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Abstract 

The development of an orogenic wedge is a complex process that reflects the interaction of a 

large number of components and rates.  One such component, strength anisotropy, is present in 

all bedded sedimentary rocks, so understanding its influence on the development of the orogenic 

wedge is important.  Many other components of the system such as surface processes, fluid 

pressure, and mechanical failure have been shown to influence the development of the orogen, 

however the influence of strength anisotropy has not been as thoroughly investigated.  By 

examining the structures at the leading edge of an orogenic wedge with respect to the orientation 

of anisotropy relative to the principal stress directions, insight into the development of the wedge 

can be gained.  Field data (fracture orientations, bedding orientations, bedrock maps, and 

hammer seismic data), were combined with subsurface data (well log, seismic and aeromagnetic 

data) to interpret the anisotropy and structures at the leading edge of the orogenic wedge in the 

Southern Canadian Rocky Mountains. The structures described indicate that strength anisotropy 

influences the development of the orogenic wedge.  The layering of sedimentary rock creates a 

strength anisotropy parallel to bedding planes that is a significant control on rock failure at the 

scale of the thrust front.  The change in the orientation of the strength anisotropy from foreland 

dipping (shallow) to hinterland dipping (deep) at the leading edge of the thrust front creates 

preferred failure directions that lead to wedge geometries.  Although the shape of the leading 

edge of an orogenic wedge suggests a conjugate system, the upper and lower failure surfaces are 

not a conjugate pair.  They are separate failure surfaces, one that ramps and steps forward and 

one sub-parallel to bedding that deflects upward.  Current theory, which relies on wedge failure 

due to advancing conjugate failures, does not adequately accommodate the strength anisotropy 

inherent in sedimentary rock at the leading edge of a contractional orogen.  As the orientation of 



iii 

the strength anisotropy is a significant control on rock failure, factors that control the strength 

anisotropy such as basement topography, subsidence (accommodation space), erosion rate and 

sedimentation rate will also affect rock failure and thus the geometry of the orogenic wedge is 

the result of a complex system.   
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CHAPTER 1: INTRODUCTION 

Sedimentary rock is layered, creating a primary strength anisotropy.  Thin skinned 

contractional orogens are formed by the compression of sedimentary rocks into fold and thrust 

belts, therefore the influence of anisotropy on mechanical failure in contractional deformation 

must be considered when investigating fold and thrust belts.  The focus of this study is to 

consider the effects of anisotropy on rock failure at the leading edge of a thin skinned 

contractional orogen, the Southern Canadian Rocky Mountains, rather than assuming that 

deformation progressed as  an isotropic mass failing as an advancing wedge (critical taper 

theory). 

There are many field studies of fold and thrust belts worldwide (Cooper, 2007) as well as 

analogue and numerical models of orogenic wedges used to study wedge dynamics (Buiter, 

2012; Graveleau, 2012).  Surface processes (DeCelles et al., 1995; Stort & McClay, 1995; 

Stockmal, 2007; Cruz et al., 2007; Sieniawska et al., 2010) and  rudimentary heterogeneity 

(Stockmal, 2007) have been incorporated in some studies of fold and thrust belts, however the 

anisotropy of sedimentary rock has not been fully considered.  

The field area in the Southern Canadian Rocky Mountains contains an abundance of data 

that can be used to interpret the sedimentary layering, far field stress, basement structure and 

other factors contributing to and affecting anisotropy over a large area internal to and in front of 

the thrust front. 

Materials are anisotropic if they have different physical properties in different directions. 

Whether a rock is anisotropic or not depends on the scale of observation and the property being 

studied (density, strength, elastic moduli, electrical conductivity, hydraulic conductivity, etc.).  

Sedimentary rocks are made up of minerals and grains that individually have chemical bonds and 
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crystalline structures that are either isotropic (the same in all directions) or anisotropic (not the 

same in all directions) at the submicroscopic scale.  At the centimeter to decimeter scale at which 

rock properties are measured in labs, randomly oriented minerals/grains can yield isotropic rock 

properties, whereas a rock of identical composition with its minerals/grains aligned during 

deposition, compaction or deformation yields anisotropic rock properties.  At the scale of meters 

to kilometers, rock mass properties such as seismic velocity, electrical conductivity, hydraulic 

conductivity, gravity and magnetics can be measured with geophysical methods, but we cannot 

directly measure the rock mass strength that is of primary concern in this study.  Rock masses are 

typically heterogeneous and full of discontinuities, so rock properties measured on small, 

homogeneous, intact samples cannot be upscaled without modification.  The rock mass is not 

entirely made up of isotropic sandstone or anisotropic shale; instead layers of different strengths 

are interbedded.  This study examines how rock mass strength varies with changes in orientation 

of the anisotropy relative to the far field stress directions. 

The principal component of the anisotropy for mechanical failure is the orientation of the 

anisotropy with respect to the maximum principal stress.  This is a control on the structural style 

of the rocks.  Sedimentary layers form a particular type of anisotropy where the anisotropic 

properties vary significantly along one axis perpendicular to the plane of the sedimentary layers 

(So plane) only.  As far field stress has three orthogonal axes, anisotropic behavior is observed 

when the orientation of the So plane is not orthogonal to the stress axes (Figure 1).  With plane 

strain in the 1- 3 plane, when So is not orthogonal to the stress, the rock is strengthened with 

respect to shear failure in one direction and weakened in the opposite direction (Figure 2).  In 

terms of the frontal structures of an orogenic belt, So that is not orthogonal to the stress axes 

allows either foreland directed structures (direction of fault failure and/or vergence of folds) or 
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hinterland directed structures.  If So is parallel to the 1 axis, the anisotropic behavior (control on 

direction and vergence) is minimized and both foreland and hinterland directed structures may 

occur.  However, the strongest layer  controls the breaking strength, so in order to fracture the 

rock with the same deviatoric stress, the fluid pressure would need to build up before the rock 

would fracture (Pf, Figure 2 ii.b); alternatively, the deviatoric stress would need to be increased if 

the fluid pressure were the same in all three scenarios. 

 

Figure 1: When bedding planes (grey/white layers) are parallel to 1 rock behaves 

isotropically at failure (a).  When bedding is rotated by some angle () from 1, rock 

behaves anisotropically at failure (b). Only one component of the orthogonal stress is 

shown for simplicity.  A reciprocal stress is present acting opposite to each stress 

component shown. 

 

This anisotropic control of the failure is demonstrated in the frontal structure of the 

southern Canadian Rocky Mountain orogenic belt.   The geometry of the frontal structure is that 

of a wedge (the orogenic wedge) with a foreland directed thrust (basal décollement) in the lower 

strata that dips to the hinterland and a hinterland directed thrust (back thrust) in the upper strata 

that dips to the foreland (Figure 3).  Moreover, when the dip of the sedimentary layers in the 

upper strata reverses across the external axis of the foreland basin, the direction of fault failure 

and fold vergence also reverse and become foreland directed (Figure 4). Current theory on the 

formation and propagation of orogenic wedges in a contractional system is explained through the 
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Figure 2: Vertical sections showing critically stressed anisotropic sedimentary rock masses 

in a contractional system (assuming plane strain).  The section is such that 1 is horizontal, 

3 is vertical and 2 is perpendicular to the plane of the section.  For case ii.a the bedding 

plane is parallel to 1 (=0) and, as demonstrated by the Mohr diagram (ii.b), the rock 

mass has equal probability of failing with a dextral and sinistral sense of shear (ii.c).  In 

case i.a, the bedding is oriented at an angle () to 1.  In this case the strength for one sense 

of shear decreases and the strength for the opposite sense of shear increases (i.b), and 

failure with only one sense of shear is possible (i.c).  Figure iii.a, the bedding is tilted in the 

opposite direction (’), the relative strengthening and weakening is opposite to i.b (iii.c), 

and the sense of shear possible is opposite that of i.c (iii.c). 

 

use of critical taper theory (Davis et al., 1983), where a taper is developed and maintained 

through mechanical processes.  The failure geometry they used ignores the effects of anisotropy 

and the dip of sedimentary layers is not considered to affect the failure orientation or fold 
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vergence in the frontal structures of the orogenic wedge.  This study was designed to determine 

and explain the effect that anisotropy due to sedimentary layer orientation has on the three 

dimensional development of the structural style of a contractional orogenic wedge.   

  

Figure 3: Interpretation of spliced seismic section from field area at approximately 1:1 

(vertical:horizontal) scale (un-interpreted section shown below interpreted section).  The 

wedge shape is traced by the hinterland directed thrust (upper failure surface, red) and the 

foreland directed thrust (lower failure surface, green).  The black dashed line is an 

extension of the wedge “tip” within the Bearpaw Formation (upper detachment zone).  The 

external syncline axis marks where the sedimentary layers above the detachment zone 

change laterally from foreland dips (west of external syncline axis) to hinterland dips (east 

of external syncline axis, not shown). See Figure 9 for location.   



 

6 

 

 

Figure 4: Interpretation of two (2) seismic sections east of external syncline axis at 

approximately 1:1 depth scale (un-interpreted sections shown below interpreted sections).  

Bearpaw Formation (KBp) top is at the lower boundary of the brown shading.  The 

interpretations show that the faulting in strata above the stratigraphic level of the upper 

detachment has reversed from hinterland directed faulting west of the external syncline 

axis (Figure 3) to foreland directed faulting east of the external syncline axis.     

 

Background 

Orogenic wedges as the frontal structure of the thrust belt in the study area were first 

described in the late 1940’s and 1950’s by Link (1949), Douglas (1950), Fox (1959) and Scott 

(1961).  Davis et al. (1983) introduced the concept of a Critical Taper to explain the large scale 

mechanics of orogenic wedges through sand box models and field observations to demonstrate 

the theory and mathematics of the critical taper.  Initial models were compared to accretionary 
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wedges by Davis et al. (1983), Zhao et al. (1986), and others, and to fold and thrust belts by 

Dahlen & Suppe (1988) and Dahlen (1990) who made a specific comparison to the frontal 

structures of the southern Canadian Rocky Mountain fold and thrust belt.  While the general 

observations on the geometry of the southern Canadian Rocky Mountain frontal structures 

matched the critical taper theory, several assumptions were made, primarily that the material 

deformed as an isotropic mass (Charlesworth, 1961).  The rocks are sedimentary in origin, so 

they have an intrinsic strength anisotropy due to sedimentary layering (So) that should be 

considered. 

Initial theory of brittle failure in anisotropic rocks was presented by Jaeger (1959) which 

showed that when So was not orthogonal to the applied stress direction, a single set of shear 

failures would develop consistent with but not equal to the orientation (dip) of So.  Donath (1961, 

1964, and 1972) performed experiments on oriented core that supported Jaeger’s theory and 

demonstrated that variations in rock strength at differing orientations of So to stress axes also 

occurred.  These results have been repeated and built upon in further laboratory experiments by 

McLamore & Gray (1967), Horino & Ellickson (1970) and Yasar (2001) and others in the field 

of mining engineering.  Their works focused on the strength of anisotropic rocks, but not on the 

implications of the failure orientation on crustal scale processes.    

Scope of Thesis 

The scope of this study is to examine the effects of anisotropy in crustal scale rock failure 

within the Southern Canadian Rocky Mountains.  This includes an outline of the local 

stratigraphy within the orogenic wedge and the adjacent undeformed foreland basin to determine 

the extent and orientation of initial sedimentary layers (the primary anisotropy), and a detailed 
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interpretation of the frontal structures within the field area and the relationship of these structures 

to the primary anisotropy in terms of rock deformation and failure.  

 The development of a fold and thrust belt, such as the Southern Canadian Rocky 

Mountains, is a complex system that includes far field stress, uplift, erosion, sedimentation, 

accommodation, and fluid pressure amongst its factors.  The focus of this thesis is the influence 

of rock mass strength anisotropy and how it may affect the complex system.  
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CHAPTER 2: DATA AND METHODS 

Study Area 

The study area is located 60-160 km south of Calgary, Alberta, Canada (Figure 5).  The 

shape and extent of the study area are roughly defined by available 2D seismic data within an 

area between the towns of Longview and Pincher Creek along the edge of the deformation front.  

The area covers approximately 7000 km
2
 along the leading edge of the Southern Canadian 

Rocky Mountains.   

 

Previous Work 

A review, from an historical perspective, of the triangle zone of the Southern Canadian 

Rocky Mountains is provided by MacKay et al. (1996).  Specific to orogenic wedges, the wedge 

geometry in the Canadian Rocky Mountains was first published by Theodore Link in 1949 in a 

cross section of the Coalspur structure in west central Alberta (Link, 1949).  The cross section 

includes upper and lower failure surfaces terminating in a wedge, with dips to the foreland of the 

wedge that change from foreland dips above the tip of the wedge to hinterland dips below the tip 

of the wedge (the section was subsequently studied in detail by H.A.K. Charlesworth and his 

students (Charlesworth et al., 1985, and Charlesworth et al., 1987)).  In the late 1950’s, 

geoscientists at Shell noticed the same dip pattern in near surface reflectors (reflectors with 

hinterland dips to the west changing to reflectors with foreland dips to the east) forming a linear 

trend at the edge of the southern Canadian Cordillera (MacKay et al., 1996).  In the late 1950’s 

within Shell the wedge at the leading edge of the deformed belt was termed the “Triangle Zone” 

describing the geometry as seen on seismic sections with a flat base and sloping upper surfaces 

outlining an area of noisy seismic data (Jones, 1996).  A similar interpretation of the geometry 
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was the passive roof duplex of Banks & Warburton (1984) who compared the structures in the 

Southern Canadian Rocky Mountains to similar geometries in the Himalayas   Although these 

where accurate descriptions of the general geometry, these early interpretations did not have 

access to the high quality seismic data and increased well density available for later studies, 

including this one, that allow for more interpretation of the details within the general geometry.   

The interpretation of the wedge shaped geometry and its internal deformation as a frontal 

structure of the southern Canadian Rocky Mountains was first published in sections by Bally et 

al. (1966) with hinterland verging deformation dominating above the wedge and foreland 

vergence dominating within the wedge (MacKay, 1991).  As technology advanced and an 

increase in well bores from hydrocarbon exploration occurred, further geologic sections in the 

study region have since been published by MacKay, 1991, 1996; Veilleux, 1993; Lawton et al., 

1994; Bégin et al., 1996; Hiebert and Spratt, 1996; Stockmal, 1996; and Langenberg et al., 

2002).   

 



 

11 

 

Figure 5: Map of the study area straddling the frontal structures at the foreland edge of the 

Rocky Mountain fold and thrust belt between Longview (North) and Pincher Creek 

(South).  The trace of the triangle zone crest (heavy black dashed line) is the approximate 

change from foreland verging structures (west) to hinterland verging structures (east) 

(MacKay, 1991).  Geology base map is after Alberta Geological Survey (1999). 
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Available Data 

Multiple data sets were used in this study.  Primary data sets are listed in order of 

resolution: 

Well Log Data 

Within the study area, 126 wells with digital log data and 87 wells with reported tops but 

no logs were used for subsurface mapping and depth correlations (Figure 6, Appendix A; see 

Methods section for tops selection process).  In addition, 237 wells outside the boundary of the 

study area were used to extend correlations to the boundaries of the study area.   

Field Mapping 

Field work in the Porcupine Hills region within the study area involved the collection of 

data on bedding (S0) and fracture orientations and to constrain the 1:50,000 maps from the 

Geologic Survey of Canada.  Figure 7 shows the area covered by the field work.   

Air photos  

Ortho rectified air photos of much of the study area provided by the Municipal District of 

Ranchland were used to locate and plan field work, as well as to correlate stratigraphic units 

between outcrops.  GPS data (x, y, z) collected while field mapping were used to tie the specific 

locations from air photos to the geology and stratigraphy.  In addition, images from Google Earth 

were used to augment the air photo data. 

Published Bedrock Maps 

Bedrock geology maps from the Geological Survey of Canada were used for the surface 

geology correlations in the study area.  These maps are available over the entire foothills region 

within the study area (Figure 8).  Additional maps west of the study area were included to 
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correlate to the extensions of the seismic lines outside the field area.  Table 1 lists the various 

maps from the study area. 

Seismic Surveys 

35 individual two dimensional (2D) seismic surveys totaling ~860 km of length were 

provided to the University of Calgary courtesy of Pulse Seismic (Table 2, Figure 9). All lines 

were correlated to sonic logs from nearby wells. Interpretation of the seismic data was performed 

by the author.  Two survey lines are strike lines (HWY-22A and FTR-1) and the remainder are 

dip lines.  

Shallow Refraction Seismic Surveys 

A refraction survey was undertaken as part of this study and used to identify stress 

directions in the shallow subsurface.  The refraction survey was completed with a hammer 

seismic source using a radial pattern of geophones and is explained in detail in Appendix B.  

Location of the survey is shown in Figure 7. 

Aeromagnetic Data 

Aeromagnetic and gravity data were extracted from the Natural Resources Canada 

Website (Natural Resources Canada, 2015) as processed and compiled data (Figure 10).  

Basement structure interpretations were compiled from Ross (1991), Ross et al. (1994), Ross and 

Eaton, (1999), and Lemieux, (1999, 2000). 
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Figure 6: Well locations for wells used in study.  Bottom hole locations for deviated wells 

and well paths are not shown.  Well locations for individual wells are in Appendix A.  Type 

wells are shown with green halo.  Dashed lines are published vertical sections; (Y,Z) 

MacKay (1991);(X) MacKay (1996); (G) MacKay (in Langenberg et al. 2002); (O-1) 

Lawton (1994); (P-1 – P-5) Bégin et al. 1996; (O-2) Stockmal et al. (1996); (C’) Hiebert and 

Spratt (1996).  Solid lines (A, B) are original cross sections from this study, blue dotted 

lines are seismic lines, solid red lines are roads. 
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Figure 7: Field based measurements and mapping region within study area.  Outcrop 

measurements were primarily fracture and bedding orientations and frequencies.  

Location within the study area can be found in Figure 9. 
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Figure 8:  Bedrock geology maps in the study area produced by the Geologic Survey of 

Canada, listed in Table 1.  Black numbers indicate the GSC open file number reference for 

the maps.  Red dashed line bounds the study area.  Solid red (paved) and black (unpaved) 

lines represent the roads.   
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Table 1: Bedrock Geology Maps (Geologic Survey of Canada) in study area and 

immediately west. 

Map Sheet NTS Reference GSC Open 

File # 

Date 

Published 

Author 

Mount Head  82-J-7 (East Half) 1052A 1958 Douglas, R.J.W. 

Pekisko Creek 82-J-8 (West Half) 698A 1942 Hume, G.S. and Hage, C.O. 

Stimson Creek 82-J-8 (East Half) 934A 1949 Hume, G.S. 

Fording River 

(West Half) 

82-J-2 (West Half) 1824A 1992 Price, R.A., Grieve, D.A. 

and Patenaude, C. 

Fording River 

(East Half) 

82-J-2 (East Half) 1831A 1993 Norris, D.K. 

Langford Creek 

(West Half) 

82-J-1 (West Half) 1837A 1993 Norris, D.K. 

Langford Creek 

(East Half) 

82-J-1 (East Half) 3568 1998 Stockmal, G.S. 

Tornado 

Mountain 

82-G-15  1823A 1992 Price, R.A., Grieve, D.A. 

and Patenaude, C. 

Gap (Maycroft 

West Half) 

82-G-16 (West 

Half) 

978A 1949 Douglas, R.J.W. 

Maycroft (East 

Half) 

82-G-16 (East 

Half) 

3275 1996 Stockmal, G.S 

Granum 82-H-13  3445 1997 McMechan, M. 
Blairmore (West 

Half) 

82-G-9 (West 

Half) 

1829A 1993 Norris, D.K. 

Blairmore (East 

Half) 

82-G-9 (East Half) 1653 2003 Stockmal, G.S  and Lebel, 

D. 
Brocket 82-H-12 3289 1996 Lebel, D. 
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Figure 9: Map showing surface traces of 2D seismic lines (blue dotted lines) used in the 

study.  Green circle shows location of hammer seismic refraction survey and outcrop 

measurements.  A description of the seismic lines is in Table 2.   
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Table 2: Listing of two dimensional (2D) surveys used in the study. 

Survey Name Vintage Line Length (km) Fold Source 

HWY-22A 1994 110.3 7500 Vibroseis 

50_A8L87 1982 10.23 1200 Dynamite 

46_A2L88 1981 13.49 1200 Vibroseis 

42X_B3S81 1980 11.93 1200 Vibroseis 

42_B1A85 1975 11.13 1200 Dynamite 

38X_B0L90 1977 16.42 1200 Vibroseis 

38X_A2L86  5.75   

38X_A2L87 1981 12.7 2100 Vibroseis 

34X_A2L85 1981 14.51 1600 Vibroseis 

30X_B0L88 1977 14.56 1200 Vibroseis 

AB-KA-18 1988 35.11 6000 Vibroseis 

28X_A2L84 1981 10.71 1600 Vibroseis 

24X_A2L92 1981 10.72 1200 Vibroseis 

24X_A2L83 1981 9.98 1200 Vibroseis 

20X_A2L82 1981 18.12 1200 Vibroseis 

16X_A2L81 1981 14.28 1600 Vibroseis 

12X_A2L91 1981 14.36 1200 Vibroseis 

8AE_A2L96 1981 11.17 1200 Dynamite 

8AW_A2L97 1981 5.28 1200 Dynamite 

PPH-10 2001 48.45 7300 Dynamite 

6X_A2L94 1981 13.64 1600 Dynamite 

6X_A2L89 1981 9.46 1600 Vibroseis 

70XE-A2L95 1981 9.03 1200 Dynamite 

70X_A2L90 1981 4.75 1200 Vibroseis 

PPH-1 1995 49.92 6000 Vibroseis 

PPH-16 2001 35.55 7300 Dynamite 

ELP-1 1995 101.4 5000 Vibroseis 

40_A5D80  22.25   

12X_A7Z20  20.25   

CNP-1 1994 68.1 km 12000%/600?? Vibroseis 
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Figure 10: First vertical derivative of the residual total magnetic field anomaly map over 

the study area.  Major basement elements after Ross (1991); Ross et al. (1994); Ross and 

Eaton (1999); Lemieux (2000).  Aeromagnetic data from Natural Resources Canada (2015).  

Data acquisition and processing description of the aeromagnetic data is in Miles and 

Oneschuk (2016). 



 

21 

 

 

Figure 11: Hammer seismic refraction survey location and setup.  Four receiver lines with 

25 geophones at 2m spacing were used in a radial pattern at 45 degree intervals.  The 

surface is sloping at ~10
o
 to the east (075

o
). 

 

Methods 

Well Data 

A three dimensional earth model (3D data set) was constructed using Petrel software and 

well data from public data bases.  Within the model, well depths were shifted to match ground 

elevations from a digital elevation model (Natural Resources Canada, 2007).  Older wells with 

poor or no well log data were eliminated unless necessary for tops correlation.  An area defined 

by wells within the region and all well trajectories available in the public data base (Geoscout 

and Divestco) were loaded into the three dimensional earth model (Petrel) and converted to 

consistent units.  Spatially distributed subsets of wells with modern, complete log suites (Gamma 
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Ray, Compensated Sonic, Resistivity, Density, and Neutron logs) that covered major portions of 

the Mesozoic and Paleozoic intervals were used as type logs for the study region.  A consistent, 

correlatable set of formation markers for the wells was selected based on the log signatures in the 

type wells (Figure 6).  The wells in the study area and surrounding region were compared to the 

type well logs, and formation tops from the public data base were confirmed or adjusted as 

necessary by the author.  

 

Seismic Interpretation 

2D seismic lines were provided as processed SEGY files and loaded onto a geophysical 

workstation using Seisware seismic interpretation software. The seismic dip lines are displayed 

with approximately no vertical exaggeration in the Mesozoic section to give a true structural 

representation (structures in the Mesozoic and younger rocks are the focus of this study; 

Paleozoic strata in the section will demonstrate negative vertical exaggeration and structures will 

appear somewhat flattened).  For each seismic section, the surface geology from bedrock maps 

was added to the surface trace on the seismic sections and faults from the surface geology maps 

and seismic interpretation were added.  Wells from the earth model with sonic and density logs 

were loaded into the seismic interpretation software with their associated formation tops and any 

fault interpretations.  For wells within ~1500m of a seismic line, synthetic seismic traces were 

constructed for the wells using the sonic and density logs.  All wells within ± 1500m of a seismic 

line were projected along regional structural trends within the study area onto the seismic 

section.  Using the projected well data, formation tops and faults from the well data were 

correlated to seismic reflectors and traced on the seismic section.  After individual line 

interpretations were completed, the formations and faults were correlated between the seismic 
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lines to ensure conformity in the assignment of formation tops to reflectors.  Aeromagnetic data 

(Figure 10) were used to interpret the trends of Proterozoic basement structures between seismic 

lines.   

            One of the seismic survey lines (HWY-22A) is a strike line oriented sub parallel to the 

major structures in the area.  Interpretations from strike lines are of low confidence due to 

migration issues, therefore the two strike lines were used as low confidence data secondary to the 

other data sets in the study. 

Interpretations of additional seismic surveys from other authors (MacKay, 1991; 

Veilleux, 1993; Stockmal et al. 1996; Stockmal and Mackay, 1994; MacKay, 1996; Bégin et al., 

1996) were also used to delineate structures. 

 

Shallow refraction Seismic Interpretation 

The shallow refraction survey in this study makes use of a hammer seismic setup 

developed by the CREWES research consortium at the University of Calgary.  The system uses a 

Geometrics Strataview 60 seismograph attached to a cable of 24 omni directional geophones.  

The geophones use a spiked base and are set at 2.0 m spacing, creating a 48m long survey line.  

The shot source consists of an aluminum cylinder with a serrated base struck by a 5 pound 

hammer coupled with a trigger switch.  The survey consists of four separate survey lines that 

created a radial pattern with 45
o
 angles between lines (Figure 11).  The location of the survey is 

on a slope (~10
o
 down to the east, parallel to bedding) approximately 100m east of the crest of a 

ridge.  A plus-minus analysis (Hagedoorn, 1959; Barry, 1967) of the first arrivals is used to 

determine the velocity of the first competent layer (layer 2 velocity) in the directions of each of 

the survey lines.  A best fit ellipse is used to determine a velocity anisotropy direction and to 
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compare to outcrop measurements of fractures, bedding, and regional stress directions in the 

area.  The analysis of the Hammer seismic data is included in Appendix B. 

 

 Cross Sections  

Two balanced vertical cross sections were constructed within the study area (see Figure 6 

for locations).  Surface, well bore, and seismic data were used to constrain the sections.  The 

sections were constructed parallel to the structural dip at an orientation of 80
o
/260

o
 at a scale of 

1:20,000.  Palinspastic reconstructions at a scale of 1:20,000 were done for each vertical section 

to ensure the lengths of lines and the thicknesses of individual layers are reasonable.  Vertical 

sections published for the region (locations in Figure 6) were used to provide additional lateral 

constraints of the structures within the study area.  The orientation of the vertical sections 

constructed in this study was selected to represent the shape and angular relationships within the 

orogenic wedge.  Tracing the strike of the deformation features using discrete measurements 

from geologic maps and field observations, regional structural trend is 170
o
/350

o
 (±5

o
) for the 

study area (Figure 12).  This is supported by bedding orientation data collected in the field as 

part of this study both above and below the upper detachment, and from various published papers 

from the study area (Douglas, 1950; MacKay, 1991; Bégin et al., 1996; Stockmal et al., 1996).  

The vertical section orientation is 80
o
/260

o
, with features being projected onto the section at 

170
o
/350

o
.  This is the geometric solution to the vertical section orientation.  A complication to 

this occurs when we examine the stress orientations and resultant strain paths in the study area 

(the kinematics).  In the case of a pure contractional system, the deformation trend is primarily 

perpendicular to the maximum compressive stress direction and similarly, perpendicular to the 

strain path.  In the study area (and consistent along strike of the Southern Canadian Rocky 
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Mountains to the hinterland and foreland of the study area) present day stress indications (from 

borehole breakout, over-coring, mini-frac) show a maximum horizontal stress direction of 

055
o
/135

o
 (Figure 14) that is parallel to slickenline trends measured in coal mines by Norris 

(2001), which formed at the time of deformation.  In a pure contractional system, the stresses 

responsible for the slickenlines would be expected to develop structures trending 145
o
/325

o
.  

However, the measured structural trend in the study area is 170
o
/350

o
 and indicates that locally 

within the study area the system is transpressional, probably because the inherited orientation of 

the craton margin and basement structures were not orthogonal to the tectonic plate convergence 

vector.  The kinematic solution to the vertical section orientation would be 55
o
/235

o
, whereas the 

geometric cross section is 25
o
 off, oriented 80

o
/260

o
.  The issue with using the kinematic solution 

to select a cross section orientation is that the fault offsets would be accurate, but the fold shapes 

will be distorted and the angular relationships will not necessarily be true.  The result is that for 

constructing the cross sections at a scale of 1:20,000, the geometric solution for the vertical 

section orientation (80
o
/260

o
) gives a more accurate representation of the shape and the angular 

relationships as it is perpendicular to the regional structural trend (Figure 13).  The dislocation 

(slip displacement) will be underrepresented but can be corrected for with a relatively simple 

trigonometric identity and is within an acceptable error at the scale used of 1:20,000.  Surface 

elevation, bedrock geology, and well bore data were used to constrain the sections.  Well logs 

(sonic) and interval velocities (Slotboom et al., 1996) were used to convert the seismic time 

interpretations to depth and project them onto the vertical (depth) section.  Dipmeter and image 

logs were used to guide interpretation of the structure locally around wellbores where the data 

existed.    
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Figure 12: The trend of major structures (structures on bedrock geology maps where 

confirmed by field observations) is approximately 350
o
 in the study region.  The stress 

directions (blue and red dotted lines; see Figure 14) act at an angle to this.  The structural 

axis then provides the geometric distortion direction and the stress axis provides the 

kinematic displacement direction.  Table 1 lists the bedrock map references. 
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Figure 13: True geometric section versus true kinematic section in a transpressional 

system. Geometric section preserves shape and angular relationships but underestimates 

dislocation along surfaces.  Kinematic section preserves dislocation but may distort shape 

and angular relationships.  Dislocation vectors are a relatively simple trigonometric 

identity versus distorting shapes and / or angles, leading to the conclusion that overall, 

geometric sections give a more accurate description of the structure and can be fairly 

simply corrected for dislocation within an acceptable error range. 
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Figure 14: Regional stress directions from Hammer seismic survey (this study) and 

borehole breakout directions (this study; Bell et al., 1994).  Regional maximum horizontal 

stress is 055
o
/235

o
 and minimum horizontal stress is 145

o
/325

o
.   
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CHAPTER 3: STRATIGRAPHY 

The stratigraphy within the study area can be divided into three packages based on age, 

depositional environment and lithology.  These packages are Proterozoic strata, Paleozoic strata, 

and Mesozoic (including Cenozoic) strata (Figure 15).  Formation markers used from logs and 

approximate stratigraphic equivalents in the Southern Canadian Rocky Mountain Foothills and 

Southern Alberta Plains regions are shown in Figure 16 and seismic correlations to the markers 

are shown in Figure 17.  Proterozoic strata under-lie the Paleozoic and are not shown in the 

column. 

Proterozoic Strata 

The oldest rocks in the study area are the Proterozoic metamorphic and meta-sedimentary 

rocks of the western margin of the North American craton (Burwash et al., 1994) and are 

grouped into a single stratigraphic unit for this study.  Proterozoic strata form a broad, west 

dipping ramp and are divided into distinct basement domains whose boundaries can be correlated 

through the Phanerozoic as structural elements (Ross et al., 1994).  Within the study area, the 

Vulcan Low, Matzhiwin High and Medicine Hat Block are identified structural elements whose 

relative movements produce changes in stratigraphic thicknesses of the overlying strata.   

Paleozoic Strata 

Paleozoic strata consist of sedimentary rocks deposited on the western margin of the 

North American craton (continental margin deposition).  While some of the Paleozoic rocks are 

clastics (e.g. Cambrian), the Paleozoic rocks in the study area are primarily carbonates forming 

thick competent units separated by organic rich shales.  The organic components are primarily 

type 1 and 2 kerogens and as such are liquids prone on maturation. 
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Figure 15: Stratigraphic column used for study area with type well log (Joffre et al Trout 

Creek 12-26-12-1W5).  Gamma Ray, Density and Sonic t logs were used through the 

study area for tops identification.  Stratigraphic levels with observed detachment surfaces 

in the study area are marked with green triangles, the dark green triangles denoting the 

more prevalent detachment levels.  Green bars represent the vertical distribution of 

detachment horizons observed in the field area.  Regional unconformities within the study 

area are marked.  Average seismic velocities are after Slotboom et al. (1996). 
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Figure 16: Formation markers used with approximate stratigraphic equivalent in Southern 

Foothills and Southern Plains nomenclature.  Well is type well Joffre et al Trout Creek 12-

26-12-1W5.   
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Figure 17:  Seismic section with well bore Joffre et al Trout Creek 12-26-12-1W5.  This is a 

relatively undeformed portion of the section and shows the correlation between the well 

logs (in this case the Gamma Ray and Sonic Logs) and the seismic data.  Correlated 

formation markers are: TKwc – Tertiary-Cretaceous Willow Creek, KSmr – Cretaceous 

Saint Mary River, KBp – Cretaceous Bearpaw, KBr – Cretaceous Belly River, KWp – 

Cretaceous Wapiabi, KCa, Cretaceous Cardium, K2ws – Cretaceous Second White 

Speckled Shale, Kbl – Cretaceous Blairmore, Jf – Jurassic Fernie, M – Mississippian 

unconformity, D – Devonian (~Exshaw), C – Near Cambrian reflector.  
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Cambrian 

The Cambrian sedimentary deposition on the western margin of the North American 

craton began with the deposition of clastics, then carbonate sediments on a stable passive 

continental margin (Aitken, 1989).  The Cambrian is intersected by two wells in the study area 

and a number of wells outside but in proximity to the study area (Figure 18).  The top of the 

Cambrian is tied to a strong amplitude event correlatable on seismic data as the “near Cambrian 

reflector” (Figure 17).  Although slightly above the Cambrian top, the near Cambrian reflector is 

at a consistent small vertical offset and is used to interpret the top of the Cambrian aged rocks. 

The top of the Cambrian interpreted from the near Cambrian reflector dips to the west / 

southwest and is unconformably overlain by the Devonian section.  For this study, the Cambrian 

is not differentiated from the Precambrian. 

Devonian 

The Devonian strata in the region comprise complex stacked cycles of carbonate and 

evaporates deposited in shelf, reef and basin environments (Moore, 1989).  The Devonian top is 

intersected by numerous wells in the study area (Figure 18) and is correlatable to a consistent 

event on the seismic data through the study area (Figure 17).  The top of Devonian surface dips 

to the West / Southwest.  It is overlain unconformably by the Mississippian / Devonian Exshaw 

Formation. Devonian thicknesses from well control (this study) and calculated from isochron 

thickness and seismic velocity (5750 m/s; Slotboom, 1996) thin to the west at a rate of 1.5m/km 

from a maximum of 557m on the eastern margin of the study area (LSD: 4-12-15-27W4M) to 

462m in the central region (LSD: 12-26-12-1W5M) to approximately 400m at the British 

Columbia / Alberta border (LSD: 13-28-9-5W5M).  For this study, the Devonian is considered a 

single structural unit that is not subdivided. 
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Figure 18:  Type well locations (a) with all wells used in study area. Wells with penetrations 

to the Mississippian (b), Devonian (c), and Cambrian (d) are shown to indicate relative well 

control by formation depth and seismic tie in points for the deeper formations.  For Fernie 

and shallower units, a full stratigraphic column at all wells can be assumed.  Blue dotted 

lines represent 2D seismic data interpreted for this study.  Colored shading is aeromagnetic 

survey with red representing highs and blue representing lows. 
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Mississippian 

The Mississippian strata in the study area are made up of three primary units; the Exshaw 

Formation (also contains upper Devonian aged sediments (Hall & Simpson, 1990)), the Banff 

Formation, and the Rundle Group.  The Exshaw Formation in the study area consists of 

relatively thin organic rich black shales sandwiching a silty limestone (Smith & Bustin, 2000).  

The Exshaw Formation is the basal unit of the Mississippian strata / top unit of the Devonian 

strata and is a major detachment in the study area as well as regionally (Figure 15, Figure 17).  

Above the Exshaw Formation the Banff Formation consists of silty mudstones that grade to a 

resistant limestone that is overlain by massive carbonates of the Rundle Group (Richards et al., 

1994).  The top of the Mississippian is a major regional unconformity which is overlain by the 

Jurassic Fernie Group and shows evidence of major (100m+) topographic relief in the subsurface 

(Richards et al., 1994).  In the study area, the Mississippian dips to the west / south west.  

Thickness of the Mississippian varies from ~400 m to 500+ m within the study region and 

increases to the west and within the Vulcan Low (Figure 19).  In the study, the Mississippian is 

considered as a single unit that is not subdivided and has major detachments at its base (Exshaw 

Formation) and its top (Fernie Formation).  The Mississippian is intersected by a large number of 

wells in the study area and is readily identifiable as a strong amplitude event on seismic data 

(Figure 17). 
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Figure 19:  Thickness of Mississippian package (black labelled contours) overlain on 

aeromagnetic map of study area.  Purple symbols are well control (full Mississippian 

section in wells).  Contours are terminated to the west where thrusting of the Mississippian 

occurs.  Contours are based on well logs and seismic sections. 
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Mesozoic Strata 

The onset of Mesozoic deposition represents a change from continental margin 

deposition during the Paleozoic and lowermost Mesozoic to sedimentary rocks deposited in a 

developing foreland basin 

during the remainder of the Mesozoic (Poulton, 1989).  The rocks are primarily clastic rocks 

composed of numerous interbedded shales, siltstones and sandstones.  Multiple organic rich 

shales and coals are present through the section with the organic components consisting mainly 

of type 3 kerogen (gas prone on maturation).  Notable exceptions are the organic shales of the 

Fernie Formation and the Second White Specks Formation, which are marine in origin and are a 

mix of type 1 and 2 kerogens (prone to liquid on maturation).  The study area lies mainly within 

the foothills region of the Western Canadian Sedimentary Basin but also overlaps the western 

margin of the southern plains region.  Naming conventions for formations change between 

regions in the literature so for consistency in this study naming conventions from the foothills 

region will be used with the addition of the First White Speckled Shale, Second White Speckled 

Shale and Milk River formation markers from Southern Plains Nomenclature (Figure 15).   

Fernie Formation / Group 

Unconformably overlying the Mississippian section is the Jurassic Fernie Formation.  

The Fernie Formation in the study area consists of thinly bedded black organic rich platy shales 

within interbedded phosphatic sandstones and limestones, with cherty limestones becoming 

abundant near the top of the formation (Hall & Simpson, 1990).  The Fernie Formation is 

approximately 100m thick in the study area but thickens from east towards the west.  Local 

abrupt changes in thickness are common in the Fernie Formation due to structural deformation 

(normal and reverse faulting, folding etc.).  The Fernie Formation is identifiable on seismic 
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sections and logs directly above the Mississippian marker (Figure 17).  Regionally, the Fernie 

has been elevated to Group status. 

Kootenay Group 

The Kootenay Group rocks are present in the thrusted sheets on the western margin of the 

study area as well as in the subsurface, thinning to the east to an undefined zero edge within the 

study area.  The group is undifferentiated in the study area and appears as blocky sandstones 

grading upward (vertically) to interbedded shales, sandstones and coals (Hamblin and Walker, 

1979).  Although a key marker in outcrop, the Kootenay Group within the study area is not a 

distinct marker horizon on logs or seismic sections.   

Blairmore Group 

The Blairmore Group disconformably overlies the Fernie Formation (in the eastern part 

of study area) or Kootenay Formation (in the western part of study area) and consists of 

interbedded conglomerates, sandstones, siltstones and shales (McLean, 1989).  It is equivalent to 

Bow Island, Viking and Joli Fou formations and the Mannville Group in the southern plains 

region (Alberta Geological Survey, 2015).  The Blairmore Group is approximately 300m thick in 

the central portion of the study area, thins to the east in the undeformed sections and thickens in 

the thrusted sheets to the west.  The top of the Blairmore Group is identifiable on both logs and 

seismic sections (Figure 17).  

Alberta Group 

The Alberta Group is subdivided into the Blackstone Formation (base), the Cardium 

Formation, and the Wapiabi Formation deposited within a mainly marine setting (Stott, 1963; 

Leckie et al., 1994).  It overlies the Blairmore Group unconformably and its stratigraphic 

thickness is approximately 650m within the study area and thins somewhat from west to east.  



 

39 

The Alberta Group is equivalent to the Pakowki through Westgate formations in the Southern 

Plains. 

Blackstone Formation  

The Blackstone Formation is 275m thick marine shale that is the lowermost unit of the 

Alberta Group (Stott, 1963).   The Blackstone Formation is not interpreted on logs, but a sub-unit 

of the Blackstone Formation that correlates to the Second White Specks Formation in the 

southern plains region (Figure 15) is interpreted from seismic sections and well data.  The 

Second White Specks Formation in the study area is a 75m thick variably siliceous to calcareous 

shale and mudstone.  The shale component has layers with high organic content (7%-12%) 

dominated by type 1 and type 2 kerogen in the study area (Simpson, 1989). The Second White 

Specks Formation is identifiable on logs and seismic data (Figure 17) and is a major detachment 

zone, with the detachments occurring at several levels within the formation.  

Cardium Formation 

The Cardium Formation in southwestern Alberta is a marine sandstone / siltstone that 

consists of stacked coarsening upward cycles often capped by a resistant sandstone or 

conglomerate.  The Cardium Formation has a consistent thickness of approximately 75m through 

the study area and adjacent regions, however, the lithologic makeup (sand /silt ratio) is highly 

variable (Krause et al., 1994).  The Cardium Formation is identifiable on logs and seismic 

sections (Figure 17). 

Wapiabi Formation 

The Wapiabi Formation is an approximately 450m thick marine shale that grades from 

shale to interbedded marine mudstones and sandstones.  Midway in the Wapiabi Formation a 

minor detachment (Figure 15) gives rise to a number of internal (within the Wapiabi) duplex 
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systems and in some cases forms short bedding parallel glide horizons on fault traces (see 

interpreted seismic sections, Appendix C).  In the eastern undeformed portion of the study area, a 

strong seismic marker correlatable to a distinct log response near the Top of the Milk River 

Formation provides consistent seismic and well correlation for the top of the Wapiabi Formation 

(Figure 17).   The seismic and well correlation continue to the west, however, the marker may 

correlate to the Chungo Formation (Foothills nomenclature; regressive sandstone unit) that is not 

strictly correlative to the Milk River Formation.  As such the marker is valid for interpreting 

structural deformation however stratigraphic measurements over this interval have a degree of 

error.   

Brazeau Group 

Within the study area, the Brazeau Group represents a change to a non-marine dominated 

depositional environment from the dominantly marine deposition of the Alberta Group rocks 

(Jerzykiewicz, 1997).  The Brazeau Group is alternately named the Brazeau Formation north of 

the study area but within the study area it is divisible into the Belly River, Bearpaw, and St. 

Mary River formations.   

Belly River Formation 

The Belly River Formation comprises fluvio-deltaic strata overlying the Wapiabi 

Formation (Hamblin, 1993).  The Belly River Formation averages 500m thick within the 

undeformed section in the study area with large variations in thickness within the study area 

(Jerzykiewicz, 1997) and general thickening from east to west.  A consistent seismic event near 

the top of the Belly River Formation is identified on logs and used to correlate the Belly River 

Formation within the field area (Figure 17).  The Belly River Formation is also generally the 
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youngest formation that is consistently interpretable below the upper detachment and within the 

orogenic wedge. 

Bearpaw Formation 

The Bearpaw Formation is composed of marine shales and siltstones deposited during a 

marine transgression (Dawson et al., 1994; Jerzykiewicz, 1997).  The Bearpaw Formation is 

approximately 175m thick with a high degree of variability due to structural thickening within 

the formation and stratigraphic thinning related to southwestward progradation of the shoreline 

deposits of the correlatable St. Mary River Formation (Jerzykiewicz, 1997).  The Bearpaw 

Formation (and all formations above he Bearpaw stratigraphically) only occurs west of the upper 

detachment trace both at surface and in the subsurface (Lines, 1963).  The Bearpaw Formation 

contains multiple detachments creating a detachment zone that defines the upper most 

detachment horizon boundary between the para-autochthonous wedge and the triangle zone.  The 

Bearpaw Formation is also the uppermost contiguous shale in the section (Catuneanu et al., 

1997).  The Bearpaw Formation marker near the top of the Bearpaw Formation is identifiable on 

well logs and seismic data (Figure 17). 

St. Mary River Formation  

The St. Mary River Formation is approximately 500m thick and consists of a lagoonal 

basal unit grading to non-marine upper units (Jerzykiewicz, 1997; Hamblin, 1998).  The St. Mary 

River Formation outlines a broad syncline along the axis of the Alberta Syncline truncated by the 

ground surface both west and east of the basin axis (Dawson et al., 1994).  The thickness is 

variable from the west side of the Porcupine Hills to the east side and is interpreted to be 

erosionally and tectonically controlled (Russell, 1965).  The gradational character of the upper 

and lower boundaries of the St. Mary River Formation is a weak signature on both well logs and 
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seismic (Figure 17).  Seismic data correlated to surface mapping is consistent on the west and 

east flanks of the syncline, but correlation between them is difficult in the subsurface, suggesting 

a less simplified architecture such as a diachronous boundary (Jerzykiewicz, 1997).  For this 

thesis, the St. Mary River Marker is correlated from the west side of the Alberta Syncline. 

Willow Creek Formation 

The Willow Creek Formation comprises non-marine interbedded sandstones and shales 

(Khidir & Catuneanu, 2010) that vary in thickness from over 800m to less than 500m (Hume, 

1949; Russell, 1965; Stockmal, 1998).  The general architecture mirrors the St. Mary River 

Formation and the formation boundary is hard to correlate from west to east as per the St. Mary 

River Formation, which suggests the boundary is not time correlative from west to east.  The 

gradational contact with the St. Mary River Formation in the study area is difficult to determine 

on seismic section and well logs (Figure 17).  As with the St Mary River Formation, the Willow 

Creek Formation is correlated from the west side of the Alberta Syncline. 

Porcupine Hills Formation 

The Porcupine Hills Formation is the uppermost unit within the study area and its top was 

not observed within the study area.  The formation consists of non-marine interbedded shales, 

siltstones and sandstones that form the Porcupine Hills topographic high.  The lower contact is 

gradational with the Willow Creek Formation and defines a shallow syncline, the Alberta 

Syncline (Dawson et al., 1994).    

 

Detachments 

Several detachments are important within the study area stratigraphy and are shown in 

Figure 15.  Major detachments associated with consistent major displacement are observed 
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within the Exshaw, Fernie, and Bearpaw formations.  Equally consistent detachments with less 

displacement occur within the Blackstone (Second White Speckled Shale) and the Wapiabi (First 

White Speckled Shale) formations.    
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CHAPTER 4: STRUCTURE 

An orogenic wedge is a wedge of deformed rock with upper and lower failure surfaces 

that join along one edge or approach each other and are linked by a deformation zone.  The upper 

and lower failure surfaces separate the highly deformed wedge from the in place country rock 

which has little or no deformation.  The angle between the upper and lower surface defines the 

taper of that portion of the wedge.  The wedge tapers towards the foreland (east) from southern 

British Columbia to southern Alberta.  The study is focused at the foreland edge of this orogenic 

wedge south of Calgary Alberta between Longview and Crowsnest Pass (Figure 20).   

Structures within the study area are associated with two broad periods of structural 

activity; the formation of the North American craton in the pre-Cambrian and the 

Mesozoic/Cenozoic orogeny responsible for the creation of the Rocky Mountains.  The 

formation of the North American Craton created structures in the continental basement rock 

within the study area that are dominantly extensional (Burwash et al. 1994; Ross et al., 1994).  

The Mesozoic/Cenozoic orogeny created thin skinned, contractional structures (Bally et al., 

1966) and re-activated some of the pre-existing extensional structures created in earlier periods 

(Kanasewich et al., 1969; Ross & Eaton, 1999).    

In the study region, strata have been divided into four domains based on the style of 

deformation, degree of deformation, and orientation of dominant anisotropy (Figure 21).  The 

domains are; the basement, the foreland autochthon, and the para-autochthon (which are outside 

the orogenic wedge), and the orogenic wedge.  The domain groups are divided by two major 

structural components of the wedge; the lower failure surface and the upper failure surface.  The 

upper and lower failure surfaces are referred to as detachments, however, these failure surfaces 

of the wedge do not follow a single stratigraphic level and are more properly called failure 
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surfaces or faults.  The domains are structural domains and stratigraphically equivalent rocks can 

belong to multiple domains.   

Published interpreted sections from other authors in and around the study region were 

used to confirm the general geometry gross details of the geology.  These include sections by 

MacKay, 1991, 1996; Veilleux, 1993; Lawton et al., 1994; Bégin et al., 1996; Hiebert and Spratt, 

1996; Stockmal et al., 1996; and Langenberg et al., 2002 (figure 6).  For most cases the gross 

details in the published sections were consistent with interpretations from this study, however, 

this study made a more complete interpretation of the para-autochthon with respect to structural 

vergence along the strike within the entire study area and used a consistent interpretation to 

define the upper and lower failure surfaces of the orogenic wedge.  In addition, the impetrations 

in this study extended the continuous sections further to the east (into the foreland) to identify 

structures deeper into the foreland. 
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Figure 20: Bedrock geology map of southern Alberta (Hamilton et al., 1999) showing the 

location of the field area.  The surface trace of the deformation roughly divides the foothills 

on the west from the plains on the east.  A straight line from the surface trace north of the 

Crowsnest Deflection to the surface trace south of the deflection demonstrates the 30+ km 

of deflection in the thrust front. 
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Figure 21: Block diagram demonstrating the relative positions of the four structural 

domains and the two major structural elements in the study region.  The two dividing 

elements are (4) the upper failure surface and (3) the lower failure surface.  The lower 

failure surface can be divided into two parts; (3a) the basal décollement and (3b) the 

foreland ramp.  The four structural domains are (1) the basement, (2) the foreland 

autochthon, (5) the para-autochthon, and (6) the orogenic wedge.  

 

Basement 

The basement domain is made up of Proterozoic rocks below the lower failure surface of 

the orogenic wedge (Figure 21).  The Proterozoic rocks in the study area are subdivided laterally 

into three tectonic regions on the basis of aeromagnetic interpretation, seismic reflection data, 

and drill core samples (Kanasewich et al., 1969; Ross et al. 1991, 1994; Pilkington et al. 2000).  

These regions are the Medicine Hat Block, the Vulcan Low, and the Matzhiwin High (Figure 

22).  The Matzhiwin High and the Medicine Hat Block are structural highs on either side of the 

Vulcan Low.  The Vulcan Low is a graben structure that forms a northeast / southwest trending 

trough in the basement topography. Within the study area, the Vulcan Low widens (doubling in 

width from 40km in the northeast to 80km in the southwest) at an offset in the Medicine Hat 
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Block margin (Figure 22).  The change in width marks a southwest facing ramp from the Vulcan 

Low onto the Medicine Hat Block (the Medicine Hat Block Escarpment).  There are no well 

penetrations with data into the Proterozoic locally, so elevations of the surfaces and 

displacements along faults are estimated from seismic and aeromagnetic data and correlation to 

the overlying, un-thrusted Paleozoic. 

 

   

Figure 22: First vertical derivative of the residual aeromagnetic anomaly map of study 

area showing the basement structural elements (interpretation after Pilkington, 2000).  Red 

dotted line is the outline of the study area.  The Vulcan Low runs between the Matzhiwin 

High and Medicine Hat Block with a west/southwest, east/southeast trending axis.  The 

Vulcan Low approximately doubles in width from northeast to southwest ((a) to (b)).  The 

Medicine Hat Block Escarpment is the southwest facing ramp from the Vulcan Low onto 

the Medicine Hat Block.  Aeromagnetic data from Natural Resources Canada (2015). 
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Paleozoic strata in the study area were deposited on the Proterozoic basement in a 

platform margin setting.  Paleozoic strata generally dip and thicken to the west towards the 

present day orogen (Aitken, 1989; Smith & Bustin, 2000; Moore, 1989).  Some of the normal 

faulting originating in the Proterozoic is active through the Paleozoic time period with both 

offset and thickening interpreted across normal faults on seismic section (Figure 23).  With the 

exception of a few normal faults that offset strata into the Mesozoic, the majority of the normal 

faults terminated at the top of the Mississippian creating offsets in the Mississippian surface.  A 

contour map of the Mississippian top was constructed from well and seismic data, and correlated 

  

Figure 23: Paleozoic thickness change into the Vulcan Low from the Matzhiwin High 

across a normal fault on seismic section (this study).  Seismic velocity from Slotboom et al. 

(1996) was used to calculate a thickness increase of 77m on the downthrown side of the 

fault.  The majority of the thickness difference is in the Mississippian.  Un-interpreted 

section on right side. 

 

with the aeromagnetic data by the author (Figure 24).  The data show the Vulcan Low 

Proterozoic basement feature is coincident with a depression in the top of the Mississippian strata 

bounded by normal faults to the north/northwest and south/southeast.  There is approximately 

100m of elevation change at the Mississippian level across the faults (Figure 24).  Along the 

Medicine Hat Block Escarpment the Paleozoic strata form a west facing ramp in the 
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Mississippian composed of a number of down to the west normal faults (Figure 24).  

South/southeast of the ramp the Vulcan Low widens and is bounded by a west/southwest striking 

normal fault with approximately 100m of displacement.  Two parallel cross sections tracing the 

top of the Mississippian strata approximately perpendicular to the regional structural trend were 

constructed from contoured well data (Figure 25).  One section remains in the Vulcan Low 

(Figure 24, VL vertical section) for the length of the section and one section crosses from the 

Vulcan Low to the Medicine Hat Block (Figure 24, MHB vertical section).  The sections show 

parallel, offset slopes from east to west with a ramp (MHB Escarpment) where the southern 

section ramps up from the Vulcan Low onto the Medicine Hat Block.  Both sections also show a 

regional break in slope at the approximate eastern edge of the study area (Figure 25, Break in 

Slope).  The slope changes over a relatively short distance (~8km) from a westerly dip of 

approximately 0.8° east of the break to a westerly dip of approximately 2.0° west of the break 

(Figure 25).  The 0.8° to the west regional dip continues to the east outside the study area (varies 

from 0.8° - 1.1° dip).  Current basement structure is interpreted as being the result of complex 

interactions between pre-thrust belt basement structures, tectonic loading and reactivation during 

Cretaceous contraction.   
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Figure 24: Structure map of the Mississippian surface (elevations are subsea depth).  Red 

well symbols are well control and the green lines are the locations of the seismic sections 

used in the interpretation.  Additional interpretation of faults from a different seismic 

collection from MacKay (2000).  Background image is aeromagnetic data (see Figure 22).  

The locations of the MHB and VL vertical sections (Figure 25) are also shown. 
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Lower Failure Surface 

The lower failure surface of the orogenic wedge consists of a basal décollement that 

separates the autochthonous strata from the orogenic wedge (Figure 21, 3a), and a foreland 

directed thrust ramp (a hinterland dipping fault with its hanging wall verging to the foreland) that 

connects the basal décollement to the upper failure surface (Figure 21, 3b).  Within the field area 

Figure 25: Vertical structural section with projected Mississippian top traces from the axis 

of the Vulcan Low and from the Vulcan Low to the Medicine Hat Block across the 

Medicine Hat Block Escarpment.  Green dotted lines are reference slopes of 2 degrees and 

0.8 degrees.  The blue line represents the top of the Mississippian interpreted from well logs 

from the Vulcan Low (west portion) projected onto the Medicine Hat Block (east portion).  

The red line represents the top of the Mississippian through the axis of the Vulcan Low (see 

Figure 24 for line locations).   
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the basal décollement is continuous along thrust ramps and flats in the Paleozoic Exshaw, the 

Jura-Cretaceous Fernie and Second White Specks formations.  The basal décollement has 

multiple foreland directed faults that branch from it upward into the orogenic wedge, and itself 

loses displacement towards the foreland as displacement is transferred onto each branching fault.  

At the foreland edge of the orogenic wedge for most of the field area, the lower failure surface 

cuts upwards in the stratigraphic section from a basal detachment in the Fernie Formation to the 

upper failure surface of the orogenic wedge (Figure 21, 3(b)).  Displacement along the basal 

detachments in the Fernie Formation can be interpreted beyond the easternmost foreland directed 

ramp that connects to the upper failure surface (Figure 26).  This basal detachment is not 

considered part of the lower failure surface of the orogenic wedge, because it extends outside of 

the wedge, but it could be the base of the next extension of the orogenic wedge (proto-wedge).  
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Figure 26:  Portion of spliced seismic section 24X_A2L92/ 24XA2L83, approximate 1:1 

scale (see Figure 9 for location; un-interpreted sections shown below interpreted section).  

The displacement in the Fernie Group extends into the foreland past the lower failure 

surface of the wedge.  The branching thrust displaces rock (offset in Blairmore Group 

marker) however at the resolution of the seismic data, it does not connect to the upper 

failure surface and as such is not considered part of the wedge, but the base of the proto-

wedge.   
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For the section of the foreland edge of the orogenic wedge adjacent to the Medicine Hat 

Block, the lower failure surface cuts upwards in the stratigraphic section from a basal 

detachment in the Second White Specks Formation (Figure 27) to the upper failure surface of the 

orogenic wedge.  

 

Figure 27: Interpretation of seismic section parallel to slightly oblique to the thrust front 

along Highway 22 (vertical exaggeration approximately 5:1, un-interpreted section shown 

below interpreted section).  Dashed black lines are traces of foreland directed faults in the 

wedge.  Dashed dark brown line is the trace of the upper failure surface.  Dashed green line 

is the lower failure surface where it is in the Fernie Group, dashed light brown line is lower 

failure surface in the Second White Specks Formation.  Mississippian (blue shaded) deeper 

Paleozoic strata are shown for reference.  General dip from north to south is due to the 

orientation of the seismic line down the regional dip.  It should be noted that the positions 

of events are inaccurate on seismic surveys parallel to structure due to assumptions in ray 

path for the survey.  With a surface dipping at 20
o
, a direct reflection (perpendicular to the 

dipping surface) will translate into a vertical depth directly below the receiver of about 7% 

less than the true depth below the receiver.   
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Figure 28 shows the displacement of the Cardium Formation seismic marker on 

successive foreland directed ramps from the lower detachment level that intersect the upper 

failure surface.  The displacement is variable both on successive ramps interpreted on individual 

seismic lines and between adjacent seismic lines with two general trends.  There is an increase in 

displacement towards the hinterland and a decrease in displacement to the south along 

continuous faults. The position of the tip of the wedge relative to the surface trace of the upper 

detachment changes along strike.  An isochron map constructed from the 2D seismic lines shows 

a general increase in offset of the wedge tip from the surface trace of the upper detachment from 

north to south (Figure 29).  The stepping toward the foreland of isochron contours from south to 

north reflects the interpretation of the 2D seismic surveys (strike and dip sections) and well 

control that the lower detachment is a series of ramps that step toward the foreland from south to 

north.  Figure 30 shows a block diagram and two vertical sections based on these interpretations.  

The strike section within the block diagram (Figure 30, a) mirrors the interpretations of the fault 

traces seen on the oblique seismic section along Highway 22 (Figure 27).  The two vertical cross 

sections show the interpretation of the stepping nature of the isochron contours (Figure 30, b-

northern & c-southern).  As interpreted in Figure 26, deformation may occur in front of the 

wedge but it is not considered part of the wedge.  When the foreland ramp of the pre-orogenic 

wedge (Figure 30, c) reaches the upper failure surface, the entire wedge steps forward (Figure 

30, b), which is seen as an offset in the contours in the direction of transport (Figure 29).   

 

 

 



 

57 

  

Figure 28: Map showing displacement of the Cardium Formation marker on faults that 

branch from the lower detachment.  Green dashed lines show the location of the seismic 

lines.  Black dashed lines are the interpreted traces of faults at the Cardium Formation 

marker level.  Values shown are the displacement of the Cardium Formation marker from 

seismic data.  Black dotted line is the interpreted eastern limit of the wedge from seismic 

data (offsets and wedge tips are shown on the seismic data interpretations in Appendix C). 
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Figure 29:  Isochron (two way travel time) of wedge between the upper failure surface and 

the tip of the orogenic wedge (intersection of the upper and lower failure surfaces) from 2D 

seismic interpretations (see Appendix C).  Western boundary of isochron is the surface 

trace of the upper failure surface.  Background is Aeromagnetic survey (see Figure 10) 

with wells and seismic sections used in interpretation. 
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Figure 30: Block diagram (a) and vertical sections (b-northern, c-southern) of the 

interpretation of the lower failure surface at the leading edge of the orogenic wedge in the 

study region.  For the lower failure surface of the wedge, the blue line is the trace of the 

basal detachment portion and the red line is the trace of the foreland directed ramp 

portion.  The green line is the extension of the Fernie detachment past the lower failure 

surface as shown in Figure 26.  The dashed black line on the block diagram is a trace 

representing the composite upper failure surface.  On the strike section of the block 

diagram (vertical orange plane parallel to thrust front) the traces of the foreland directed 

faults are yellow.  The thin red dashed line on the vertical sections represents a marker 

layer offset by the foreland directed ramps. 

 

 

Foreland Autochthon 

The foreland autochthon domain is the relatively undeformed region to the foreland of 

the orogenic wedge and the para-autochthon (Figure 21).  The foreland autochthon has 

contractional structures that occur both adjacent to and spatially isolated from the orogenic 

wedge.  The contractional deformation can be grouped into two categories, reactivated older 

steep faults and thrust faults.   
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Within the study area, some of the high angle faults in the basement identified on the 

seismic data are interpreted to continue through to the Cretaceous section (Figure 31).  In 

addition, an increase in thickness of the Cretaceous strata above the Vulcan Low basement 

feature determined from well logs indicates that the normal faults that bound the Vulcan Low 

were active in the Cretaceous Period.   

 

  

Figure 31: Example of a high angle fault cutting Cambrian through Cretaceous strata 

within the study area (un-interpreted section on right).  Small variations in thickness and 

offset occur at the various stratigraphic levels, most noticeably at the Cardium / Second 

White Specks (2WS) level.  Approximate 1:1 vertical to horizontal scale. 

 

Thrust faults are also present in the foreland autochthon and are interpreted in this study 

from 2D seismic sections.  These faults are small displacement foreland and hinterland directed 

ramps and layer parallel detachment faults (Figure 26, Figure 32).  Some of the thrusts (Figure 

26) are adjacent or near adjacent to the lower failure surface and faults that can be resolved at the 

resolution of the seismic data can be interpreted to connect to the lower failure surface  At the 
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resolution of the seismic data, foreland directed faults with no apparent linkage to the orogenic 

wedge are observed adjacent to the wedge (Figure 32,a), as much as 30km to the east of the 

orogenic wedge (Figure 32, b and c) and up to 60km east of the wedge in outcrop 

  

Figure 32:  Thrust faulting in the foreland autochthon.  The three seismic sections show 

some of the faulting that occurs in the foreland autochthon.  Line 34X_A2L88 shows both 

foreland and hinterland directed faults where bedding parallel faults connect to the lower 

failure surface.  Line ELP-1 shows faults in the upper Cretaceous and Tertiary strata 

about 30 km outboard of the tip of the wedge. See Appendix C for un-interpreted sections. 
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(Monarch Fault zone, GSC map 20-1967).  Foreland directed faults are also connected to the 

lower failure surface through layer parallel faults along detachment zones in the Fernie, Second 

White Specks, and Wapiabi formations.  Layer parallel faults are difficult to confirm on seismic 

sections, however, they are observed in core from well penetrations.  Hinterland directed faults 

in the foreland autochthon can be traced on seismic sections; some lose displacement into 

adjacent foreland ramp(s) or into folds (Figure 32, a).  Pairs of hinterland and foreland directed 

faults can create small wedges and pop up like structures within the foreland autochthon (Figure 

32, a).   

Upper Failure Surface 

The upper failure surface of the orogenic wedge separates dominantly foreland directed 

faults in the orogenic wedge from dominantly hinterland directed faults in the para-autochthon 

(Figure 21).  Within the study area, the upper failure surface is a hinterland directed detachment 

within the Bearpaw Formation.  The detachment can be traced on seismic data from its 

intersection with the lower failure surface at the tip of the wedge (east) toward the hinterland to 

its surface trace (west).  In the study area, to the foreland of where the upper failure surface 

merges with the lower failure surface, a transition zone within the Bearpaw Formation of mixed 

vergence folds and mixed direction faults occurs (Figure 33).  The termination of the upper 

failure surface is the intersection of the upper and lower failure surfaces (the tip of the orogenic 

wedge).  The transition zone and associated structures extend into the foreland beyond the tip of 

the wedge within the Bearpaw Formation, however they are not considered part of the upper or 

lower failure surface.   
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Figure 33: Interpretation of seismic line 28X_A2L84 showing the upper detachment zone 

adjacent to the tip of the orogenic wedge (Un-interpreted section shown below interpreted 

section).  The zone contains faulting and folding of mixed vergence.  Approximate 1:1 scale.  

See Figure 9 for location of seismic line.  Full line in Appendix C).  

 

The shape of the upper failure surface changes along strike within the study area (Figure 

34).  At the southern boundary of the study area, the seismic section (Figure 34, f) shows a 

smooth upper failure surface.  Directly north, the seismic section (Figure 34, e) shows an 

undulate upper failure surface.  Farther north along strike (Figure 34, d), the undulations in the 

upper failure surface are more pronounced.  The undulations in the upper failure surface continue 

northward (Figure 34, c) where they begin to become less pronounced. At the northernmost part 

of the study area (Figure 34, b), the upper failure surface is a smooth surface (Figure 34, a).  The 

undulations are coincident with the combination of the Vulcan Low / Medicine Hat Block 

basement features and are discussed in Chapter 5.    
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Foreland Para-autochthon 

The foreland para-autochthon is the relatively undeformed region above the upper failure 

surface and (if present) the upper detachment zone hinterland of the foreland syncline axis 

(Figure 21).  Within the para-autochthon, strata (So) dip to the foreland and faults are dominantly 

hinterland directed.  A seismic section from the north region of the study area shows the general 

structure of the para-autochthon within the field area (Figure 35) with So within the para-

autochthon approximately parallel to the trace of the upper failure surface.  The parallel nature of 

the upper failure surface and So is consistent in the north end of the study area where the upper 

failure surface is smooth (Figure 35) and in the southern region of the study area over the Vulcan 

Low where the upper failure surface is undulate (Figure 36).  The undulations in So can create 

local instances of strata that dip to the hinterland within the para-autochthon (local synclines / 

anticlines).  The overall structure within the para-autochthon is hinterland verging, however a 

few localized structures with foreland vergence are identified in the folded para-autochthon strata 

(Figure 36). The localized structures identified in seismic section create local increases in section  

thickness within the para-autochthon (Figure 36, Figure 38).  In the southern region of the study 

area where the upper failure surface is folded, hinterland directed faults within the para-

autochthon are not folded (or folded to a much lesser extent than the upper failure surface), 

indicating that the upper failure surface was established before the faults in the para-autochthon, 

as observed by Bégin et al. (1996).  Above the top of Willow Creek Formation marker, So 

becomes smooth, independent of the upper failure surface undulations (Figure 36).   
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Figure 34: Seismic sections highlighting change in shape of upper failure surface (left) and 

map showing extent of upper failure surface and locations of seismic sections (right).  

Yellow lines on seismic sections indicate the upper detachment.  Colored area bounded by 

black dashed lines (surface trace of upper failure surface and foreland syncline at surface) 

is the extent of the upper failure surface along which hinterland directed failure is 

dominant.  Shading indicates where the failure surface is undulate (red) and smooth 

(green).  Shaded area east of surface trace of the upper detachment on the map indicates 

maximum (red) and minimum (green) undulation in upper detachment.  Background 

graphic is aeromagnetic survey (see Figure 10) with approximate location of Vulcan Low 

(blue dashed).  Seismic sections are approximately 1:1 scale. 



 

66 

  

Figure 35: Seismic section from study area showing the least complex representation of the 

para-autochthon (interpreted section shown above un-interpreted section).  Bedding 

thickness within the para-autochthon thickens to the east (~5% in this section).  The 

approximate syncline axis (grey dashed line), marks the transition from the para-

autochthon to the autochthon.  Section is approximately 1:1 scale.  
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Figure 36:  Seismic section of the leading edge of the orogenic wedge showing a more 

complex part of the para-autochthon from line ELP-1 with magnified section below 

(interpreted and un-interpreted).  Black lines are faults and the grey dashed line is the 

approximate axis of external syncline (change from foreland to hinterland dips in strata).  

Overall sense of structural vergence is to the hinterland (West).  The upper failure surface 

is undulate along this section and is paralleled by the bedding in the para-autochthon.  

Where local synclines and anticlines are present, structures become more complex with 

interpreted hinterland directed duplex structures and hinterland and foreland directed 

structures.  The structures create structural thickening in the strata above the upper 

failure surface.  Approximate 1:1 scale.  See Figure 34 for location.   
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 The para-autochthon is bounded to the east by the external syncline axis (Alberta 

Syncline), where the So  dip changes from foreland dips to hinterland dips and structures are 

dominantly foreland directed.  At surface, the trace of the external syncline axis is sub parallel to 

the surface trace of the upper detachment with the separation between the external syncline axis 

and the surface trace of the upper detachment increasing to the south within the study area 

(Figure 34).  In the northern part of the study area, where the upper failure surface and So are 

relatively smooth, the external syncline axis is near vertical (Figure 35).  Over the Vulcan Low 

the axial trace of the syncline changes from near vertical to an axial trace that is inclined to the 

hinterland (Figure 36).    

A fracture study on outcrops of the para-autochthon (Figure 7) showed that the dominant 

fracture orientations were a conjugate set of sub-vertical fractures and extension fractures 

parallel to the maximum horizontal stress (Figure 37).  The fractures visible in outcrop were 

dominantly within the competent sandstone layer and terminated at layer boundaries.  Velocity 

anisotropy measured from a hammer seismic survey completed as part of the study was sub-

parallel to the fracture orientation and far field stress.  The methodology used (Appendix B) 

limited the velocity anisotropy analysis to the assumption of horizontal velocity anisotropy along 

a single layer.    
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Figure 37:  Fracture orientations from a scan line across outcrop from the para-

autochthon.  Green dashed line is the strike of the conjugate fracture system (average) and 

black solid line is the far field maximum principal stress direction.  Red line is the fast 

direction of the velocity anisotropy from the hammer seismic survey completed as part of 

this study (Appendix B).  Contours are from poles to planes (Kamb contouring method).  

Stereonet plots from Stereonet 9 software (Rick Allmendinger).   

 

Orogenic Wedge 

The orogenic wedge is the deformed rock between the upper and lower failure surfaces or 

the ground surface (where the upper failure surface has been eroded; Figure 21).  It can be 

further divided into the triangle zone and the hinterland allochthon.  The triangle zone is a 

geometric description of the foreland margin region of the orogenic wedge.  The triangle zone 

tapers to the east between the upper and lower detachments.  The crest of the triangle zone is 

identified where the dominant fault direction at surface changes from foreland directed in the  



 

70 

 

Figure 38: Isochron (two way time) of the para-autochthon within the study area overlain 

onto basement aeromagnetic survey (see Figure 10).  Some parts of the maximum 

contoured thickness extend east past the tip of the wedge as interpreted from seismic lines.  

Near the southern end of the field study (red dashed ellipse) Bégin et al. (1996) observed 

similar changes in the thickness of the para-autochthon associated with development of 

hinterland verging structures (faults and folds) above the upper failure surface.  Seismic 

data interpretations in Appendix C.   
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west to hinterland directed in the east (MacKay, 1991).  To the hinterland of the triangle zone is 

the hinterland allochthon which encompasses the remainder of the orogenic wedge.  As the 

triangle zone is a geometric description rather than a genetic, structural or stratigraphic 

description, the boundary between the triangle zone and the hinterland allochthon is not fixed, 

but generally described to be along a foreland directed fault outcropping somewhere to the 

hinterland of the triangle zone crest.   

 The structures within the triangle zone are primarily foreland directed thrusts and folds 

that verge to the foreland.  Fault dips increase from east to west, as antiformal stacks are carried 

piggyback in the wedge along successive thrust faults.  Structural deformation in the triangle 

zone increases in the uppermost Belly River and Bearpaw formations.  Regions of structurally 

thickened Belly River and Bearpaw formations are common (Figure 26, “complexly deformed 

Upper Cretaceous rock").  In the north part of the study area, wedges of structurally thickened 

Belly River and Bearpaw strata develop where the upper detachment is smoother.  At the crest of 

the triangle zone, the strata become pervasively folded and faulted as foreland and hinterland 

directed faults converge. Lower in the stratigraphic column, the Wapiabi and Second White 

Specks also contain detachment zones.  The lengths of the layer parallel thrusts in these zones 

are shorter than those in the Paleozoic Exshaw and Jura-Cretaceous Fernie detachment zones in 

the field area.  Duplexes and folds are interpreted in the detachment zones, however they do not 

form thick wedges of deformed strata as they do in the upper failure surface and Belly River / 

Bearpaw detachment zones.  In the northern part of the study area (north of the Chain Lakes 

reservoir) the triangle zone includes strata from the Mississippian to the late Cretaceous 

(Bearpaw Formation).  South of the Chain Lakes reservoir the triangle zone only includes strata 



 

72 

from the Jura-Cretaceous Fernie to the Cretaceous Bearpaw formations, as a north facing lateral 

ramp cuts up through the Mississippian (MacKay, 1996; Veilleux, 1993).  Mississippian strata 

are present in the orogenic wedge south of Chain Lakes reservoir, however they are west of the 

triangle zone in the hinterland allochthon.  The thrust fault, which carries the Mississippian strata 

in its hanging wall in the triangle zone north of Chain Lakes reservoir, has approximately 7km of 

displacement.  Adjacent faults not carrying Mississippian strata in their hanging walls have 

smaller displacements (500 to 1000 meters).  This difference in fault displacement is also 

observed in the hinterland autochthon.  Faults that carry Paleozoic strata in their hanging walls 

have larger displacements and are more widely spaced than faults that carry Mesozoic strata in 

their hanging walls.   

 

Figure 39:  Fault displacement along fault with Paleozoic strata in hanging wall is 

approximately 7200m in section.  Adjacent faults with only Mesozoic strata in the hanging 

wall have displacements of 600m and 1000m.  Section approximately 1:1 scale.  See Figure 

9 for location of seismic survey. 

 

Regional Anisotropy 

Based on present day bedding (So) orientations, the study area can be divided into three 

structural domains (Figure 40).  These are the autochthon, the orogenic wedge, and the para-
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autochthon.  The autochthon is dominated by bedding (So) that dips to the hinterland which is a 

counter clockwise rotation of So (looking north, negative) from horizontal and structures 

within the autochthon verge dominantly to the foreland.  The orogenic wedge is similarly 

dominated by primary anisotropy (So) that dips to the hinterland.  Within the orogenic wedge, So 

is overprinted by the failure fabric (thrust faults), which also dominantly verges toward the 

foreland.   Within the para-autochthon, So is reversed from the autochthon and orogenic wedge.  

The para-autochthon is dominated by primary anisotropy (So) that dips to the foreland and results 

in a clockwise rotation (looking north) of So (positive) from horizontal and structures within 

the para-autochthon verge dominantly to the hinterland.  

 

 

Figure 40: Portion of seismic line ELP-1 (looking North) showing domains of different 

bedding dips at the leading edge of the orogenic wedge; the autochthon (light green), the 

orogenic wedge (dark green) and the para-autochthon (yellow).   denotes the rotation 

from horizontal of dominant anisotropy (bedding) within the regions.  Failure envelopes 

that show the dominant failure direction / structural vergence for the three regions are also 

shown.  Basement (red shaded) is not considered an anisotropic region as the orogeny is a 

thin skinned contractional system.  See Figure 9 for seismic line location. 
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CHAPTER 5: INTERPRETATION AND DISCUSSION 

 

The development of an orogenic wedge is a complex process that relies on the interaction 

of a large number of components such as erosion and sedimentation (Lallemand et al., 1994; 

DeCelles et al., 1995; Malavieille, 2010), fluid pressure (Hubbert & Rubey, 1959; Oliver, 1986; 

MacKay, 2015), and mechanical failure (Chapple, 1978; Davis et al., 1983; Jamison, 1993) 

occurring at different rates.  Another component, strength anisotropy, has not been as thoroughly 

investigated. 

Anisotropy 

Anisotropy is the change in the value of a property with a change in direction at a specific 

point within a volume.  Sedimentary rock is layered, creating a fundamental mechanical 

anisotropy  where the physical properties of the sedimentary bedding planes (So) exhibit near 

isotropic behavior parallel to So and anisotropic behavior normal to So (Figure 41).  For 

descriptive purposes, So is a plane of isotropy, where properties do not vary with direction within 

the plane (Figure 41; x, y) normal to an axis of anisotropy (Figure 41; z).  Donath (1961, 1964) 

shows through experimental investigation that rock strength (in this case the stress conditions at 

which a rock will fail in the brittle domain, although there may be an element of creep involved 

at early stages of deformation) is partially dependent on which is the angle between the So 

plane and the maximum principal stress direction (1) in the 1, 3 (kinematic) plane (Figure 41 

(b)).    
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Figure 41: (a) Block of sedimentary rock where parallel or sub parallel layers have 

properties that are near isotropic within So (x, y plane), and anisotropic normal to So (z).  

(b) When the layers are rotated, the strength of the rock is highly dependent on the angle 

() between the So plane and the direction of the maximum principal stress (1) in the 1, 3 

(kinematic) plane.  Diagram illustrates the simplest form where the strike of the So plane 

remains perpendicular to 1. 

 

Rock failure 

To examine the basic principles behind rock failure, a Mohr diagram is a useful tool.  The 

Mohr diagram has a Cartesian coordinate system that compares normal stress () to shear stress 

() (Figure 42).  In geoscience the convention is that compressive normal stresses are positive 

and tension is negative.  The convention for shear stress is less well defined and, in vertical 

section depends on the point of reference, but for this study dextral shear is positive and sinistral 

shear is negative.  The state of stress acting on any plane can be represented as a series of three 

circles on a Mohr diagram, where the three principal stresses define the three circles (Figure 42).  

All possible values of n and  for the volume will fall within a circle (Mohr circle) passing 
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through the maximum and minimum stress (1, 3) and outside circles passing through 

maximum and  

 

Figure 42: The Mohr diagram with isotropic failure envelope.  The dark green shaded area 

(Mohr circle) contains all possible paired values of  and  in a volume with principal stress 

values of 1, 2, and 3.  The failure envelope is plotted as a straight line (red dashed) with 

an intercept of 0 (cohesion of the material) and a slope of  (angle of internal friction).  For 

any plane, paired values of  and  that plot inside the envelope are stable (plane will not 

fail) and paired values that plot outside the envelope are unstable (plane will fail).  If the 

stress conditions for a rock change such that the Mohr circle intersects the failure envelope, 

the rock is considered to be under critical stress conditions (green dashed circle). 
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intermediate stress (1, 2) and intermediate and minimum stress (2, 3 ; Figure 42).  The failure 

envelope describes the stress conditions ( and ) where a rock will pass from a stable to an 

unstable state (Figure 42) and can be represented on a Mohr diagram as an envelope following 

the equation: 

 |𝜏| =  𝑓(𝜎𝑛) (1) 

The failure envelope (Coulomb-Navier, Coulomb-Mohr etc.) for an isotropic medium can be 

approximated in a contractional brittle setting by the equation:  

  = n tan + 0 (2) 

(approximating a straight line having the form y = mx + b), where 0  = shear axis intercept 

(cohesion) and = angle of internal friction.  The failure envelope defines the stress conditions 

for failure of a material.  If the stress conditions are on or outside the failure envelope, the 

material breaks.  If stress conditions lie inside the envelope, the material is stable (does not fail). 

In isotropic rocks, the failure envelope is symmetrical about the normal stress (n) axis and 

failure can occur with dextral shear, sinistral shear, or with both senses of shear (conjugate pair).  

This is also true for anisotropic sedimentary rocks where So is parallel to the maximum stress.  If 

the bedding plane is at an angle to the maximum principal stress direction in the kinematic plane 

(1, 3 plane),  ≠ 0 and the failure of the rock is influenced by the strength anisotropy of the 

rock.  It should be noted that although creep may be involved at early stages of deformation and 

can result in folding, the deformation considered in this study (thin skinned thrust faulting in a 

contractional setting) is the result of brittle failure and a straight line approximation of the failure 

envelope (versus the curved failure envelope in the plastic failure ranges of pressure and 

temperature) is reasonable for burial depths of less than 8km. 
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Failure of Anisotropic Rock 

Strength anisotropy in sedimentary rocks with respect to rock failure is due to the change 

in the mechanical strength of the rock layers and the orientation of the rock layers to the 

maximum principal stress (1).  When the layering of the rock mass is parallel to 1 (=0) the 

strong layers must fail with the weak layers so the stronger layers determine the strength at 

failure of the rock mass.  When the layering  of the rock mass is not parallel to 1 (≠0) two 

things occur.   

For one sense of shear, the failure envelope shifts to the weaker material’s failure 

envelope (Figure 43(e) as the strong layers no longer buttress the system.  As  deviates from 

being parallel to 1 (≠0), failure for one sense of shear is favored due to the lower strength of 

the weak layers relative to the stronger layers (Jaeger, 1960; McLamore & Gray, 1967; Duveau 

et al., 1998).  

Secondly, the failure envelopes for the materials have different slopes and shear 

intercepts.  For an anisotropic material, when ≠ 0, the slope of the failure envelope is changed 

by an angle  and the shear intercept is changed by o, both of which are functions of Figure 

44.  This modifies equation (2) to give: 

 = n tan ’+ 0’ (3) 

where ’ is the coefficient of friction modified by the angle  and o’ is the cohesion modified 

byo.  While the contribution and magnitude of  and o vary depending on the anisotropic 

failure criteria used (the basic failure criteria used are summarized in Duveau, 1998), laboratory 

studies from various authors (Donath, 1961, 1964; Walsh & Brace, 1964; McLamore & Gray, 

1967; Donath et al., 1981; Niandou et al., 1997; Duveau et al., 1998; and others) show that the 
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Figure 43: Comparison of failure envelopes when anisotropy is parallel =0 (a) and at an 

angle to (≠0) (d) the maximum principal stress (1).  When bedding is parallel to the 

principal stress, the mechanically stronger layers act as a buttress so that the associated 

failure envelope is that of the stronger material and has shear intercepts of 0d for dextral 

shear and 0s for sinistral shear.  Similarly, the angular component of the coefficient of 

friction will be 1d for dextral shear and 1s for sinistral shear.  When bedding is tilted with 

respect to the principal stress (d), two things occur: 

1) The shear intercept for one sense of shear is reduced to the intercept of the weaker 

material (e). 

2) The angular component of the failure envelope is changed as a function of  by the 

angle , in this example by 2d and 1s (f). 

 

Since failures in the dextral and sinistral directions have different initial failure envelopes 

(different shear intercepts and different differential stress at failure (Figure 44)), it follows that  

dextral (d) does not equal  sinistral (s).  The direction of the change in slope of  within the 

Mohr diagram is the same for the failure envelopes of all layers, however the magnitude of the 

change in slope is different for the different failure envelopes (Figure 43 (f). 
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The overall change of the failure envelope from symmetrical to asymmetrical across the 

normal stress axis demonstrates that under anisotropic conditions,  failure only occurs with one 

sense of shear when ≠0.   

 

 

Figure 44: (a) Plot of  versus differential stress at failure for Green River shale (after 

McLamore and Gray, 1967).  The rock strength (differential stress at failure) is presented 

as a continuum joining discrete measurement points (b) Mohr Diagram showing effects of 

failure under anisotropic conditions with variable cohesion and internal friction angle only, 

as proposed by McLamore and Gray, 1967).  As  changes, the internal friction angle and 

shear intercept that describe the failure envelope of the layer ( o) changes by  and o 

(function of  and cohesion) to a maximum effect at =30
o
.  The strengthening of the 

opposite sense of shear assumes the change in slope and intercept is applied in a similar 

manner to both senses of shear.  

 

While the magnitude of the change in the failure envelope is difficult to determine due to 

the large number of rock layers of different strengths within the rock mass, both experimental 
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observations (Donath, 1961, 1964; Walsh & Brace, 1964; McLamore & Gray, 1967; Donath et 

al., 1981; Niandou et al., 1997; Duveau et al., 1998; and others) as well as the observations from 

this study indicate that even a small value of  (1
o
-2

o
) will significantly affect the style of 

deformation to allow one sense of shear to dominate.  Figure 2 shows three cases where the 

orientation of So relative to 1 changes the style of deformation.  When So is tilted down to the 

left (Figure 2, i.a), dextral shear will dominate (Figure 2, i.b) and faults at this scale will be 

directed to the right (Figure 2, i.c).  When So is tilted down to the right (Figure 2, iii.a), sinistral 

shear will dominate (Figure 2, iii.b) and faults at this scale will be directed to the left (Figure 2, 

iii.c).  When So is parallel to the 1 direction (Figure 2, ii.a), faults directed right and left are both 

possible (Figure 2, ii.b), leading to a zone of mixed direction faults and/or fold vergence (Figure 

2, ii.c).   

 

Loss of Cohesion 

Once a rock has failed, the failure plane (fracture) will become the dominant failure 

fabric in the system.  After failure, the failure envelope for intact anisotropic rock (anisotropic 

failure envelope) is modified to a new failure envelope for the failed rock.  The failure envelope 

retains its slope (frictional component) and reduces the  intercept (cohesion) to near zero 

(Attewell & Sandford, 1974).  Asperities on the failed surface may introduce varying amounts of 

cohesion to the failure envelope depending on whether the asperities remain intact or are 

removed by shear along the failure surface (Attewell & Sandford, 1974).  The failure envelope is 

then defined mainly by the friction component of the shear stress (Figure 45).  After initial 

failure the plane will continue to fail until the stress conditions of the rock are stable.  Given the 
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new failure envelope, if the stress conditions required to fail undeformed (un-fractured) rock are 

not reached, the fracture fabric will determine stress limits of the rock locally. 

 

Figure 45: Mohr diagram showing the shift in the failure envelopes as the same rock 

changes orientations from =0 (initial failure envelope stronger layer) to the failure 

envelope for rotated rocks (initial failure envelope of the weaker layer and anisotropic 

failure envelope) to the failure envelope for previously fractured rock (fracture plane 

failure envelope).  For the fracture plane, the cohesion component of the failure envelope ( 

intercept) is zero leaving only the frictional component to describe the failure envelope of 

the fractured plane.  Under these conditions, failure will occur along the fracture before 

stress conditions can be reached to fail the undeformed rock again.  Asperities in the failure 

surface may introduce an element of cohesion to the failure envelope if the failure plane 

breaks through the asperities rather than around them. 

 

 

Changes in Anisotropy 

Dynamic strength anisotropy refers to the fact that  is not necessarily a static property so 

if  changes over time and at different scales within the rock mass, the effect of strength 

anisotropy on failure within the rock mass also changes.  Such is the case in an orogeny, where 

uplift, erosion, sedimentation, accommodation and rock failure all interact to change the 

orientation of bedding with respect to the principal stress directions over time.  There could be 
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changes in the orientation of existing sedimentary bedding through crustal loading and 

unloading, the creation of new bedding through new sedimentary deposition and compaction, the 

creation of a secondary dominant fabric through failure of the rock (faults and fracture systems), 

or even changes in the direction of applied stress.  Strength anisotropy can also change with the 

scale at which it is being viewed.  The rock mass may have a regional sedimentary layering 

(bedding) dip or dominant structural orientation that results in a strength anisotropy at a regional 

scale.  Within the region, local bedding dips opposite to the regional bedding dip may occur.  

These are local changes in the orientation of the anisotropy (strength anisotropy resulting from 

sedimentary layering) and may result in local changes in vergence of the structures that develop.  

While overall the structural vergence will be dominated by the regional strength anisotropy, local 

changes in the anisotropy orientation can create domains within the region with opposing 

structural vergence. 

 

Anisotropy in Orogenic Systems 

A contractional orogeny produces a linear trend of mountains and an adjacent foreland 

basin.  The foreland basin is a result of the down warp of previously deposited rocks by an 

increased crustal load in the hinterland.  Foreland basins are infilled in large part by the erosion 

of uplifted hinterland rocks.  In terms of primary anisotropy from sedimentary layers, the 

increased crustal load deforms previously deposited rock layers to produce layers that dip to the 

hinterland, while erosion of uplifted rock in the hinterland and the resultant sedimentation 

produces layers that dip to the foreland.  Where preserved, this reversal in the dip of bedding pre-

disposes the foreland edge of the deformation to fail as a wedge with the tip at the stratigraphic 
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level where the primary anisotropy (the sedimentary layers) changes from foreland to hinterland 

dips (Figure 3).  

The change in the dip of the sedimentary layers creates an external syncline with a 

hinterland limb composed of the para-autochthon and a foreland limb composed of the 

autochthonous material both above and below the stratigraphic level of the orogenic wedge tip.  

The axis of the syncline will shift in response to changes in rates of strain, uplift, erosion, 

accommodation and sedimentation.  

 

Anisotropy in the Southern Canadian Rocky Mountains 

The Southern Canadian Rocky Mountains are an orogenic wedge.  The wedge has an 

upper and lower failure surface that separates deformed material within the wedge from 

relatively undeformed material outside the wedge.  The lower failure surface (lower detachment) 

can be traced well into the hinterland whereas the upper failure surface is only present at the 

foreland edge of the orogenic wedge, the remainder having been removed by erosion.  

 There are three anisotropic regions within the study area (Figure 40).  Within the para-

autochthon, bedding dips to the east and contractional failure is hinterland directed.  Within the 

autochthon, the bedding dips to the west and contractional failure in this region is foreland 

directed.  This change in failure direction vertically results in a wedge shaped failure as the 

orogeny progresses, with the tip of the wedge at the stratigraphic level where the orientation () 

of anisotropy reverses.   

Although a wedge shape is maintained at the foreland edge, the style of deformation 

above and below the  reversal as the wedge progresses is different.  The remnant of the upper 

failure surface of the wedge is confined to a stratigraphic level from the tip of the wedge to the 



 

85 

ground surface.  The sedimentary layers that over-lie the upper failure surface are parallel to that 

surface indicating that they have been folded together with the upper failure surface.  The strata 

above the upper failure surface (the para-autochthon) are lifted as the wedge deforms and 

thickens below the upper failure surface.  As the foreland edge of the wedge progresses, the para-

autochthon is lifted and (eventually) eroded.  The bedding within the para-autochthon dips to the 

foreland, so the direction of the failure within the para-autochthon (above the upper detachment) 

will be dominated by the hinterland directed failure controlled by the strength anisotropy within 

the para-autochthon, as shown in Figure 2, iii.c and Figure 36.   

In contrast to the upper failure surface, the lower failure surface at the foreland edge of 

the wedge in the study area cuts up through the strata as a foreland directed thrust, which 

terminates into the upper failure surface or into folds directly below the upper failure surface 

where the strength anisotropy favors either hinterland directed failure (Figure 2, iii) or mixed 

vergence structures (Figure 2, ii).  As the foreland edge of the wedge progresses, the lower 

failure surface extends into the foreland through a series of progressively younger detachments 

that connect by ramps to the upper failure surface.  Isolated hinterland directed thrust faults do 

occur where local reversals in bedding are present, however the overall bedding dip of the 

autochthon to the hinterland is the dominant control and results in foreland verging failure.  

Shortening above and below the upper failure surface also indicates that the foreland 

progression of the orogen is not a wedge stepping toward the foreland as  a conjugate upper and 

lower failure surface as described by the critical taper theory (Davis et al., 1983).  Sections A–A’ 

(Figure 46) and B–B’ (Figure 47) show differential shortening above and below the upper failure 

surface.  In A–A’, shortening above the upper failure surface is interpreted as <1% whereas 

shortening below the failure surface is approximately 30%.  In section B–B’, shortening above 
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the upper failure surface is interpreted as approximately 6% whereas shortening below the failure 

surface is approximately 16%.  The faulting above and below the upper failure surface are not 

conjugate failure surfaces forming a wedge geometry in either restored section.  Rather, the 

wedge geometry is formed by foreland verging structural thickening of strata below the upper 

failure surface and folding of the upper failure surface and overlying rock layers as the wedge 

deforms.      
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Within the wedge, the anisotropy that results from the sedimentary layers is present, 

however the majority of the failure is interpreted to be along the pre-existing failure surfaces 

(faults) within the wedge.  The preferential failure along pre-existing faults is due to the loss of 

cohesion on the faults versus the surrounding rock that results in a reduced stress requirement for 

failure than the surrounding rock (Figure 45).   

 

Lithology, Layering and Structural Style  

A major division of the lithology in the Southern Canadian Rocky Mountains occurs at 

the Paleozoic / Mesozoic boundary.  It is observed that in the Southern Canadian Rocky 

Mountains the Paleozoic rocks deform as thick units of rock that form large amplitude low 

frequency folds and faults and the Mesozoic rocks deform as thinner units with smaller 

amplitude, higher frequency folds and faults.  This is in part controlled by the anisotropy of the 

rocks.  For thin skinned contractional deformation at the scale of the Southern Canadian Rocky 

Mountains to occur, both differential stress and a fluid pressure component are required (Hubbert 

& Rubey, 1959).  The main source of the fluid pressure that drives fault failure in an orogeny is 

maturation of the organics that are present in many of the shale layers within the Paleozoic and 

Mesozoic rocks (MacKay, 2015).  From a pure mechanics standpoint, Stearns (1967) has shown 

that fracture density increases in clastics versus carbonates under the same conditions and Narr & 

Lerche (1984) have shown that fracture spacing increases with increasing bed thickness.  The 

Paleozoic is composed mainly of thick carbonate units with relatively thin shale layers spaced at 

large intervals.  The combination of the sparse sources (shales) of fluid pressure and the thicker 

mechanical units results in observed structures in Paleozoic rocks that are larger in amplitude and 

more widely spaced than the structures developed in the Mesozoic rocks.  The Mesozoic section, 
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in contrast to the Paleozoic, is composed of relatively thin, layered clastic sedimentary rocks 

with multiple shale layers interspersed.  The organic layers are also interspersed at smaller 

intervals within the Mesozoic and result in a large number of dispersed sources of fluid pressure.  

The thinner mechanical units and dispersed fluid sources result in lower amplitude, higher 

frequency folds and faults observed in the Mesozoic section.  The difference in these structural 

styles and failure sources also means that the internal deformation of the Paleozoic and Mesozoic 

rocks may occur separately in space or time and need not be directly linked.   

A third style of deformation is also observed in the uppermost Mesozoic (late 

Cretaceous) and Cenozoic strata above the upper detachment in the para-autochthon.  The strata 

are folded from a minimum deflection at the tip of the orogenic wedge to a maximum deflection 

at the surface trace of the upper detachment.  Faults dip in the same direction as the dip of the 

sedimentary layers, however the number of faults and their associated offsets are reduced 

compared to the underlying Mesozoic section.  The critical difference in the strata is the lack of 

mature organic material in the para-autochthon within the study area.  Without the maturation of 

organic material providing fluid pressure, the stress required to fail the rock is increased relative 

to equivalent rocks with maturing organic materials providing fluid pressure.  Failure occurs less 

frequently and as discontinuous events (faults) when compared to rock failure in the strata of the 

wedge that lies below.    

Basement Structure and Anisotropic Failure  

Basement structures, as used here, are defined as structures that create relief at the base of 

the Paleozoic stratigraphic level.  They may be affected by but are not the result of the thin 

skinned deformation associated with the orogeny.  In the study area, the basement dips to the 

W/SW (dip direction of 250
o
) with an increase in magnitude from <1

o
 at the eastern margin of 
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the study area to >2
o
 across a hinge line that trends approximately 340

o
, with variations in 

elevation along strike between the Vulcan Low and adjacent Medicine Hat Block and Matzhiwin 

High (Figure 24, Figure 25).  The dip is a result of crustal loading from the orogen and is 

reflected in the overlying Mesozoic strata (Price, 1973; Beaumont, 1981).  This bedding when 

viewed looking north has been rotated counter clockwise and sets up a mechanical anisotropy 

that promotes east directed failures or thrusts (Figure 40).  This general pattern is demonstrated 

through the study area, except in the para-autochthon where the  angle and failure direction are 

reversed.   

The reactivation of pre-orogenic high angle faults within the Paleozoic basement also 

demonstrates the effects of anisotropy.  When the pre-orogenic high angle faults are subject to 

contraction, there can be reactivation of the failure plane (Figure 31).  This is due to the lower 

cohesion on the fault plane providing less resistance to failure than in adjacent rock (Figure 45).  

These reactivated faults typically terminate in a fault tip in the lowermost Mesozoic strata.  

Under contraction local stress concentrations will develop around the fault tip.  In addition, 

beyond the termination of the fault surface (un-faulted rock) the cohesion term is again part of 

the failure criteria (Mohr /Coulomb failure envelope) and the orientation of any subsequent 

failure will be affected by the orientation of the mechanical anisotropy (in this case, the 

sedimentary layers).  The local stress fields created at the tips of the reactivated basement faults 

appear to be nucleation points for thrust faults observed in many of the seismic sections in the 

region where Mesozoic thrust faults originate adjacent to Paleozoic normal faults (Figure 48).   

The Medicine Hat Block Escarpment is a west facing ramp in the basement between the 

Vulcan Low and the Medicine Hat Block.  The escarpment is mapped in the subsurface as an  
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Figure 48:  Seismic sections from the north (line 38X_A2L87), middle (8AE_A2L96) and 

south (ELP-1) of the study area showing thrust faults in the Mesozoic strata originating 

adjacent to reactivated high angle faults in the Paleozoic strata. Seismic sections are 

approximately 1:1 scale.  Locations of sections in Figure 9.  Un-interpreted sections in 

Appendix C. 
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increase in dip in the sedimentary layers at the top of Mississippian stratigraphic level (Figure 

24).  Jaeger (1960), Donath (1961) and others (McLamore and Grey, 1967; Tien et al., 2001; 

Ismael et al., 2014) have shown that for anisotropic rocks, as  deviates from the orientation of 

the principal stress (1), the differential stress (1-3) at failure decreases from a maximum at 

=0
o
 to a minimum at  ~30

o
 and the change is largest at low confining stresses (Figure 44).  As 

an increase in  results in a change in slope of the failure envelope (Figure 43), the relative 

strength of the hinterland dipping strata that over-lie the Medicine Hat Block Escarpment 

decreases, as the  angle is larger than for laterally adjacent bedding.  The change in rock mass 

strength likely contributed to the structure of the Crowsnest Deflection along with other factors.  

 

Structural Vergence Outboard of the External Syncline Axis 

Structures that verge to the foreland are present in the autochthon outboard of the external 

syncline axis on seismic data, at surface (Monarch fault zone), and within wellbores.  This 

orientation of the structures is expected as the bedding dips to the hinterland.  Coulomb wedge 

failure would dictate that a conjugate fracture system rather than a single sense of shear would 

occur.  Although the hinterland verging portion of the conjugate system may have been removed 

by erosion, it is unlikely given the lack of hinterland verging structures both adjacent to and at a 

distance from the foreland verging structures present.   

Timing of Structures 

Within the study area the folded beds in the para-autochthon allow us to constrain the 

oldest age of the deformation at the foreland edge of the orogenic wedge.  The folds in the para-

autochthonous strata parallel those in the upper detachment surface, requiring that the folded 
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strata be deposited before the establishment and folding of the upper detachment (Figure 36).  

The youngest deformed rocks that parallel the deformed the upper failure surface are near the top 

of the Willow Creek Formation, putting a maximum age of deformation at the foreland edge of 

the orogenic wedge in this region at ~60Ma (formation age from Jerzykiewicz, 1997).  The 

Willow Creek Formation, however, is eroded where the folding of the upper failure surface is 

most intense, so the age of the deformation may be younger than this, as interpreted by Pană & 

van der Pluijm (2015), who reported fault ages on major faults in the Rocky Mountains and 

foothills as young as 51.0 Ma ± 3.5 Ma.   

The constraint of the age of the foreland edge of the orogenic wedge also allows a 

determination of the maximum age for an interpreted out of sequence fault involving Paleozoic 

strata in the study area.  Figure 49 shows a major thrust that ramps from the Mississippian / 

Devonian Exshaw Formation through Mesozoic strata to the surface.  The displacement of 

Mississippian strata along the fault is approximately 7200m with no flats interpreted in the 

Mesozoic strata;  the throw (vertical uplift) is ~2500m on the Top Mississippian (Figure 49).  

Displacement of Mesozoic strata on the same fault ranges from 600m to 1000m and  the throw is 

<1000m.  The variance in the displacement and throw of the Mesozoic strata relative to the 

Paleozoic strata indicates that the Mesozoic strata in the hanging wall of the fault near the 

surface are not directly displaced from the adjacent equivalent strata in the footwall, but from 

deeper strata in the footwall.  Restored section A–A’ (Figure 46) demonstrates this interpretation.  

A basal detachment in the Fernie Formation extends from the footwall of the major thrust to the 

foreland, with several foreland directed faults of varying displacement branching from it.  The 

cumulative displacement of the faults would require an extended flat of equal displacement 

carrying the overlying strata along a Fernie detachment.  In the fully restored section (Figure 46, 
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bottom) the restored lengths of the Fernie and Cretaceous markers are seen to extend west of the 

restored position of the thrust ramp through the underlying Mississippian strata (an impossible 

trajectory for an in sequence fault), indicating that strata above the Fernie detachment must have 

been significantly shortened before the major thrust cut up from the Devonian level to the 

surface.    

  

 

Figure 49: Fault displacement along fault 1 based on Mississippian cutoffs is approximately 

7200m in section. Where the Cretaceous and Jurassic strata are offset, they have 

displacements of 600m and 1000m.  The difference in the offsets indicates fault 1 is out of 

sequence and cross cuts existing deformed Mesozoic strata.  See Figure 9 for locations of 

seismic lines.  Approximate 1:1 scale.  Un-interpreted sections in Appendix C. 

 

In addition to the out of sequence interpretation, the fault geometry, displacement and 

thickness of its hanging wall also indicate that the fault is an emergent fault.  The earlier 

thrusting of Mesozoic rocks is responsible for the formation of the wedge.  The later thrusting 
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involving the Paleozoic strata would displace the already deformed Mesozoic strata requiring 

that a large volume of material be incorporated into the pre-existing wedge above the current 

ground level and a large amount of shortening be accommodated by the upper failure surface.  

Others (Mackay, 1991; Veillieux, 1993) have interpreted these as blind thrusts losing 

displacement into the upper failure surface of the wedge, however the geometry that this would 

require would be very difficult to achieve given the ~2500m of throw (vertical uplift) of the 

Mississippian and overlying strata carried on the major thrust.  With the interpretation of an 

emergent thrust, as fault displacement progressed, material in the hanging wall would be eroded, 

reducing the confining stress and facilitating further displacement along the fault and eliminating 

the requirement to lose displacement into the upper failure surface.   
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CHAPTER 6: SUMMARY OF CONTRIBUTIONS 

The traditional mechanism for deformation at the leading edge of a thin skinned 

contractional orogen is that of wedge failure, where a conjugate set of failures form successive 

wedges in an isotropic rock mass.  This study proposes that the wedge shape is due to the 

anisotropy that results from sedimentary layering and not simple conjugate failure.  The leading 

edge of the thrust front in the Southern Canadian Rocky Mountains is used as a study area to 

validate this hypothesis through original work.  The following is a summary of the contributions 

completed as part of this study: 

 

1) Fracture and bedding orientations were measured in the Porcupine Hills area east of 

the crest of the triangle zone.  Bedding data were used to determine orientations of the 

anisotropy (So) in the para-autochthon and the allochthon.  Fracture data were 

compiled and grouped into sets.  The sets were evaluated with respect to far field 

stresses to determine how well local and far field stresses correlate. 

2) Published bedrock geological map data within the Porcupine Hills area (east of 

triangle zone crest) were confirmed in the field.  Published Geological Survey of 

Canada bedrock geology maps were compared to recent ortho-rectified air photos and 

field observations in the study area where they were intersected by the seismic survey 

lines used in the study.  Structures and stratigraphy from the geologic maps were 

confirmed and used in the interpretation of structures in the seismic data. 

3) A hammer seismic survey was conducted within the para-autochthon.  The layout and 

measurement procedures of the survey allowed the determination of the horizontal 
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seismic anisotropy present and its coincidence with far field maximum horizontal 

stress.    

4) 450 geophysical well logs for formation tops were analyzed and interpreted.  The well 

logs were used to construct regional depth surfaces, correlate the stratigraphy to the 

seismic sections, correlate the stratigraphy between seismic sections and confirm 

gross lithology of the units within the study area. 

5) 860 line-kilometers of seismic data were interpreted.  The compiled field and well 

data were used in the interpretation of the seismic sections. 

6) Two balanced cross sections of the leading edge of the orogenic wedge within the 

field area were constructed.  The balanced sections were restored to display the 

orientation and spatial relationships of the faults and major stratigraphic units prior to 

deformation and to determine the percentage of shortening within different structural 

domains. 

 

This original work allowed the investigation of strength anisotropy at the leading edge of 

the thrust front in the Southern Canadian Rocky Mountains and led to key observations.  

There is a change in orientation of the strength anisotropy at the thrust front that favors 

wedge geometries (upper and lower failure surfaces joining at a tip towards the undeformed 

strata to the foreland).  The wedge shape is composed of a curving upper failure surface within a 

stratigraphic unit (detachment), a ramping lower failure surface cutting through overlying strata 

from a basal detachment, and the failure surfaces are not a conjugate pair.  The wedge failure 

mechanism (Mohr/Coulomb wedge in isotropic material) requires conjugate failures to advance a 
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thrust front (critical taper theory).  Since the observed failure surfaces are not conjugate, the 

thrust front observed in this study is not a simple advancing Coulomb wedge. 

Failures outboard of the wedge are consistent with the failure directions predicted by 

failure of anisotropic rock.  Failures within the para-autochthon are dominantly hinterland 

directed and failures within the autochthon are dominantly foreland directed.  Further to this, 

local reversals in anisotropy in the para-autochthon and autochthon show corresponding local 

reversals in failure direction. 

Small changes in the orientation of the anisotropy have an effect on the shape of the 

wedge and the position of the wedge.  Basement topography in the field area (Vulcan Low and 

the adjacent Matzhiwin High and Medicine Hat Block) changes the orientation of the bedding in 

the overlying sedimentary rock.  The transition from the Vulcan Low to the Medicine Hat Block 

(high) is oblique to the maximum horizontal stress and creates an increase in the angle () of the 

bedding relative to the stress reducing the failure strength of the rock.  This change may 

contribute to the deflection of the thrust front (Crowsnest Deflection).   

The basement topography and resultant changes in anisotropy at the Medicine Hat Block 

also contribute to changes in the wedge shape along the trend of the thrust front.  Adjacent to the 

Medicine Hat Block (the Crowsnest Deflection) a number of changes are seen in the geometry of 

the wedge.  The average slope of the upper failure surface decreases, decreasing the taper of the 

wedge.  The upper failure surface becomes undulate, and the lower detachment at the leading 

edge moves up stratigraphically from the Fernie Formation to the Second White Specks 

Formation.   
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CAHPTER 7: CONCLUSIONS 

The layering of sedimentary rock creates a strength anisotropy that is a significant control 

on rock mass failure.  The change in bedding orientation from foreland dipping (para-

autochthon) to hinterland dipping (autochthon) at the leading edge of a contractional orogenic 

system creates preferred failure directions that will lead to wedge geometries.  In regions where 

the bedding is foreland dipping (para-autochthon), hinterland directed failure is preferred.  In 

regions where the bedding is hinterland dipping (autochthon), foreland directed failure is 

preferred.   

The effect is also observed to the foreland of the leading edge of a contractional orogen 

where outboard of the external syncline axis the bedding is consistently dipping to the hinterland 

at all levels and failure is dominantly directed to the foreland.  At a smaller scale, where local 

reversals (foreland to hinterland) in the dip direction of the anisotropy occur, failure direction 

remains controlled by the anisotropy (failures dip the same direction as the bedding).   

The magnitude of the angle between the anisotropy and the maximum principal stress 

axis also has a significant effect on failure.  The effective stress required to fail a rock decreases 

from a maximum when the angle between the maximum stress direction and the orientation of 

the anisotropy in the kinematic plane is 0
o
, to a minimum at 30

o
.  As the orientation of the 

anisotropy is a significant control on rock failure, factors that control the orientation of the 

bedding from which the anisotropy is derived will also affect rock failure and thus the geometry 

of the orogenic wedge.  To achieve a reversal in the orientation of the anisotropy such as is 

observed between the para-autochthon and the autochthon, material must have eroded from a 

hinterland highland and been deposited in a basin adjacent to the thrust front (foreland basin).  

The foreland basin deposition has been controlled by a number of factors including basement 
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topography, subsidence (accommodation space), erosion rate and sedimentation rate.  Changes in 

any of these factors result in changes in the orientation of the bedding and thus the strength 

anisotropy of the rock.  These changes can be temporal or spatial.  The dependency of anisotropy 

on multiple interconnected factors that can vary over time and space is proof of a complex 

system.   

Although the shape of the leading edge of an orogenic wedge suggests a conjugate 

system, the upper and lower failure surfaces are not a conjugate pair but separate failure surfaces 

resulting in a wedge geometry.  The wedge shape is a result of the change in orientation of the 

anisotropy rather than a simple Coulomb wedge advancing into the foreland on successive 

conjugate failures.  Critical taper, which relies on wedge failure due to advancing conjugate 

failures, does not adequately accommodate the anisotropy inherent in sedimentary rock at the 

leading edge of a contractional orogen and as such is an oversimplification of a complex system.   
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APPENDIX A 

Wells with digital logs 

Name UWI KB TD (MD) 

ANGLO SOCONY PEKISKO NO. 1 00-01-01-017-03W5-0 1335.3 1799.8 

COMPTON HOOKER 1-3-16-1 00-01-03-016-01W5-0 1198.7 3330 

COMPTON HIR 1-6-17-29 00-01-06-017-29W4-0_TVD 1095.9 2820 

COMPTON HIR 1-6-17-29 00-01-06-017-29W4-0 1095.9 2820 

AMOCO MARATHON CALLUM 1-24-12-2 00-01-24-012-02W5-0 1493.5 3000 

SPRING POINT NO. 2-4 00-02-04-010-29W4-0 1460.9 3956.3 

COMPTON PPINEH 2-25-12-2 00-02-25-012-02W5-0 1511.2 2737 

COMPTON PPINEH 2-25-12-2 00-02-25-012-02W5-0_TVD 1511.2 2737 

BA-TRIAD-SUN-ROYALITE ROCKING P 2-29 00-02-29-013-02W5-0 1366.7 4373.9 

HOME MONTGOMERY 3-25-10-29 00-03-25-010-29W4-0 1342.5 4050 

DOME STIMSON 4-12-17-3 00-04-12-017-03W5-0 1328.6 1300 

CANHUNTER EASTMONT 4-13-12-27 00-04-13-012-27W4-0 1022.5 2310 

BRC HTR DD ET AL PARKLAND 4-14-15-28 00-04-14-015-28W4-0 1116.1 2630 

BRC HTR DD ET AL PARKLAND 4-14-15-28 00-04-14-015-28W4-0_TVD 1116.1 2630 

SUNCOR ET AL PARKLAND 1-18-14-29 00-04-17-014-29W4-0 1236.1 2855 

JOFFRE ET AL STIMPSON 4-35-14-1 00-04-35-014-01W5-0 1320 3600 

CPC SILVER 5-3-16-28 00-05-03-016-28W4-0 1058.7 2599 

B.A. BAYSEL WILLOW CREEK 5-12-14-30 00-05-12-014-30W4-0 1268.9 3415.9 

UPRI ET AL HOOKER 5-15-15-29 00-05-15-015-29W4-0 1351.3 3545 

CZAR ET AL MUD LAKE 6-2-10-28 00-06-02-010-28W4-0 1116.1 3047 

KANEX MONTGOMERY 6-6-12-28 00-06-06-012-28W4-0 1113.7 3615.5 

PEKISKO HILLS NO. 1 00-06-06-017-02W5-0 1325.9 1694.4 

COMPTON PPINEH 6-7-12-1 00-06-07-012-01W5-0 1448.3 2835 

RISING OXLEY 6-7-12-28 00-06-07-012-28W4-0 1159.4 2657 

BRC HTR MONTY 6-10-12-28 00-06-10-012-28W4-0 1061.8 2232 

ESSO OXLEY 6-11-14-29 00-06-11-014-29W4-0 1328.3 3265 

EMC PARKLAND 6-11-15-28 00-06-11-015-28W4-0 1099.8 2561 

IMP STIMSON 6-17-15-2 00-06-17-015-02W5-0 1446.3 870.8 

CZAR ET AL PARKLAND 6-17-15-27 00-06-17-015-27W4-0 1081.5 2565 

UCEL PARKLAND 6-22-14-28 00-06-22-014-28W4-0 1062.7 2688 

SUNCOR PARKLAND 6-24-15-28 00-06-24-015-28W4-0 1086.6 3235.5 

COP BRC AMELIA 6-26-10-27 00-06-26-010-27W4-0 1000 2550 

CANHUNTER ET AL PARKLAND 6-26-14-29 00-06-26-014-29W4-0 1225.3 3060 

CALSTAN C&E COW CREEK 6-30-8-1 00-06-30-008-01W5-0 1212.5 4543 

CRESTAR 100 PARKLAND 7-4-15-28 00-07-04-015-28W4-0 1118 2725 

CALSTAN HIGHWOOD 7-4-18-3 00-07-04-018-03W5-0 1331.4 3959.7 

BRC HTR MONTY 7-10-12-28 00-07-10-012-28W4-0 1051.2 2735 

SABRE ET AL NANTON 7-16-16-1 00-07-16-016-01W5-0 1176 2682.2 

B.A.-BAYSEL RILEY 7-19 00-07-19-014-02W5-0 1481.6 2036.1 

BAYSEL OXLEY 7-20-13-29 00-07-20-013-29W4-0 1331.1 3974.6 
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Name UWI KB TD (MD) 

CDNOXY ET AL STIMSON 7-21-14-1 00-07-21-014-01W5-0 1258.3 176 

ESSO NANTON 7-22-15-29 00-07-22-015-29W4-0 1194.8 3505.2 

DOME LRI TOTAL EDEN 7-23-17-3 00-07-23-017-03W5-0 1375.3 1286.6 

BRC HTR LYNDON 7-24-13-29 00-07-24-013-29W4-0 1193.1 2970 

CZAR ET AL MUD LAKE 7-28-10-27 00-07-28-010-27W4-0 1001.2 2660 

WIN 8-29DR COW CREEK  7-29-8-1 00-07-29-008-01W5-0 1206.6 2607 

CZAR ET AL MUD LAKE 8-2-10-27 00-08-02-010-27W4-0 976.4 2940 

ACL EASTM 8-7-12-27 00-08-07-012-27W4-0 997.9 2611 

CHEVRON CDN-SUP PARKLD 8-7-15-29 00-08-07-015-29W4-0 1452.7 3540 

CANHUNTER ETAL AMELIA 8-8-10-27 00-08-08-010-27W4-0 998.5 2723 

DOME ET AL LYNDON 8-8-12-28 00-08-08-012-28W4-0 1128.2 2982 

COMPTON PARKLD 8-10-15-28 00-08-10-015-28W4-0 1096.2 2700 

COMPTON PARKLD 8-10-15-28 00-08-10-015-28W4-0_TVD 1096.2 2700 

ANDERSON ET AL PEKISKO 8-13-17-3 00-08-13-017-03W5-0 1344.2 996.7 

HB GULF HOME STIMSON 8-20-15-3 00-08-20-015-03W5-0 1707.2 3264.4 

TEX PAC SUN GULF OLDMAN 8-36-11-2 00-08-36-011-02W5-0 1381.4 4536 

CDN-SUP GEOG MONTGOMERY 9-1-12-29 00-09-01-012-29W4-0 1123.6 2690 

COMPTON APHRODITES 9-27-14-1 00-09-27-014-01W5-0 1308.6 3626 

CANHUNTER LYNDON 9-32-13-29 00-09-32-013-29W4-0 1173.5 3173 

GULF ET AL STIMSON CREEK 9-36-16-4 00-09-36-016-04W5-0 1563.4 4625 

ELF PORCUPINE 10-1-11-30 00-10-01-011-30W4-0 1738.9 3749 

SKELLY A1 STIMSON 10-4-15-3 00-10-04-015-03W5-0 1496.6 3191 

HOMESTEAD CDN SUP CLARES 10-7-12-28 00-10-07-012-28W4-0 1163.7 2657.2 

JOFFRE ET AL TROUT CREEK 10-10-14-1 00-10-10-014-01W5-0 1239 3676 

CDR WEST PEKISKO 10-13-17-4 00-10-13-017-04W5-0 1463.3 3613.4 

GPD NOEL ETAL STIMSON 10-16-16-3 00-10-16-016-03W5-0 1388.1 2759.7 

COMPTON PARKLAND 10-18-14-29 00-10-18-014-29W4-0_TVD 1248.1 3335 

MOBIL STIMSON 10-19-15-2 00-10-19-015-02W5-0 1304.2 2049.5 

DOME ET AL GRANUM 10-20-10-27 00-10-20-010-27W4-0 994.9 2240.3 

COMPTON HOOKER 10-24-16-30 00-10-24-016-30W4-0 1129.1 3009 

PETCAL ALCON PEIGAN 10-27-8-28 00-10-27-008-28W4-0 1115.3 3877.1 

DOME STIMSON 10-30-16-2 00-10-30-016-02W5-0 1284.7 1784.9 

AMTRDG GULF CLARESHOLM 10-36-11-29 00-10-36-011-29W4-0 1143.3 2723.4 

COMPTON APHRODITES 10-36-14-30 00-10-36-014-30W4-0 1356.2 3402 

BP MARATHON CALLUM 11-7-12-1 00-11-07-012-01W5-0 1448.2 3328 

WESTERN ALBERTA 1 00-11-07-017-02W5-0 1267 1184.8 

BRC HTR MONTY 11-10-12-28 00-11-10-012-28W4-0 1058.4 2712 

BRC HTR EASTM 11-11-12-28 00-11-11-012-28W4-0 1017.1 2624 

ROYALITE-SOCONY PEKISKO NO. 1 00-11-31-016-02W5-0 1340.2 862.6 

CWWE AMELIA 12-4-10-27 00-12-04-010-27W4-0 992.3 2220 

ACL GRNM 12-5-10-26 00-12-05-010-26W4-0 983.4 2310 

STIMSON NO. 1 00-12-05-015-02W5-0 1420.7 1655.4 

NATOMAS ET AL EDEN 12-25-17-3 00-12-25-017-03W5-0 1402 1274 

JOFFRE ET AL TROUT CREEK 12-26-12-1 00-12-26-012-01W5-0 1390 5135 
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Name UWI KB TD (MD) 

WIN LIVINGST 13-4-10-2 00-13-04-010-02W5-0 1398.2 1974 

WIN LIVINGST 13-4-10-2 00-13-04-010-02W5-0_TVD 1398.2 1974 

WIN TODD 13-9-8-1 00-13-09-008-01W5-0 1181.5 3000 

ACL EASTM 13-9-12-27 00-13-09-012-27W4-0 1006 2450 

HUSKY NORTHERN PEKISKO NO. 1 00-13-12-017-02W5-0 1222.9 3415 

HUSKY ET AL PEKISKO 13-14-17-2 00-13-14-017-02W5-0 1221.6 3282.7 

COMPTON NOLAND 13-18-9-26 00-13-18-009-26W4-0 977.8 2436.5 

WIN TODD 13-28-9-2 00-13-28-009-02W5-0 1423.1 1725 

WIN TODD 13-28-9-2 00-13-28-009-02W5-0_TVD 1423.1 1725 

WIN COWLEY 13-33-8-2 00-13-33-008-02W5-0 1400.7 1950 

WIN COWLEY 13-33-8-2 00-13-33-008-02W5-0_TVD 1400.7 1950 

MOBIL HOOKER 14-5-15-29 00-14-05-015-29W4-0 1389 4551 

WIN TODD 14-8-8-1 00-14-08-008-01W5-0_TVD 1186 2316 

CANHUNTER CLARESHOLM 14-8-12-26 00-14-08-012-26W4-0 1031.3 2209 

CHEVRON CDN-SUP PEARCE 14-9-9-27 00-14-09-009-27W4-0 997.3 3455 

AMOCO STIMSON CREEK 14-12-16-2 00-14-12-016-02W5-0 1374 4450 

NORTHSTAR ET AL PARKLAND 14-16-14-28 00-14-16-014-28W4-0 1116.6 2744 

CHEVRON CDN-SUP PARKLAND 14-17-14-

29 00-14-17-014-29W4-0 1283 3308 

SASKOIL AMELIA 14-20-10-27 00-14-20-010-27W4-0 1002.2 3260 

COMPTON HOOKER 14-24-16-1 00-14-24-016-01W5-0 1137.9 3067 

DOME ET AL CLARESHOLM 14-29-11-28 00-14-29-011-28W4-0 1108.2 2600 

GULF ET AL OXLEY 14-29-13-29 00-14-29-013-29W4-0 1234.1 3429.9 

NOVALTA ET AL PPINEH 14-30-11-1 00-14-30-011-01W5-0 1383.5 3300.7 

COMPTON HIR 14-31-16-29 00-14-31-016-29W4-0 1095.6 2789 

GULF ET AL OXLEY 14-35-13-30 00-14-35-013-30W4-0 1306.7 3685 

MOBIL AMELIA 15-4-10-27 00-15-04-010-27W4-0 987 2569 

CHEVRON CDN-SUP PARKLD 15-7-14-28 00-15-07-014-28W4-0 1142.5 3506 

DECALTA KR ET AL CALLUM 15-15-12-2 00-15-15-012-02W5-0 1442 3078.5 

RAX TODD 15-17-10-2 00-15-17-010-02W5-0 1345.4 400 

PEX HORSESHOE 15-30-14-2 00-15-30-014-02W5-0 1437.5 4508 

RANGER DEKALB EASTMONT 16-8-12-27 00-16-08-012-27W4-0 1006 2476.1 

CRESTAR 100 PARKLAND 16-22-14-28 00-16-22-014-28W4-0 1075.5 2630 

CHEVRON CDN-SUP CLARES 16-23-10-28 00-16-23-010-28W4-0 1086.5 2994 

CHEVRON ET AL AMELIA 16-24-9-28 00-16-24-009-28W4-0 1300.6 3292.1 

CHEVRON LANGFORD 16-25-13-2 00-16-25-013-02W5-0 1316.4 3377 

SUNCOR MONTGOMERY 16-36-11-29 00-16-36-011-29W4-0 1136.7 2696 

ANDERSON ET AL PEKISKO 6-6-17-2 02-06-06-017-02W5-0 1356.4 487.7 

ANDERSON ET AL STIMSON 6-17-15-2 02-06-17-015-02W5-0 1448.1 977.8 

SUNDANCE HUSKY PEIGAN 6-1-9-27 100-06-01-009-27W4-0 975.1 2525 

GULF PEIGAN 6-8-8-27 100-06-08-008-27W4-0 999.9 3595 

CANHUNTER ET AL PEIGAN 7-12-8-28 100-07-12-008-28W4-0 1037.5 2615 

HUSKY SAVANNA CREEK 13-26-13-4 100-13-26-013-04W5-0 1854 3681 
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Wells with raster logs or tops only 

Name UWI KB TD (MD) 

PAGEETALSPRINGCOULEE3-32-4-23 100033200423W400 1095.3 2400 

BOWOODSPRINGCO4-34-4-23 100043400423W400 1092.3 1914 

CSPCPSPRINGCO6-15-4-24 100061500424W400 1141 2465 

MOBILSOUTHBLOOD13-36-4-25 100133600425W400 1146.2 2329 

SHELLPINCHERCREEK6-6-4-28 100070600428W400 1345.4 4002.9 

B.A.PINCHERCREEK1-2-4-29 100050100429W400 1301.5 3704.2 

B.A.PINCHERCREEKIN6-1-4-29 100110100429W400 1291.1 4014.2 

B.A.PINCHERCREEK10-2-4-29 100100200429W400 1303 3742.6 

PENNINEPINCHCK9-10-4-29 100071000429W403 1314.8 4757 

WILMERBONERTZNO.1 100031100429W400 1294.5 3732 

A.BONERTZNO.1 100011500429W400 1313.1 3711.5 

SHELLPINCHERCREEK10-15-4-29 100101500429W400 1318 3713.1 

PENNINEPINCHCK3-22-4-29 100151500429W403 1323.8 4110 

B.A.PINCHERCREEKIN9-16-4-29 100091600429W400 1331.7 3785.3 

B.A.PINCHERCREEK1-21-4-29 100012100429W400 1302.4 3712.5 

W.F.BRUDERNO.1 100102100429W400 1325 3784.4 

PENNINEPINCHCK3-22-4-29 100032200429W400 1323.8 3789.6 

RAYMARR1 100062800429W402 1339 3888.6 

RAYMARR1 100072800429W400 1339 4021.2 

WALTERMARRNO.1WELL 100012900429W400 1324.7 3891.7 

PENNINEPINCHCK16-29-4-29 100162900429W400 1320.9 3868 

RUDOLPHNO.1 100113100429W400 1358.8 3911.8 

B.A.PINCHERCREEK2-11-4-30 100081100430W402 1459.4 4511 

KAISERMOBILPINCHCK6-35-4-30 100063500430W400 1417.4 4533 

SCL64WATERTN13-13-4-1 100131300401W504 1491 4780 

PCPMAGRATH7-2-5-22 100070200522W400 1056.4 1430 

MOBILNINASTOKO2-2-5-25 100020200525W400 1127.3 2335 

ANDERSONNINSTO14-26-5-25 100142600525W400 1057 2267 

INDRAETALCHARCOAL6-35-5-25 100063500525W400 1056.1 2753 

QUASARETALHILLSPRING2-4-5-28 100020400528W400 1253.9 3752.1 

TEXPACHBHILLSPRING9-5-5-28 100070500528W400 1246.3 3810 

KAISERMOBILPINCHCK6-3-5-30 100060300530W400 1438.3 5100 

SHELL56WATERTON9-17-5-2 100091700502W500 1486 3570 

SHELLWATERTON7-24-5-3 100072400503W500 1514.9 3846 

SHELLHOMEWATERTON11-34-5-3 100113400503W500 1352.3 4145 

BONAVISTABLOOD6-16-6-22 100061600622W400 975.2 1920 

WALKINGSTICKETALBLOOD8-14-6-25 100091400625W400 1058.1 2732 
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CHEVRONETALSTANDOFF1-2-6-26 100010200626W400 1045.1 3081 

ENERPLUSCDN-SUPMCBRIDELK8-19-6-26 100081900626W400 1139.4 3421 

CZARETALSTANDOFF6-22-6-26 100062200626W400 1081 2720 

SHELLWATERTON11-4-6-1 100110400601W500 1310.5 4758 

SHELLCDN-SUPWATERTON16-5-6-1 100160500601W500 1288.9 5026 

SHELLWATERTON6-8-6-1 100060800601W500 1302.9 4577 

SHELLESSOCARBONDALE13-6-6-2 100130600602W502 1493.9 5534 

SHELLWATER6-8-6-2 100060800602W502 1436.8 4483 

SHELL-IMPERIALWATERTON14-17-6-2 100052000602W500 1451.8 3702.7 

SHELLIMPDVHZWATERTON5-20-6-2 102052000602W502 1428.4 5190 

SHELLBURMIS14-32-6-2 100113200602W500 1371.5 3724 

SHELLBURMIS14-32-6-2 100113200602W502 1371.5 4890 

SHELLETALWATERTON13-35-5-3 100070300603W500 1353.3 4775 

SCLWATERTN1-9-6-3 100010900603W500 1340.9 4575.2 

SHELLWATERTON7-9-6-3 100070900603W503 1344.3 4530 

SHELLWATERTON7-9-6-3 100110900603W500 1344.3 3595 

SHELLESSOCARBONDALE13-6-6-2 100061200603W500 1493.9 4273.3 

SHELLCALALTAWATERTON7-14-6-3 100071400603W500 1361.2 4376 

SCL66WATERTN4-16-6-3 100041600603W500 1578.9 4880 

SHELLETALWATERTON12-16-6-3 100072000603W500 1579.1 5070 

SCL65WATERTN7-30-6-3 100073000603W500 1741.6 5000 

IOEETALBELLEVUE6-31-6-3 100063100603W500 1547.2 3341.5 

BONAVISTABLOOD8-29-7-22 100082900722W400 953.1 1533 

GULFBLOOD5-18-7-23 100051800723W400 1016.2 3118.7 

GULFWESTBLOOD3-32-7-24 100033200724W400 964.7 2545 

RENAISSANCEETALSTANDOFF6-5-7-25 100060500725W400 1017.4 2392 

HUSKYSTDOFF6-17-7-25 100061700725W400 1027.9 2465 

NORCENCSSTANDOFF10-21-7-25 100102100725W400 997.3 2815 

GULFAECSTANDOFF6-30-7-25 100063000725W400 1050 2500 

HBUGASMCBRIDELAKE6-26-7-26 100062600726W400 1100.3 3150 

PANAMLOCA-1PEIGAN16-12-7-27 100161200727W400 1148.2 3626.2 

SHELLBURMIS4-5-7-2 100040500702W500 1394 3873 

SHELLBURMIS6-7-7-2 100060700702W500 1254.6 4395 

SHELLBURMIS8-18-7-2 100041800702W502 1252.5 4685 

SHELLBURMIS8-18-7-2 100081800702W500 1252.5 3676 

SHELLBURMIS4-19-7-2 100041900702W500 1327.9 4105 

HERSHEYETALBELLEVUE6-5-7-3 100060500703W500 1446.3 3285.7 

REALBURMIS13-8-7-3 100130800703W500 1430.6 4446 

SHELLBURMIS16-13-7-3 100161300703W500 1300.6 4332 

SHELLBURMIS15-24-7-3 100082400703W503 1336.6 4476 
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BONAVISTAETALPENNY6-29-8-22 100062900822W400 933.8 1932 

BONAVISTAKIPP6-30-8-23 100063000823W400 1017.1 2382 

BONAVISTAKIPP10-35-8-23 100103500823W400 935.4 1524 

BONAVISTAKIPP12-35-8-24 100123500824W400 958 1850 

GULFKIM2-18-8-25 100021800825W400 1013.2 2867 

GLACIERSTANDOFF8-8-8-26 100080800826W400 1069.7 2719.5 

ACLKIM9-23-8-26 100092300826W400 984.5 2413 

GULFETALKIM6-26-8-26 100062600826W400 971.3 2738 

CO-ENERCOETALPEIGAN14-26-8-26 100142600826W400 964.9 2350 

CZARETALPEIGAN6-29-8-26 100062900826W400 993.9 2575 

DARIANKIM8-30-8-26 100083000826W400 989.1 2563 

CANERANORTHBURMIS11-2-8-3 100110200803W500 1543.5 4697 

DEVON9-11-8-4 100091100804W500 1475.4 5102 

DEVON9-11-8-4 100101100804W502 1475.4 5324 

NORCENETALBURMIS11-12-8-4 100111200804W500 1580.6 3640 

BONAVISTAPENNH4-16-9-23 100041600923W400 935.8 1601 

BONAVISTAKIPP14-9-9-24 100140900924W400 947 1936 

CZARETALPEARCE6-17-9-24 100061700924W400 958.6 2592.3 

NAVARONEPEARCE6-17-9-24 102061700924W400 955.8 2440 

CZARCDN-SUPPEARCE16-19-9-24 100161900924W400 942.2 2519 

BOWOODPEARCE14-14-9-25 100141400925W400 945.2 2054 

CHEVRONCDN-SUPNOLAN16-23-9-26 100162300926W400 964.9 2620 

TRENTONETALKIM8-26-9-26 100082600926W400 941.9 2828 

CHEVRONCDN-SUPNOLAN13-33-9-26 100133300926W400 978.2 2987 

CHEVRONCDN-SUPPEARCE14-9-9-27 100140900927W400 997.3 3455 

HBUGASMUDLAKE6-26-9-27 100062600927W400 980.6 3170 

DEVONCOLE12-12-9-4 100161100904W500 1814.7 4517.1 

DEVONCOLE4-12-9-4 100041200904W500 1828.7 3880 

DEVONCOLE15-14-9-4 100151400904W500 1834.5 3896 

PC8-28DRCOLEMAN7-27-9-4 100072700904W502 1726 4257 

PC8-28HZRECOLEMAN12-27-9-4 100122700904W503 1726 4744 

BONAVISTAKEHO1-12-10-22 100011201022W400 919.2 1345 

DRUMLINKEHO4-20-10-22 100042001022W400 951.9 1697 

CWNGMONARCH10-28-10-23 100102801023W400 963.8 1663 

CRESTAR100PEARCE6-21-10-24 100062101024W400 955 1889 

BONAVISTA16DGRANUM16-8-10-25 100160801025W400 980.4 2177 

BONAVISTA4CGRANUM4-12-10-25 100041201025W400 954.3 2039 

BONAVISTA8AGRANUM8-22-10-25 100082201025W400 961.1 2081 

BONAVISTA13AGRANUM13-32-10-25 100133201025W400 976.4 2132 

MOBILGRANUM7-8-10-26 100070801026W400 991.2 2304 
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SUNCORDORCHESTERGRANUM1-12-10-26 100011201026W400 997.9 2730 

MOBILGRANUM8-15-10-26 100081501026W400 1015.8 2675 

MOBILAMELIA15-4-10-27 100150401027W400 987 2569 

CANHUNTERETALAMELIA8-8-10-27 100080801027W400 996.7 2720 

CANHUNTERETALAMELIA8-8-10-27 100080801027W402 996.7 2590 

SASKOILAMELIA14-20-10-27 100142001027W400 1002.2 3260 

CZARETALMUDLAKE6-2-10-28 100060201028W400 1116.1 3047 

SPRINGPOINTNO.2-4 100020401029W400 1460.9 3956.3 

GULFAECCOLEMAN8-16-10-4 100081601004W500 1672.2 4715 

DEVONCOLE4-22-10-4 100032201004W500 1509 4872 

DEVONCOLE4-22-10-4 100042201004W502 1509 3459 

SCURRYNORCENCOLEMAN12-23-10-4 100122301004W500 1581.1 4025 

DEVONCOLE8-33-10-4 100083301004W500 1805 5061.2 

ROZSAKEHO6-1-11-22 100060101122W400 930.1 1399 

RANGERTARRAGONKEHO8-5-11-22 100080501122W400 999.6 1521 

ROZSAKEHO8-20-11-22 100082001122W400 992.6 1875 

NORTHSTARKEHO14-20-11-22 100142001122W400 997.2 2045 

HUSKYETALKEHO8-22-11-22 100082201122W400 974.6 1970 

RICHARDSONKEHO12-23-11-22 100122301122W400 963 1486 

COMPTONKEHO4-25-11-22 100042501122W400 959.9 1437 

COMPTONKEHO15-25-11-22 100152501122W400 978.7 1504 

ROZSATRANSWESTKEHO6-35-11-22 102063501122W400 980.6 1425 

ROZSAETALKEHO5-36-11-22 100053601122W400 987.2 1485 

IMPNOBLEFORD15-1-11-23 100150101123W400 1001.6 2188.5 

SIGNALTAEI102KEHO2-26-11-23 102022601123W400 973.2 1590 

CSSABINEKEHO16-31-11-23 100163101123W400 975.4 2238 

CRESTAR100KEHO5-10-11-24 100051001124W400 961.6 1876 

CRESTAR100KEHO9-20-11-24 100092001124W400 963.8 1952 

BONAVISTAGRANUM7-6-11-25 100070601125W400 985.8 2142 

ACL102GRANUM11-19-11-25 102111901125W400 990.2 2155 

CRESTAR100GRANUM4-20-11-25 100042001125W400 984.3 2125 

CRESTAR100GRANUM4-30-11-25 100043001125W400 991.4 2135 

ARGOSYEASTM6-4-11-26 100060401126W400 1010.8 2416 

ACLGRANUM5-23-11-26 100052301126W400 1001.6 2260 

RENAISSANCE16BGRANUM16-28-11-26 100162801126W400 1006 2263 

CANHUNTERGRANUM6-33-11-26 100063301126W400 1010.9 2295.4 

CANETICRESEASTM4-21-11-27 100042101127W400 1004.9 2629 

DEVONLIVINGST10-30-11-3 100093001103W502 1502.2 4028 

COMPTONKEHO4-1-12-22 100040101222W400 981.7 1425 

ROZSAKEHO8-2-12-22 100080201222W400 994.8 1427 
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DEVONKEHO11-2-12-22 100110201222W400 1004.6 1452 

DEVONKEHO6-4-12-22 100060401222W400 974.4 2030 

ROZSAKEHO10-6-12-22 100100601222W400 973.8 1638 

DEVONKEHO8-10-12-22 100081001222W400 1004 1463 

ROZSAKEHO9-11-12-22 100091101222W400 989.8 1430 

VAULTKEHO12-12-12-22 100121201222W400 989.5 1420 

ROZSAKEHO5-25-12-22 100052501222W400 981.6 1419 

EDGEKEHO15-25-12-22 100152501222W400 972.9 1415 

OEIKEHO7-29-12-22 100072901222W400 1042.8 2024 

ALTANACRESTARKEHO14-35-12-22 100143501222W400 1000.8 1455 

CRESTARETALKEHO6-36-12-22 100063601222W400 973.7 1450 

BRCHTRBARONS12-6-12-23 100120601223W400 964.4 1715 

BARONS4BARONS8-15-12-23 100081501223W400 988.8 2334.2 

CRESTAR100BARONS8-20-12-23 100082001223W400 958.7 1690 

ROZSASTERLINGBARONS9-23-12-23 100092301223W400 988.1 1631 

CONNAUGHTBARONS12-27-12-23 100122701223W400 956.6 1690 

CONNAUGHTBARONS5-34-12-23 100053401223W400 952.8 1681 

CRESTARETAL100BARONS7-12-12-24 100071201224W400 964.6 1746 

B.A.CPOGCARMANGAY8-25-12-24 100082501224W400 958.6 3003.2 

CRESTAR100CLARESHOLM7-19-12-25 100071901225W400 993 2084 

CRESTARCLARESHOLM11-19-12-25 102111901225W400 994.3 2621 

CRESTAR100CLARESHOLM14-20-12-25 100142001225W400 990.5 2089 

COMPTONCLARES6-22-12-25 102062201225W400 975.1 2049 

CRESTAR102CLARESHOLM6-23-12-25 102062301225W400 972.3 2021 

DDSICLARES11-30-12-25 100113001225W400 998.9 2092 

ACLEASTM13-1-12-26 100130101226W400 997.8 2199.5 

ARGOSYEASTM8-2-12-26 100080201226W400 1001.5 2135 

CANHUNTERCLARESHOLM6-12-12-26 100061201226W400 1004.3 2130 

ACLCLARES3-23-12-26 100032301226W400 1005.5 2109 

PACEOILCLARES10-25-12-26 100102501226W400 998.2 2287.5 

PROVIDENTCLARES16-25-12-26 100162501226W400 1000.9 2433 

CRESTARETALCLARESHOLM11-36-12-26 100113601226W400 1007.4 2110.7 

CANHUNTEREASTMONT9-21-12-27 100092101227W400 1027.2 2485 

KANEXMONTGOMERY6-6-12-28 100060601228W400 1113.7 3615.5 

JOFFREETALTROUTCREEK12-26-12-1 100122601201W500 1390 5135 

COSEKAETALSAVANNACREEK9-31-12-4 100093101204W500 1818.5 4471 

VIRACOCHAKEHO6-1-13-22 100060101322W400 974.5 1427 

WILDERNESSKEHO8-1-13-22 100080101322W400 966.8 1890 

VIRACOCHAKEHO16-2-13-22 100160201322W400 985 1442 

SIGNALTACARMANGAY1-10-13-22 100011001322W400 1015 1482 
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KIEXPLORATIONCARM3-12-13-22 100031201322W400 970.1 1897 

BAYTEXETALCARMANGAY4-13-13-22 100041301322W400 978 1440 

VEREDUSCARM4-14-13-22 100041401322W400 997.2 1462 

VIRACOCHACARM2-15-13-22 100021501322W400 1012.8 1485 

VIRACOCHACARM12-15-13-22 100121501322W400 1021.1 1500 

AELETALCARMANGAY8-16-13-22 100081601322W400 1028.7 1505 

CABRECARMANGAY1-20-13-22 100012001322W400 1037.2 1530 

AELTUSKCARMANGAY3-21-13-22 100032101322W400 1028.5 1518 

ROZSACARMANGAY2-23-13-22 100022301322W400 986 1455 

ROZSACARMANGAY12-23-13-22 100122301322W400 998.6 1465 

ROZSACARMANGAY11-25-13-22 100112501322W400 960.9 1456 

RANGERETALCARMANGAY2-26-13-22 100022601322W400 979.8 1498 

SCEPTREETALCARMANGAY12-27-13-22 100122701322W400 1001.1 1485 

VIRACOCHACARM7-28-13-22 100072801322W400 1015.4 1494 

VIRACOCHACARM11-28-13-22 100112801322W400 1014.3 1495 

NORTHSTARCARMANGAY2-33-13-22 100023301322W400 1013.7 1495 

RANGERTARRAGONCARM16-34-13-22 100163401322W400 991.2 1515 

ROZSACARMANGAY6-35-13-22 100063501322W400 984.7 1492 

CRESTAR100BARONS16-10-13-24 100161001324W400 990.5 2161 

CRESTAR100CLARESHOLM10-11-13-25 100101101325W400 966.7 2080 

ACLCLARES9-24-13-25 100092401325W400 960.7 1957 

CRESTARETAL103CLARSHLM3-12-13-26 103031201326W400 992.7 2090 

CRESTARETALCLARESHOLM7-12-13-26 100071201326W400 984.5 2077 

CRESTAR100CLARESHOLM6-15-13-26 100061501326W400 1009 2166 

CRESTAR100CLARESHOLM12-21-13-26 100122101326W400 1006.8 2192 

CRESTAR100CLARESHOLM13-22-13-26 100132201326W400 995.5 2150 

CRESTAR100CLARESHOLM4-25-13-26 100062501326W400 977.6 2146 

CRESTAR100CLARESHOLM6-26-13-26 100062601326W400 985.8 2167 

CRESTAR100CLARESHOLM16-28-13-26 100162801326W400 988.5 2159 

PENGROWTHCLARES11-29-13-26 100112901326W400 1007.1 2182 

CRESTAR100CLARESHOLM3-34-13-26 100033401326W400 982.6 2165 

RANGERDEKALBCLARESHOLM6-11-13-27 100061101327W400 1042.2 2386 

CRESTAR100CLARESHOLM6-21-13-27 100062101327W400 1048.3 2495 

HUSKYSAVANNACREEK13-26-13-4 100132601304W500 1854 3680 

SHELLSAVANNACREEK6-32-13-4 100063201304W504 2092.1 5945 

SHELLSAVANNACREEK6-32-13-4 100073201304W503 2092.1 4326 

SUMMITCARMANGAY13-1-14-22 100130101422W400 956.2 1458 

RANGERTARRAGONCARMANGAY6-2-14-22 100060201422W400 980.1 1500 

NYCANETALCARMANGAY15-2-14-22 100150201422W400 969.6 1480 

ASCOTCARMANGAY9-5-14-22 100090501422W400 971.9 1490 
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ZAPATAETALCARMANGAY1-8-14-22 100010801422W400 967.9 1495 

ITERATION102CARM11-8-14-22 102110801422W400 949.3 1585 

ALTEXETALTRAVERS14-8-14-22 100140801422W400 946.2 1480 

RANGERTARRAGONCARM16-9-14-22 100160901422W400 996.4 1530 

ZAPATACARMANGAY6-11-14-22 100061101422W400 968.8 1470 

ATCORCARMANGAY14-12-14-22 100141201422W400 951.5 1450 

PROVIDENTCARM7-13-14-22 100071301422W400 948.1 1442 

NORTHSTARLONGCOULEE5-14-14-22 100051401422W400 963.3 1460 

ATCORLONGCOULEE4-15-14-22 100041501422W400 981.4 1495 

COMPTONCARM2-17-14-22 100021701422W400 949.5 1470 

NORTHSTARLONGCOULEE11-21-14-22 100112101422W400 932.6 1486 

RALLYETALLONGCO4-26-14-22 100042601422W400 947.7 1448 

ATCORPCPLONGCOULEE10-13-14-24 100101301424W400 970.8 2065 

ATCORPCPLONGCOULEE6-23-14-24 100062301424W400 978.2 1796 

CRESTAR100CHAMPION16-31-14-24 100163101424W400 1007.2 1962 

EMCCLARES11-7-14-25 100110701425W400 980.4 2040 

ACLPEACOCK9-5-14-26 100090501426W400 988.4 2259 

MOBILPEACOCK16-5-14-26 100160501426W400 988.4 2185 

CANHUNTERETALPEACOCK3-7-14-26 100030701426W400 1004.9 2220 

MURPHYETALPARKLDNE6-35-14-26 100063501426W400 972.6 2075 

CANHUNTERCLARESHOLM8-1-14-27 100080101427W400 1014.7 2272 

RANGERPEACOCK4-14-14-27 100041401427W400 1019.6 2286 

CANHUNTERPARKLDNE10-35-14-27 100103501427W400 1006.9 2279 

CRESTAR100PARKLAND8-24-14-28 100082401428W400 1073.8 2545 

ESSOBAYSELPINECOULEEA-11-32 100113201428W400 1120.1 2734.4 

PC10-5DRSAVCK6-5-14-4 100060501404W500 2021.6 3010 

PCDEVON11-17DRSAVANCK16-17-14-4 100161701404W500 2299.4 3688 

PC5-20DRSAVANCK10-18-14-4 100101801404W500 1948.4 2735 

PCSAVCK14-20-14-4 100062001404W500 1900.6 3525 

PCSAVCK14-20-14-4 103142001404W502 1900.6 3875 

PCSAVCK8-20-14-4 102052101404W500 1898.9 2560.3 

PC5-20DRSAVANCK7-30-14-4 100073001404W500 1948.3 2575 

PCETAL11-30DRSAVANCK16-30-14-4 100163001404W500 2046.2 2182.4 

DOMEETALLONGCO15-1-15-22 100150101522W400 916.2 1445 

AMOCOLONGCOULEE16-2-15-22 100160201522W400 924.5 1455 

AMOCOLONGCOULEE16-3-15-22 100160301522W400 939.4 1490 

CRESTARLONGCOULEE6-15-15-22 100061501522W400 988.2 1541 

CRESTAR100LONGCOULEE6-16-15-22 100061601522W400 996.3 1584 

CELTICLONGCO4-21-15-22 100042101522W400 980.4 1555 

CORINTHIANLONGCO8-21-15-22 100082101522W400 989.9 1545 
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CELTICLONGCO14-21-15-22 103142101522W400 985.9 2001 

CRESTARLONGCOULEE4-22-15-22 100042201522W400 977.1 1538 

CRESTARLONGCOULEE6-22-15-22 100062201522W400 997.5 1551 

CRESTARLONGCOULEE14-22-15-22 100142201522W400 1012.2 1565 

CRESTARLONGCOULEE16-22-15-22 100162201522W400 1026.8 1584 

CRESTARLONGCOULEE6-23-15-22 100062301522W400 1022.3 1568 

AMOCOLONGCO6-24-15-22 100062401522W400 974.8 1496.6 

AMOCOLONGCOULEE9-25-15-22 100092501522W400 997.7 1514 

AMOCOLONGCO11-26-15-22 100112601522W400 1016.5 1552.7 

AMOCOLONGCOULEE16-26-15-22 100162601522W400 1027.8 1555 

AMOCOLONGCOULEE16-27-15-22 100162701522W400 1030 1575 

RANGERLONGCOULEE14-29-15-22 102142901522W400 1004.8 1569 

CRESTARLONGCOULEE16-31-15-22 100163101522W400 989.1 1558 

CORINTHIANLONGCO9-33-15-22 100093301522W400 1035.8 1567 

AMOCOLONGCO10-35-15-22 100103501522W400 1036.9 1563.9 

AMOCOLONGCOULEE1-36-15-22 100013601522W400 1001 1525 

RANGERETALLONGCOULEE6-11-15-23 100061101523W400 939.7 1567 

FOGOETALLONGCOULEE8-13-15-23 100081301523W400 938.8 1540 

FINESSELONGCOULEE10-27-15-23 100102701523W400 977.4 1653 

CRESTAR100CHAUNCEY12-3-15-24 100120301524W400 973.6 1840 

CRESTARETAL100CHAUNCEY8-4-15-24 100080401524W400 976.3 1897 

HILLCRESTWEBEXVULCAN6-26-15-25 100062601525W400 988.6 1924 

SSLPARKLANDNORTHEAST3-2-15-26 100030201526W400 973.7 2085 

ANDERSONETALPARKLDNE6-11-15-26 100061101526W400 973.7 2070 

SIGNALTAETALPARKLDNE5-28-15-26 100052801526W400 1004 2145 

CZARETALPARKLDNE16-9-15-27 100160901527W400 1053.4 2475 

MOBILPARKLAND16-1-15-28 100160101528W400 1100 2512 

FLAGSTONEHOOKER10-25-15-29 100102501529W400 1102.3 2827 

PCSAVCK7-5-15-4 100070501504W502 2162.6 3002 

CORINTHIANLONGCO6-6-16-22 100060601622W400 974.8 1565 

CORINTHIANLONGCO10-6-16-22 100100601622W400 973.9 1590 

AMOCOLONGCOULEE14-7-16-22 100140701622W400 973.8 1570 

CORINTHIANLONGCO6-9-16-22 100060901622W400 1001.5 1570 

PACEOILLONGCO7-12-16-22 100071201622W400 999.8 1527 

PACEOILLONGCO12-12-16-22 100121201622W400 1001.7 1518 

PACEOILLONGCO14-12-16-22 102141201622W400 993.8 1530 

PACEOILLONGCO4-13-16-22 100041301622W400 996.6 1496 

CRESTARETALLONGCOU13-18-16-22 100131801622W400 975 1560 

CRESTAR100LONGCOULEE16-19-16-22 100161901622W400 987.1 1535 

PACEOILLONGCO14-23-16-22 100142301622W400 970.6 1480 
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PACEOILLONGCO3-24-16-22 100032401622W400 974 1491 

PACEOILLONGCO4-26-16-22 100042601622W400 957.6 1495 

PACEOILLONGCO12-26-16-22 100122601622W400 952.5 1493 

GNELETALLONGCOULEE1-29-16-22 100012901622W400 981.9 1524 

RANGERLONGCOULEE14-13-16-23 100141301623W400 990 1576 

DOMEPROVOVULCAN10-4-16-24 100100401624W400 1040.9 1867.8 

WOODSPETVULCAN16-15-16-24 100161501624W400 1008.9 1842.8 

B.A.MOBILVULCAN#3-16 100031601624W400 1023.8 1891.6 

AMOCOVULCAN3-16-16-24 102031601624W400 1022.3 1889.8 

AMOCOVULCAN6-16MU-16-24 100061601624W400 1020.2 1907.1 

DOMEVULCAN7-17-16-24 100071701624W400 1041.8 1902.6 

CRESTAR100VULCAN16-17-16-24 100161701624W400 1030.8 1905 

AMOCOVULCAN10-20-16-24 100102001624W400 1046.7 1883.4 

AMOCOVULCAN11-21-16-24 100112101624W400 1033.6 1880.6 

CPECVULCAN1-23-16-24 100012301624W400 1029.4 1786 

CRESTARVULCAN10-35-16-24 100103501624W400 1004.8 1765 

CRESTAR100VULCAN13-35-16-24 100133501624W400 1006.5 1880 

CRESTAR100VULCAN1-10-16-25 100011001625W400 1030.9 1992 

COMPTONVULCAN16-12-16-25 100161201625W400 1025.9 1951 

AMOCOVULCAN7-24-16-25 100072401625W400 1049.7 1959.9 

CANHUNTERENSIGN5-4-16-26 100050401626W400 998 2068 

CANHUNTERCOMPTONENSIGN6-8-16-26 100060801626W400 1000.9 2113 

CPECENSIGN1-10-16-26 100011001626W400 988.8 2260 

MOBILCONNEMARA6-3-16-27 102060301627W400 1026.9 2340 

MURPHYETALCONNEMARA6-9-16-27 100060901627W400 1034.5 2360 

COMPTONETALSILVER7-24-16-28 100072401628W400 1019.9 2438 

COMPTONNANTON1-32-16-28 100013201628W400 1031.3 3045 

COMPTONSILVER9-35-16-28 100093501628W400 1033.2 2421 

FLAGSTONEHOOKER8-4-16-29 100080401629W400 1177.2 2979 

COMPTONHOOKER15-30-16-29 100153001629W400 1131.8 2885 

MOBILCOMPTONHOOKER12-32-16-29 100123201629W400 1110.5 2891 

MOBILCOMPTONHOOKER10-33-16-29 100103301629W400 1089 2773 

COMPTONHOOKER10-24-16-30 100102401630W400 1129.1 3009 

COMPTONHOOKER14-24-16-1 100142401601W500 1137.9 3067 

SHELLMILLER1-29-16-4 100012901604W500 1671.5 4002.6 

GULFETALSTIMSONCREEK9-36-16-4 100093601604W500 1563.4 4627 

AMOCOLONGCO10-6-17-22 100100601722W400 947.9 1595.6 

COMPTONLONGCO16-9-17-22 100160901722W400 958.1 1550 

SPHERELONGCOULEE10-17-17-22 100101701722W400 941.9 1520 

COMPTONLONGCO1-18-17-22 100011801722W400 935.5 1574 
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HUSKYLONGCO10-21-17-22 100102101722W400 941.8 1710 

HUSKYLONGCO15-21-17-22 100152101722W400 940.5 1525 

INTENSITYLONGCOULEE6-22-17-22 100062201722W400 938.9 1505 

HUNTETALLONGCOULEE6-23-17-22 100062301722W400 923 1510 

REALLONGCO7-28-17-22 100072801722W400 934.7 1540 

REALLONGCO10-28-17-22 100102801722W400 926.5 1520 

CYPRESSLONGCOULEE13-31-17-22 100133101722W400 983.5 1605 

HUSKYLONGCOULEE9-34-17-22 100093401722W400 896.9 1475 

REALLONGCO12-34-17-22 100123401722W400 912.2 1495 

REALLONGCO10-35-17-22 100103501722W400 890.4 1473 

REALLONGCO12-36-17-22 100123601722W400 881.6 1459 

COMPTONLONGCO9-8-17-23 100090801723W400 982.3 1710 

COMPTONLONGCO16-13-17-23 100161301723W400 934 1532 

HUSKYLOMOND7-19-17-23 100071901723W400 970.8 1659 

COMPTONLOMOND16-20-17-23 100162001723W400 970.9 1662 

COMPTONLOMOND7-29-17-23 100072901723W400 997 1673 

COMPTONLOMOND2-30-17-23 100023001723W400 1005.4 1690 

CRESTARLOMOND7-30-17-23 100073001723W400 1002.1 1662 

HUSKYLOMOND13-30-17-23 100133001723W400 1007.9 1700 

HARBOURLOMOND14-31-17-23 100143101723W400 997.8 1705 

CABREETALLONGCOULEE14-32-17-23 100143201723W400 1041.7 1718 

COMPTONLOMOND15-35-17-23 100153501723W400 992 1627 

COMPTONLOMOND15-36-17-23 100153601723W400 976.2 1594 

CRESTAR100VULCAN1-2-17-24 100010201724W400 994 1765 

COMPTON102VULCAN11-10-17-24 102111001724W400 1043.4 1752 

HUSKYVULCAN11-11-17-24 100111101724W400 1011 1710 

HUSKYVULCAN3-22-17-24 100032201724W400 1037.4 1800 

COMPTON03VULCAN1-4-17-25 103010401725W400 1070.7 2005 

CRESTAR100VULCAN13-12-17-25 100131201725W400 1029.9 1919 

COMPTONVULCAN7-23-17-25 100072301725W400 1030.4 1912 

COMPTONCAYLEYE8-16-17-27 100081601727W400 1023.2 2750 

MOBILSILVER15-3-17-28 100150301728W400 1032.2 2430 

CPCSILVER8-10-17-28 100081001728W400 1039.2 2430 

CRESTAR100SILVER13-17-17-28 100131701728W400 1062.7 2521 

MOBILCOMPTONHIGHRIVER9-5-17-29 100090501729W400 1108.5 2755 

COMPTONHIGHRIVER13-6-17-29 100130601729W400 1090 2792 

COMPTONHIR1-8-17-29 100010801729W400 1081.4 2820 

COMPTONHIR15-8-17-29 100150801729W400 1090 2730 

COMPTONHIR3-11-17-29 100031101729W400 1044.9 3136 

CDN88ENERGYHIGHRIVER4-26-17-29 100042601729W400 1098.4 2611 



 

130 

FLAGSTONEHIGHWOODHIR6-36-17-1 100063601701W500 1150.6 2860 

ANADARKOSULLIVAN7-7-17-4 100070701704W500 1691.4 4350 

UPRIHZGETTY15-24-17-5 100152501705W500 1551.3 4713.7 

REALQNSTWN1-2-18-22 100010201822W400 891.5 1451 

HILLCRESTQUEENSTOWN14-6-18-22 100140601822W400 975.4 1595 

CRESTAR100QUEENSTOWN14-7-18-22 100140701822W400 975.8 1595 

HUSKYQUEENSTOWN2-10-18-22 100021001822W400 900.7 1481 

REALQNSTWN6-14-18-22 100061401822W400 888.6 1481 

CRESTARHCRL100QUEENTN14-16-18-22 100141601822W400 938 1540 

CRESTARHCRL100QUEENTN7-17-18-22 100071701822W400 955 1560 

COMPTONQUEENSTN3-19-18-22 100031901822W400 971.1 1585 

CRESTARHCRL100QUEENTN8-20-18-22 100082001822W400 935 1547 

CRESTARHCRL100QUEENTN16-21-18-22 100162101822W400 913.1 1523 

CRESTARENRON100QUEENTN6-22-18-22 100062201822W400 901.6 1493 

CRESTARENRON00QUEENTN14-22-18-22 100142201822W400 902.9 1496 

CRESTARPCP100QUEENTN3-27-18-22 100032701822W400 896.5 1495 

CRESTAR100QUEENTN7-27-18-22 100072701822W400 890.8 1495 

CRESTAR100QUEENTN11-27-18-22 100112701822W400 897.2 1498 

CRESTARPCP100QUEENTN16-27-18-22 100162701822W400 893 1508 

EXOROENERGYQUEENSTN8-28-18-22 102082801822W400 912.7 1498 

CAL-RANCHQUEENSTOWN11-31-18-22 100113101822W400 971.1 1612 

CRESTARPCP100QUEENTN8-33-18-22 100083301822W400 913.7 1513 

CRESTAR100QUEENSTOWN16-34-18-22 100163401822W400 887.7 1490 

HUSKYLOMOND1-8-18-23 100010801823W400 1028.8 1713 

HUSKYLOMOND8-9-18-23 100080901823W400 989 1682 

HUSKYLOMOND6-10-18-23 100061001823W400 992.2 1641 

COMPTONLOMOND14-11-18-23 100141101823W400 1002.5 1635 

HUSKYLOMOND12-14-18-23 100121401823W400 993.9 1638 

HUSKYLOMOND8-22-18-23 100082201823W400 989.9 1675 

HUSKYLOMOND15-23-18-23 100152301823W400 994.7 1640 

COMPTONMILO7-26-18-23 100072601823W400 1009.3 1643 

COMPTONMILO16-26-18-23 100162601823W400 1006.4 1650 

HUSKYMILO11-27-18-23 100112701823W400 1033.9 1680 

HUSKYMILO10-33-18-23 100103301823W400 1020.7 1685 

TARRAGONLOMOND6-35-18-23 100063501823W400 1005.4 1660 

HUSKYMILO6-36-18-23 100063601823W400 986.6 1620 

PWEIBRANT10-28-18-24 100102801824W400 1078.9 1905 

NULOCHFARROW9-32-18-24 100093201824W400 1084.7 1845 

TARRAGONFARROW7-33-18-24 100073301824W400 1077.6 1860 

COMPTONBRANT16-1-18-25 100160101825W400 1046.4 1830 
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CPCETALBRANT16-9-18-25 100160901825W400 1012.5 1863 

CYPRESSHARDTBRANT4-14-18-25 100041401825W400 1026.6 1865 

ATCORETALBRANT9-16-18-25 100091601825W400 1012.8 1850 

CYPRESSBRANT8-34-18-25 100083401825W400 1029.4 1920 

KDCENERGYHERRON1-18-18-26 100011801826W400 1012.8 2500 

PIONEERCANADAOKOTOKS8-32-18-28 100083201828W400 1041 2820 

COMPTONHIR5-8-18-29 100050801829W400 1125.6 2625 

CPCMOBILHIR15-18-18-29 100151801829W400 1125.3 2595 

CHEVRONHIGHRIVER4-26-18-29 100042601829W400 1057.3 2976 

TEXACOC&EHIGHRIVERA-1-25 100012501830W400 1093 3058.1 

PEXTURNERVALLEY16-14-18-2 100161401802W500 1222.2 3230 

CANERASUNDANCE#2HZTV7-20-18-2 102072001802W500 1237.1 3355 

CANERADEEPOIL#1TV14-20-18-2 102102001802W502 1251.6 2795.4 

CANERADEEPOIL#1TV14-20-18-2 100142001802W500 1251.6 1246.5 

FOUNDATION1TV3IN5-21-18-2 100052101802W500 1248.5 1973.3 

CANERACOMMOILNO.2TV10-29-18-2 100102901802W500 1300 2336.3 

CANERA103TV8-32-18-2 103083201802W500 1300.3 2100 

CANERADECALTASTER.5TV12-33-18-2 100123301802W500 1297.5 2155.9 

CANERA102TV12-33-18-2 102123301802W500 1301.7 1813 

FORTUNEETALHARTELL10-35-18-2 100103501802W500 1334.7 3927 

CANHUNTER PARKLAND 1-14-15-28 00-01-14-015-28W4-0 1113.1 2560 

RANGER ET AL STAVELY 2-28-13-28 00-02-28-013-28W4-0 1063 2670 

COMPTON ET AL PPINEH 3-24-12-2 00-03-24-012-02W5-0 1492 2766 

AMOCO MARATHON CALLUM 3-25-12-2 00-03-25-012-02W5-0 1510.9 3280 

COMPTON PARKLAND 4-4-14-29 00-04-04-014-29W4-0 1173.9 3167 

ESSO SUNDANCE PARKLAND 4-6-14-28 00-04-06-014-28W4-0 1106.3 2905 

COMPTON LANGFORD 4-11-13-2 00-04-11-013-02W5-0 1329.6 2735 

DARIAN EASTM 4-14-12-28 00-04-14-012-28W4-0 1028.8 2642 

SHELL 312 PEKISKO CREEK TH 4-25-17-2 00-04-25-017-02W5-0 1179.4 463.3 

UPRI ET AL HOOKER 5-15-15-29 00-05-15-015-29W4-2 1351.3 3526 

CHEVRON PARKLD 5-26-15-28 00-05-26-015-28W4-0 1069.2 3170 

ESSO SUNDANCE NANTON 6-2-16-29 00-06-02-016-29W4-0 1106.6 2900 

RANGER ET AL STAVELY 6-3-14-28 00-06-03-014-28W4-0 1077.7 2710 

COMPTON COMARA 6-4-16-27 00-06-04-016-27W4-0 1025.3 2743.5 

COMPTON COMARA 6-4-16-27 00-06-04-016-27W4-2 1025.3 2854 

COMPTON COMARA 6-4-16-27 00-06-04-016-27W4-3 1025.3 2854 

COMPTON COMARA 6-4-16-27 00-06-04-016-27W4-4 1025.3 2854 

KANEX MONTGOMERY 6-6-12-28 00-06-06-012-28W4-2 1113.7 3615.5 

COMPTON PPINEH 6-13-12-2 00-06-13-012-02W5-0 1496.5 2633 

HB UGAS MUD LAKE 6-26-9-27 00-06-26-009-27W4-0 980.2 3170 
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ALEXANDER NANTON 6-32-15-29 00-06-32-015-29W4-0 1267.4 3202.9 

RAX et al TODD 6-33-9-2 00-06-33-009-02W5-0 1425.2 1844 

CDN 88 ENERGY OXLEY 6-33-13-28 00-06-33-013-28W4-0 1058.7 2742 

GREEN VALLEY (BANNER #1) 00-06-34-017-03W5-0 1311.6 2114.4 

CRESTAR 100 PARKLAND 7-4-15-28 00-07-04-015-28W4-2 1118 2725 

NORTHSTAR ET AL PARKLAND 7-5-15-28 00-07-05-015-28W4-0 1260.5 2875 

OILFIELD DEVELOPMENT 1 00-07-07-013-02W5-0 1419 772.7 

WIN TODD 7-16-9-2 00-07-16-009-02W5-0 1443.1 1617 

TALISMAN TROUTCK 7-19-13-1 00-07-19-013-01W5-0 1433.9 2710 

SHELL CLARESHOLM 7-21-13-28 00-07-21-013-28W4-0 1066.8 3246.1 

EMC EASTMONT 7-27-13-28 00-07-27-013-28W4-0 1052.8 2611 

CANHUNTER OXELY 7-32-13-28 00-07-32-013-28W4-0 1060.5 2770 

DAVIES NO. 3 WELL 00-07-33-017-02W5-0 1224 989.7 

FLAGSTONE   HOOKER 8-4-16-29 00-08-04-016-29W4-0 1177.2 2979 

CANHUNTER ETAL AMELIA 8-8-10-27 00-08-08-010-27W4-2 996.7 2590 

ESSO PARKLAND 8-11-15-28 00-08-11-015-28W4-0 1105.6 2650 

COMPTON PPINEH 8-13-12-2 00-08-13-012-02W5-0 1496.9 2883 

COMPTON PPINEH 8-26-12-2 00-08-26-012-02W5-0 1511.2 2395 

BELAIR ESSO WINDPUMP 00-09-08-011-28W4-0 1144 3195 

BRC HTR 100 EASTM 9-11-12-28 00-09-11-012-28W4-0 1012 2766 

BRC HTR 100 EASTM 9-11-12-28 00-09-11-012-28W4-2 1012 2605 

BP MARATHON CALLUM 15-12-12-2 00-09-12-012-02W5-0 1449.9 1615 

COMPTON PPINEH 9-13-12-2 00-09-13-012-02W5-0 1495.9 2240 

TALISMAN PPINEH 9-15-11-1 00-09-15-011-01W5-0 1700.3 3602 

WIN TODD 9-31-8-1 00-09-31-008-01W5-0 1236.4 2366.1 

COMPTON PPINEH 9-31-11-1 00-09-31-011-01W5-0 1439.3 3082 

CANHUNTER LYNDON 9-32-13-29 00-09-32-013-29W4-2 1173.5 3173 

CANHUNTER ET AL PARKLAND 10-2-15-28 00-10-02-015-28W4-0 1101.7 2570 

MOBIL OXLEY 10-4-14-28 00-10-04-014-28W4-0 1097.1 2662 

MOBIL OXLEY 10-4-14-28 00-10-04-014-28W4-2 1097.1 2790 

COMPTON PPINEH 10-13-12-2 00-10-13-012-02W5-0 1496.6 2430 

COMPTON PARKLAND 10-18-14-29 00-10-18-014-29W4-0 1248.1 3335 

MAXMONT LUNDBRECK NO. 1 00-10-20-009-02W5-0 1422 3011.1 

FLAGSTONE HOOKER 10-25-15-29 00-10-25-015-29W4-0 1102.3 2827 

TEXACO ET AL PINE COULEE 11-3-15-28 00-11-03-015-28W4-0 1060.7 2653.3 

TEXACO BAYSEL PARKLANDW 11-7-15-28 00-11-07-015-28W4-0 1274.1 2916.3 

TRIAD BPX ET AL PARKLAND 11-12-15-28 00-11-12-015-28W4-0 1106.1 3121.2 

CO-OP NO. 1 WELL 00-11-22-017-02W5-0 1237.5 3329.3 

CRESTAR 100 PARKLAND 11-28-14-28 00-11-28-014-28W4-0 1100.2 2656 

ESSO BAYSEL PINE COULEE A-11-32 00-11-32-014-28W4-0 1120.1 2734.4 
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BRALORNE ET AL PARKLAND 11-32-14-28 00-11-32-014-28W4-2 1120.1 2734.4 

ACL EASTM 12-23-13-28 00-12-23-013-28W4-0 1032.9 2567 

ACL EASTM 12-23-13-28 00-12-23-013-28W4-2 1032.9 2567 

COMPTON PORCUPINE HILLS 12-25-12-2 00-12-25-012-02W5-0 1511.1 3044 

N.W. CO. RICE CREEK 1 00-13-04-014-02W5-0 1423 1751.7 

TEXACO BAYSEL PINE COULEE A-13-4 00-13-04-015-28W4-0 1139 3523.5 

ACL EASTM 13-9-12-27 00-13-09-012-27W4-0_TVD 1006 2450 

COMPTON PORCUPINE HILLS 13-24-12-2 00-13-24-012-02W5-0 1511.1 2910 

COMPTON HIR 13-30-16-29 00-13-30-016-29W4-0 1124.8 2908 

ANGLO CANADIAN NO. 2 00-13-33-016-02W5-0 1339 1915.1 

COMPTON HOOKER 14-1-16-30 00-14-01-016-30W4-0 1253.6 3309 

WIN TODD 14-8-8-1 00-14-08-008-01W5-0 1186 2316 

COMPTON PPINEH 14-13-12-2 00-14-13-012-02W5-0 1496.7 2604 

BRC HTR ET AL RE AMELIA 14-20-10-27 00-14-20-010-27W4-2 1002.2 3260 

CANHUNTER OXLEY 14-22-13-28 00-14-22-013-28W4-0 1054.2 2634 

COMPTON PPINEH 15-24-12-2 00-15-24-012-02W5-0 1511.3 2426 

ECUSHWA NO. 1 00-15-25-016-03W5-0 1284.7 1257 

COMPTON CALLUM 15-28-9-1 00-15-28-009-01W5-0 1288.2 3000 

COMPTON HOOKER 16-1-16-1 00-16-01-016-01W5-0 1254.9 2173 

COMPTON HOOKER 16-1-16-1 00-16-01-016-01W5-2 1254.9 2173 

EMC EASTMONT 16-15-13-28 00-16-15-013-28W4-0 1057.6 2595 

TRI-STAR ET AL PARKLAND 11-12-15-28 02-11-12-015-28W4-0 1104.5 2630 

SHELL 314 PEKISKO CK TH 11-22-17-2 02-11-22-017-02W5-0 1232.8 445 

DARIAN PARKLD 11-28-14-28 02-11-28-014-28W4-0 1098.7 1103 

SHELL 311 PEKISKO CREEK TH 1-25-17-2 S0-01-25-017-02W5-0 1265.1 506 

SHELL 313 PEKISKO CREEK TH 3-26-17-2 S0-03-26-017-02W5-0 1201 445 
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APPENDIX B 

Hammer Seismic Data 

A hammer seismic survey was carried out in the Porcupine Hills region of southern 

Alberta to investigate velocity anisotropy in the uppermost layer of the para–autochthon.  The 

objective of the survey is to investigate the relationship between changes in velocity with 

direction (velocity anisotropy), the regional stress, and the structural elements visible in the 

sandstone layer of the adjacent outcrop (fractures).  Velocity anisotropy is determined from 

refraction interpretation using both direct source to receiver travel time measurements and the 

plus-minus method (Hagedoorn, 1959).  Regional stress is determined using borehole breakout 

data (Figure 14), and fracture orientations are measured data from adjacent outcrop (Figure 60).   

 

Methods 

The survey uses a hammer seismic setup developed by the Consortium for Research in 

Elastic Wave Exploration (CREWES) at the University of Calgary.  The system uses a 

Geometrics Strataview 60 seismograph attached to a string of 24 geophones.  The geophones use 

a spiked base and were placed at 2.0 m intervals, with a 48m total line length (first to last 

station).  The shot source consisted of an aluminum cylinder with a serrated base struck by a 5 

pound hammer with a trigger switch attached to the head.  The survey set-up consists of 4 

seismic lines set up in a radial pattern crossing though a common midpoint (Figure 11).  The 

ground surface had a slope of 10 degrees bearing at 075 degrees with a maximum of 0.5m relief 

from the plane of the slope.  

For the analysis, raw shot gathers from sources at the first and last station of each line 

were plotted against the receiver number (receivers are at 2m spacing).  The travel time from the 
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sources to each receiver is determined by the first arrival (first break) on the raw shot gathers.  

The slope between adjacent first breaks is the velocity of the source signal.  Regions of constant 

slope (straight lines) demonstrate a velocity domain (layer).  The velocity domains for both the 

direct (source at receiver 1) and reciprocal (source at receiver 24) were calculated and compared.  

The first velocity domain is the direct arrivals, and subsequent domains are the refracted arrivals 

of subsequent layers. 

Two assumptions are made when velocities are interpreted directly from the first breaks.   

One is that the top of the layer where the signal is being refracted and the surface (receivers) are 

parallel, and the second is that top of the layer where the signal is being refracted is flat.   

To reduce the uncertainty that results from the assumptions, the plus–minus (+/-) method 

(Hagedoorn, 1959) is also used to calculate refracted layer velocity and depth to refracted layer.  

To calculate a velocity for the first layer, and to determine a window where arrivals are refracted, 

the following definitions are used (Figure 50): 

 𝑇𝐷
− = 𝑇𝐴𝐷 − 𝑇𝐻𝐷 − 𝑇𝐴𝐻 (4) 

Where:  

𝑇𝐷
− is the minus time at receiver D 

𝑇𝐴𝐷 is travel time from source A to receiver D  

𝑇𝐻𝐷 is travel time from source H to receiver D  

𝑇𝐴𝐻 is travel time from Source A to receiver H  

 

Similarly for a receiver separate from D a distance (x) 

 𝑇𝐷′
− = 𝑇𝐴𝐷′ − 𝑇𝐻𝐷′ − 𝑇𝐴𝐻 (5) 

Where: 

𝑇𝐷′
−  is the minus time at receiver D’ 
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𝑇𝐴𝐷′ is travel time from source A to receiver D’ 

𝑇𝐻𝐷′ is travel time from source H to receiver D’ 

 

  Subtracting (4) from (5); 

 𝑇𝐷′
− − 𝑇𝐷

− = 𝑇𝐴𝐷′ − 𝑇𝐻𝐷′ − 𝑇𝐴𝐻 − 𝑇𝐴𝐷 + 𝑇𝐻𝐷 + 𝑇𝐴𝐻 (6) 

 𝑇𝐷′
− − 𝑇𝐷

− =  𝑇𝐴𝐷′ − 𝑇𝐴𝐷 + 𝑇𝐻𝐷 − 𝑇𝐻𝐷′ (7) 

 

Since the difference between TAD’ and TAD occurs in the refracted layer (lower layer, C to C’) 

with a velocity of V2 and the difference in the distance traveled between C and C’ is x then; 

 
 𝑇𝐴𝐷′ − 𝑇𝐴𝐷 =

∆𝑥

𝑉2
 

(8) 

 

Similarly the difference between 𝑇𝐻𝐷  and 𝑇𝐻𝐷′ occurs in the refracted layer (lower layer, F to F’) 

with a velocity of V2 and the difference in the distance traveled between F and F’ is x so that; 

 
𝑇𝐻𝐷 − 𝑇𝐻𝐷′−=

∆𝑥

𝑉2
 

(9) 

Recombining into equation (7); 

 
𝑇𝐷′

− − 𝑇𝐷
− =

∆𝑥

𝑉2
+

∆𝑥

𝑉2
=

2∆𝑥

𝑉2
 

(10) 

and, rearranging  

 
𝑉2 =

2∆𝑥

𝑇𝐷′
− − 𝑇𝐷

− 
(11) 

where V2 is the average velocity of the direct (source A) and reciprocal (source H) signals in the 

refracted layer over a distance of x below the receivers D and D’ (C to C’ and F to F’).  

Equation (11) is only valid where direct and reciprocal signals are being refracted by the same 
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layer.  Near the ends of the lines, the first arrivals are interpreted as direct arrivals and as such 

values for T
-
 are not from the refracted signal.  On a plot of the T

- 
times versus receiver spacing 

this will produce changes in slope at the first and last few stations.  Between these (assuming a 

single refracted layer) the straight line portion of the plot defines the plus/minus window over 

which the method is valid.  The slope of the straight line portion is used to calculate the velocity 

in the layer where the signal is being refracted (V2).  As T
-
 incorporates both direct and reciprocal 

signals at each point in the plot, errors due to variations in depth and slope of the refractor versus 

the ground surface are minimized (Hagedoorn, 1959). 

 

Figure 50: Diagrammatic section showing seismic set-up for hammer survey.  A and H 

represent source points and yellow triangles represent receivers.  Red regions demonstrate 

regions where arrivals are not refracted in the second layer.  Yellow solid line represents 

the ray path from source A to receiver D and dotted extension represents the path from 

source A to receiver D’.  Solid green line represents ray path from source H to receiver D 

and green dotted line is modification of path to receiver D’.  x represents the distance 

between receivers D and D’.  Modified from Dufour & Foltinek, 1996. 
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The velocity of the surface layer can also be calculated using the assumption that the 

arrivals outside of the plus-minus window are direct.  The layer velocity (V1) would then be the 

receiver spacing over the travel time for the direct arrivals for receivers outside the plus-minus 

window closest to the shot point.  

 The depth to the refractor can be calculated from plus time (Hagedoorn, 1959) which is 

defined as; 

 𝑇+ = 𝑇𝐴𝐷 + 𝑇𝐻𝐷 − 𝑇𝐴𝐻 (12) 

where; 

𝑇𝐷
+ is the minus time at receiver D 

𝑇𝐴𝐷 is travel time from source A to receiver D  

𝑇𝐻𝐷 is travel time from source H to receiver D  

𝑇𝐴𝐻 is travel time from Source A to receiver H  

 

This can be divided into the constituent segments which reduces the plus time equation to:  

 𝑇+ = 𝑇𝐶𝐷 −  𝑇𝐶𝐸 + 𝑇𝐷𝐹 − 𝑇𝐹𝐸 (13) 

If we assume the segments are in a single velocity layer, the travel time can be noted as distance 

over velocity; 

 
𝑇+ =

𝐶𝐷

𝑉 1
−  

𝐶𝐸

𝑉 2
+

𝐷𝐹

𝑉1
−

𝐹𝐸

𝑉 2
 

(14) 

The term delay time (DAD) is the difference in the time the signal takes to travel from C to D 

minus the time it takes to travel from C to E;  

 
𝛿𝐷𝐴𝐷 =

𝐶𝐷

𝑉1
−

𝐶𝐸

𝑉2
 

(15) 

An additional point breaking up segment CD is introduced (Figure 51, P) such that; 

𝛿𝐷𝐴𝐷 =
𝐶𝑃 + 𝑃𝐷

𝑉1
−

𝐶𝐸

𝑉 2
 

(16) 

From Snell’s Law where ic = critical angle of refraction; 
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sin 𝑖𝑐 =
𝑉1

𝑉2
 

(17) 

And from the geometric relationship (Figure 51): 

sin 𝑖𝑐 =
𝐶𝑃

𝐶𝐸
 

(18) 

When equations (18) and (17) are combined;  

𝐶𝑃

𝐶𝐸
=

𝑉1

𝑉2
 

(19) 

or; 

𝐶𝑃

𝑉1
=

𝐶𝐸

𝑉2
 

(20) 

This reduces equation (15) to; 

𝛿𝐷𝐴𝐷 =
𝑃𝐷

𝑉1
 

(21) 

A geometric relationship to Z (Figure 51) can then be made such that; 

cos 𝑖𝑐 =

𝑃𝐷
𝑉1

𝑍
𝑉1

 

(22) 

or; 

𝛿𝐷𝐴𝐷 =
𝑃𝐷

𝑉1
= (𝑍 cos 𝑖𝑐)/𝑉1 

(23) 

Similarly, delay time (DHD) is the difference in the time the signal takes to travel from F to D 

minus the time it takes to travel from F to E so that (Figure 51); 

𝛿𝐷𝐹𝐷 =
𝑃′𝐷

𝑉1
= (𝑍 cos 𝑖𝑐)/𝑉1 

(24) 

A substitution into equation (14) results in; 

𝑇+ =
(𝑍 cos 𝑖𝑐)

𝑉1
+

(𝑍 cos 𝑖𝑐)

𝑉1
= 2(𝑍 cos 𝑖𝑐)/𝑉1 

(25) 

which can be rearranged to get; 



 

140 

 
𝑧 =

(𝑇+𝑉1)

(2 cos 𝑖𝑐)
 

(26) 

A plot of the depth versus receiver spacing results in a calculated depth to refracted layer 

interface along the seismic line within the plus–minus window. 

 

Figure 51: Plus time calculations to determine depth (Z) below a receiver (D).  A and H are 

the shot points and ic is the critical angle of refraction.  V1 is the velocity signal through the 

upper layer (layer 1) and V2 is the velocity of the refracted signal (layer two).  Modified 

from Dufour & Foltinek, 1996. 

 

Results 

Seismic velocities calculated from first breaks on raw shot gathers are shown in Table 3 .  Two 

straight line segments (two layers) were interpreted for direct Lines 3 and 4 and for reciprocal 

Lines 1, 3 and 4.  Three straight line segments (three layers) where calculated for direct Lines 1 

and 2 and for reciprocal Line 2 (Figure 52 – Figure 55).  V1 velocities from first break 

calculations for all lines, direct and reciprocal, average 418 m/s with a maximum of 445 m/s and 



 

141 

a minimum of 334 m/s.  The velocities do not exhibit apparent anisotropy with azimuth, with a 

best fit ellipse being circular (Figure 56).   

 

Table 3: Velocities calculated from Hammer seismic data. 

 

 

Figure 52: Line 1 direct and reciprocal shot gathers with calculated layer velocities. 

 

Line  Direct velocity Reciprocal velocities T- velocity 

 

V1 V2 V3 V1 V2 V3 V2+- 

1 423 1984 1397 435 1413 n/a 1379 

2 424 2070 1283 334 1274 1853 1191 

3 420 1408 n/a 370 1356 n/a 1314 

4 445 1779 n/a 397 1760 n/a 1804 
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Figure 53: Line 2 direct and reciprocal shot gathers with calculated layer velocities. 

 

Figure 54: Line 3 direct and reciprocal shot gathers with calculated layer velocities. 
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Figure 55:  Line 4 direct and reciprocal shot gathers with calculated layer velocities. 

 

 V2 velocities from first break calculations for all lines, direct and reciprocal, average 

1630 m/s with a maximum of 2070 m/s and a minimum of 1274 m/s.  V3 velocities from first 

break calculations for all lines, direct and reciprocal, average 1630 m/s with a maximum of 1853 

m/s and a minimum of 1283m/s.  The velocities can be fit on an ellipse (Figure 57), however 

Lines 1 and 2 have relatively larger error bars due to high values of V2d for Lines 1 and 2 and V3r 

for Line 2.  Velocities derived from T
-
 calculations are also shown in Table 3.  The T

-
 plots with 

the interpreted T
+-

 window and the slope used to calculate V2+- are shown in Figure 58. 

 V2 velocities calculated from T
-
 versus receiver spacing average 1421 m/s with maximum 

of 1804 m/s and a minimum of 1191 m/s.  The velocities calculated from T
-
 versus receiver 

spacing match with the best fit ellipse of the direct and reciprocal velocities (Figure 57). 
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Figure 56:  Polar plot of layer 1 velocities for each seismic line calculated from the arrival 

times (direct and reciprocal).  Red dashed circle represents the average velocity (418 m/s) 

and the grey lines represent the minimum (334 m/s) and maximum (445 m/s) velocities 

calculated.    

 

 Surface layer thickness calculations use the average V1 velocity for each line ([V1d +V1r] / 

2) within the T
+-

 window defined on the T
-
 plot.  Surface layer thickness is an average of 7.3m 

with a maximum calculated thickness of 8.3m and a minimum calculated thickness of 6.4m 

(Figure 59).  The change in the average thickness from one end to the other (linear trend) on 

Lines 1 and 4 is approximately 0.5m within the plus minus window giving a difference in slope 

from surface to the first layer interface <1
o
 with thickness increasing to the west (bearing 094 

and 049).  Lines 2 and 3 have near zero change in average thickness (linear trend). 

 Outcrop data adjacent to the Hammer seismic locations measured bedding dips between 

10
o
 and 15

o
 at azimuths (dip directions) from 070–090

 
(Figure 60).  Set 2 is split into two groups 
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striking at bearings of 115 and 163, the latter group being under sampled due to scan line 

orientation.  Fracture measurements from a longer traverse along the ridge south from the scan 

line location (Figure 60). 

 

 

Figure 57:  Polar plot of layer 2 and layer 3 velocities for each seismic line calculated from 

the arrival times (direct and reciprocal) and layer 2 velocities from minus time analysis.  

Line lengths are directly related to velocities.  An ellipse that best fits the lines is plotted 

(red dashed line) with axis shown as black dashed lines.  Purple ellipses (Lines 1 and 2) 

show areas where layer velocities have a large deviation from the best fit ellipse.   
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Figure 58:  T- plots for 4 seismic lines.  T+- window (red dashed lines) and slope used to 

calculate velocity (green solid line) are shown for each seismic line.   
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Figure 59:  Overlay of surface layer thickness plot using plus time analysis from 4 seismic 

lines.  No vertical exaggeration.  

 

  

Figure 60:  Satellite images with bedding (left) and fracture orientations (right) adjacent to 

hammer seismic survey.  Blue fracture set is fractures measured from the scan line and 

black fracture set is fractures measured from the ridge line.  Hammer seismic survey 

centered on lat. 50.227203 long. -114.168130.   
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Figure 61: Equal angle stereonet plots of fracture orientations from a scan line trending 

~165
o
 adjacent to the hammer seismic survey (left) and from a ridge line extending south of 

the hammer seismic survey (right).  Contours are from poles to planes (Kamb contouring 

method).  Stereonet plots from Stereonet 9 software (Rick Allmendinger).   

 

Interpretation 

The calculation of the surface layer velocity (V1) gives values averaging 418 m/s.  The velocity 

of sound in air (Vair) is 343 m/s (20
o
C).  Only one value for V1 has a velocity that is less than Vair 

(Line 2, V1r).  The layer 1 velocities calculated are therefore interpreted to be direct arrivals 

transmitted through the surface layer rather than direct arrivals from the shock wave in the air 

above the surface.  This supplies a degree of confidence in the surface layer thickness 

calculations and validates the assumptions that the surface and top of the second layer are 
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parallel and of equal slope within the errors noted.  Given the equal slope, the second layer 

velocities measured from the direct and reciprocal arrivals should be equal.  Variations from this 

require a more complicated model with additional layers to explain.  

 Lines 3 and 4 have equal direct and reciprocal V1 and V2 velocities within a small degree 

of error.  The layer 2 velocities calculated also match the layer 2 velocities calculated by the T
-
 

method.  These correlations provide a degree of confidence in the calculated second layer 

velocities in these azimuths and indicate that the assumption of a simple 2 layer model is valid 

within error.   

 Lines 1 and 2 have equal direct and reciprocal V1 velocities, however the V2 reciprocal 

and direct velocities do not match well and a third velocity calculated from first break slopes is 

present in the direct signals on both Line 1 and 2 and the reciprocal signal on Line 2.  For the 

Line 1 direct signal, V1d is a low velocity, V2d is a high velocity and V3d is a medium velocity.  

For the reciprocal signal V1r is a low velocity and V2r is a medium velocity (slightly higher than 

V3d) and there is no V3r velocity.  Line 2 has a similar profile with the addition of a V3r which is 

a high velocity.  The velocity profiles in Lines 1 and 2 can be interpreted in two ways; a change 

in the velocity of layer 2 under the first few receivers of the lines or a sub-crop of high velocity 

material under the first few receivers of the lines.   

 Figure 62 shows the velocity curves for a change in velocity of the second layer.  For the 

direct signal, the first velocity calculated would be for the surface layer (V1d=V1).  The second 

velocity calculated would be for the high velocity portion of the second layer (V2d=V3).  The 

third velocity would be a curve rather than a straight line as V3d includes progressively more 

travel time in the lower velocity portion of the second layer (V2).  For the reciprocal signal, the 

first velocity calculated will again be for the surface layer (V1r=V1).  The second velocity 



 

150 

calculated would be for the low velocity portion of the second layer (V2r=V2).  The third velocity 

would be a curve rather than a straight line as V3r includes progressively more travel time in the 

higher velocity portion of the second layer (V3).  

   

Figure 62:  Velocity curve and section for the direct and reciprocal signals given a change 

in velocity in layer 2 laterally.  For the direct arrivals (top) the V1d corresponds with the 

direct arrivals through the surface layers.  V2d corresponds to the refracted arrivals that 

pass through the high velocity portion of layer 2 (V3).  V3d corresponds to the velocity of 

refracted arrivals as they pass through the high velocity portion of layer 2 (V3) and 

progressively greater portion of the lower velocity portion of layer 2 (V2).  For the 

reciprocal arrivals, V1r corresponds to the direct arrivals through the surface layer.  V2r 

corresponds to the refracted arrivals that pass through the lower velocity portion of layer 2 

(V2).  V3d corresponds to the velocity of refracted arrivals as they pass through the lower 

velocity portion of layer 2 (V2) and progressively greater portion of the high velocity 

portion of layer 2 (V3). 

 

Figure 63 shows the velocity curve for a sub-crop of high velocity material under the first few 

receivers.  For the direct signal, the first velocity calculated would be for the surface layer 

(V1d=V1).  The second velocity calculated would be for the high velocity sub-crop (V2d=V3).  
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The third velocity would the second layer velocity as the refracted signal from the sub-crop is no 

longer present (V3d = V2).  For the reciprocal signal, the first velocity calculated will again be for 

the surface layer (V1r=V1).  The second velocity calculated would be for second layer (V2r=V2).  

A third velocity if noticeable would be a slight increase in velocity as the signal is refracted 

through the high velocity sub-crop near the end of the line and not correlatable to the V3d. 

 

Figure 63:  Velocity curve and section for the direct and reciprocal signals with a high 

velocity sub-crop.  For the direct arrivals (top) the V1d corresponds with the direct arrivals 

through the surface layers.  V2d corresponds to the refracted arrivals from the sub-crop 

layer (V3).  V3d corresponds to the velocity of refracted arrivals from layer 2 (V2).  For the 

reciprocal arrivals, V1r corresponds to the direct arrivals through the surface layer.  V2r 

corresponds to the refracted arrivals from layer 2 (V2).  Towards the end of the velocity 

curve (dotted portion of V2r) the velocity is slightly higher as the ray path from the layer 2 

to the receiver (F to D) is refracted by the sub-crop.  

 

Either interpretation may be used to determine layer 2 direct and reciprocal velocities with the 

same result, however the velocity plots from Lines 1 and 2 more closely resemble the case of a 

sub-crop (Figure 63) which is how the sections are interpreted.  For Line 1, V3d and V2r are 
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interpreted as the direct and reciprocal layer 2 velocities.  For Line 2, V3d and V2r are interpreted 

as the direct and reciprocal layer velocities.  By removing the velocities interpreted as either a 

local increase in velocity or the sub-crop velocities from Figure 57, an ellipse with much smaller 

errors can be interpreted (Figure 64).  The interpretation also results in a closer match between 

direct, reciprocal and T
-
 derived layer 2 velocities.  

 

Figure 64:  Polar plot of interpreted layer 2 velocities for each seismic line calculated from 

the arrival times (direct and reciprocal) and layer 2 velocities from minus time analysis.   

Line lengths are directly related to velocities.  An ellipse that best fits the lines is plotted 

(red dashed line) with axis shown as black dashed lines.  Velocities in red (table) indicate 

velocities that were interpreted as sub-crop arrivals or local high values of layer 2 

velocities. 

 

The interpreted anisotropy ellipse axes match the orientations of the fracture sets from the 

adjacent outcrop scan line (Figure 65).  The velocity anisotropy indicates a high velocity axis at 

052
o
 matching the strike of fracture Set 1 (050

 o
) from the outcrop data.  The low velocity 
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direction is perpendicular at 142
 o
 and falls within the range of strikes for fracture Set 2 (115

 o
 to 

163
 o
) from the scan line.   

 The orientation of the maximum velocity from the anisotropy ellipse also corresponds to 

the regional maximum horizontal stress direction at a bearing of 055
 o
.   

 

Figure 65:  Plot with stereonet of fractures from scan line, velocity ellipse and bedding dip.  

Line representing the regional stress (black line, bearing 055
 o

), maximum anisotropic 

velocity (red line, bearing 052
 o

) and fracture Set 1 from the scan line, bearing 050
 o

) are 

also plotted behind stereonet.   
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Discussion  

From the data collected, there is velocity anisotropy in the horizontal plane with the high 

velocity direction coincident with the strike of the most abundant fracture set from adjacent 

outcrop and the regional maximum horizontal stress direction.   

 The relationship between the velocity anisotropy and fractures is dependent on a 

pervasive set of open fractures that strike in a similar direction.  Open fractures will contain 

either air (~343 m/s @ 20
o
C) or water (~1482 m/s @20

o
C) near surface.  For the data, the 

observed maximum velocity is approximately 1800 m/s so fractures in the signal path would 

introduce a lower velocity material to the path, decreasing the overall velocity.  For signal paths 

that run perpendicular to the fractures, the maximum number of fractures will be encountered 

and the maximum decrease in velocity will occur.  For signal paths that are parallel to the 

fractures, the fewest number of fractures will be encountered and the minimum decrease in 

velocity will occur.  In the data, this is observed where the fracture set striking at 050
 o
 is parallel 

to the maximum layer 2 velocity direction (052
 o
) and perpendicular to the minimum layer 2 

velocity direction (142
 o
).  The second fracture set striking between 115

 o
 and 163

 o
 is less 

prevalent and has less effect on the velocity than the set at 050
 o
.   

 A similar affect could occur if any linear and pervasive feature with an elevated or 

lowered velocity where present however the observation of fractures in the adjacent outcrop 

makes fractures the most likely cause of the anisotropy.    

 The orientation of the fractures can also be related to the local horizontal stress.  The 

existing fractures are interpreted as two sets of vertical to sub-vertical fractures (dipping 70
o
–

90
o
).  The most populous set (Set 1, higher density) of fractures is sub-parallel to the maximum 

horizontal stress (SHmax) and the vertical stress (Sv) and is perpendicular to the minimum 
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horizontal stress (Shmin).  Stress directions from Reiter et al. (2014).  Geometrically, the Set 1 

fractures appear as failures in an isotropic rock with a horizontal maximum (SHmax) and 

minimum (Shmin) stress.   

 Since velocity anisotropy responds to fracture orientation, the velocity anisotropy relating 

to fractures can be used to determine the maximum stress direction at the time of fracture failure.  

From these observations, local maximum stress direction at time of failure is approximately 

052
o
.  This direction is consistent with the regional maximum stress direction of 055

 o
 (Reiter et 

al., 2014) so that at failure, the maximum stress orientation in the wedge, the para-autochthon 

and the autochthon is consistent.  In the region of the Hammer seismic survey, the leading edge 

of the orogenic wedge is deflected so that local structural trends are oriented approximately 170
o
 

(Figure 12).  Passive deformation of the strata would then produce a maximum stress 

perpendicular to this (perpendicular to the curvature).  As the maximum stress indicated by the 

velocity anisotropy is oriented with the regional stress rather than perpendicular to the local 

structural tends, the para-autochthon was actively deformed, which supports the concept of 

anisotropic control on wedge progression. 

 There is a complication in the stress orientations derived from the fracture orientations, 

however.  Stress theory would only predict horizontal extension fractures in a system with a 

vertical minimum principal stress axis (3).  But in the study area, one of the fracture sets (set 

that is parallel to thrust front; Figure 61, fracture Set 2) can be interpreted as vertical extension 

fractures from the folding of the para-autochthon.  The other fracture set observed (perpendicular 

to the thrust front Figure 61, fracture Set 1) is more complicated.  The orientation of Set 1 

implies that either the intermediate principal stress axis (2) is vertical and the minimum 

principal stress axis (3) is horizontal or 2 and 3 are approximately equal but varied locally 
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over time.  Although 1 is consistent with the present day regional stress axes, 2 and 3 appear 

to be reversed from the regional stress axes that caused in the crustal scale failure (thrust faults) 

where 2 is horizontal and3 is vertical.  As the rock has been uplifted through contractional 

deformation and the orientation of 1 indicates that the stress axes were consistent with the 

regional stress axes during failure, the orientation of Set 1 may be influenced by local extension 

from folding parallel to 1 along the thrust front as the wedge warped over the Vulcan Low and 

thrusts and folds died out along strike.  The orientation of the outcrop scale failure (Sets 1 and 2) 

versus the orientation of the crustal scale failures (foreland and hinterland directed thrusts) 

indicates that the effect of anisotropy on rock failure is scale dependent.  Given this 

interpretation, care must be used when interpretations of regional principal stress orientations 

and structural style from fractures are made.    
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APPENDIX C 

Seismic Survey Interpretations 

See Table 2 for Seismic survey details  

See Figure 67 for seismic survey locations 

Seismic sections are ordered from North to South, with sections covering two pages ordered 

West to East. 

All seismic in Appendix C property of Pulse Seismic. 

 

Figure 66: Legend for colors used to delineate markers on all seismic sections shown in 

Appendix C. 
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Figure 67:  Map of location of seismic sections.  Background shading is basement 

topography from aeromagnetic surveys (Natural Resources Canada, 2015).   
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Figure 68: Interpreted seismic section 50_A2L87 
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Figure 69: Un-interpreted seismic section 50_A2L87 
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Figure 70: Interpreted seismic section 46_A2L88 
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Figure 71: Un-interpreted seismic section 46_A2L88 
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Figure 72: Interpreted seismic section 42x_B3S81 163
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Figure 73: Un-interpreted seismic section 42x_B3S81 
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Figure 74: Interpreted section 42_B1A85 165
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Figure 75: Un-interpreted section 42_B1A85 
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Figure 76: Interpreted seismic section 38X_B0L90 
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Figure 79: Un-interpreted seismic sections 38X_A2L87 & 38X_A2L86 
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Figure 80: Interpreted seismic section 30X_B0L88 
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Figure 81: Un-interpreted seismic section 30X_B0L88 
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Figure 82: Interpreted seismic section ABKA_18 
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Figure 89: Un-interpreted seismic sections 24X_A2L92 & 24X A2L83 180
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Figure 90: Interpreted seismic section 20X_A2L82 181
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Figure 91: Un-interpreted seismic section 20X_A2L82 182
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Figure 92: Interpreted seismic section 16X_A2L81 183
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Figure 93: Un-interpreted seismic section 16X_A2L81 184
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Figure 94: Interpreted seismic section 12X_A2L91 185
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Figure 95: Un-interpreted seismic section 12X_A2L91 186
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Figure 99: Un-interpreted seismic sections 6X_A2L89 & 6XA2L94 190
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Figure 101: Un-interpreted seismic section PPH-10 192
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Figure 102: Interpreted seismic sections 70X_A2L90 and 70XE_A2L95 
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Figure 103: Un-interpreted seismic sections 70X_A2L90 and 70XE_A2L95 

194



0 km 4 km 

W E 

PPH-1 

tw
o
 w

ay
 t

ra
v
el

 t
im

e 
(m

s)
 

Seismic data property of Pulse Seismic 

Figure 104: Interpreted seismic section PPH-1 195
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