of petroleum well that penetrated the Brown 
Creek structure show meso-scale deformation. Gladstone Formation is simply folded. 
Gates Formation shows faulting and smaller scale folding. Blackstone Formation shows 
several faults. 
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3.3 Wedge of sedimentary rocks 

Sedimentary rocks of the deformed belt of the Alberta Foothills and Plains were 

deposited and indurated prior to Foothills deformation. The rocks do not exhibit 

sedimentary growth structure, post-deformation compaction or obvious tilting across 

unconformities, and consequently, the interpretation of deformation in the Foothills is 

greatly simplified (Dahlstrom, 1969, p. 745). Although the stratigraphy prior to 

deformation was relatively simple, the post-deformation structure is quite complicated 

(North and Henderson, 1954, p. 16). In order to unravel the complexity of the structure, 

the regional trends of the stratigraphy in the Plains can be extrapolated into the 

Foothills to estimate the pre-deformation stratigraphy. The independence of 

stratigraphy and structuring is unique to this area and is unusual compared to other 

foreland basins throughout the world (Cant, 1989, p. 255). Upon closer examination of 

the geology of the Brown Creek area and in the Plains to the northeast, it becomes 

clear that there are limits to this simplistic division of structure and stratigraphy. 

In the Plains, just east of the Brown Creek structure, the sedimentary rocks are 

gently tilted and approximate a west-dipping homocline of conformable strata. Careful 

scrutiny of the cross-section reveals a slight departure from perfect planes of a 

homocline (Fig. 3-32). The Plains portion of the Brown Creek cross-section was 

produced by extracting the intersection of a vertical plane and the structural surfaces 

that were generated from the stratigraphic picks of wireline logs (see Section 3.1 for 

details on surface generation). The fault geometry of the Brewster Creek structure was 

adapted from cross-sections in LeDrew (1997), Ebner (2007) and Hrudey et al. (2003). 

The cross-section is re-displayed with a vertical exaggeration of 20:1 in Figure 3-33, in 

order to draw attention to the small perturbations. Perturbations from perfect planes are 

the result of the processes, including flexure of the lithosphere under an imposed load, 

erosion which carves out unconformities, differential compaction, and tectonic 

deformation. Each type of perturbation: lithospheric flexure, stratigraphic or structural, 

contributes to the structural profile in a distinctive manner. The uniform "Layer Cake" 

geology of the Plains permits the use of regional data to analyze structural thickening 

and to extrapolate stratigraphic thicknesses into the Foothills. The use of regional 

isopachs as a predictor of trends in stratigraphic thickness must be used with caution, 
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Figure  3-32: Plains portion (northeastern) of the Brown Creek structure cross-section. See Figs. 3-14 and 3-15. Stratigraphic picks of wireline logs are projected to cross-section along perpendicular trend. Fault architecture 
of Brewster thrust fault system adapted from LeDrew (1997), Hrudey (2003) and Ebner (2007). Section is re-plotted in Figure 3-33 at 20:1 vertical exaggeration. 
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Figure 3-33: Plains portion (northeastern) of the Brown Creek structure cross-section. Section 
plotted with vertical exaggeration of 20:1. From Figure 3-32. Strata show increasing dip to 
southwest with some undulations. 

as structuring cannot always be separated from stratigraphic perturbations. 
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3.3.1 Lithospheric flexure perturbation 

In order to predict the pre-deformation thicknesses of strata at the Brown Creek 

structure, we must first understand the lithospheric flexure that underlies the area. All 

strata in the Plains increase in dip to the southwest and some increase in thickness to 

the southwest, creating a wedge-like geometry (Fig. 3-34). The sedimentary wedge 

geometry of the Alberta Foreland Basin is due to flexure of the continental lithosphere 

beneath the added weight of accreting terranes and subsequent shortened and 

thickened miogeoclinal material (Beaumont, 1981). Loading of the western margin of 

North America depressed the lithosphere and provided accommodation space for 

foreland sediments. By modeling the lithosphere as a viscoelastic plate of uniform 

thickness, Beaumont (1981) was able to provide a reasonable match with three lines of 

section that cross the Alberta Foreland Basin from southwest to northeast. The Brown 

Creek cross-section is located near Beaumont's (1981, p. 302) cross-section B. Wu 

(1991) used a viscoelastic model that tapered the thickness of the lithosphere towards 

the continental margin to reflect the effects of rifting and the increase in temperature 

and ductility towards the continental margin. This more realistic model gave a better fit 

to Beaumont's (1981) cross-section B. 

Stratigraphic thicknesses of the major units west of the Brown Creek structure 

were estimated by extrapolating thicknesses measured in the Plains along the Brown 

Creek cross-section and incorporating the thicknesses of units measured at Blackstone 

Gap (Douglas, 1958); (Fig. 3-34). Deformation associated with the Brewster structure 

shown on the Brown Creek cross-section (Fig. 3-33) was estimated and removed. The 

shortening between the Brown Creek structure and Blackstone Gap was estimated at 

35 kilometres and corrected. The Plains portion of the section and the Blackstone Gap 

measurements were tied together by removing lithospheric flexure at the top of the 

Wapiabi Formation. Wireline logs recorded in wells west of the Brown Creek structure 

were used to locate the pinch-outs of the Spray River Group, Nikanassin Formation 

and Mountain Park Formation (see also Fig. 3-17). 

Several features are worth noting. The units within the Paleozoic section do not 

thicken significantly west of the Brown Creek structure. The total thickness of the Banff 

and Palliser formations and Rundle Group are constant. The Rundle Formation thins to 

the west but is compensated by a wedge of Mount Head Formation. 
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Figure 3-34: Estimated stratigraphic section based on structurally restored stratigraphy in the 
Plains and stratigraphic section measured at Blackstone Gap of the Bighorn Range. Index map 
indicates line of section in Plains and location of Blackstone Gap. 
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The Fairholme thins onto the West Alberta Ridge directly and the Cambrian 

thins in the opposite direction. The West Alberta Ridge is a broad, low relief, paleo-

topographic feature that crests to the west of the cross-section. The wedge of Spray 

River Group thickens gradually northwestward but the wedge of Nikanassin and 

Mountain Park thickens dramatically immediately to the west of Brown Creek. The 

overall thickness of the Fernie Formation does not change to the west but the Nordegg 

and Rock Creek members pinch out. 

3.3.2 Stratigraphic perturbation 

Now that the lithospheric flexure has been described, we next estimate the 

effects of “missing” section that occur at unconformities in the stratigraphy at the Brown 

Creek structure. 

The sub-Devonian unconformity is slightly angular as Devonian Beaverhill Lake 

Group strata onlap the Cambrian strata of the West Alberta Ridge. The Beaverhill Lake 

Group thickens to the northeast, but this is due to the presence of the West Alberta 

Ridge to the west. 

The Carboniferous unconformity is slightly angular as strata of the Exshaw and 

Banff formations thin onto Devonian strata to the southwest (Banff Formation is slightly 

thinner at west end of Figure 3-34). The unconformity cuts down-section from northeast 

to southwest removing the uppermost Exshaw Formation and parts of the Banff 

Formation. The western edge of the cross-section lies along a southeastern extension 

of the Sukunka paleo-uplift and the eastern edge lies along the Drayton Valley paleo-

depression (Richards, 1994, p. 236-237). 

The sub-Cretaceous unconformity is slightly angular as Upper Jurassic strata 

thin and onlap Mississippian strata to the northeast. The unconformity cuts down-

section from southwest to northeast removing the Turner Valley Formation and most of 

the Shunda Formation in the easternmost portion of the cross-section. The eastern 

edge of the cross-section lies at the apex of the Pembina paleo-highlands (Hayes et 

al., 1994, p. 326, Fig. 19.18), a paleo-topographic high during Late Jurassic to Early 

Cretaceous time and the western edge of the cross-section lies along the southern 

extension of the Fox Creek paleo-escarpment and Spirit River paleo-valley (Smith, 

1994, p. 280, Fig. 17.3), a paleo-channel margin of that same time period. The Lower 

Cretaceous Gladstone Formation onlaps the Pembina paleo-highlands to the northeast 
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and thickens towards the Spirit River paleo-valley to the southwest. See below for 

additional details on this stratigraphic structure. 

Unconformities tend to be tilted slightly compared to the overall group of 

contacts (Fig. 3-34). The slight tilting of the strata below unconformities demonstrates 

that this type of undulation is very broad with a low aspect ratio. The scale of the 

undulation is typically about tens of metres in amplitude with a wavelength of 50 km or 

more. Ravinement and differential compaction, however, can have much higher aspect 

ratios, with amplitudes in the tens of metres over only a few kilometres or less. Many of 

the short wavelength undulations observed at the Fernie level (Fig. 3-34) are not 

structural in nature but rather are the result of erosional ravinement or differential 

compaction over Nisku pinnacle reefs. 

Figure 3-35 illustrates the detailed variations in stratigraphic thickness of the 

Luscar Group and Fernie Formation that are observed at the Brown Creek structure. 

The section has been flattened on the contact between the Moosebar Member and 

Bluesky Formation. The Cadomin Formation and Upper Fernie Member are thicker in 

the three western wells and thin onto a paleo-high shown by the four eastern wells. 

This difference in thickness reflects the natural fluvial gradient of material sourced from 

the southwest and an increase in accommodation space towards the southwest due to 

lithospheric flexing and ravinement. The eastern margin of the north trending, paleo 

Spirit River Valley is mapped through this area. The three western wells are located 

within the Spirit River paleo-valley and the four eastern wells are found on the Fox 

Creek paleo-escarpment. 

The cross-section illustrates the facies change in the lower 3 members of the 

Fernie Formation, from clean proximal units in the east to distal shaley units in the west 

(Fig. 3-35). The Nordegg and Rock Creek members are thicker to the east, where they 

are closer to the craton that is the source of these units. The intervening Pokerchip 

shale Member is thicker to the west. The Upper Fernie shale, sourced from the west 

also thickens to the west. Both Rock Creek and Nordegg members pinch out in the 

western region of the Foothills and the Fernie Formation becomes a unit almost 

entirely composed of shale. The extremely thin Upper Fernie in the 7-33-44-16W5/2 

well, and similar thinning of the Upper Fernie to the east, suggests that there may be 

“bald patches” where the Upper Fernie Member is completely absent. The reduction of 
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Figure 3-35: Stratigraphic section illustrating stratigraphic variations at the Brown Creek 
structure. Index and location maps show locations of wells. The three western wells show 
thickening within the shale members of the Fernie Formation and the Cadomin Formation. The 
Upper Fernie Member nearly pinches out at the 07-33-44-16W5/2 well. The Mountain Park, Joli 
Fou and Viking formations thicken to the east. See Fig. 2-2 for legend. 

shale from distal basin to proximal source in the Fernie Formation will disrupt the 

utilization of the Fernie Formation as a prominent detachment surface. 

The uppermost part of the section illustrates more ravinement. The three 

western wells show that as much as fifty metres of the Mountain Park, Viking and Joli 
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Fou formations have been removed and replaced by the Blackstone Formation. The 

increase in thickness of the uppermost portion of the Luscar towards the east is 

surprising given that many other units thicken in the opposite direction. A precise 

model of the Brown Creek structure is elusive, due to uncertainty in discriminating 

stratigraphic variations from the effects of structural thickening. Although a balanced 

cross-section over the Brown Creek structure can be constructed, it is necessary to 

make assumptions about the pre-deformation lateral thickening and thinning of the 

strata. Interpretation of high resolution seismic images has aided the estimation of 

more precise stratigraphic thicknesses and improved interpretation of structures, but 

there remains a significant degree of uncertainty for the Cretaceous units. 

3.3.3 Structural perturbation 

The effects of lithospheric flexure and the presence of unconformities have 

been considered in the reconstruction of the Brown Creek structure. Removal of the 

lithospheric flexure perturbation and stratigraphic perturbations from the profile of 

Figure 3-33 produces an estimate of regional elevation plus the structural perturbation. 

The Brewster Creek fault system comprises a set of thrust faults that thicken 

the Alberta Group (Ebner, 2007). The Brewster Creek fault system originates from a 

basal detachment located within the lower portion of the Blackstone Formation and 

cuts up-section towards the foreland developing repeats of the Cardium Formation 

(Fig. 3-33). Displacement along the basal detachment is directly linked to the Brown 

Creek structure, which is located just to the southwest of the cross-section. Deriving 

estimates of the amount of shortening and thickening along the Brewster Fault system 

provides a boundary condition for the Brown Creek structure. 

The thicknesses of the Wapiabi, Cardium and Blackstone formations are 

relatively uniform along the eastern portion of the cross-section but increase in the 

vicinity of the Brewster Fault system and remain thicker to the west of the structure 

(Fig. 3-33). The section displayed in Figure 3-36 shows the same section as Figure 3-

33 but flattened on the base of the Blackstone Formation. Bold horizontal lines tangent 

to the stratigraphic contacts at the eastern edge of the section mark the thicknesses of 

the units assuming zero thickening towards the hinterland. A simple mathematical 

estimate of the true stratigraphic thickness of the Alberta Group is a gently arcuate line 
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Figure 3-36: Cross-section from Figure 3-33 re-plotted with section flattened on the base of 
the Blackstone Formation. Annotated lines are estimates of original stratigraphic thickness. 
Difference between present day lines and annotated lines represents structural thickening. 
Thickening suggests about 3.5 kilometres of displacement along the Blackstone Formation. 

that is tangent to local troughs in the contact between the Brazeau and Wapiabi 

formations. The increased thicknesses of the Alberta Group toward the west can only 

be partly attributed to the Brewster faults shown on the section. Some thickening is 

stratigraphic in nature and some can be attributed to displacement along the 

interpreted Brewster thrust faults. Residual thickening must be explained by a uniform 

and pervasive deformation. The restored displacement along the Brewster fault system 

was estimated to be just under 1.5 kilometres. Ebner (2007) created three balanced 
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cross-sections based on the interpretation of 2-D seismic images from the same 

vicinity as the section in Figure 3-36, by matching cutoffs of the Cardium Formation. 

Displacements along the fault were found to be in the 1.23 to 1.42 km range. 

An examination of wireline logs of petroleum wells drilled along the length of the 

cross-section (Fig. 3-36) did not show any unusual thickening of the stratigraphic units 

at the top of the Wapiabi Formation (Lea Park and Chungo members, see Fig. 2-10) or 

at the base of the Blackstone Formation (Viking Formation see Fig. 2-9). There is no 

evidence of Blackstone Formation shales infilling into an eroded Viking Formation 

(Leckie, 1994, p. 339) unlike the erosion observed to the west (Fig. 3-35), nor does 

there appear to be any shoaling at the top of the Wapiabi. Infilling and shoaling are 

stratigraphic processes that could be cited as reasons to explain the extra thickening. 

The proximity of the Brewster Fault system to the increased thickening suggests that 

the thickening is due to homogeneous, fine scale structuring. The failure to detect 

small-scale structures reflects the physical limitations of seismic imaging. The crux of 

the problem separating stratigraphic thickening from a homogeneous style of structural 

thickening is that results of the two processes are similar. Isopach maps cannot 

discriminate between the modes of thickening, and the presence of repeats of 

stratigraphy in boreholes may be too small to be noticed. Seismic images from the 

deformed Plains north of Brown Creek (Thatcher et al., 2004) illustrate the problem of 

identifying small-scale structuring. The seismic images have been horizontally 

squeezed producing a large vertical exaggeration. Duplexing of the Cardium marker is 

clearly outlined and thickening of the overlying units towards the hinterland is obvious, 

but the kinematic linkage between duplexing and overlying thickening is difficult. It is 

unclear how much of the thickening is structural or stratigraphic. 

An estimate of shortening of the Alberta Group can be computed by measuring 

the area between the contact at the top of the Wapiabi Formation and the 

mathematical trace immediately below (Fig. 3-36). A detachment in the lower portion of 

the Blackstone Formation leads to an estimate of 3.5 km of shortening, of which about 

1.5 km can be attributed to the interpreted Brewster Faults and 2.0 km to small scale 

homogeneous structuring. The introduction of small errors, such as an over-estimate or 

under-estimate of the structural thickening over the broad area between the Brown 

Creek structure and the Brewster Creek structure, or a small change in the depth 

position of the basal thrust fault, will generate large errors in the shortening estimate. 
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Uncertainty is exacerbated by the sparse well coverage in this region. The resolution of 

the seismic imaging and the density of the wellbore data are insufficient to provide a 

robust shortening estimate. The shortening value of 3.5 km is considered to be a 

reasonable estimate and an estimated minimum is 1.5 km. Shortening by more than 

5.0 km is not expected and is physically unlikely because this would leave very little for 

stratigraphic thickening toward the hinterland. 

The thickening of the Cardium Formation is an interesting contrast to what is 

observed in the Alberta Group. The increase in stratigraphic thickness of the Cardium 

Formation to the west follows a large and easily mappable edge known as the Ram 

Barrier (Krause, 1994, p. 377); (Fig. 3-34). It is believed that most of the thickening of 

this unit is stratigraphic. 

3.4 Summary 

The frictional rock strength of the strata in the Southern Region is higher and 

more uniform than in the Brown Creek area. This difference in mechanical strength 

between the two areas accounts for the differences in structural style between the two 

areas. The Brazeau thrust sheet and other thrust sheets of Paleozoic strata in the 

Southern Region deform in a beam-like manner. The thrust sheets are thick and long. 

In the Brown Creek area the thrust sheets are thinner and shorter. The mechanical 

anisotropy of the Mesozoic lithologies in the Brown Creek area is greater than for the 

lithologies of the Southern Region. This difference accounts for the increased 

branching and complexity of structures in the Brown Creek area. 

The mechanical weakness at the base of the Blackstone Formation north of the 

Cow Lake swingback has a profound impact on the structural style of the deformed 

Plains and eastern margin of the Foothills. North of the Cow Lake swingback, where 

the basal Blackstone Formation shale is weak, deformation continues out into the 

Plains and foreland-directed thrust faults develop. South of the Cow Lake swingback, 

where the basal Blackstone Formation shales are stronger, the thrust front is located at 

the Foothills-Plains boundary and a triangle zone has developed. 

Smaller-scale structures are difficult to detect and to discriminate from small 

scale stratigraphic features. The pervasiveness of small-scale deformation in the 

eastern Foothills and Plains area has limited the certainty on the amount of 

deformation that the area has experienced. 
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August 12th, 1858 - ...The regularity of these beds is 

very wonderful. Hitherto, with few exceptions, they have 

always dipped to the W.S.W or towards the mountains, but 

such is the baldness of the upper part of the mountains that 

there is no difficulty in discovering that the beds have been 

so completely overthrown as to give the whole flexure this 

general dip. 

Sir James Hector, The Papers of the Palliser 

Expedition 1857-1860 (from Spry, 1968, p. 292). 

CHAPTER 4: Kinematic Models 

Sir James Hector describes, in the quotation above, the general structural 

attitude of the beds in the Front Ranges of the Canadian Rocky Mountains. He was 

looking along trend toward the SSE from a viewpoint in the middle of the Bow River 

Valley, near Banff, Alberta. His earnest description of the beds being completely 

overthrown shows the primitive understanding of structural processes of his time. 

Hector understood that the fossils that are exposed high up in the Canadian Rockies 

came from sea level, from a shallow marine environment that was generally horizontal 

and that somehow the beds had been thrown up there. According to the theories of the 

mid-nineteenth century mountain building processes involved vertical motion; 

horizontal translation along great faults had not yet been conceptualized. A more 

complete understanding of the origin of the structures in the Canadian Rocky 

Mountains would have to wait for another century after Hector's time. 

Analytical kinematic models of fault-related folding are simple to construct and 

provide an effective way of demonstrating how components of deformation are related. 

The geometry of each model predicts what should be observed in structural cross-

sections and what might not be observable in seismic imaging. 

Models that obey certain kinematic requirements are produced and their 

properties are compared with geological observations. Certain aspects of a few models 

agree with observations of the Brown Creek structure while other models do not fit with 

geological observations. Models provide insight into the development of the Brown 
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Creek structure and suggest what might have happened and what could not have 

happened to produce the structure. 

In this chapter a series of analytical kinematic models of fault-related folding are 

produced and they are compared with geologic observations to determine if the models 

fit the geometry of the Brown Creek structure. Analytical models provide several 

advantages in trying to piece together the origin of the Brown Creek structure. The 

models show the geometry of deformation in a clear and uncomplicated fashion; they 

explain how components of deformation are related, and models can be compared and 

validated with structural cross-sections. Cryptic deformation may reveal itself indirectly 

through observations of other types of related and concurrent deformation. Bedding-

parallel slip may go unnoticed and homogeneous deformation may be missed because 

the reflectors that are imaged remain parallel to each other. A structural model based 

on integration of seismic images, wireline logs from wells and outcrop information can 

be greatly aided by comparing its geometry with analytical models. For example, 

detachment folds are often interpreted in outcrop and seismic imaging by observing a 

discordant geometry of bedding separated by a bedding-parallel detachment surface. 

An analytical model can answer whether the interpretation of a detachment fold is 

kinematically viable or suggest alternative models. It is important to keep in mind 

though, that even though a kinematic solution is viable, the mechanical stratigraphy of 

a region may favour other strain paths. 

At first glance the blind thrust geometry of a triangle zone appears to lend itself 

to a detachment fold model. A Type I triangle zone develops from a single detachment 

zone that is found at the base of a detachment fold structure (Couzens and Wiltchko, 

1996, p. 166). But Type I triangle zones have not been identified in the Alberta 

Foothills. Along parts of the Alberta Foothills and adjacent Plains the strata contain 

multiple detachment surfaces and a Type II triangle zone usually develops (Couzens 

and Wiltchko, 1996, p. 166). Multiple detachment surfaces lead to the development of 

duplexes that become inserted into the foreland strata, a form of tectonic wedging 

(Lawton et al., 1994, p. 519). Conversely, along a segment of the Central Alberta 

Foothills and Plains a single detachment surface dominates and a foreland-directed 

thrust system develops. The triangle zone and foreland-directed thrust structures 

require very different strain paths. It is advantageous to begin with a detachment fold 

because of its simplicity and then from there develop more complex models. 
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A variety of detachment fold models are described followed by the fault-bend 

fold and fault-propagation models. The kinematic models are compared with 

observations at the Brown Creek structure to determine which aspects of the models 

agree and which do not fit with geological observations. A solution that incorporates 

properties of two models is combined in a proposed model that is straightforward and 

addresses the requirements of conservation of area. The chapter closes with the 

presentation of a neat, uncomplicated partitioned displacement model that takes into 

account pervasive, homogeneous shortening and thickening of certain units in the 

Brown Creek structure. 

4.1 Detachment folding 

The simple detachment fold model is usually presented as a two-layer system. 

The upper unit is mechanically strong and maintains constant bedding length and 

thickness while flexing over the lower unit that is mechanically weak. The lower unit 

conserves volume as it is shortened and thickened (Fig. 4-1). The model is often 

depicted in two dimensions with a bedding parallel blind thrust located at the base of 

the weak layer (bold lower line) and equal amounts of shortening in both the upper and 

lower units. Our models include a third unit that lies beneath the deforming pair. It 

remains undeformed and serves as a reference for the upper two deforming units. An 

upper detachment (curved dashed bold line) allows slip between the upper competent 

unit and the middle ductile unit at the location of shortening and thickening of the 

middle unit. Unlike fault-bend folds (see Section 4.2); (Suppe, 1983) and fault-

propagation folds (see Section 4.3); (Suppe and Medwedeff, 1990), detachment folds 

do not require displacement along a frontal ramp. 

The depth to detachment can be calculated for detachment folds and is a 

function of the area of shortening and thickening. In order to conserve area during 

deformation by folding, material from the weaker units must migrate away from 

synclines to fill the cores of adjacent anticlines. If the calculated depth-to-detachment 

exceeds the depth of the weaker unit, deformation is not physically possible. Models 

that are presented below help to explain what happens when insufficient material is 

present to allow simple folding to occur. 



 
 

     
        

        
    

    
        
     

131 

Figure 4-1: Schematic two-dimensional cross-section of simple detachment fold with volume 
and length conservation. a) Three units with uniform thickness prior to deformation. b) Line-
length and bedding thickness of upper competent unit maintained during folding over a ductile, 
shortened and thickened middle unit. Lower detachment is a blind thrust located at base of 
middle unit. Upper detachment located at anticline allows slip between ductile deformation of 
middle unit and flexing of upper unit. Area A1 equals product of shortening and unit thickness 
which is identical to A2, the area elevated above regional elevation. 
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Depth-to-detachment calculations, which are based on volume conservation, require 

an area of uplift above the regional elevation (area A2, in Fig. 4-1) that is equal to the 

product of shortening and depth to detachment (area A1, in Fig. 4-1). The first depth-to-

detachment calculation was published by Chamberlin (1910) on the Appalachian Folds 

of Central Pennsylvania and was based on the method he developed for his textbook 

(Chamberlin and Salisbury, Geology, Vol. II, p. 125-126 from Chamberlin, 1910, p. 

228). Depth-to-detachment values varied along the cross-section he developed, 

ranging from 5.7 miles (9.2 km) to 32.7 miles (52.6 km). Clearly the calculated depths 

are extreme and the simplistic model that he used failed to account for important 

properties of the strata that are involved in the folding. Since the publication of his 

textbook, depth-to-detachment problems have been a common topic in undergraduate 

structural geology courses. 

The series of detachment fold models illustrated in Figure 4.1 and Figures 4.3 

through 4.6 are based on work published by Wiltschko and Chapple (1977) on the 

Appalachian Plateau Folds. These models have been adapted for the study of the 

Brown Creek structure. The simple kinematic models were produced using Microsoft 

Excel®, MVE 2DMove® and Adobe Illustrator® computer programs. Excel was used to 

generate a cosine function and a circle for strain ellipses. 2DMove was used to deform 

geometric shapes and calculate distances and areas. Adobe Illustrator® was used to 

form geometric shapes and for the final display of the model. The cosine fold was used 

in each of the kinematic models presented in this chapter. 

In the simple kinematic model of the detachment fold (Fig. 4.1) the upper unit is 

a mechanically strong unit that maintains line length and is shortened via flexural 

folding into the shape of a cosine function with an initial wavelength of 12 km. The 

shapes of cosine folds of various amplitudes and corresponding shortening are shown 

in the lower right of the graph (Fig. 4-2) 

In the detachment fold models, the underlying middle unit is modeled as 

mechanically weak and it responds to stress by shortening and thickening. The middle 

unit is drawn up into the area that is lifted above the regional elevation. The depth to 

detachment of the middle unit is calculated based on conservation of area (Fig. 4-2). 

Shortening proceeds in a stepwise fashion, from the initial undeformed step that is 

labeled "stage 0" to the final step that is labeled "stage 13". Measurements of 



 
 

    

        

        

       

        

        

         

    
        

         
       

        
     

133 

Figure 4-2: Graph showing the relationship between area elevated above regional
 
elevation and shortening of the beds (see Fig. 4-1 for details). Depth-to-detachment is
 
annotated in red and displacements are labeled in blue at 13 points along the curve. Area
 
elevated above regional rises rapidly for small displacements, reaches a maximum for a 

displacement of 3.8 km then starts to decrease as the fold starts to close. Corresponding
 
cosine curves plotted in the lower right show shape of fold. = maximum dip of limb.
 

displacement, depth-to-detachment, maximum limb dip and area were taken after each 

step, and these are labeled on the graph (Fig. 4-2). 

As the detachment fold begins to develop, a very slight amount of shortening of 

both units creates an exceedingly large increase of area within the core of the anticline. 

For a shortening of just 3.0 metres (stage 1) the crest of the anticline rises 120 metres 

above the regional elevation, and material from the lower unit must fill a area of 

720,000 m2. The shortening by 3 metres is too small to distinguish on the graph of 
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Figure 4-2, but the uplift of 120 metres does appear as a thin sliver. Conservation of 

area requires a depth to the detachment of 240 kilometres, placing it near the base of 

the lithosphere. 

Clearly, this result is non-geologic. Since the simple detachment fold model 

requires the line-length of the competent unit to remain constant, the crest of the 

anticline must initially bow upward a huge amount for a very minor amount of 

displacement along the basal detachment and the resulting depth to the detachment 

must be very large. An incipient fold requires a near-infinitely thick detachment zone to 

fill the growing core of its youthful anticline. As the amplitude of the fold increases, the 

rate of growth of the core volume slows down. The limbs bend to a steeper angle and 

the distance between intervening synclines decreases. 

The simple detachment fold model implies that folds of low aspect ratio (low 

amplitude to wavelength ratio) are very inefficient in accommodating shortening. As 

folding intensifies and the aspect ratio increases, folding becomes more efficient at 

shortening the units that are involved. The increased efficiency with increased aspect 

ratio leads to a positive feedback loop, in a manner similar to the cause of folding 

instability (Biot, 1957). 

In order for large aspect ratio folds to continue to develop, according to the 

simple detachment fold model, material that has been drawn into the core during 

development of the anticline must now flow out. The depth-to-detachment for this 

detachment fold model starts at a near-infinite depth and progressively shallows until it 

reaches zero depth. This incongruous range of infinite to zero depth-to-detachment for 

small and large amplitude folds is not an artifact of the cosine shape that is used in the 

model, but is due to the physical requirements of bending a competent unit while 

maintaining a constant thickness in a 3-dimenional world. 

Chamberlin (1910) failed to recognize that the behavior of the Appalachian 

Folds of Central Pennsylvania does not follow the simple model. In a qualitative sense, 

the depth-to-detachment values that were computed by Chamberlin (1910) follow the 

trend of the curve in Fig. 4-2. The main reason that Chamberlin’s calculations of the 

depth-to-detachment values were so deep is that the Appalachian Folds of Central 

Pennsylvania are broad and gentle (Wiltschko and Chapple, 1977, p. 656). The depth-

to-detachment of the most intensely folded portion gave a "shallow" result of 9.2 km 

and the depth-to-detachment of the most broadly folded portion gave the deepest 
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result (52.6 km). While detachment folds appear to occur in nature and may be present 

in the Brown Creek area, a more robust solution might be obtained by developing a 

model that addresses the "depth-to-detachment" problem and comparing this with the 

structures that are observed in the Brown Creek area. 

Suppe (2005) listed five different modes of deformation for detachment folds 

that allow more freedom for the folding units to flow and that provide a more 

geologically sound solution to address the shortcomings of the detachment fold model. 

The following section of this chapter examines these modes of deformation. 

4.1.1 Duplexing of an intercutaneous wedge 

In this model the upper and middle units are decoupled by a bedding parallel 

detachment that lies between the two units and allows the middle unit to shorten as 

much as is needed to fill the core of the growing anticline (Fig. 4-3). The lower 

detachment is foreland-directed and the upper detachment is hinterland-directed. This 

model requires a large amount of displacement along both detachments to produce a 

fold of moderate amplitude. 

We use the same parameters as in the fold shown in Figure 4-2; a cosine 

function with an initial wavelength of 12 km but the initial stratigraphic thickness of all 

three units is set to 1000 metres. Stages 1 through 4 from Figure 4-2 are repeated in 

Figure 4-3. 

This model requires a great deal of shortening of the middle unit, and 

consequently a very large amount of displacement along both detachments, to cause a 

small amplitude fold in the upper unit. At stage 1, shortening of 720 metres of the 

middle unit creates a fold in the upper unit that shortens the upper unit by only 3 

metres. By stage 4 the middle unit has been shortened by more than 12 kilometres and 

the upper unit has been shortened by just over a kilometre. This particular structural 

model has been used to explain the development of extremely low amplitude folds in 

the west-central Alberta Plains (Skuce, 1996). Special circumstances are required for a 

pair of long, extremely low angle detachments with opposite shear strain to develop. 

Numerical models by Jamison (1996, p.193) indicate that the coefficient of friction 

along the detachment surfaces must be very low. 
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Figure 4-3: Stages 0 to 4 of the development of an intercutaneous wedge (see Figure 4-2 for 
description of stages). Middle unit shortens and thickens creating a fold in the overlying unit. The 
model requires a tremendous amount of shortening of the middle unit to produce a fold of modest 
amplitude in the overlying unit. 
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A close inspection of the relative positions of the strain ellipses in the middle 

and lower units reveals that the detachment fold develops above a bedding-parallel 

detachment surface in which the displacement along the thrust fault progressively 

decreases in the direction of transport. If the model prohibits movement from taking 

place in or out of the plane of the section, and permits only movement within the plane 

of the section, a decrease in displacement must be volumetrically balanced by a 

corresponding thickening in the hanging wall. In its simplest form the displacement 

decreases to zero at a fault tip or blind thrust tip. Shortening of the upper competent 

bed via folding must be accompanied by shortening and thickening within the 

incompetent unit. The diminishing hanging wall displacement along the basal 

detachment is kinematically linked to folding in the overlying competent bed. 

4.1.2 Ductile flow of deforming unit 

In this model, the material from the middle unit is allowed to flow in the plane of 

section out of one region and into another. The evacuation of material from one area 

produces a low or syncline, and the converging flow into another area produces an 

anticline. In large amplitude examples, the flow results in a diapir (Fig. 4-4). The 

amount of material that flows out of the sinking syncline area and into the growing 

anticline area is just enough to maintain identical shortening of the middle and upper 

units. This style of folding is limited by the amount of material that is available to flow 

from the syncline area to the anticline area, and the model can therefore accommodate 

only a modest amount of shortening. Large amounts of material are needed to flow 

from the syncline area to fill the growing anticline in order to maintain conservation of 

volume and identical shortening of both units. By stage 3 the area of the developing 

syncline has evacuated all of the material for a distance of more than 2 km and the 

remaining volume of ductile material that is available to continue filling the anticline is 

limited (Fig. 4-4). The Parry Island Foldbelt in the Canadian Arctic is an example of the 

ductile flow style of deformation. Shortening in this deformed zone is less than 11% 

(Harris, 1995). In order to achieve such a substantial degree of shortening, the 

synclines must be broad compared to the width of the anticlines. Broad synclines offer 

more volume of material for the anticlines and narrow anticlines require less volume to 

achieve large amplitudes. The ductile flow model reflects the broad synclines and 
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Figure 4-4: Stages 0 to 3 of deformation of a ductile middle unit (see Figure 4-2 for description 
of stages). Middle unit flows from syncline region into anticline. Thickness of middle unit is the 
limiting factor for shortening. Broad synclines are needed to fill narrow anticlines in order to 
effect significant shortening of the upper unit. Most fold belts can only achieve a limited 
amount of shortening. 

narrow anticlines of the Appalachian Folds in Central Pennsylvania and the pattern of 

anticlines and synclines of the style ejectif. However, the magnitude of shortening and 

thickening in the structures in the Brown Creek area is much greater than the small 

amounts observed in the Appalachian Folds in Central Pennsylvania or the Parry 

Island foldbelt in the Canadian Arctic. The Brown Creek cross-section (Fig. 3-15) 

shows no evidence of thinning of units below the broad synclines; more precisely it 

shows that below the synclines most units have thickened a small and homogeneous 

amount. This model does not match the structures in the Brown Creek area. 
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4.1.3 Layer parallel shortening of upper unit 

In this model the upper unit is no longer competent but is allowed to shorten 

and thicken by layer parallel shear (Fig. 4-5). The unit behaves in a ductile manner with 

pervasive deformation that appears uniform in the large scale. A detachment surface is 

required to allow the two units to deform separately. In the example shown in Figure 4-

5 the shortening and thickening of the upper and middle units are positioned such that 

the top of the upper unit maintains a plateau above the deforming zone. The upper unit 

shortens and thickens forelandward of the anticline that develops at the top of the 

middle unit. This particular geometry illustrates the importance of recognizing 

anomalous thickening of units in order to identify this style of deformation. Layer 

parallel deformation does not create discordant geometry of stratigraphy, offsets of 

faulted beds or unusual juxtaposition of stratigraphy as a consequence of fault 

movement. It is possible to relate the layer parallel shortening to deformation in other 

stratigraphic units by constructing an area balanced cross-section. This mode of 

deformation is a likely candidate for the deformation that occurs early on in the mildly 

deformed areas of the Plains. 

4.1.4 Evolving fold shape 

In this model the upper unit accommodates shortening by changing its shape 

through migrating hinges and development of multiple hinges. Dahlstrom (1990) 

proposed this evolving fold style to solve the space problem of the detachment fold. 

This model is ideal in the case where the upper and middle units are comparable in 

strength. In this case the upper unit will develop multiple hinges producing box-like 

folds with a multitude of wavelengths. As shortening progresses the folds will tend to 

merge into fewer large amplitude folds. The residual structure map of the Wapiabi 

Formation (Fig. 3-3) shows the folds in the Plains are very broad with large 

wavelengths. These wavelengths are similar to the wavelengths of the folds in the style 

ejectif Region, suggesting that the fold shapes have not evolved substantially during 

deformation. If we assume folding in the Plains is equivalent to an early stage of style 

ejectif folding then the evolving fold shape model could be rejected. Given the 

detachments of the Brown Creek area and the Plains differ we cannot discount this 

model as we cannot conclude their strain paths are the same. 
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Figure 4-5: Stages 0 to 3 of layer parallel shortening of upper unit (see Figure 4-2 for description 
of stages). Middle unit shortens and thickens and towards the foreland the upper unit shortens 
and thickens by the same amount. 

4.1.5 Folded faults in upper unit 

In this model the upper unit accommodates most of the required shortening by 

developing a thrust fault (Fig. 4-6). The fault is connected back to the detachment 

surface that separates the upper and middle units. As the system deforms, the middle 

unit shortens and thickens creating a fold in the overlying thrust fault. The fault will fold 

along with the stratigraphic beds. Stages 1 through 3A show a developing foreland-

directed thrust fault. Stage 3B illustrates an alternative outcome with the development 

of a hinterland-directed thrust fault. The hinterland-directed thrust fault of stage 3B has 

the same appearance as the upper detachment in a triangle zone. The folded fault is 

an attractive model for the Foothills as folded faults are observed throughout the Brown 

Creek area and within triangle zones along the eastern margin of 
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Figure 4-6: Stages 0 to 3 with upper unit shortening by thrust faulting (see Figure 4-2 for 
description of stages). Fault initiates early on and develops a fold as middle unit shortens and 
thickens. Stage 3A thrust sheet has foreland vergence. Stage 3B thrust sheet has hinterland 
vergence similar to the upper detachment of triangle zone. 
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the Foothills. Inclusion of a thrust fault in the folding model aids in satisfying the 

conservation requirements. The strain path contains a flexural fold of the upper unit; no 

material flow occurs due to absence of halite in the middle unit; and localized wedging 

is permitted due to the presence of a thrust fault. 

The ideal concentric fold described by Dahlstrom (1969b, p. 329) or de Sitter 

(1964, p. 184) cannot be achieved with a simple bedding parallel detachment at its 

base. It is possible however, to maintain a conserved strain path in the concentric fold 

by allowing a thrust fault to develop, with the thrust originating at the detachment 

between the middle and upper layers and cutting up through the upper layer. There is 

evidence in the Brown Creek structure of folds that carry folded faults; it is likely that 

many of the exposed concentric folds in outcrop are, in fact, dissected by folded thrust 

faults. Folded faults, in this context, are not simply planar thrust faults that were folded 

after the time of thrusting. The folding process takes place concurrently with faulting. 

The faulting may be a necessary and integral part of the folding process. Concentric 

folds can result from a series of small flat-ramp-flat thrust faults. In this scenario both 

the upper and middle units contain fault-related folds with a variety of wavelengths. 

4.2 Fault-bend fold 

The concept of the fault-bend fold geometry was introduced by Rich (1934) to 

describe the Pine Mountain thrust fault of the Appalachian fold and thrust belt. Douglas 

(1950) applied this concept to the Livingstone thrust in the southern Alberta Foothills. 

Ramps develop across competent units, in this model, and long flats that are bedding 

parallel occur along incompetent units (Douglas, 1950, p. 80-84). 

Analytic models have been developed that preserve bedding thickness and 

bedding length while leading to a parallel or concentric fold (Suppe, 1983), a shape 

that is frequently observed in the Alberta Foothills (Dahlstrom, 1970). A mathematical 

relationship has been determined to accurately predict the limb angles of a fold based 

on the geometry of the ramp (Suppe, 1983), (Fig. 4-7). Outcrop measurements and 

information from borehole data can be used with this kinematic model to generate 

subsurface predictions of economic interest, such as the position of crest lines of 

anticlines. It has been argued that the fault-bend fold kinematic solution is valid for 

many large scale tectonic folds (Suppe, 1983). 
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Figure 4-7: Schematic two-dimensional cross-section of fault-bend fold model. Hanging wall 
block slides over flat-ramp-ramp fault and deforms internally. A) Forward model uses 
algorithm based on Suppe (1983) construction. B) Restoration model uses "fault parallel 
flow" algorithm. Note internal deformation of hanging wall block is not properly restored by 
fault parallel flow algorithm. 
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The fault-bend fold model is illustrated in Figure 4-7. The strain ellipses indicate 

that the dipping limbs are distorted. The backlimb is sheared, simple and bedding 

parallel, clockwise. The forelimb is sheared, simple and bedding parallel, anticlockwise. 

In this particular model (Fig. 4-7) simple bedding-parallel shear is limited to dipping 

limbs. The fault surfaces are planar with a simple angled turn connecting the ramps 

with the flats. During the early development of the fold (Fig. 4-7, stage 1) the length of 

the forelimb grows as the separation between the leading pair of hinge lines increases. 

At the same time, the length of the backlimb grows as the separation between the 

trailing pair of hinge lines increases. By stage 2 the leading portion of the hanging wall 

flat has reached the footwall flat and both limbs cease to grow in length. Differences 

between stage 2 and 3 strain ellipses illustrate how the material at the top of the 

anticline has been subjected to two stages of distortion, first clockwise simple shear as 

the material is incorporated into the backlimb, followed by anticlockwise shear as the 

material is incorporated into the apex of the fold. The second stage of deformation 

restores the material back to its original undistorted shape. In a bedded sequence it 

would be expected that most of the simple shear is expressed through slip within 

weaker units. 

Stage 3 of Figure 4-7 illustrates the section that has been "restored" using the 

fault parallel flow algorithm (with vertical shear) rather than the fault-bend fold model. 

Towards the foreland, the hanging wall cutoff has been restored correctly, however 

there remains a small discrepancy in the hanging wall block towards the hinterland. 

This discrepancy can be tied to the small bulge in the hanging wall at the location of 

the ramp. The strain ellipses within the bulge show that it is the bedding parallel simple 

shear that has not been restored correctly with the parameters that were used with the 

fault parallel flow algorithm. The complexity of the Brown Creek Fault system precludes 

the effective use of the fault-bend fold algorithm and the ability to use the correct shear 

angle with the fault parallel flow system. Restoration of the Brown Creek Fault system 

was approximated using the fault parallel flow algorithm with a vertical shear angle. 

4.3 Fault-propagation fold 

The fault-propagation fold produces folding through a displacement gradient 

along a ramp of a fault surface that terminates at a propagating fault tip. It has been 

argued that this type of fold is the result of the development or propagation of a thrust 
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fault cutting up-section along a dip-directed ramp. Replacing the basal flat of the 

detachment fold with a ramp can provide an elegant method for solving the volume 

problem of the detachment fold. Analytic models have been developed that preserve 

bedding thickness and bedding length while leading to a parallel or concentric fold 

(Suppe and Medwedeff, 1990). Basic models limit simple, bedding parallel shear to 

dipping limbs and the fault surfaces are planar with a bend connecting the flat with the 

ramp. Similar to the fault-bend fold, the limb angles of the fold are predictable 

depending on the geometry of the ramp. The model shows that the steeper the ramp 

angles the less the forelimb rotates. A footwall ramp angle less than 25 degrees rotates 

the forelimb beyond 90 degrees (Mitra, 1990, p. 922). 

In the Brown Creek structure the dip of the main thrust fault is 10 to 15 degrees. 

Such a gentle dip produces a forelimb that has been rotated well beyond 90 degrees to 

an overturned attitude with a moderate dip. Some of the meso-scale structures that 

were discussed in Chapter 3 may have developed during the propagation of the main 

Brown Creek thrust fault. 

A variety of models with additional sophistication have been developed to 

explain meso-scale deformation that is often observed with fault propagation folds. 

Variations in the amount of bedding parallel slip, simple shear, rates and direction of 

fault propagation and displacement gradients along the fault plane have been used to 

create kinematic models that approximate observed structural geometries (Mitra, 1990; 

Wickham, 1995; Tavani et al., 2006). 

4.4 Duplexing model 

This model is a modification of the fault-bend fold model (Fig. 4-7). In this model 

a detachment surface is inserted into the middle unit, subdividing it into two sheets of 

equal thickness (Fig. 4-8A). Two separate ramps connect the upper and lower 

detachment surfaces. The ramp on the left climbs up-section in a simple manner from 

the lower detachment surface to the upper detachment surface. The ramp on the right 

is more complicated following a pair of flat-ramp-flat trajectories. This fault geometry 

produces a duplex or horse that thickens the middle unit as shortening occurs (Fig. 4-

8B, C and D). Three different scenarios are presented for the upper unit. The first 

scenario pins both ends of the unit and forces it to shorten the same amount as the 

middle units (Fig. 4-8B). Given the geometry of the fault network and the amount of 
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displacement, an unrealizable gap is produced. Even with the thickening of the 

duplexed middle unit and the presence of a frontal ramp a large void is still produced. 

The second scenario allows the upper unit to slide towards the foreland (Fig. 4-8C). 

This model is a foreland-directed thrust fault and is favored for the interpretation of 

structures north of the Cow Lake swingback. The third scenario allows the duplexing 

middle unit to wedge towards the foreland in between the upper and middle units (Fig. 

4-8D). This model is favored for the interpretation of the triangle zone south of the Cow 

Lake swingback. 
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Figure 4-8: Schematic two-dimensional cross-section of duplexed fold model. A) Fault 
geometry allows the development of a duplex within the middle units. B) Upper unit is pinned at 
both ends forcing it to shorten with the middle units and develop an unrealizable gap. C) Upper 
unit is allowed to slip towards the foreland. D) upper unit is pinned at the foreland edge and the 
duplexed middle unit is wedged into foreland strata. 
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4.5 Partitioned displacement, shortening and thickening 

Folding and thrust faulting are common deformation features that indicate rock 

units have shortened and thickened. Vertical thickening and horizontal shortening are 

geometrically linked through the detachment surface at the zone of thickening. 

Horizontal shortening of a bed will occur across the entire deformed belt whereas the 

associated vertical thickening is localized to narrow zones (Dahlstrom, 1970, p. 358). 

Movement along portions of a horizontal thrust fault that is bedding-parallel in both the 

hanging wall and footwall blocks will shorten the beds by the amount of displacement 

along the fault, but the vertical section does not increase in thickness. Conversely, the 

sequence is thickened through duplication of beds along portions of a thrust fault that 

cuts up-section in the direction of transport (Dahlstrom, 1970, p. 342). 

Imbricate fans and duplexes are an efficient means to shorten and thicken a 

sequence (Boyer & Elliott, 1982, p. 1199). Thickening of the active sequence is 

commensurate with the displacement along the basal detachment, stratigraphic 

thickness of each horse, the number of horses and the sine of the ramp angle (Boyer & 

Elliott, 1982, p. 1207). Displacement along the floor thrust at the hinterland side of the 

duplex is transferred to the roof thrust at the foreland side of the duplex through the 

faults that bound the horses. The deformation model presented in Figure 4-9 is a 

simplified model based on the concentric fold model of Dahlstrom, (1970, p. 363) and 

the duplex model of Boyer and Elliott (1982, p. 1208). Transfer of slip from a lower 

detachment surface to an upper surface produces a zone of thickening (Fig. (4-9 

stages A through D). A lower unit remains stationary whereas the middle unit shortens 

and thickens and the upper unit passively slides over the middle unit. Paired strain 

ellipses across the detachments mark the relative changes of displacement along the 

lengths of the upper and lower slip surfaces. Relative displacement increases to the 

right along the upper slip surface whereas relative displacement decreases to the right 

along the lower slip surface. The change in displacement along the upper and lower 

slip surfaces is directly linked to the local shortening and thickening of the middle unit. 

Displacement is transferred from the lower slip surface to the upper slip surface in a 

manner that is commensurate with the amount of shortening and thickening of the 

middle unit. 
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Figure 4-9: Partitioned displacement model. Displacement along lower detachment is 
progressively transferred to upper detachment via duplexing and folding of the middle unit. 
Shortening and thickening of the middle unit produces a fold in the upper unit. 
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Displacement along the basal detachment surface that enters the deformation zone 

from the hinterland is partitioned into displacement that continues toward the foreland 

and displacement that is transferred to shortening and thickening of overlying units 

(Fig. 4-9 stage E). The decrease in displacement along the lower detachment 

expresses itself through shortening and thickening of overlying units and an increase in 

displacement on the upper detachment. Measuring the amount of shortening and 

thickening of the middle unit can provide an estimate of the amount of displacement 

that is transferred from the lower slip surface to the upper slip surface. 

Certain units within the Brown Creek structure develop faults and folds that are 

below the resolution of seismic imaging. The deformation expresses itself through the 

anomalous thickening of the deforming units and discrepancies in displacements 

between hanging wall and footwall cutoffs. This model is used extensively in the 

kinematic restoration of Brown Creek structure. One such example is shown in Figure 

3-20B where duplexing of Cambrian units and folding of the Fairholme Group transfer 

displacement from the basal detachment just above crystalline basement to the Palliser 

Formation. 

4.6 Discussion 

The detachment fold model in its simplest form is kinematically impossible. In 

particular the early phases of development of a detachment fold are unrealizable. 

Insufficient material is available to fill the growing core of a low aspect ratio fold. 

Lessening the restrictive nature of the detachment fold model can lead to feasible and 

interesting results. The layer-parallel shortening of the upper unit model is very good at 

explaining the early, small amplitude but broad deformation observed in the Plains. The 

folded faults in upper unit model may explain the folded faults observed in the Brown 

Creek area. 

The detachment fold is based on the premise that two rock units with contrasting 

mechanical strengths should deform in a certain manner. The strong unit folds simply 

and broadly while the weak unit complies in a ductile manner. Mechanically the fold is 

attractive but kinematically it is impossible. The fault-bend fold and fault-propagation 

fold are strictly mathematical constructs without regard to the mechanical stratigraphy, 

but both offer solutions that are kinematically feasible. The insertion of a frontal ramp 
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can solve the volume problem inherent in the detachment fold, but there remain some 

questions about the mechanical validity of the two models. 

In both the fault-propagation fold and fault-bend fold models the faults cut up-

section without regard to bedding, yet the resulting folds develop flexure through slip 

that is bedding parallel. For these models mechanical stratigraphy is important for 

folding but not for the generation of a thrust fault. This implies that there must be a 

significantly varying stress field to direct the thrust faulting at the same time as the 

flexural folding or the mechanical stratigraphy is just right such that both types of strain 

path coexist. 

Many field examples of fault-propagation folds that have been published show a 

ramp angle that dips in the range of 20 to 30 degrees, or even more (Mitra, 1990). This 

geometry produces a steep to slightly overturned forelimb. The overturned fold of the 

Brazeau Range anticline (Fig. 3-13) shown on the Dutch Creek cross-section (Fig. 3-

12) could be interpreted as a fault-propagation fold. The overturned forelimb of the 

anticline and the associated footwall syncline are features often associated with fault-

propagation folds. There are structural complications within the anticline, though, that 

should be noted. Distributing the strain from a single fault into a large scale fault-

propagation fold can be mechanically difficult. A large amount of thickening and uplift is 

concentrated into a small area. The Brazeau Range anticline includes faults that have 

been folded with the beds (Erdman, 1950). It is likely that the folding process utilized 

the faults as flexural slip planes and that these faults are directly linked to the 

propagating fault. The Ram River anticline, shown on the Ram River cross-section 

(Fig. 3-11) is along the same trend as the Brazeau Range anticline. The Ram River 

anticline has been penetrated by the 04-21-38-12W5 well which encountered several 

repeated sections indicating that the anticline is cored by several faults. It may be more 

mechanically efficient to distribute some of the strain into branching faults that can 

accommodate some of the strain imposed by the fold and spread out the thickening. 

These faults could be considered fold-accommodation faults (Mitra, 2002). 

A structural analysis by Dahlstrom (1969, p. 747-749) of the Turner Valley 

structure of the Southern Alberta Foothills shows a decrease of more than three 

kilometres in displacement along the main thrust fault that is interpreted to have been 

accommodated by folding of the younger, overlying strata. The decrease in 

displacement up-section demonstrates that the main fault propagated up-section while 
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the overlying fold grew. A more recent interpretation by MacKay (1991) shows a very 

different story. The newer interpretation was based on analysis of wireline logs of the 

hundreds of wells that penetrated the structure, outcrop geology and subsurface 

seismic imaging. Two interpreted cross-sections (MacKay, his Figs. 4 and 5) show the 

Turner Valley structure is cored by a branching fault that has been folded with the 

stratigraphy. Rather than a fault propagation fold the structure is interpreted as an 

antiformal stack. Even though the broad shape of the structure is similar to a fault-

propagation fold a detailed analysis of the fault geometry and kinematics by MacKay 

(1991) showed that it is more like an antiformal stack. It is quite possible that the Ram 

River and Brazeau Range anticlines are antiformal stacks. In a mechanically 

anisotropic sequence it is far easier to generate duplexes that stack than a fault-

propagation fold. 

The models shown in Figure 4-9 show the magnitude of the space problem 

inherent in the detachment fold. Figure 4-9B shows that even with a frontal ramp and 

duplexing of the middle unit that the shortenings of the upper and middle units are 

dramatically different. The void created between the upper and middle unit is 

remarkable and the amount of shortening taken up by the folding of the upper unit is 

minimal. The amount of shortening of the middle unit exceeds the shortening of the 

upper folding unit and the two models (Fig. 4-9C and 4-9D) are common solutions to 

the discrepancy. This begs the question of whether the folding of a strong upper unit 

commonly induces the development of a ramp within the lower units. Does the incipient 

development of an anticline in a strong upper unit rotate the principal axes of the stress 

field beneath it inducing the development of a frontal ramp and fill its growing core with 

a hanging wall block climbing up a ramp? The observations made in Chapter 7 would 

suggest that the answer is yes. 
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January 17th, 1858 - ...nothing but hard blue shales 

are exposed, and 50 yards further on these pass into the soft 

concretionary sandstone, and then again into the mixed 

beds. There are a few dislocations in the strata, but these do 

not affect the beds more than a few feet. 

Sir James Hector, The Papers of the Palliser 

Expedition 1857-1860 (from Spry, 1968, p. 211). 

CHAPTER 5: Mechanical Stratigraphy of the Central Alberta Foothills and 

deformed Plains 

The folds and faults that appear in the Central Alberta Foothills have been 

constructed within the limits imposed by the vertical and lateral distribution of 

mechanical properties. The key factors that influence the style of deformation are the 

mechanical strength and the thickness of "homogeneous" units that make up the 

stratigraphic succession. The arrangement and thicknesses of incompetent and 

competent beds and their lateral changes in lithology determine to a large extent the 

stratigraphic position of detachment surfaces, the tendency for folds to develop, the 

shape of resulting folds and the overall structural style (de Sitter, 1964, p. 8; Rich, 

1934). A dominant property in determining the overall style of deformation is the 

mechanical anisotropy of the stratigraphic succession; the layering of rocks of 

contrasting mechanical strength controls the type of deformation that occurs. 

In this chapter the mechanical strength profile at the Brown Creek structure, 

which was introduced in Chapter 2, is studied in more detail. The character of the 

strength curve is first related to the lithological make-up of major rock units and then to 

the resulting structural style. The Phanerozoic section is subdivided into major units at 

lithologic contacts where the strength curves' character changes. Detachment surfaces 

separate each of the major units. 

A prominent mechanism of mechanical stratigraphy, the rotation of the principal 

stress axes across lithological boundaries of contrasting mechanical strength, is 

analyzed. This mechanism is largely responsible for the tendency of detachments to lie 
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at the base of weak units. Hence, the layering of rock units controls the strain path by 

modifying the stress field, which in turn, modifies the strain path. 

The dominating role that layer thickness plays in controlling the strain path is 

studied. The Upper Cretaceous Saunders Group is, by far, the thickest stratigraphic 

unit at Brown Creek. This thick unit controls the largest-scale deformation in the Brown 

Creek area. It is responsible for the long linear trends found in the Foothills. The roles 

of critical taper and erosion are recognized as important mechanisms in controlling the 

strain path, though the evidence of their influence has been eroded away. 

The chapter finishes by examining early deformation of the Saunders Group. 

The deformation patterns that develop in the Saunders Group during this early stage of 

deformation influence the later deformation in deeper units. The architecture of 

lithological units that were deposited in a fluvial environment, such as the Saunders 

Group, promotes layer-parallel shortening during the early low deformation period. 

The quote from Sir James Hector at the beginning of this chapter describes 

small-scale faults in the strata that have displacements of only a few feet. His 

description is from the banks of the North Saskatchewan River, nearly 40 km northeast 

of the Foothills, just upstream from Rocky Mountain House, Alberta. These small scale 

faults are the expression of early small scale deformation in the Saunders Group. Even 

though the deformation is small its presence in the Plains intrigued Hector. Now 150 

years later we are still trying to grapple with the nature of this deformation. 

5.1 The mechanical strength profile 

There are several different types of rock strength properties and the use of 

each type depends on which strength property we are interested in. For this thesis rock 

strength measurements that provide information for mechanical stratigraphy are used. 

Effective rigidity (Eq. 2.5) is an intrinsic property of the rock material's ability to resist 

buckle folding due to compressive stresses. Shear modulus (Eq. 2.3) is an intrinsic 

property of the rock material and a proxy for the rock's ability to resist shear strain on a 

plane due to shear stresses. These two rock strength properties are determined from 

density, sonic compressional and shear wave curves that are obtained from borehole 

logs, as explained in Section 2.2 of this thesis. Both of these rock strength 

measurements are elastic properties of the rock. The two rightmost curves on the 

stratigraphic column (Fig. 5-1) are the shear modulus (violet) and effective rigidity 
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Figure  5-1: Stratigraphic section at the Brown Creek structure. See Figures 2-1 and 2-5 to 2-13 for a description of the curves and formations. Effective rigidity and shear modulus curves provide strength profiles for the 
stratigraphic section. Histogram of effective rigidity is shown on right side. Stronger rocks lie to the right and weaker rocks lie to the left. Narrow histogram indicates layers are relatively homogeneous; broad histogram 
indicates layers are highly anisotropic. 
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(rose) respectively. These two curves tend to track each other. Rocks with high values 

of elastic moduli (e.g. Young's modulus, shear modulus, bulk modulus, etc.) are strong 

and have high coefficients of friction (Sec. 2.3.7 and Fig. 2-4). Rocks with low values of 

elastic moduli are weak and have low coefficients of friction. These two curves are 

proxies for the frictional strength of rocks. The pair of curves shows the thicknesses 

and the arrangement of competent and incompetent bedding units. 

The histograms, shown to the right of the profile, provide a spectral view of the 

mechanical stratigraphy over the bracketed depth intervals marked in the illustration 

(Fig. 5-1). The bottoms and tops of each bracketed interval are marked by major 

detachments. Each major detachment has the potential to act as a buffer and 

accommodate the different structural styles of the intervals above and below the 

detachment. The histograms are calculated from the effective rigidity profile. The 

effective rigidity profile is sampled every 20 cm in depth. The bin widths of the 

histograms are 1 GPa wide and the values range from a minimum of 0 to a maximum 

of 150 Gpa. The vertical scale is frequency or number of samples that lie at that 

strength value. 

A number of conspicuous features of the effective rigidity histograms and the 

effective rigidity curve on the stratigraphic profile (Fig. 5-1) suggest ways in which the 

stratigraphy controls the structural styles in the Brown Creek area. The shape of the 

effective rigidity curve and the position of the peak frequency values in each of the 

effective rigidity histograms confirm that most of the stronger rocks are found in the 

deeper Paleozoic section. The peak of the Paleozoic histogram (A) is centred around 

80 GPa whereas the peak of the Lower Cretaceous Luscar Group and Jurassic Fernie 

Formation histogram (B+C) is centred around 50 GPa. The histograms of the shallower 

Upper Cretaceous Saunders and Alberta groups (D and E) are even weaker with 

peaks centred around 30 GPa. A thick slab of competent Paleozoic rock that is thrust 

into weaker Mesozoic strata can dominate the structural deformation, resisting 

deformation itself, but controlling the deformation of the surrounding rocks. 

The transition from the strong and deeper Paleozoic rocks to the weaker and 

shallower Mesozoic rocks occurs through a series of step-like decreases in effective 

rigidity. The deepest, and one of the largest transitions, occurs within the Jurassic 

Fernie Formation, at the contact between the Nordegg and Pokerchip members. A 

minor decrease in effective rigidity occurs between the Gladstone and Gates 
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formations, at the contact between the Blue Sky Formation and the Moosebar Member, 

all within the Luscar Group of the Lower Cretaceous. The third, and perhaps the most 

obvious decrease in effective rigidity, occurs between the Lower Cretaceous Luscar 

and Upper Cretaceous Alberta groups, at the contact between the Viking or Mountain 

Park and Blackstone formations. The rocks at the base of the Blackstone Formation 

are very weak (~25 GPa) and are utilized extensively as a detachment surface (Sec. 

2.4.10.1, Sec. 3.1.3 and Sec. 3.2.6.3). Major detachment surfaces tend to develop at 

each step, near the base of the weaker rock unit (Sec. 5.2.1). 

The bottom and top of each bracketed interval correspond to the step-wise 

decrease in effective rigidity, described in the previous paragraph. The rocks of the 

Nordegg Member, although they belong to the Mesozoic Fernie Formation, are nearly 

as strong as the rocks of the Rundle Group and consequently are lumped in with the 

Paleozoic histogram (A). The histogram for the weaker, remainder of the Jurassic 

Fernie section: Poker Chip, Rock Creek and Upper Fernie members; along with the 

Lower Cretaceous Gladstone Formation of the Luscar Group, is combined in one 

interval (B). The Upper Cretaceous Gates Formation, with its abundant coal seams, 

comprises another interval (C). An additional interval (B+C) is made from the combined 

sum of the histogram of the rocks of the Luscar Group and the histogram of the Fernie 

Formation (minus the Nordegg Member). The weak Pokerchip Shale and Upper Fernie 

members produce the shoulder at the low end of the Gladstone and Fernie histogram 

(B). The remainder of the histogram owes its shape to the effective rigidities of the 

alternating beds of sandstone and shale. 

For a large portion of the Brown Creek stratigraphic section, the effective rigidity 

curve alternates gradually or abruptly between weak and strong values, indicating 

sequences of strong sandstones and carbonates that are inter-layered with less 

competent shales and coals. The histogram of the Upper Carboniferous and Devonian 

interval (A) is the result of the superposition of two peaks, corresponding to stronger 

carbonate and weaker shale sequences. The weak portion of the histogram is 

represented by the shale rocks of the Upper Devonian Ireton Formation of the 

Woodbend Group and most of the strong portion of the histogram originates from the 

carbonates of the Upper Devonian Winterburn Group, Upper Devonian Palliser 

Formation and the Lower Carboniferous Rundle Group. Although a histogram was not 

produced for the Cambrian section, due to the lack of shear wave logs in this interval, 
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the long period cycles of the Cambrian section would be expected to generate a 

bimodal histogram curve, similar to the profile for the Upper Carboniferous and 

Devonian interval. In many cases, depositional environments produce a long period 

cyclical pattern of alternating strong and weak layers that are exploited by the 

deformation process to produce a particular style of folding and multi-duplexing. In the 

Cambrian section, the major detachments occur in the recessive units of the “grand 

cycles” mentioned in Section 2.4.4. Cambrian rocks outcrop within the hanging wall 

block of the McConnell thrust fault, just south of Opabin Creek. There they are cut 

repeatedly into an impressive multi-duplex (Mountjoy, 2002). 

The combined Luscar Group and Fernie Formation interval comprises layers of 

varied composition, from mechanically strong conglomerates and sandstones to weak 

marine shales and coals. The histogram (B+C) of this interval is much broader than 

histograms for the Alberta Group (D) or the Saunders Group (E). The broad nature of 

the B+C histogram reflects the mechanical anisotropy of the Luscar Group and Fernie 

Formation. The coal beds of the Gates Formation are by far the weakest rocks of the 

entire Phanerozoic section (Fig. 2-8). The effective rigidity is about 10 GPa and the 

shear modulus is as low as 1 GPa. The coal beds are nearly an order of magnitude 

weaker than many of the shale units. The extremely low shear modulus of coal is the 

reason why it is utilized as a detachment surface; the coefficient of friction in a coal 

seam is very low (Fig. 2-4). The weak Moosebar shale is also an effective detachment 

surface. The shoulder on the weak side of the Gates Formation histogram (C) 

originates from the shales of the Moosebar Member. The shoulder on the strong side 

of the Luscar Group and Fernie Formation histogram (B+C) comes from the strong 

sandstone units. The broad histogram of the combined Luscar Group and Fernie 

Formation indicates that this interval has the largest mechanical anisotropy. Alternating 

beds with dissimilar mechanical strengths promote the development of duplexes and 

folds. Like a classic Dagwood sandwich where the layers of bread can slip on the 

layers of garnish, the stronger bedding units of the Luscar Group and Fernie Formation 

tend to slip on the layers of coal and shale. 

The monotonous marine shales of the Blackstone and Wapiabi formations, 

together with the Cardium Formation sandstones, generate a rather smooth effective 

rigidity profile. The corresponding histogram is relatively narrow and somewhat 

asymmetric. The Saunders Group effective rigidity profile has much more chatter than 
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the Alberta Group profile, yet the corresponding histogram has a shape that is similar 

to the Alberta Group histogram. The chatter in the effective rigidity curve is a reflection 

of the depositional environment of the Saunders Group. The environment has been 

interpreted as a fluvial system in a lower coastal floodplain setting (Jerzykiewicz, 

1985). The sandy channels produce a deflection of the effective rigidity curve to the 

right and overbank muds deflect the curve to the left. The interlinking nature of channel 

sandstone beds in a mudstone matrix is of particular interest and is discussed below in 

this chapter. The different character of the effective rigidity profile between the Alberta 

Group (smooth shape) and the Saunders Group (chatter shape) will promote different 

deformation styles. A different mechanical stratigraphy will develop a different 

structural style. The different structural styles require a detachment surface to separate 

the two units. There is a prominent detachment surface that is utilized throughout the 

Brown Creek area that is located within the Lea Park Member (Fig. 2-10), the 

stratigraphic unit that is at the top of the Wapiabi Formation. The shear modulus and 

effective rigidity curves show that the Lea Park Member strata are not weaker than 

some of the other beds in the Wapiabi or Brazeau formations. The Lea Park Member is 

a prominent detachment surface simply because it separates two units with different 

mechanical stratigraphies. 

5.2 The role rotated principal stresses play in structural development 

Seismic imaging of the subsurface has revealed incipient fault surfaces that propagate 

through the Alberta Group in the Brown Creek area. The fault surfaces often develop a 

pronounced bend at the contact between the Upper Cretaceous Blackstone and Upper 

Cretaceous Cardium formations and at the contact between the Upper Cretaceous 

Wapiabi and Cardium formations (Fig. 5-2). The cross-section is based on 2-D seismic 

data courtesy Suncor Energy. The dip of the fault plane is gentle within the Blackstone 

and Wapiabi formations (less than twenty degrees relative to bedding) and steepens 

up to twenty five to thirty five degrees within the Cardium Formation. The change in dip 

angle is interpreted to be the result of the local rotation of the principal stress field 

across a boundary separating rock units with contrasting mechanical strengths. This 

effect is observed at the incipient fault stage, when a shear stress is superimposed 

parallel to the boundary between the two rock units; a condition that is often observed 

in a compressional setting (Hafner, 1961). 
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Figure 5-2: Cross-section through the Alberta Group based on 2-D seismic courtesy Suncor 
Energy. Data show duplexing of the Alberta Group. Fault trajectory is steeper through stronger 
Cardium Formation (see shear modulus and effective rigidity profiles to the left). Bends in fault 
suggest local rotation of principal stress axes across lithological boundaries. 

The regional sequence of deformation across the foreland thrust and fold belt 

was from hinterland (west) progressively toward the foreland (east) (Bally, 1966, p. 

371). This conclusion is supported by two observations (Dahlstrom, 1970, p. 354). 

Folded thrust faults commonly overlie deformed thrust sheets. It is apparent that the 

shallow thrust faults, which were originally simpler and sub-planar, have been folded by 

the younger, deeper thrust sheet. The second observation is that the shallow 

deformation has shortened significantly more than the underlying, deeper thrust sheet. 

The greater shortening of the shallow section is due to its linkage through a basal 

detachment with thrusts that are located towards the hinterland. The total shortening of 

the shallow beds includes the displacement along the shallow detachment plus the 

displacement of the deeper thrust sheet. Assuming thrust faults always follow bedding 

or cut up-section in the direction of transport then a thrust system that progressively 
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develops in the direction of transport will, at any point within the deformed belt, produce 

shortening earlier in the shallow section and subsequent deformation in the shallow 

section by younger, deeper deformation. Footwall blocks are progressively cut by 

propagating faults that incorporate material from the old footwall block into the newly 

developed hanging wall block. The forelandward slip of the hanging wall block over the 

footwall block imposes top-forelandward shear on the footwall block. During fault 

initiation, large portions of fault surfaces are bedding-parallel which requires a 

significant top-forelandward shear component. 

Figures 5-3 and 5-4 are schematic diagrams that illustrate the manner in which 

rotated stress fields control the fault dip. The principal stresses can be decomposed 

into horizontal and vertical compressive traction components and a horizontal shear 

traction component (Fig. 5-3B). The strong Cardium Formation is capable of 

withstanding large differential stresses whereas the weak Blackstone Formation will 

relieve any moderate build up of differential stress by deforming. It is likely that the 

pore pressure within the shales of the Blackstone Formation were elevated and 

contributed to the weakening of the rock unit during deformation (Section 3.2.6.3). The 

Mohr circle that describes the stresses within the Cardium Formation has a large 

radius with a large value for the maximum principal stress, and the Blackstone 

Formation has a small radius with low principal stress values (Fig. 5-3C). The shear 

stress, measured parallel to the surface separating the Cardium and Blackstone 

formations, must be identical on both sides of the boundary. Consequently the Mohr 

circles for both formations must intersect at the same shear stress value. Equilibrium 

conditions require that vertical and horizontal components of stress must also be 

identical across the contact. The angle measured in Mohr space, between the point of 

intersection of the two circles and the maximum principal stress, is different for the two 

formations. The angle 2b for the Blackstone Formation is less than 2c for the 

Cardium Formation. Consequently the angle between the normal to the contact 

between the two formations and the maximum principal stress axis is greater for the 

Blackstone Formation. The maximum principal stress axis in the Cardium Formation is 

tilted slightly anticlockwise from horizontal while the maximum principal stress axis in 
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Figure 5-3: A) Schematic diagram displaying bends in fault plane at lithological boundaries. 
(B) Local principal stress axes are rotated with respect to bedding. Maximum principal stress 
axis plunges towards the foreland and tends to keep faults close to base of weaker beds. (C) 
Mohr circle that describes the relationship between Coulomb failure, normal and shear 
stresses, and poles to fault planes. 
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Figure 5-4: Same as Figure 5-3 except the bedding parallel shear has been removed. Lack of 
bedding parallel shear allows faults to cut up steeply in weak units. 
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the Blackstone Formation is dipping moderately to the right. The corresponding 

Coulomb failure envelopes for the rocks of both formations are plotted on the Mohr 

Circle (Fig. 5-3C). The point of tangency to the corresponding Mohr Circle is the critical 

rupture point. The dip angles of the fault planes in both formations can be computed 

based on the angles 2b and 2c that are measured from the Mohr circles. 

Figure 5-4 illustrates the dip of the fault planes in the absence of shear stress. In 

this case the axes of the maximum principal compressive stresses are aligned with 

bedding and the dips of the fault surface within the Blackstone and Wapiabi formations 

are much steeper; in fact the fault plane within the Blackstone Formation is steeper 

than the fault plane within the Cardium Formation. Because the Mohr circle for the 

Blackstone Formation is small, a modest change in the magnitude of shear stress will 

generate a large difference in the dip of the incipient fault plane within the formation. 

It is most likely that the long, bedding-parallel basal thrust fault within the 

Blackstone Formation that is linked to the Brewster Creek faults (Figs. 3-14 and 3-15) 

developed in a regime that exerted a moderate amount of top-forelandward shear 

stress. The axis of the maximum principal compressive stress would have been 

oriented with a moderate amount of dip towards the foreland and the fault plane would 

have maintained a position low in the Blackstone Formation. A disruption of the shear 

stress would lead to a change of the maximum principal compressive stress axis to a 

more horizontal orientation and the development of the Brewster Creek fault system. 

Systematic rotation of principal stresses likely plays a dominant role in determining the 

structural style at thrust fronts. The rotation could determine whether foreland-directed 

thrust faults or triangle zones develop. Conversely strength anisotropy can disrupt the 

local stress field significantly and lead to much different strain paths than with a 

homogeneous succession of strata. 

5.2.1	 Prominent detachments of the Central Alberta Foothills, adjacent Plains 

and Rocky Mountains 

The Alberta Foothills and deformed Plains are underlain by gently westward 

dipping Precambrian crystalline rocks (Bally et al., 1966, p. 337). The seismic data 

presented by Bally et al. (1966) display a basal, persistent, smooth, gently, west-

dipping event that can be correlated to alternating beds of carbonate and shale rocks 

of Middle Cambrian age that lie just above the non-reflective crystalline basement. 
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Bally et al. (1966, p. 348) labelled this reflection the “Near Basement Event” (NBE). 

The NBE, interpreted by Bally et al. (1966), has been correlated with the interpreted 

stratigraphy that is based on wireline logs from petroleum wells drilled in the western 

Alberta Plains. 

Gently west-dipping thrust faults can be traced on the seismic profiles, from 

their emergence at the surface to deep in the western edge of the profiles (Bally et al., 

1966, their Plate 2; Maurel, 1987, p. 90-95). A number of the thrust faults are clearly 

imaged, merging with the NBE. In the eastern portion of a regional structural cross-

section that is based on the seismic data (from the Purcell Mountains, immediately 

west of the Canadian Rocky Mountains, to the southern Alberta Plains), labelled B’-B” 

by Bally et al. (1966, their Plate 12), a network of gently west-dipping thrust faults that 

flatten out at depth in a listric manner merge into a basal detachment that lies just 

above crystalline basement. The faults are steep and imbricated near the surface but 

flatten out and merge at depth where they eventually become bedding parallel (Bally et 

al., 1966, p. 349 and their Plate 1). All faults within the Alberta Foothills ultimately link 

up with a basal detachment that continues westward under the Rocky Mountains 

(Dahlstrom, 1970, p. 342). 

Based on palinspastic restoration of Paleozoic beds, Bally et al. (1966, p. 359) 

estimate shortening of the Main Ranges to be about 100 miles (160 km), the entire 

length of which can be kinematically linked to the basal detachment through west 

dipping thrust faults. Displacement along the basal detachment is distributed among 

the linked imbricated thrust faults (Price and Mountjoy, 1970, p. 10). The smooth 

character of the NBE indicates that, despite the large displacements along the basal 

detachment surface, the deformation within the upper portion of the footwall block and 

the lowermost portion of the hanging wall block is either minimal or uniform and 

therefore cryptic. The structural style of the Alberta Foothills and deformed Plains 

therefore is “thin-skinned”, as the Precambrian, crystalline basement is not involved in 

the deformation (Dahlstrom, 1970, p. 332). The supracrustal veneer of sedimentary 

rocks of the southern Canadian Rockies appears to have been delaminated from the 

undeformed crystalline basement and thrusted and folded forelandward in a semi-

coherent manner. 

Following the trend of the Rocky Mountains, from the southern tip in Glacier 

National Park, Montana to at least as far as the town site of Jasper, Alberta (Figs. 1-1 
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and 1-2), the basal detachment appears to maintain a close proximity to crystalline 

basement. Along the extent of the McConnell Thrust Fault, from Barrier Peak west of 

Calgary, 400 km along strike to the fault's northern termination east of the Jasper town 

site, Middle to Upper Cambrian units that lie stratigraphically only a few hundred 

metres above crystalline basement are carried to surface (see list of maps on legend of 

geologic map (Fig. 3-1) inside the back pocket of this thesis). Rocks of the crystalline 

basement have never been observed anywhere along the length of the McConnell 

Thrust Fault, and the presence of the Lower Cambrian Gog Group along the fault is 

extremely rare. Between 10 and 20 km to the west of Banff, Alberta, the Bourgeau and 

especially the Simpson Pass thrust faults carry to surface the underlying, pelitic Neo-

Proterozoic Miette Group. Evidence suggests that in places, where the quartzites of the 

Gog Group directly overlie crystalline basement, the basal detachment occurs above 

the Gog Group. Farther west, where the mechanically weaker pelitic Miette Group 

separates the Gog Group from basement, the basal detachment cuts below the Gog 

Group in the Miette Group, maintaining close proximity to the crystalline basement. The 

quartzites of the Gog Group are strong and their mechanical behaviour is very similar 

to that of the crystalline basement. Because of their similar properties, detachments do 

not occur near the Gog–basement interface, but develop in strata of contrasting 

mechanical properties that lie above the Gog Group. The cutting-up-to-the-east of the 

basal detachment, from the Neo-Proterozoic Miette Group strata to the Middle 

Cambrian strata, reflects the tendency of the basal detachment to lie just above the 

interface separating the hard rock of basement from the layered, mechanically 

anisotropic, sedimentary rock above. 

The appearance of a thick sequence of Neo-Proterozoic Miette Group strata 

within the hanging wall of thrust faults to the west of the Front Ranges of the Rockies 

coincides with a change in structural style and the boundary between the Front Ranges 

and the eastern Main Ranges. The Front Ranges are characterized by imbricate stacks 

of thrust sheets that dip moderately to the west, whereas the eastern Main Ranges are 

characterized by broad, open folded strata and thrust faults. Adequate evidence has 

yet to be gathered to determine if the presence of a thick sequence of weak Miette 

Group strata, comprising the base of the hanging wall, controls the structural style of 

the Main Ranges and if the presence of a stronger sequence of Paleozoic strata at the 

base of the hanging wall controls the structural style of the Front Ranges. 
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Nevertheless, the coincidence of the changes in structural style and in the strata that 

comprise the base of the hanging wall is quite noticeable along the length of the Rocky 

Mountains west of the Central Alberta Foothills. 

A second basal detachment, frequently utilized within the Rocky Mountain 

Foothills, lies at the base of the weaker Mesozoic strata and just above the 

unconformity at the top of the Paleozoic strata (Fig. 5-1), (Dahlstrom, 1970, p. 334). 

Cross-sections produced by Bally et al. (1966 Plates 1 and 5), Price and Fermor, 

(1992) and Soule (1993 cross-sections A, B and C) show a series of sub-regular 

imbricate thrust faults emerging at surface, splaying from just above the unconformity 

and usually occurring within the Fernie Formation. 

A third basal detachment utilized in the Brown Creek structure lies at the base 

of the Gates Formation, within the shales of the Moosebar Member. The balanced, 

cross-section produced in Chapter 6 of this thesis demonstrates a tendency for 

bedding-parallel faults to lie at or very close to the Moosebar Member. The shale 

member separates the stronger Gladstone Formation from the overlying weaker Gates 

Formation. 

A fourth basal detachment utilized in the Brown Creek area lies at the base of 

the very weak Blackstone Formation (Fig. 5-1). Cross-sections produced by Jones 

(1971), LeDrew (1997), Ebner 2007 and in Chapter 6 of this thesis show thrust faults 

originating from near the base of the Blackstone Formation, cutting through the 

Cardium Formation, and either flattening out along a surface near the top of the 

Wapiabi Formation or cutting through the overlying Brazeau Formation. 

These examples of major detachment surfaces in the Brown Creek area serve 

to illustrate the tendency of the detachment to occur at the base of a sequence of 

mechanically weak strata, which rests just above a stronger layer. In each of these four 

cases the veneer of weaker overlying rocks has been delaminated from the underlying 

stronger rocks and thrusted and folded forelandward in a semi-coherent manner. 

Superposition of a top-forelandward shear rotates the principal stress axes in a weaker 

unit, to a large degree, and promotes slip that is parallel to and near the base of the 

contact between the weak and strong rock units. 

This bedding parallel slip may have propagated deep into the Plains, far from 

the Foothills-Plains boundary. The stress regime of the Western Canadian Basin 

exhibits a maximum horizontal compressive stress that is sub-parallel to the transport 
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direction of the thrust and fold belt (Bell and Babcock, 1986). The stresses may be 

reflecting small and undetected amounts of slip along these basal detachments that 

have shortened the strata of the Plains and produced the measured principal stress 

orientations. 

5.3 The role that layer thickness plays in mechanical stratigraphy 

The resistance to folding of a layer embedded in a viscous medium depends 

linearly on the effective rigidity and on the thickness of the layer cubed (eqn. 2.4 and 

2.5). The extrinsic property of thickness has a great effect on deformation. A doubling 

of the thickness of a layer will increase its strength by nearly an order of magnitude. 

For example, the 225 metre thick Palliser Formation has an effective rigidity that is 

three times stronger than the nearly kilometre thick Brazeau Formation. Because the 

Brazeau Formation is about four times the thickness of the Palliser Formation, it is 

twenty times stronger than the Palliser Formation (Fig. 5-5A). 

The Saunders Group is estimated to have been about 3000 m thick during the 

time of the deformation of the Brown Creek structure. This amounts to more than fifty 

percent of the entire Phanerozoic stratigraphy. The 3000 m thickness assumes about a 

kilometre of material has been eroded from the stratigraphic section in the Plains, just 

east of the Brown Creek structure. The great thickness of the Saunders Group 

dominated the style of the broad deformation in the Brown Creek area. This control 

over the underlying units must have been accomplished through its control over the 

stress field. The rocks in the upper portion of the Brown Creek structure, belonging to 

the Saunders Group, controlled the strain path of the underlying rocks through the 

stress field, while at the same time the deformation at depth produced an anticline in 

the upper rocks. This is a complex feedback loop. 

The great strength and resistance to folding of thick layers also carries through 

to thrust sheets (Fig. 5-5B). Thick sequences of strong rocks tend to shorten by 

developing long thrust sheets in a beam like manner, maintaining cohesiveness along 

the length of the sheet. Conversely, thin strong units cannot maintain long thrust 

sheets. They tend to develop numerous, closely spaced thrust faults and associated 

folds. In the Grande Cache Member, the coal seams are extremely weak yet only 

develop detachments along short lengths. The sandstone beds between the coal 



 
 

       
  

         
     

 
 

169 

Figure 5-5: (A) Schematic diagram displaying the effect of layer thickness on folding. Doubling 
the thickness of a layer increases its resistance to folding by nearly an order of magnitude. 
(B) Schematic diagram displaying the effect of layer thickness on length of a thrust sheet. 
Thrust sheets carrying thicker strong units can be displaced farther without deforming 
internally. 
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seams are only tens of metres thick, much thinner than homogeneous units lying 

above and below the Grande Cache Member. While faults do preferentially develop 

within the coal seams, they carry on for only a short distance before cutting up-section 

to the next coal seam or into the overlying Blackstone Formation. 

The effects of unit thickness on thrust sheet length can be illustrated by 

comparing the Brazeau thrust sheet and the thrust sheet of the Brown Creek structure. 

The Ram River cross-section shows an impressive 30 km long thrust sheet that is 

reinforced by 1.5 km thick Paleozoic carbonates (Fig. 3-11). The thrust sheet of the 

Brown Creek structure is only ~5 km long and carries a Paleozoic carbonate interval 

that is only ~500 m thick (Fig. 3-15). The hanging-wall detachment of the Brazeau 

thrust sheet forms near the base of the Paleozoic succession, within the weak shales 

of the Mount Whyte or Stephen formations. The basal thrust fault of the Brown Creek 

structure has cut up-section from the base of the Paleozoic section to a surface within 

the Palliser Formation. The Brazeau thrust sheet includes a massive slab of carbonate 

at its base which shows little internal deformation. The thinner carbonate unit at the 

base of the Brown Creek thrust sheet has experienced significant deformation, 

especially near its leading edge. 

The illustration in Figure 4-7 demonstrates the principles of the Partitioned 

Displacement Kinematic Model. Folding, duplexing and other small scale features 

transfer displacement from a lower slip plane to a higher level. The middle unit is 

shortened and thickened from Stages A through D and displacement along the basal 

detachment is progressively transferred from the lower slip plane to the upper. The 

duplexing of Cambrian and Devonian strata north of the Brazeau Range results in the 

transfer of the basal detachment from the lower portion of the Cambrian strata to the 

base of the next thick strong unit. In the "style ejectif" region the transfer of the basal 

detachment occurs in the uppermost section of the Fairholme Group, just below the 

strong and thick Palliser Formation. Following a path of least resistance, the 

detachment would likely work its way to the anhydrite beds of the uppermost Fairholme 

Group or lowermost Palliser Formation. 

A stratigraphic profile that compares the strength curve from the Brown Creek 

area with the curve for the Southern Region of the Central Alberta Foothills provides 

context for differences in structural style (Fig. 5-6). Since shear sonic logs were not 

available over the entire interval for both areas, the p-wave sonic log is used as a proxy 
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for frictional rock strength. Sonic logs from four wells, two in the Brown Creek area and 

two in the Southern Region of the Central Alberta Foothills, are used to represent the 

rock strength of these areas. The curves representing the two regions are 

superimposed to permit a direct comparison. The curve bounding the grey area 

represents the rock strength profile from the Southern Region. The curve bounding the 

peach coloured area represents the rock strength profile from the Brown Creek area. 

Minor variations in thickness of units, the result of structuring in the two areas, were 

noted. In order to maintain a vertical correlation between the two curves, the curve that 

represents the characteristics of the Southern Region was adjusted to accommodate 

these structural differences. 

The deficit in mechanical strength of the Brown Creek region is noticeable. The 

weaker Paleozoic shale units of the Brown Creek area are thicker and more numerous 

and the off-reef Ireton Formation has replaced the Leduc Formation carbonates. The 

thick, strong and continuous Paleozoic carbonates of the Southern Region make up 

the 1.5 km thick basal portion of a simple long thrust sheet. The numerous, potential 

detachment surfaces within the Brown Creek stratigraphy compromise the strength of 

the Paleozoic unit and development of thick and long thrust sheets does not occur. 

The largest difference between the stratigraphy of the Southern Region and the 

Brown Creek area occurs in the Blairmore Group of the south and in the equivalent 

Luscar Group of the north and in the Alberta Group. The rock strength of Mesozoic 

strata in the southern region is relatively uniform except for minor weaknesses in the 

marine shales of the Wapiabi and Blackstone formations. The Southern Region of the 

Central Alberta Foothills is prone to developing numerous imbricate thrust faults that 

cut upward from the Fernie Formation through most of the Mesozoic strata. Some 

duplexing of the Cardium also develops in the Southern Region. The Mesozoic strata 

of the Brown Creek area are more anisotropic and comprise sequences of layers of 

contrasting rock strength. The numerous coal seams and weaker shale beds of the 

Luscar and the very weak shale of the Blackstone Formation lead to finer scale 

duplexes and folding throughout most of the Mesozoic strata. 
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Figure 5-6: Composite sonic velocity curves from the Brown Creek area superimposed on 
curves from the Southern Region of Central Alberta Foothills. The curves include stratigraphy 
from the base of the Cambrian section up to the base of the Upper Cretaceous Brazeau 
Formation. Discrepancies between curves show overall weaker rock units for the Brown Creek 
area compared to the Southern Region. 
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5.4 Critical taper theory 

The Rocky Mountain fold and thrust belt is a deforming wedge of supracrustal 

rocks with the basal detachment dipping towards the hinterland and topography sloping 

towards the foreland (Fig. 5-7A), (Chapple, 1978; Davis et al., 1993). The wedge 

maintained a critical taper that was stressed internally everywhere on the verge of 

Coulomb shear failure and a basal detachment that was on the verge of frictional 

sliding (Dahlen et al., 1984; Dahlen, 1990). The frictional resistance of the basal 

detachment and frictional strength of the wedge material control the taper angle (Fig. 5-

7B). Either a low basal resistance or a strong wedge leads to a gentle topographic 

slope. A large magnitude basal resistance or an internally weak wedge requires steep 

topography to maintain mechanical stability. 

As the wedge slides forward and the toe encounters more material, the entire 

wedge must thicken to maintain critical values (Fig. 5-7C). Transverse growth of the 

wedge (in the direction of transport) must be accompanied by vertical thickening of the 

wedge such that the wedge grows in a self-similar fashion. Differential erosion will 

remove material from the top of the wedge, moving the wedge away from its 

equilibrium and consequently leading to deformation that re-establishes a stable 

wedge. The fold and thrust belt will deform until the critical taper is attained. If the slope 

of the topography is too gentle, the back end of the wedge will shorten and thicken, 

increasing the slope. If the slope of the topography is too steep, the wedge will slide 

forward, incorporating more material at the toe, and the front end will shorten and 

thicken, reducing the topographic slope. The wedge will grow in a self-similar fashion, 

maintaining critical slope angle and basal thrust fault angle. The self-similar growth 

process implies that major faults initiate sequentially from the hinterland to the foreland 

and from the top of the wedge to the bottom. Pervasive and persistent differential 

erosion or continued growth of the wedge implies that material that has been 

incorporated within the wedge will continue to deform throughout the lifetime of the 

orogeny. 

The geometry of the basal detachment is controlled by the lithospheric flexure. 

The lithospheric flexure in turn depends upon the taper of the crust at the continental 

margin, the thermal history of the region and the overlying load imposed on the crust 

(Beaumont, 1981; Wu, 1991). Variations in the dip of the basal detachment will 

produce variations in the slope of the topographic profile. 
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Figure 5-7: Schematic diagram of a growing wedge of critically stressed rocks. Wedge evolves 
and grows in a self-similar manner as the mountain belt develops. A) shows geometry of 
wedge. B) shows the end-members in profile, a narrow taper and a broad taper. C) shows self-
similar growth as more material is encountered in toe. A relic of the wedge can be seen in long 
dip directed cross-sections. 
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The critical taper theory has successfully described the development of crustal-

scale features such as the shape of fold and thrust belts and accretionary wedges 

(Davis et al., 1983; Dahlen et al., 1984). Small-scale features such as individual thrust 

faults or folds are strongly controlled by the local mechanical stratigraphy and the 

varying stress fields that deform the material. Relics of the tapered wedge are apparent 

today. The gentle slope of topography towards the foreland and gentle dip of the basal 

detachment towards the hinterland are visible in the cross-sections of Figures 3-11 and 

3-15. 

5.4.1 Erosion and climate 

Climatic differences between Southern and Central Alberta have persisted 

since the development of the Canadian Rocky Mountains. The southern region of 

Alberta has been warmer and dryer than the central area for tens of millions of years, 

back in time to at least the end of the Cretaceous (Jerzykiewicz and Sweet, 1988). The 

geological record shows that the south has often endured long periods of drought while 

at the same time the central area has been moist and the land has supported lush 

vegetation. The factors that drive the differences in climate between the Southern and 

Central Alberta Foothills have changed little since that time. Paleotectonic maps of the 

Late Cretaceous (94 Ma) produced by Scotese (2010) show that the orientation and 

geographic latitude of Alberta has remained more or less the same. 

The natural rate of erosion is controlled by slope, climate, the nature of the 

bedrock and vegetation cover (Selby, 1985, p. 577). Within the temperate zone, a 

gentle slope that is covered by dense vegetation tends to erode at a lower rate than 

steep and barren slopes. Persistent droughts may have reduced the vegetation cover 

over Southern Alberta, leading to increased rates of erosion which in turn would have 

amplified the contrast between the landscapes of the north and south, and affected the 

rates of erosion in the fold and thrust belt. 

The weather-resistive Paleozoic carbonates that line the eastern boundary of 

the Front Ranges or that crop out within the inliers of the Central Alberta Foothills stand 

in high relief relative to the adjacent less resistant and weaker Mesozoic siliciclastics. 

Thrust sheets carried to lofty elevations tend to succumb to the forces of gravity and 

erosion quite rapidly. The less resistant and weaker shales and Mesozoic rocks are 

eroded faster than the harder Paleozoic carbonates. Differential rates of erosion 
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between resistive and recessive units sculpt the land; stronger rocks resist the grinding 

down of elevated areas whereas weaker rocks yield to weathering and develop into 

valleys. An exposed thrust sheet that has lost its Mesozoic cover of rocks through 

erosion will be able to maintain a topographic highland. The Bighorn, Brazeau and 

McConnell thrust faults bring exposed carbonates adjacent to weaker rocks. The 

topographic gradient will produce a deflection in the principal stress directions and 

control further deformation. The footwall will deform attempting to "fill in" or smooth out 

the topographic step, but weaker rocks of the footwall continue to be eroded away. 

Although the process of differential erosion will not proceed without bounds, it can 

persist for an extended period of time and leave a substantial and characteristic imprint 

on the landscape. 

It may be tempting to dismiss the impact that climate and erosion rates have on 

controlling the deformation process. Large topographic relief typically rotates the 

principal stresses at the basal detachment by only a very small amount, and the 

regional variations of climate are gradual. Nevertheless it should be noted that 

deformation is a non-linear process with the potential for small changes in initial input 

to lead to significantly different outcomes. 

5.5	 The role stratigraphic architecture plays in controlling mechanical 

stratigraphy 

In the Brown Creek area the Saunders Group tends to behave as a thick 

competent unit. A large percentage of the rocks that make up the Saunders Group are 

relatively weak and the average intrinsic strength is comparable to the underlying 

Wapiabi Formation. The majority of rocks are overbank mudstones. Even though the 

rock of the thick Saunders Group resists tight folding, it will deform internally when a 

sufficiently large differential stress is applied to the unit. It will deform in a manner that 

is most efficient, given its stratigraphic make-up. In the early stages of deformation the 

rocks of the Saunders Group appear to deform in a homogeneous manner. Finding 

evidence of homogeneous deformation in the deformed Plains is difficult (Skuce, 

1996). 

The broad structural features located just south of Edson, Alberta (Fig. 3-3) 

have been described by Skuce (1996). The Alberta Group is shortened and thickened 

by duplexing that has folded the overlying Saunders Group. These structures appear to 
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be detachment folds in the early stages of development. The broad nature of the fold 

allows us to rule out the "evolving fold shape" model presented in Section 4.1.4. The 

model preferred by Skuce (1996), presented in Section 4.1.1 "duplexing of an 

intercutaneous wedge", requires a pair of long parallel detachments with opposite 

senses. Mechanically this mode of deformation is implausible due to the requirement 

for the existence of two oppositely directed detachments. It is likely that the overlying 

Saunders Group has shortened and thickened by "layer parallel shortening", presented 

in Section 4.1.3. The problem with proving the dominance of this mode of deformation 

is that layer parallel changes are extremely difficult to detect in logs and in seismic 

imaging. To understand layer parallel shortening of the Saunders Group we must 

understand the components of the rock unit, its heterogeneity, fabric and anisotropy. 

Sandy channels of fluvial systems have a three dimensional morphology (Miall, 

1985). They tend to be composed of long curvilinear elements with dimensions varying 

from the smallest lamina to large Mississippi-sized rivers, from one centimetre to ten 

kilometres in length. The channels are matted together through the fluvial cut-and-fill 

process and encased within a weaker matrix of overbank silts and shales. The 

sandstone of the channel is strong but brittle, while the overbank shale is weaker and 

has a flexible nature. Rock units that are deposited in this fluvial architecture with 

strong/weak and brittle/pliable building materials may be predisposed to flexing within 

limits, without rupture. 

Internal deformation of the Saunders Group will be controlled by its internal 

geometry of matted geo-bodies, and the complementary mechanical properties of 

sandstone and shale. The building material mudbrick, adobe or cob, as it is sometimes 

called, serves as an analogy. Straw alone is a weak construction material that falls 

apart easily when it is exposed to the elements. Dried mud cracks and ruptures if it is 

required to carry a modest load. Mixed together, the constituents produce a composite 

material, a construction brick that is stronger than either of its individual components. 

The thick Saunders Group can bend, within limits, and develop broad folds. Bedding-

parallel detachments may not easily develop due to the lack of extensive planar beds, 

and the non-uniform internal geometry of the unit may deter the systematic 

development of a single, large scale, low angle thrust fault. Instead, a network of sub-

parallel detachment surfaces may develop and provide a modest amount of shortening 

and thickening over a broad zone of deformation. Deformation in the Saunders Group 
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would be expected to have the appearance of a chaotic network of linked faults; a 

small amount of slip would develop within the mudstones, adjacent to the sandstone 

geo-bodies. The faults would broadly thicken the unit by gradually climbing up-section 

in a haphazard manner, as they are deflected around the sandstone geo-bodies. Such 

a deformation style can be detected on a high resolution seismic image or in carefully 

analyzed image logs of boreholes that penetrate the deformation. The problem with 

proving that this mode of deformation dominates in the Saunders Group is that it is 

difficult to unambiguously discriminate between the geometry of a fluvial architecture 

and the geometry produced by a modest amount of shortening. Eventually though, as 

strain increases it will be more efficient to localize strains within a narrow zone, either 

as a tightening fold, or a single fault surface that cuts through the entire section. 

A sandstone outcrop near the Brown Creek Campground provides a glimpse of 

the deformation style within a fluvial system. Along a scoured surface (Fig. 5-8) several 

slickensides with calcite mineralization have developed in response to a small amount 

of slip. The fault surface has preferentially developed along a stratigraphic surface. 

Stratigraphic surfaces in a fluvial system tend to have a variably dipping architecture 

and these surfaces will be preferentially utilized as slip surfaces. 

Fluvial architectures are evident in most sandstone bodies outcropping in the 

Brown Creek area (Fig. 5-9). Fractures or partings at the weathered outcrop surface lie 

along lamina surfaces. These sandstone bodies show less vertical jointing than is often 

observed in sandstone bodies in other areas. The manner in which these fluvial rocks 

weather suggests that an inherent weakness exists along lamina surfaces. These 

surfaces may have been utilized to accommodate flexure of the sandstone bodies as 

the thrust sheet slid over undulations of the fault plane. 

Numerical modeling of frictional wedges with finite cohesion produces results 

that appear strikingly similar to the cross-sectional view of the "style ejectif". Peaked 

anticlines separated by broad synclines that are periodic in nature, are produced by the 

RMFR-27, 31 and 30 models (Stockmal, 2005, p. 262). Modest amounts of cohesion 

for shallow units can profoundly control the deformation style of the entire section. This 

is not to suggest that cohesion has a direct influence on the structural style observed in 

the Brown Creek area. Rather that the strength of the uppermost layer has the 

potential to control the deformation at depth and produce the geometry of the "style 
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Figure 5-8: Sandstone outcrop of Saunders Group located along Brown Creek. A scour 
surface within the sandstone unit has been utilized as a slip surface. Some calcite 
mineralization has occurred on the surface. Scour surface and calcite mineralization show 
striations suggesting a small fault has exploited the weakness inherent in a scour surface. 

ejectif". Does the thick Saunders Group together with the mechanically anisotropic 

Luscar Group produce the macro-scale geometry of the "style ejectif"? Is the folding of 

the Saunders Group controlling the development of long linear structural features that 

are characteristic of the Foothills? 
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Figure 5-9: A) Sandstone outcrop of Saunders Group fluvial channel. Strata located in Brown 
Creek area. Scour surfaces within channel can be traced across the outcrop. Melissa Newton 
standing in front of outcrop is about 1.7 metres tall. B) Sandstone outcrop of Saunders Group 
fluvial channel located along Brown Creek. Fractures and partings occur along laminae 
surfaces. 
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5.6 Summary 

Along the length of the Central Alberta Foothills changes in mechanical 

stratigraphy have caused changes in structural style. From south to north the overall 

strength of the Phanerozoic section is weaker. The thicknesses of weak units increase, 

the number of weak units increases and the strength of weak units decrease. The rock 

strength profile of Paleozoic strata in the thrust sheets in the Southern and Brazeau 

thrust sheet regions shows a 1600 m thick beam of strong carbonates. The thrust 

sheets are long and little deformed. The strength profile of Paleozoic strata in the 

Brown Creek area shows numerous weak beds that compromise the strength of the 

beam. The Paleozoic strata of the thrust sheets are only 500 m thick and the thrust 

sheets are much shorter. The rock strength profile of Mesozoic strata in the Southern 

Region is relatively uniform with a significant detachment at its base. The rock units 

fault in a relatively simple, imbricate fashion and a triangle zone develops at the thrust 

front. The rock strength profile of Mesozoic strata in the Brown Creek area is highly 

anisotropic. The faulting and folding is more numerous and finer in scale and a 

foreland-directed thrust develops at the thrust front. 

The presence of a weak bed is not the only criterion for developing detachment 

surfaces. Major detachments were found to lie at the base of weaker rock units where 

the strength profile follows a step-wise pattern. Detachments formed in the Fernie 

Formation, Moosebar Member and Blackstone Formation. The rotation of the principal 

stress axes, due to the addition of top-forelandward shear stress, tends to keep the 

detachments low within the weak unit. Major detachments are also found at the 

boundary between two units with contrasting mechanical style. The monotonous 

marine shales of the Alberta Group and the fluvial architecture of the Saunders Group 

follow different strain paths during deformation. The strength profile for the two units 

shows a contrasting pattern or character. A detachment develops at the contact 

between the two units, not because the contact is overly weak but, because the 

detachment will accommodate the different strain paths. 

The analysis of the mechanical stratigraphy of the Central Alberta Foothills has 

come about through the development of the rock strength profile. The profile curve 

shows the arrangement and thicknesses of incompetent and competent beds in a 

quantitative manner. The curve is based on in-situ measurements of elastic moduli that 

are used as proxies for the frictional strength of rocks and as proxies for the ductile 
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deformation internal to thrust sheets. The elastic moduli profiles that were introduced in 

this thesis provide a quantitative means of evaluating the mechanical stratigraphy and 

predicting structural styles or explaining observed structural styles. 
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August 16th, 1858 - ...then came to an escarpment of 

limestone beds, among which is a bed of a buff colour about 

80 feet thick, without fossils; over this lie beds of the same 

blue cherty limestone as on Grotto Mountain, and having the 

same fossils ...In the shales along with the limestones that 

contain the cyathophyllum I found a fragment of a conularia, 

and it is probable that we have them represented in the coal 

measures among those disturbed beds. 

Sir James Hector, The Papers of the Palliser 

Expedition 1857-1860 (from Spry, 1968, p. 294). 

CHAPTER 6: Geometric, kinematic and mechanical aspects of the Brown Creek 

Structure 

6.1 Seismic Imaging 

The quote above is from Sir James Hector in describing the outcrops on 

Cascade Mountain, a prominent mountain close to the present-day town site of Banff, 

Alberta. As he climbed through the stratigraphic section he realized he had seen the 

same sequence of beds a few days earlier on Grotto Mountain. Grotto Mountain is 

located within the McConnell thrust sheet, the thrust sheet that lies adjacent to the 

Foothills to the east. Cascade Mountain is found within the Rundle thrust sheet, the 

next major thrust sheet to the west. 

In order to strengthen the interpreted structural framework of the Central 

Alberta Foothills and deformed Plains it is most advantageous to complete a detailed 

analysis of the Brown Creek structure. Hector observed details on Cascade and Grotto 

mountains that allowed him to correlate between the two thrust sheets. In a manner 

similar to Hector's discovery, detailed observations of a single structure will aid in the 

understanding of the regional framework. The detailed analysis of the Brown Creek 

structure provides the cement that holds the regional framework together. 

Suncor Energy provided wireline logs from a number of the petroleum wells 

drilled in the region and access to two proprietary 2-D seismic lines that traverse the 

Brown Creek structure in the dip direction. The 2-D seismic lines extend from the next 
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major structure to the west, across the Brown Creek structure and into the Plains to the 

east. 

6.1.1 Seismic imaging challenges 

Many challenges are presented by the landscape of the Alberta Foothills that 

make it difficult to obtain useful subsurface images from seismic data. The topography 

of the Brown Creek area is rugged, dissected by streams and creeks and the surface is 

thickly forested in many places and is covered in muskeg elsewhere. Access by ground 

vehicles is limited by topography and by provincial regulations. Consequently the 

surveying and seismic equipment and personnel are often transported by helicopter. 

The seismic energy source was dynamite. Shot holes were drilled using heli-portable 

drilling units and geophones were placed along narrow cut trails. 

The effects of topographic relief, variable ground cover and near-surface 

weathering conditions, and the complex geology of the Brown Creek structure itself, 

distort the raw seismic image. Without specialized processing, the seismic data are 

unworkable for the interpreter. The Foothills seismic datasets were processed using 

algorithms that have been developed for complex geology and near-surface effects. It 

has been only in the last decade that the seismic industry has been able to address 

these issues effectively and produce the remarkable subsurface images that were 

interpreted for this thesis. 

6.1.2 Data quality and limitations 

The seismic data that we interpreted carry a relatively decent bandwidth with 

good signal to noise ratio and good lateral continuity. Strong seismic reflectors can be 

tracked across the images, and in most instances the reflectors can be jump-correlated 

across faults. The sequence of reflections tends to be unique or non-repeating which 

allows the interpreter to correlate reflections to the geology with a high degree of 

confidence. The portion of the image that is nearest to thrust faults tends to be 

complex. The seismic reflections near the fault zone may contain many repeated 

sections and completely overturned repeated sections. The complexity of the 

reflections made it very difficult to come up with a unique and unambiguous 

interpretation in this zone. 
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A number of factors conspired to reduce the maximum dip that can be imaged 

with these data. Limitations include the finite aperture size, coarse spacing of energy 

sources and receivers, and the constraints of carrying out the data processing in the 

time domain. This is particularly true at the forelandward and hinterlandward margins of 

the data. 

The interbedded coal and siltstone of the Gates Formation have a very large 

impedance contrast and these interfaces produce a reflection signal that is an order of 

magnitude greater than an average reflector within the remainder of the sequence. The 

interbedded nature of the Gates Formation produces a multiple reflection signature that 

over-prints the signal below the coal measures. Many of the seismic reflections within 

the underlying Gladstone, Fernie, Rundle, Banff and Palliser formations are weak. The 

smaller structural features, such as folds or duplexes in the Gladstone Formation and 

down through the Palliser Formation, can be subtle and masked by the multiple 

reflections from the shallower events. 

A few of the oil & gas companies that are active in the Foothills have re-

processed their seismic datasets and, at considerable cost and effort, have obtained a 

pre-stack depth migration that achieves superior imaging of the steeply dipping strata. 

These datasets are proprietary and were not accessed for this thesis. 

6.2 Interpretation of the seismic data 

The seismic datasets were loaded into Kingdom Suite®, along with borehole 

data from petroleum wells and maps of bedrock geology. The interpretation of the 

subsurface structure was generated utilizing the integrated dataset. The seismic data 

were tied to the subsurface stratigraphy by correlating our stratigraphic picks from 

wireline logs with seismic events. 

The seismic data were recorded and processed in the time domain. A simple 

velocity model, based on measured sonic velocities from wireline data, was used to 

“stretch” the seismic data in order to match with the depth scale. The velocities were 

adjusted laterally to obtain improved ties between the seismic events and equivalent 

stratigraphic picks on wireline logs recorded in petroleum boreholes. The final 

interpretation used the depth-converted seismic data. 

The seismic lines were loaded into Midland Valley 2-DMove®. The 

interpretation was tested to determine if the section could be structurally balanced. 
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Early interpretations contained significant errors in the structural framework. The initial 

tests revealed errors in the stratigraphic interpretation in areas of complex seismic 

reflectors. An earlier version of the interpreted fault framework included significant 

back-thrusting. This interpretation was based on seismic images that suggested a 

measure of structural back-slip was prevalent throughout the imaged area. However, 

the interpretation could not be balanced, and for this reason, the back-slip 

interpretation had to be abandoned in favour of the current one that is presented 

below. 

The reflections or events on the seismic images are proxies for the stratigraphic 

contacts and faults in the geology. At certain stratigraphic levels there can be 

significant differences between the geology and the seismic image. Some 

simplifications of the stratigraphic column were made to accommodate these 

differences. A strong seismic reflection occurs near the contact between the Paleozoic 

and Mesozoic strata. The event occurs just below the top of the Nordegg Member, the 

lowermost unit of the Fernie Formation. Consequently, the members of the Fernie 

Formation were divided out and reassigned to their neighbouring formations. The 

Nordegg Member is included with the Rundle Group below, and the Pokerchip, Rock 

Creek and Upper Fernie members are grouped with the Gladstone Formation above. 

This modification is useful because the rocks of the Nordegg Member (bedded chert) 

have mechanical affinities more similar to the underlying strong units of the Paleozoic 

strata than the overlying weaker rocks of the Mesozoic strata. There are two 

detachment surfaces within the Fernie Formation, the Pokerchip and Upper Fernie 

members, both of which lie above the Nordegg Member. Consequently, the Rock 

Creek and Upper Fernie members often are carried together with the Gladstone 

Formation rocks in thrust sheets. After the final interpretation was completed the cross-

section was re-drawn with the contact between the Rundle Group and Fernie 

Formation located at the base of the Nordegg Member. 

The "Fault Parallel Flow" algorithm of the 2DMove®, Midland Valley program 

was used to structurally restore each of the sections. The algorithm is efficient, stable 

and conserves area, although it does not conserve bedding length or stratigraphic 

thickness (see Figure 4-7). 

The imaging quality of both 2-D seismic lines was excellent, though the 

structuring of the more northerly line was simpler. It was decided to use the northern 
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line for the cross-section through the Brown Creek structure. Some parts of the 

southern line imaged better and some of those features were incorporated into the 

northern line. 

6.2.1 Brown Creek structure cross-section 

The features of the structure are discussed below methodically, from deep to 

shallow and from southwest to northeast. The Brown Creek structure shortens and 

thickens through foreland-directed thrusting and associated folding. Almost all of the 

structuring can be linked to two detachment surfaces that can be followed 

hinterlandward beyond the edge of the cross-section. The lower detachment lies within 

the Palliser Formation and carries the largest amount of displacement. The upper 

detachment surface lies near the base of the Blackstone Formation. 

The Brown Creek structure is underlain by a gently dipping thrust fault that 

carries a sheet of Paleozoic and Mesozoic strata forelandward (Fig. 6-1). Along the 

southwest margin of the cross-section (distance 2 to 5 km) the lowermost portion of the 

thrust sheet comprises a five hundred metre thick section of Paleozoic carbonates, 

evaporites, siltstones and shales. At this location a hanging wall flat lies over a footwall 

ramp and a single pair of hanging wall and footwall blocks are separated 

unambiguously by a single fault surface. Separation is based on the abrupt change in 

attitude of the stratigraphy across the fault and on the observation that the stratigraphic 

separation across the fault increases monotonically forelandward. The stratigraphic 

position of the hanging wall flat is within the Palliser Formation and the footwall ramp 

climbs up-section from the Palliser Formation into the Fernie and Gladstone 

formations. 

As the thrust fault enters the Mesozoic strata it flattens out and branches into a 

myriad of faults; the fault develops into an imbricate thrust fault system. Continuing 

forelandward (Fig. 6-1, distance 5 to 9 km) the main fault progressively branches and 

the structure becomes increasingly complex. The Brown Creek thrust fault is no longer 

just a single fault surface and hanging wall and footwall blocks are less clearly defined. 

In our terminology footwall and hanging wall blocks are arbitrarily separated by the fault 

surface with the largest stratigraphic separation across the fault. This is the deepest 

fault that separates Paleozoic strata in the hanging wall 
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Figure 6-1: Cross-section of the Brown Creek structure. Section based on interpretation of 2-D 
seismic data courtesy of Suncor Energy. Colour legend for stratigraphy found in stratigraphic 
column (Fig. 2-1). Black lines mark thrust faults. 

block from Mesozoic strata in the footwall block. Within this region both footwall and 

hanging wall blocks have experienced a large amount of internal deformation. A large 

number of bedding parallel faults are located at or near the contact between the Gates 

and Gladstone Formations suggesting that the Moosebar Member is weak and 

preferentially used as a detachment surface (Fig. 6-1). Other faults that cut up from the 

Rundle Group (Fig. 6-1, distance 6 to 10 km) continue to cut up-section through the 

Fernie and Gladstone formations before flattening within the shales of the Moosebar 

Member. Generally, the faults of the Brown Creek structure cut up-section from 

Paleozoic strata through the Fernie and Gladstone formations, rather steeply, 

bypassing the weak shale beds of the Fernie Formation before flattening within the 

shales of the Moosebar Member. An exception to the continual cutting upward pattern 

is the network of faults located within the deforming footwall block (Fig. 6-1, distance 5 
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to 12 km). The duplexed Paleozoic strata (Fig. 6-1, distance 5 to 6 km) have 

delaminated and thrusted forelandward Mesozoic strata that lie above the Pokerchip 

Member shale. This includes an impressive antiformal stacked duplex of Luscar Group 

strata (Fig. 6-1, distance 8 to 9 km). This footwall block of Mesozoic strata likely was 

initially part of the "undeformed" footwall block but deformed over time, during the 

development of the Brown Creek structure. 

Forelandward of the Rundle Group hanging wall cut-off (Fig. 6-1, distance 9 to 

13 km) the stratigraphic separation across any of the numerous faults is greatly 

reduced (Gladstone Formation on Gates Formation or Gates Formation on Gates 

Formation) and the multiple faults are sub-parallel to each other and to bedding. No 

single pair of footwall and hanging wall blocks can be easily identified and the volume 

could be described as a broad zone of imbricate faulting. Many bedding-parallel faults 

are located within the Gates Formation. These no doubt follow the numerous coal 

seams found within the Grande Cache Member. The numerous coal seams in the 

Gates Formation act as detachment surfaces promoting multi-duplexing and folding. 

The numerous faults within the Gates Formation cut up-section and merge 

together within the basal portion of the very weak Blackstone Formation. The small 

amounts of displacement along each of the individual faults in the Gates Formation are 

summed as they merge together in the Blackstone Formation. Since the imbricate 

faults rejoin again the system of faults may be considered duplexes. The group of 

faults that are located deeper in the cross-section tend to stay low in the Blackstone 

Formation and this displacement carries on forelandward where it is expressed at the 

Brewster Structure (Fig. 6-1). The faults that branch out higher up in the hanging wall 

block tend to cut up-section where they bound horses of the duplexed Cardium 

Formation, and then continue to cut up through the Brazeau and younger strata where 

they contribute to the surface expression of the Ancona thrust fault. A large fraction of 

the displacement that carries on to the Brewster structure is linked to the footwall block 

deformation of the Brown Creek structure. 

Although faulting is the dominant mode of strain, the overall geometry at the top 

of the Gates Formation is that of a fold with hinterland vergence (Fig. 6-1, distance 0 to 

12 km.). The overlying units within the Alberta Group also form an anticline with strata 

dipping away from the apex of the fold. There is a striking resemblance between the 

Brown Creek structure and a fault-tip fold (fault-propagation fold). A fault-propagation 
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fold involves transferring strain that is in the form of displacement along a discrete 

surface into folding of the overlying strata. As displacement along a fault that cuts up-

section progressively decreases towards the foreland, strain is transferred into folding 

of the overlying section. The strain that is confined to the narrow region along the fault 

surface becomes spread out over the entire volume of the fold. In the case of the 

Brown Creek structure, strain along a single fault becomes distributed over many 

branching faults. 

The Brazeau Formation exhibits the same fold geometry. The backlimb is a 

simple dipping plane and the forelimb is dissected by hinterland-dipping thrust faults. At 

the Brazeau level this backlimb is remarkably planar given the amount of deformation 

occurring beneath it. A number of thrust faults that duplex the Cardium Formation 

merge towards the hinterland near the base of the Blackstone Formation, the upper 

major detachment surface, where they are linked to the next major structure located 

about 10 km to the hinterland. Displacement along these faults is necessary to 

maintain the simple planar geometry of the overlying strata of the Brazeau Formation. 

The fault surface at the footwall ramp (distance 2 - 5 km) is uniformly dipping to 

the southwest at about 10 °. The overlying stratigraphy, up to the Brazeau thrust fault, is 

parallel to the fault surface. The stratigraphy of the main Paleozoic thrust sheet 

maintains the same constant attitude farther forelandward (Fig. 6-1, distance 5 to 6 km) 

even though a branch of the main thrust fault flattens out as it enters the Fernie 

Formation. The flattening of the fault is compensated by the development of horses of 

Paleozoic strata towards the foreland. Continuing forelandward (Fig. 6-1, distance 6 to 

10 km) the Cardium Formation maintains the same constant attitude by the shortening 

and thickening of underlying units; the thickening is being achieved through 

displacements along the numerous faults. At the top of the section, the stratigraphic 

level at the base of the Brazeau Formation maintains the same attitude along almost 

the full length of the cross-section. Displacements along the numerous faults must be 

such that the Brazeau Formation is lifted and rotated in a simple manner. 

The array of faults is slightly divergent forelandward (Fig. 6-1, distance 10 km) 

where the shallowest faults dip moderately towards the hinterland while the deepest 

faults are flat. Along each active fault the strata of the hanging wall block move in a 

direction parallel to the fault. Consequently, as the entire structure develops and 

displacement movement occurs along each of the faults, the flow of material must 
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diverge. The array of faults that are displayed on the cross-section can be thought of 

as flow-lines; lines that trace the direction in which material moves. Like the spreading 

spray from a garden hose, the divergent geometry of the fault network requires a 

divergent flow of material towards the foreland. The divergent movement of material 

produces the required thickening that rotates the Brazeau Formation. 

The estimated total displacement along the Brown Creek thrust fault is 5.5 km, 

with an uncertainty of about 500 m. This displacement estimate is based on the 

restoration of the interpreted cross-section back to the undeformed state. Towards the 

foreland, the displacement is partitioned among the many faults that dissect the 

Mesozoic strata. Based on restoration of the interpreted structural cross-section, 

approximately 3.5 km of displacement continues forelandward along the Blackstone 

Formation detachment towards the Brewster structure. 

6.2.2 Meso-scale deformation 

The Brown Creek structure has experienced significant meso-scale 

deformation. Although small in amplitude, the pervasive nature of the deformation 

leads to significant shortening of some units. Failure to properly account for this cryptic 

deformation leads to confusing interpretations. The displacement along the Brown 

Creek thrust fault, between hanging wall and footwall cutoffs of the Palliser Formation, 

is too short, at least when compared to the displacement at the Rundle Group level. 

Pervasive duplexing that is below the resolution of seismic data is interpreted to occur 

within the hanging wall portion of the Palliser Formation. 

Paleozoic strata within the hangingwall block, immediately above the 

hangingwall ramp, carry a number of small scale duplexes and associated folds that 

uniformly increase the thickness of the section. A simple model (Fig. 6-2) illustrates the 

challenge of interpreting the small scale duplexing and the methods that can be used 

to properly account for the deformation. In the duplexing model, a series of duplexes 

within the Palliser Formation is connected to a pair of duplexes within the Banff 

Formation and is finally connected to a well developed thrust fault at the Paleozoic-

Mesozoic boundary (Fig. 6-2A). Figure 6-2B shows a possible interpretation that could 

be made from a seismic image. The thickening due to duplexing is easily discernable in 

Figure 6-9. On seismic imaging however, the unform thickening of individual units, 

such as the Palliser Formation, can only be inferred. Individual horses, bounded by the 
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Figure 6-2: Kinematic model illustrating the difficulties of correctly interpreting pervasive 
duplexing of certain units. Correct interpretation and restoration will pull the hanging wall 
cutoffs back to their footwall cutoffs and remove any structural thickening. 

branching faults, are below seismic resolution and the impedence contrast across the 

faults is minimal. The high velocity of the Palliser Formation carbonates and the narrow 

bandwidth of the seismic wavelet limit the resolution of the seismic image. The top of 

the duplexed Banff Formation appears as a simple fold and, together with the thrusted 

Rundle Group could be interpreted as a simple flat-ramp-flat geometry (Fig. 6-2B). The 

simple thrust at the forelandward portion of the section is carried along a detachment 

located within the weak anhydrite rocks of the Shunda and uppermost Pekisko 

formations, located near the base of the Rundle Group.. This detachment separates 

the duplexed Banff Formation from the thrusted Turner Valley Formation. The shale 

beds of the the Banff Formation and the anhydrite beds of the Pekisko and Shunda 

formations tend to be weak and deform in a meso-scale, pervasive manner whereas 
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the overlying Turner Valley Formation is strong and tends to develop thrust faults that 

cut up through the overlying Fernie and Gladstone formations. The hanging wall and 

footwall cutoffs of the thrusted Turner Valley Formation can be easliy interpreted from a 

seismic image and displacement estimates can also be measured from the seismic 

data. Stages B through D of the partitioned displacement model (Fig. 4-9) illustrate this 

process well. The middle unit comprises the uppermost Palliser, Banff, Pekisko and 

Shunda formations and the upper unit is the Turner Valley Formation. The middle unit 

shortens and thickens in a pervasive and uniform manner, at least within the resolving 

power of seismic imaging, while the upper unit is displaced along a discrete fault 

surface. 

The process of structural restoration involves pulling the hanging wall back 

along the detachment surface until the cutoffs of the Turner Valley Formation match 

and then measuring the discrepancy between the deformed thickness of the Banff, 

Pekisko and Shunda formations and their true stratigraphic thickness. The discrepancy 

in thickness should match the estimated thickening due to shortening. 

6.3 Summary 

The Brown Creek structure is a foreland-verging fold cored by a branching 

thrust fault system. The lower main thrust fault cuts up-section from a flat within the 

Upper Devonian Palliser Formation, through the Lower Carboniferous Banff Formation, 

Lower Carboniferous Rundle Group and Jurassic Fernie Formation before flattening 

out and branching into numerous faults within the Lower Cretaceous Luscar Group. 

The displacement along the lower main thrust fault is estimated at 5.5 km in a NE 

direction. The branched faults re-merge within the basal Blackstone Formation and 3.5 

km of displacement carries on forelandward towards the Brewster structure. The 

remaining 2 km of displacement cut up-section and emerge at the surface as part of 

the Ancona thrust fault and other smaller faults. An upper main thrust fault cuts up-

section from a flat near the base of the Upper Cretaceous Blackstone Formation 

through the Upper Cretaceous Alberta Group and Saunders Group and emerges at the 

surface as the Ancona thrust fault. This upper thrust fault is linked to the deforming 

footwall block of the next major structure located 10 km to the west. Displacement on 

the upper thrust fault is about 2.5 km. 
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Above the complexly deforming branched thrust fault system the strata of the 

Saunders Group remain relatively undeformed. Despite the underlying complexity the 

Saunders Group appears to gently fold and fault in a simple manner. The great 

thickness of the Saunders Group and its stratigraphic architecture allows the unit to 

dominate and control the deformation of the underlying strata. Thickening within the 

branched thrust fault system is compensatory; each of the thickening components is 

such that the sum of thickening varies smoothly and uniformly. 
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August 19th, 1859 - ...The scene from the summit was 

very remarkable, the great distinctness with which the eye 

was able to follow the gigantic and complex plications giving 

it more the look of a magnified geological model than a 

natural view. There would not be the slightest difficulty, with 

time and provisions, in working out completely the structure 

of this portion of the Rocky Mountains, and perhaps, from the 

clear manner in which the enormous faults and foldings of 

the strata are displayed, obtaining most valuable inductions 

for application to the general principles of geological science. 

We have indeed in these mountains a perfect desertion of 

the complicated disturbances, the nature of which, in other 

regions, the practical geologist has to grasp and picture in his 

mind from detached and superficial observations. Their 

structure is not here at least obscured by outbursts and 

intrusions of igneous rocks, which in other mountain chains 

renders the study of their structure so hopelessly difficult. 

Sir James Hector, The Papers of the Palliser 

Expedition 1857-1860 (from Spry, 1968, p. 435-436). 

CHAPTER 7: Discussion and conclusions 

The quote above is from Sir James Hector noting the pristine exposures of 

outcrops along the Bow River Valley, near the present-day site of Banff, Alberta. He 

was able to make out the large scale outcropping structures and predicted the 

structural puzzle could be easily solved given enough time and support. 150 years later 

the large scale structural framework of the Canadian Rocky Mountain fold and thrust 

belt has indeed been worked out. Upon closer examination though, the structures are 

more complex than what he suggested. Working out the details continues to offer us 

challenges today. 
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7.1 Triangle zone, style ejectif and foreland-directed thrust fronts 

South of the Cow Lake Swingback (Fig. 3-10) the thrust front is marked by a 

triangle zone (Fig. 3-9) and is located at the Foothills-Plains boundary. Several 

detachment surfaces are utilized in the tectonic wedging process that creates the 

triangle zone. North of the Cow Lake swingback the thrust front swings far out into the 

Plains and is marked by the Brewster thrust fault, a foreland-directed thrust system 

(Fig. 3-11). The Brewster thrust fault cuts up-section from a single, very weak 

detachment located near the base of the Blackstone Formation. The introduction of a 

very weak detachment has altered the structural style of the thrust front from a triangle 

zone to the south, with tectonic wedging, to a foreland-directed thrust system to the 

north (Fig. 7-1). 

Figure 7-2 is a simplified version of the Brown Creek cross-section (Fig. 3-15). 

Stratigraphic units have been grouped together and faults and folds have been 

simplified. This cross-section is used to compare and contrast structures that are 

adjacent in the dip direction. The structures on the NE half of the cross-section are 

foreland-directed thrusts. The Brewster thrust fault cuts up-section from a long flat 

located near the base of the Blackstone Formation. The Ancona thrust fault also cuts 

up-section from a flat located near the base of the Blackstone Formation. In this case 

the thrust fault has been elevated by the Brown Creek structure below. The Brazeau 

thrust fault is also a foreland-directed thrust fault, at least in the region where it 

emerges at the surface. The line near the bottom of Figure 7-2 labelled Blackstone 

detachment represents the relative importance of the detachment. To the NE, in the 

Plains and easternmost Foothills, the shales of the Blackstone Formation are very 

weak and the unit is exploited as a detachment. The line is a solid bold line. Further to 

the SW the silt content in the unit increases, its strength increases, and its importance 

as a detachment diminishes (Figs. 3-21 and 3-22), so the line is fine, and dashed. The 

structures on the SW half of the cross-section are style ejectif, with broad synclines 

separated by anticlines that are antiformally-stacked duplexes. These duplexes are 

linked to a flat that lies within the Fernie Formation. The line near the bottom of Figure 

7-2 labelled Fernie detachment represents the relative importance of the detachment. 

To the SW, in the Foothills and Front Ranges, the weak shales of the Fernie Formation 

are relatively thick and the unit is exploited as a detachment. Farther to the NE the 
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Figure 7-1: Schematic cross-sections showing the contrasting structural styles across the Cow 
Lake swingback. A) North of the Cow Lake swingback the presence of the very weak 
detachment in the Blackstone Formation results in slip continuing far out into the Plains where 
the thrust front is marked by a foreland-directed thrust fault. B) South of the Cow Lake 
swingback multiple detachments with comparable strength are utilized in the development of a 
triangle zone. 
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Figure 7-2: Simplified version of the Brown Creek cross-section (from Fig. 3-15). Stratigraphic 
units have been merged together into four major groups. Thrust faults and folds have been 
simplified. Thrust faults cut up-section from two dominant detachment surfaces. The lowest is in 
the Fernie Formation that is prominent to the SW. The middle is in the Blackstone Formation 
that is dominant to the NE. Foreland-directed thrust faults are found where the Blackstone 
Formation is the dominant detachment. The style ejectif region is located where the Fernie, 
Blackstone and Wapiabi formations are utilized as detachments. 
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thicknesses of the shale rich Upper Fernie and Pokerchip members decrease or pinch 

out and are replaced by the stronger Nordegg and Rock Creek members (Figs. 3-21, 

3-22 and 3-35). The line is solid and bold to the SW (important detachment) and finer 

and dashed to the NE (less important detachment). The detachment near the top of the 

Wapiabi Formation is present throughout the entire region. It is not a very weak 

detachment but it does separate two very distinct units; the marine shales of the 

Alberta Group from the overlying thick fluvial sandstones and shales of the Saunders 

Group. This upper detachment is utilized by the antiformally-stacked duplexes in the 

Foothills but is not weak enough to be utilized in the Plains where the Blackstone 

detachment dominates. Northeast of the Brown Creek structure the Fernie Formation is 

not an effective detachment surface whereas the Blackstone Formation is a very 

effective detachment surface. The structural style on the NE half of the cross-section is 

dominated by a single detachment surface within the Blackstone Formation. The SW 

half of the cross-section is dominated by numerous detachment surfaces. 

The foreland edges of the Brazeau and Wapiabi anticlines are marked by 

hinterland directed thrust faults (Fig. 7-2). These thrust faults are the upper detachment 

surfaces of tectonic wedging duplexes; the same kinematic architecture found in 

triangle zones. Style ejectif and triangle zone structural styles are manifestations of the 

tectonic wedging process. The triangle zone architecture is identified at thrust fronts 

whereas style ejectif can be found within the fold and thrust belt. The presence of 

multiple, very weak, detachments promotes the development of a triangle zone or style 

ejectif. The presence of a single dominant detachment promotes the development of 

foreland-directed thrusts. 

7.2 Frustrated Folding 

The major thrust faults and folds of the Central Alberta Foothills are remarkably linear 

in map view, paralleling the Front Ranges for hundreds of kilometres (Fig. 3-1). The 

apparent simplicity exhibited by the large scale structural features belies the complexity 

of the smaller structural elements from which the larger features are built. The simple 

trend of the Central Alberta Foothills is composed of a series of linked, complex, small 

scale structures, such as is observed in the branched faulting in the Brown Creek 

structure. We propose that the large scale folding of the thick Upper Cretaceous to 

Paleogene Saunders Group has controlled the deformation in the Brown Creek area. 
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The folding of the thick unit has produced the linear trend of the structures in the Brown 

Creek area. The units below the Saunders Group, from the Palliser Formation and up 

through the section to the Alberta Group, include bedded units that are very weak and 

very anisotropic. The weak and anisotropic units are compliant with the overlying 

Saunders Group and the units immediately below deform at a finer scale to fill the core 

of the developing anticline. Geometric and kinematic relationships of the Brown Creek 

structure that support our proposal are presented below. Clearly, in the Brown Creek 

area the units beneath the Saunders Group are sufficiently weak to be complexly 

deformed. In the Southern Region of the Central Alberta Foothills however, the 

underlying units are much stronger (Secs. 3.2.5 and 3.2.6) and this folding style of 

deformation is attenuated (Fig. 3-9). 

The discussion of two small-scale, outcropping structures is followed by a 

discussion on ocean waves cresting on a beach. These analogies are used to facilitate 

understanding of the Brown Creek structure, before the discussion is brought to a 

close. 

7.2.1 Brown Creek structure 

The upper part of Figure 7-3 is a dip-section of the Brown Creek structure 

based on Figure 3-15. Some of the deformation in the Brown Creek structure is "fed" 

through a detachment within the Blackstone Formation, labelled "intermediate thrust 

fault" in Figure 7-3A that is directly connected to the next major hinterlandward 

structure. 

The detailed study of the Brown Creek structure in Chapter 6 revealed that the 

core of the structure is made up of a branching thrust fault system that produced 

thickening of stratigraphic units, through repetition. The Brown Creek thrust fault climbs 

up-section from a detachment within the Palliser Formation and branches into many 

faults. The thickening has folded the overlying Saunders Group into a broad anticline 

(Fig. 7.3A). In its most basic form, the Brown Creek structure is a foreland verging fold 

that is cored by a branching thrust fault system (Fig. 7.3B). A detachment surface 

separates the simply folded overlying Saunders Group from the underlying branched 
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Figure 7-3: Cross-section of the Brown Creek structure and the portion of the next structure to 
the southwest. A) follows cross-section of Figure 6-1. The three major thrust faults are 
highlighted with bold black lines. Lower left region is a simple low angle thrust fault. The 
polygon outlines the area of branching faults and duplexing. The upper panel is folded over the 
underlying deformation. B) outlines the basic elements of the Brown Creek structure; the thrust 
fault, branching fault and upper folded regions. 

fault system. The backlimb of the fold is a long, gently southwest-dipping homocline 

whereas the forelimb is shorter and is dissected by faults. 

Regions that share common stratigraphy and branching fault deformation are 

outlined by a polygon (Fig. 7-3A). Along the most hinterlandward portion of the 

structure (Fig. 7-3A, distance 2 to 5 km), the rotation of the overlying Saunders Group 

depends entirely on the dip angle of the planar, footwall block ramp. Along this portion 

of the structure, the stratigraphy of the hanging wall block is parallel to the footwall 
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block ramp. For the remaining portion of the structure, towards the foreland, the 

attitude of the Saunders Group depends on the systematic branching of the thrust fault 

system. The initial step of branching duplexes the Palliser and Banff formations (Fig. 7-

3A, distance 5 to 7 km), and the next in the sequence of branching takes place in the 

Rundle Group (Fig. 7-3A, distance 6 to 9 km). The fault network then branches with 

greater intensity within the Luscar Group (Fig. 7-3A, distance 6.5 to 11.5 km) and is 

most pronounced within the Gates Formation. The most forelandward portion of the 

Brown Creek structure is thickened through duplexing of the Alberta Group. The 

uppermost portion of the Alberta Group duplexing is connected to the structure to the 

west through a detachment within the Blackstone Formation. The lowermost portion of 

Alberta Group duplexing is connected to the Brown Creek thrust fault. 

The simple rotation of the backlimb of the fold is a reflection of the structural 

thickening of the stratigraphy below the Saunders Group. The strain path of the Brown 

Creek structure leads to a pattern of thickening below the Brazeau Formation that 

increases uniformly toward the foreland. Thickening increases linearly, from zero at the 

hinterlandward edge of the structure (Fig. 7-3A, distance 2 km) to a maximum value 

near the structural high point of the Brazeau Formation (Fig. 7-3A, distance 12 km). 

Shortening and thickening of a duplexing system increases with increasing ramp angle, 

and it also increases as horses become thicker and more numerous (Boyer & Elliott, 

1982, p. 1207). The progressive branching of the fault system forelandward increases 

the number of horses and the potential to increase thickening. 

The strain path required to gently rotate the backlimb of the overlying Saunders 

Group is evidently quite complex. Each of the branched faults (Fig. 7-3A, distance 6 to 

12 km) comprises a series of segments that are coincident with flats or ramps. In 

places where fault segments position the footwall flats adjacent to hanging wall flats, 

there is no stratigraphic thickening. Conversely the section must thicken in places 

where fault segments lie adjacent to a ramp on either side of the fault. As movement 

occurs on the network of faults, thickening of the section would appear to occur in a 

rather haphazard manner. A chance set of movements could line up several ramps so 

that they stack on top of each other. Such movement would produce anomalous 

thickening above the stacked ramps and an anticline in the overlying strata, but clearly, 

this does not happen within the backlimb of the Brown Creek structure. The network of 

branched faults must evolve during the development of the structure in such a way that 
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the net thickening at the base of the Brazeau Formation increases uniformly towards 

the foreland. 

Several lines of evidence suggest that folding of the Saunders Group is 

controlling the development of the structures in the Brown Creek region and that the 

folding leads to the "style ejectif" structural pattern. 

1.	 The Brown Creek thrust fault, along with all of its branched faults, produces the 

monotonically increasing thickening below the Saunders Group. 

2.	 Displacement along the "intermediate thrust fault" that links the hinterlandward 

structure is sufficient to maintain the thickening trend farther toward the foreland. 

Too much displacement along the fault would have caused the overlying Brazeau 

Formation strata to bend upward creating a syncline; too little displacement would 

have caused the overlying Brazeau Formation strata to develop an anticline. 

3.	 The map view of the style ejectif shows the Saunders Group is mildly deformed 

whereas the underlying Alberta and Luscar Groups are intensely deformed (Fig. 3-

1). 

4.	 The map trace of the Paleozoic hanging wall cutoffs is aligned with the "style 

ejectif" anticlines (see Figs. 3-14 and 3-15). 

The Saunders Group can develop gentle folds only if the underlying units are 

compliant. As the Saunders Group develops an anticline, material must be available 

from the underlying units to fill in the core of the anticline. Large scale folds require an 

extremely deep detachment surface in order to maintain the core of the growing 

anticline (see Section 4.1). The detachment within the Palliser Formation is not deep 

enough to satisfy the volume needs of the core of the anticline. Consequently, the fold 

develops forelandward vergence. Even with the introduction of a ramp of a fault-bend 

fold, the hanging wall block rising up from the detachment surface cannot satisfy the 

volume needs of the core (see Section 4.4). The fold's shape is not upright, rather it is 

foreland vergent with faulting developing in the forelimb (see faulted fold in Fig. 4-6). 

We term this style of deformation "Frustrated Folding". In frustrated folding, the 

mechanical stratigraphy promotes simple folding; there is a thick unit that dominates 

the structure. Kinematic limitations however, prevent the fold from developing an 

upright profile as there is insufficient material available to fill the core of the anticline. 

The fold is somewhat "deflated", with a pronounced lean toward the foreland and faults 

rupture the upper unit. 
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The strong correlation between surface anticlines and Paleozoic hanging wall 

cutoffs (Fig. 3-14) in the "style ejectif" region suggests that the development of these 

basal thrust faults are induced by the folding of the Saunders Group. The Brown Creek 

thrust fault is ideally positioned to contribute as much material as possible for filling the 

core of the anticline (Fig. 3-14 and 3-15). The situation is similar along the Wapiabi and 

Brazeau thrust systems, west of the Brown Creek structure (Figs. 1-4, 3-14 and 3-15). 

Thrust faults that cut up from the basal detachment within the Palliser Formation 

contribute optimally to filling each of the overlying anticlines. The folding of the 

Saunders Group controls deformation beneath the unit by modifying the stress field. 

Rotating the stress field beneath the Saunders Group can "direct" the strain path such 

that the deeper units shorten and thicken, filling the growing anticline. We believe that 

the development of the ramp in the basal thrust faults within the Brown Creek area is 

controlled by the folding of the overlying Saunders Group. Perhaps the term "style 

inductif" is better suited to describing the structural style of the area. This hypothesis 

can only be confirmed through mechanical and numerical modeling. 

The opposite could be argued, that the thrust faults cutting up from the basal 

detachment in the Palliser induced the overlying anticline to develop. We reject this 

argument based on the observation that the overlying Saunders Group maintains its 

planar dip toward the hinterland even where the Brown Creek thrust fault flattens out 

toward the foreland. The Brown Creek thrust fault branches toward the foreland in a 

manner that maintains the planar dip of the Saunders Group. Some mechanism must 

be controlling the branching such that the simple planar dip of the Saunders Group is 

maintained. The interpretation that the thickest unit, the Saunders Group, folds and 

controls the structuring beneath it is a simple interpretation. 

7.2.2 Order from complex features 

Just north of the town site of Banff, Alberta, along the Trans Canada Highway, a rock 

outcrop exposes the complexly deformed footwall block of the Sulphur Mountain thrust 

fault. A small scale structural feature of the outcrop provides a clue about the 

relationship between simplicity of the larger scale trends and the seemingly chaotic 

nature of the small scale features in the deformed rock. A cluster of calcite filled 

fractures, exposed in the outcrop, were photographed and their outlines were traced 

(Fig. 7-4A). The interpretation of the development of the fractures in this outcrop is 
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presented below. The interpretation is based on models of fracturing published by King 

and Sammis (1992) and on observations by Mollema and Antonellini (1999) of an 

outcrop in Italy. 

There is a degree of randomness in the shape and size of individual fractures (Fig. 7-

4A). Some are curved but most are planar. Some patterns however, repeat themselves 

and hint at an over-arching framework. A sense of order becomes apparent when the 

fractures are viewed in their entirety. Many of the fractures are horizontal and planar 

and several show a sigmoidal shape. The boundary of fracturing dips at an angle of 

about 30°. The structure is commonly referred to as a tension gash. Kinematically the 

unit volume has dilated in a vertical direction, parallel to the inferred 3 direction, and 

has shortened in a horizontal direction, parallel to the inferred 1 direction and, at the 

same time, has sheared 30° to the horizontal direction. The history of deformation is 

interpreted in the following manner. Initially, small scale fracturing is concentrated in 

irregularly distributed clusters or patches. This is a reflection of the heterogeneous 

distribution of "flaws" within a rock. Flaws are typically a collection of grains and pores 

with heterogeneous mechanical properties. Flaws within the rock mass facilitate stress 

concentrations that lead to initial failure at the flaw site. The process of rupturing 

relieves the built-up stress at the flaw site and transfers the stress to adjacent regions. 

As stress increases, so does the associated strain. Eventually rupturing occurs in 

adjacent regions. Clusters of fractures develop systematically, and with increasing 

scales, as strain is increased. Immediately below the illustration of the calcite-filled 

fractures is a model that describes the development of the tension gashes (Fig. 7-4B). 

The model shows a cluster of six aligned fractures that have opened vertically and 

have sheared clockwise along the interlinking shear band. The interlinking shear band 

is inclined to the1-axis whereas the initial fractures are parallel to the1-axis. The 

shearing action has rotated the central portions of the fractures into the sigmoidal 

shape. The boundary confining the unit body has thickened vertically and shortened 

horizontally in a uniform manner. The amount of vertical dilation is the same across the 

cluster fractures. Along any arbitrary vertical line the summed length of the line 

segments crossing the calcite-filled fractures is constant. As each fracture opens up it 

interacts with its neighbouring area through its associated stress field. An opening 

fracture fills the space provided by the dilating boundary. 
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Figure 7-4: A) shows tension gash photographed on the TransCanada Highway just north of 
the town site of Banff. Structural feature is within the deformed footwall block of the Sulphur 
Mountain thrust fault. B) shows model of tension gash and demonstrates how small scale 
chaotic elements produce simple linear features. 

The opening of a fracture suppresses neighbouring fractures from opening vertically 

above or below. Some of the shortening and thickening of the unit is also achieved 

through clockwise shear strain along the interlinking shear band. Interaction between 

the deforming boundary, the opening of fractures and the shearing action induce the 
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opening of fractures to be staggered in an en échelon manner. Shear stress and strain 

become localized within discrete planar shear zones, and initial failure fractures that 

are located away from the discrete planar zones become inactive. Continued fracturing 

that occurs within the shear bands ultimately leads to the development of a fault. In this 

way, the heterogeneous nature of rocks leads to the randomness of small scale 

features, while at the same time boundary conditions and the interacting stress fields 

provide the framework that leads to larger scale, uncomplicated geometries. 

7.2.3 Boundary conditions 

Strong, thick units determine the dominant or long wavelength of folds (Biot, 

1961, Currie et al., 1962). The thicker the strong unit is, the longer the wavelength of 

the resulting folds. There is one key requirement for dominant folding to occur. 

Dominant folding can only occur if the underlying units are capable of deforming to 

accommodate the changing shape of the boundary that separates the units. As the fold 

grows in amplitude, the core of the anticline must fill with material from the underlying 

unit that is shortening and thickening. A small outcrop comprising two units of 

contrasting mechanical strength illustrates the need for cooperative deformation 

between the two units (Fig. 7-5A). 

The upper unit in the photograph is a psammite bed that has developed an 

anticline with vergence to the right. The unit has maintained its cohesiveness during 

the deformation. The unit below is a pelite that has experienced pervasive small scale 

deformation. The lower unit has developed a metamorphic fabric that includes 

boudinaged material, and the growth of muscovite and garnet minerals. The presence 

of kyanite, silliminite and andalusite minerals in nearby outcrops suggests the pelite 

experienced sufficiently intense temperature and pressure conditions such that the 

rock unit was ductile during deformation. The upper unit has determined the shape of 

the fold and the lower unit has behaved in a compliant manner. In the absence of 

cooperative deformation of the lower unit, the upper unit would not be able to develop 

the fold. 

The geometry of the units in this outcrop bears a striking resemblance to the 

Brown Creek structure. The amplitude to wavelength ratio and vergence of the fold are 

about the same for the Brown Creek structure and this outcrop. The upper quartzite 

bed is like the Saunders Group strata and the lower pelite unit, which has formed 
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Figure 7-5: A) Photograph of an outcropping anticline within the Picuris Mountains of New 
Mexico. B) Schematic drawing of the fold. Upper competent unit determines fold shape and lower 
unit is compliant. Metamorphic grade is amphibolite. 
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duplexes and small scale structures, is much like the strata between the Saunders 

Group and the basal detachment within the Palliser Formation. This outcrop is located 

in the Picuris Mountains of New Mexico, more than 1500 km SSE of Brown Creek, 

Alberta. The outcrop and the Brown Creek structure both contain a pair of strong and 

weak units that have been folded in a manner that is indistinguishable from each other. 

This folding style can be applied universally. 

7.2.4 Breaking waves 

A stroll along a sandy beach is a fitting way to wrap up the discussion on the 

Brown Creek structure. The physics of ocean waves lapping up onto a beach can be 

used as an analogy to understand frustrated folding. Ocean waves in deep water tend 

to be undulating swells. As the waves approach land, the water depth shallows and the 

speed of the waves diminishes. As the waves slow down the crests bunch up. As the 

wavelength decreases, the amplitude increases. When a wave encounters water 

depths of less than half a wavelength, surface effects begin to dominate. The crests of 

the waves become peaked and may develop curls that lean shoreward. Careful study 

of water particle motion shows drag forces at the water bottom impede water from 

filling the growing amplitude of the cresting wave. At very shallow water depths, the 

volume of water available is insufficient to support the wave. The wave shape develops 

a strong lean (vergence) towards the shore and the wave collapses (breaks). 

There are similarities between breaking waves at a shoreline, the detachment 

fold model and frustrated folding. In all three cases, the depth-to-detachment is critical. 

When the base depth is sufficiently deep, a simple fold or wave develops. When the 

depth is too shallow the fold or wave breaks. Periodic waves or folds are mechanically 

stable in nature, as long as the kinematic process of filling the anticline or wave is not 

impeded. 
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7.3 Conclusions 

The Brown Creek structure is a foreland-verging fold cored by a branching 

thrust fault system. The lower main thrust fault cuts up-section from a flat within the 

Upper Devonian Palliser Formation, through the Lower Carboniferous Banff Formation, 

Lower Carboniferous Rundle Group and Jurassic Fernie Formation before flattening 

out and branching into numerous faults within the Lower Cretaceous Luscar Group. 

The displacement along the lower main thrust fault is estimated at 5.5 km in a NE 

direction. The branched faults rejoin within the basal Blackstone Formation and 3.5 km 

of displacement carries on forelandward towards the Brewster structure. The remaining 

2 km of displacement occur on the faults that cut up-section and emerge at the surface 

as part of the Ancona thrust fault and other smaller faults. An intermediate main thrust 

fault cuts up-section from a flat near the base of the Upper Cretaceous Blackstone 

Formation through the Upper Cretaceous Alberta Group and Saunders Group and 

emerges at the surface as the Ancona thrust fault. This intermediate thrust fault is 

linked to the deforming footwall block of the next major structure located 10 km to the 

west. Displacement on the intermediate thrust fault is about 2.5 km. Above the 

complexly deforming branched thrust fault system the strata of the Saunders Group 

remain relatively undeformed. Despite the underlying complexity the Saunders Group 

appears to gently fold and fault in a simple manner. The great thickness of the 

Saunders Group and its stratigraphic architecture allows the unit to dominate and 

control the deformation of the underlying strata. Thickening within the branched thrust 

fault system is compensatory; each of the thickening components is such that the sum 

of thickening varies smoothly and uniformly. 

The mechanism controlling structural development in the Brown Creek area is 

folding instability. Large scale folding of the thick upper unit has controlled the strain 

path of the mechanically weak and anisotropic lower unit. The large-scale folding of the 

thick Upper Cretaceous to Paleogene Saunders Group has produced the linear trend 

of the structures in the Brown Creek area. The units below the Saunders Group, from 

the Palliser Formation up through the section to the Alberta Group, include bedded 

units that are very weak and very anisotropic. The weak and anisotropic units are 

compliant with the overlying Saunders Group and the units immediately below the 

Saunders Group deform at a finer scale to fill the core of the developing anticline. Deep 
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detachments lead to anticlines with higher amplitude-to-wavelength aspect ratios. 

Shallow detachments lead to deflated folds, or in extreme cases, no fold at all. 

The concept of frustrated folding has been developed to explain structural 

development of a strong-compliant pair of units. Frustrated folding comes about 

through the kinematic limitations of a compliant unit that thickens to fill the core of a 

growing anticline that is controlled by an overlying thick strong unit. A thick dominant 

unit will promote the development of large scale folds, but the kinematic nature of large 

folds requires an enormous amount of material to fill the core of a growing anticline. 

The shortening of the compliant unit in a detachment fold or duplexed fault-bend fold 

exceeds the shortening of the overlying controlling unit. An insufficient volume of 

material will compromise the shape of a fold, leading to a deflated anticline with internal 

deformation of the dominant unit. 

The Brazeau and Wapiabi anticlines are style ejectif with broad synclines 

separated by anticlines that are antiformally-stacked duplexes. Style ejectif and triangle 

zone structural styles are manifestations of the tectonic wedging process. The triangle 

zone architecture is identified at thrust fronts whereas style ejectif can be found within 

the fold and thrust belt. The presence of multiple, very weak detachments promote the 

development of a triangle zone or style ejectif. The presence of a single dominant 

detachment promotes the development of foreland-directed thrusts. 

The frictional rock strength of the strata in the Southern Region is higher and 

more uniform than in the Brown Creek area. This difference in mechanical strength 

between the two areas accounts for the differences in structural style between the two 

areas. The Brazeau thrust sheet and other thrust sheets of Paleozoic strata in the 

Southern Region deform in a beam-like manner. The thrust sheets are thick and long. 

In the Brown Creek area the thrust sheets are thinner and shorter. The mechanical 

anisotropy of the Mesozoic lithologies in the Brown Creek area is greater than for the 

lithologies of the Southern Region. This difference accounts for the increased 

branching and complexity of structures in the Brown Creek area. 

The mechanical weakness at the base of the Blackstone Formation north of the 

Cow Lake swingback has a profound impact on the structural style of the deformed 

Plains and eastern margin of the Foothills. North of the Cow Lake swingback, where 

the basal Blackstone Formation shale is weak, deformation continues out into the 

Plains and foreland-directed thrusts develop. South of the Cow Lake swingback, where 
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the basal Blackstone Formation shales are stronger, the thrust front is located at the 

Foothills-Plains boundary and a triangle zone has developed. The introduction of a 

very weak detachment has altered the structural style of the thrust front from a triangle 

zone in the south, with tectonic wedging, to a foreland-directed thrust in the north (Fig. 

7-1). 

Early deformation in the Central Alberta Foothills involved duplexing in the 

Alberta Group and homogeneous, pervasive, layer parallel shear in the Saunders 

Group. The deformation thickened the units in a sub-periodic spacing which strongly 

influenced the positions of present day anticlines and synclines. The Saunders Group 

has experienced layer-parallel shortening which, by its very nature, is cryptic. 

The analysis of the mechanical stratigraphy of the Central Alberta Foothills has 

come about through the development of the rock strength profile. The profile curve 

shows the arrangement and thicknesses of incompetent and competent beds in a 

quantitative manner. The curve is based on in-situ measurements of elastic moduli that 

are used as proxies for the frictional strength of rocks and other strength parameters. 

The strength profiles can be used to identify stratigraphic intervals with homogeneous 

properties and intervals that are highly anisotropic. The rock strength profiles can be 

used to identify strata that are sufficiently strong and thick to behave in a way that 

controls deformation, and to identify strata that will behave in a compliant manner. The 

profile can be used to identify character changes in strength that lead to the 

development of detachment surfaces. A rock strength profile can be constructed for 

any sedimentary basin in the world that has an appropriate suite of geophysical logs 

that measure the rock properties. Sonic logs can be used as a proxy for rock strength 

when the full suite of shear sonic and density curves is unavailable. 

The conclusions of this thesis could be put to a quantitative test by building 

numerical models, based on values derived from the strength profile and starting with 

the appropriate boundary conditions. Numerical modeling can simulate the deformation 

of a sedimentary basin, and allow us to investigate the cause and effect of structuring; 

to link the evolving stress field with the resulting strain, and to determine how the strain 

affects the evolving stress. Numerical modeling has the potential to demonstrate how 

complex, small scale strains build up to simple, large scale structures. Through 

numerical modeling we can explore and learn how structures develop. 
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Understanding the nature of thrust fronts is critical to understanding the 

migration and trapping of hydrocarbons that are often found in thrust fronts. The 

geometry of structural culminations will depend on the structural style at the thrust 

front, whether it is a foreland-directed thrust or a triangle zone. Successful exploration 

strategies along thrust fronts anywhere in the world will take these differences into 

account. Improvements in the general principles of structural geology that may come 

from this thesis will help improve the probability of commercial success in petroleum 

exploration. 
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