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Abstract 

Impact cratering has been accepted as a major process that significantly affects 

the geological and biological histories on earth. In fact, there have been a number 

of impact craters detected in western Canada since the 1970ôs. Following this 

tradition, a possible buried impact structure near Bow City in Southern Alberta 

was discovered in 2010 by careful near-surface structural mapping. The 

motivation of this study is to examine the impact origin of this abnormal structure, 

which could provide valuable information for the impact research and the 

geological development of the Western Canada Sedimentary Basin. The work is 

carried out with integrated legacy and new seismic reflection images, seismic 

travel time inversion, and structural modeling. This evidence shows distinct listric 

faulting at the structureôs edge and a more central uplift zone that is highly faulted; 

this structural evidence is similar to that seen in other craters and supports 

interpretation of the structure as an impact crater. Final definitive confirmation, 

however, still requires that evidence of shock metamorphism be found.  
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Chapter 1 Overview 

The motivation of the work presented here is to examine the impact origin of the 

deep roots of a possible impact crater near Bow City by means of geophysical 

subsurface imaging techniques. Currently, looking at the deep portion of an 

impact crater is quite unique in impact studies and such analysis would provide 

valuable data for the planetary research to get a better understanding of the 

cratering process. In addition, the research adds to our general knowledge of the 

geologic history of western Canada.  

Although the earliest record of the abnormal faults existing in the outcrop along 

the Bow River was pointed out by Stewart [1943], the potential impact origin of 

this unique structure buried under the ground was not noticed until 2010, when it 

was pointed out by the staff in Alberta Geological Survey (AGS) [Glombick, 

2010]. In an area of uniform and slightly dipping stratigraphic units, a semi-

circular outline was observed in the structure maps generated with the geologic 

units. Folded and faulted beds are also visible with locally missing and duplicated 

strata. Hence, collaborative work was conducted with the University of Alberta to 

use seismic techniques to examine the structural genesis. The first seismic 

datasets obtained were donated by a number of oil and gas companies. They are 

comprised of seven 2D profiles, all of which were acquired for the deeper 

hydrocarbon targets. The newest dataset we acquired was a high-resolution survey 

consisting of two short 2D profiles. This survey was carried out in 2013 by the 

research group of Dr. Schmitt and significant improvements were achieved. 

Utili zing this dataset, I present the comprehensive geophysical characterization of 

this structure, separated into eight chapters. 

This first chapter is the overview of this thesis and it introduces the project 

motivation, the working dataset, and a general description of each chapter. 
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The second chapter presents the background information for this study. It starts 

with the introduction to the study area and points out the availability of datasets to 

carry out the geophysical characterizations. The chapter begins with a detailed 

geoscience introduction of the impact crater research, and a series of earlier 

seismic studies over possible or confirmed impact craters are included. Such 

seismic studies are selected from the conformed impact craters that have similar 

sizes and were developed under the analogous circumstance as the Western 

Canada Sedimentary Basin (WCSB). These reviews provide important 

information on how seismic techniques have been successfully employed in 

distinguishing impact architectures. More importantly, it points out clues and 

directions on how to apply the seismic method on Bow City structure. 

The third chapter describes the geological background of the study region to 

further assist the geophysical data interpretations. The regional geological setting 

and tectonics of Southern Alberta plain are first discussed. Detailed bedrock 

descriptions focused on the shallow Cretaceous units are introduced. In addition, a 

sub-section on the eroded strata is presented due to the fact that the studied 

structure is highly eroded and buried. The first geological mapping carried out by 

Stewart [1943] is described to introduce the historical record of the Bow City 

structure. In addition, the structure mapping conducted in 2010 by the staff in 

Alberta Geological Survey (AGS) is introduced to show the semi-circular outline. 

To the end, another field reconnaissance is presented to exhibit more abnormal 

and diagnostic faulting and dipping beds observed in the field in 2013. 

The fourth chapter introduces the geophysical study that was carried out with the 

early legacy dataset. Portions of this chapter have been published in the journal 

Meteoritics and Planetary Science 1 . In order to provide a general background on 

the seismic methodology, a section that introduces the methodology of the seismic 

reflection technique is presented first. Detailed descriptions on the multiple 

dataset are performed thereafter. After carefully calibration and checking the 
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seismic profiles with the synthetic seismograms, the analysis of the seismic 

images is carried out on different surveys. In addition, structure mapping with the 

tracked horizons are produced to display the feature of the structure patterns from 

map views. This chapter provides the preliminary analysis on the Bow City 

structure and points out the clue for the later tomographic study and new seismic 

acquisition that are the central parts of this thesis.  

The travel time inversion technique is discussed in the Chapter 5 to further detect 

the velocity anomaly existing in the Bow City structure. It is worthwhile to 

mention that impact damage and induced fracturing processes can significantly 

affect the distribution of the velocity field within the impact crater. Thus, RayInvr, 

a ray tracing method conducted with forward modeling and inversion programs, is 

utilized to display the velocity circumstance. First arrivals picked on Profile 

86251 are selected as the input of the model. Detailed discussions on the 

methodology of the technique, the application of the method, and the 

interpretation of the resulted model are made. To better correlate the inverted 

model with the information provided by seismic reflection imaging and well log 

data, a comparison is described between all of these results. 

In order to gain a better understanding of the structural patterns observed in the 

early 2D seismic profiles, Chapter 6 works with the application of the new high-

resolution seismic reflection profiles collected in 2013. It begins with a thorough 

overview on the data acquisition, and follows with the detailed descriptions on the 

processing workflows. Finally, the stacked images are produced and careful 

analysis is made with the assistance of the sonic and density logs. It is important 

to notice that, through the entire working flow, more attention is applied on the  

 

1
.This chapter has been published:Glombick, P., D. R. Schmitt, W. Xie, T. Bown, B. Hathway, and 

C. Banks (2014), The Bow City structure, southern Alberta, Canada: The deep roots of a complex 

impact structure?, Meteoritics & Planetary Science. 
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near-surface signals due to the fact that the target surfaces are within the upper 

500 m. As a result, additional evidence that supports the impact hypothesis of 

Bow City structure is obtained. 

Chapter 7 deals with the joint interpretation and modeling of the methods 

discussed above. The time-to-depth conversion of the seismic profiles is 

conducted by employing the velocity model generated with well logs and the 

regional structure maps. A 3D model showing the structure patterns is created and 

the isopach maps are generated to display the thickness variations of the 

geological units. The systematic discussions are pointed out in the end to 

introduce the other possible origins of the structure such as volcanic caldera, 

dolines and haloknesis. However, such scenarios do not completely reproduce the 

structure features observed in Bow City structure. In the end, different scaling 

relationships described by Melosh [2011] are performed to calculate the structure 

development and the final age of the structure. 

The last chapter of the thesis (Chapter 8) concludes all of the discoveries observed 

in the aforementioned techniques. The final assessment of the genesis of the Bow 

City structure is pointed out. In addition, future work that might provide more 

unique structural details is mentioned. 

The Appendix in this thesis includes the photo of the vibrator utilized to acquire 

the seismic data and a series of the seismic profiles in depth scale. Although 

structure patterns show similar feature as the time scales images discussed in 

Chapter 4, such profiles provide more geological meaning with a measurement in 

depth.  
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Chapter 2 Introduction  

This chapter provides the background information on the study of the 

extraterrestrial impact structures. Such studies present an essential basis for 

understanding the impact process and further assist in the characterization of the 

Bow City structure. Starting with a detailed description of the target area and the 

project data set, the geoscience studies on the impact craters including the 

transition of the physical condition and structural pattern will be followed. At last, 

a detailed literature review of the geological and geophysical observations on 

similar impact craters will be illustrated. These case studies are focused on the 

application of the seismic techniques within the sedimentary basin similar to the 

Western Canada Sedimentary Basin. 

2.1 Location and Study Area 

The structure of interest is located on the west bank of Bow River, Alberta and is 

centered at approximately 50.45° N and 111.91° W (UTM N5589320 E435710 

Zone 12N). In Alberta Township System (ATS), the structure is estimated to cross 

the Range 16 to 17 in Township 17, west of the 4
th
 Meridian (Figure 2.1). 
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Figure 2.1 Location map of the Bow City structure and similar impact structures 

nearby. Red circles present the impact craters listed from Spray and Ellis [2013]  

and purple triangles show the possible impact structures. Figure modified from 

Schmitt et al [2013]. 

The first discovery of these unique faults along the west bank of Bow River was 

recorded in Stewartôs 1943 regional mapping report [Stewart, 1943]. However, to 

our knowledge, no impact origin of this anomalous structure was suggested, likely 

as this predated the understanding that impacts are a geological process on the 

earthôs surface. As such, no further investigations were carried out. Attention to 

the structure was delayed for more than half a century until the distinctive 

structures in the shallow sub-surface were noticed during the detailed near-surface 

mapping with geophysical well logs in 2010 [Glombick, 2010]. In this area, more 

than 2000 wells have been drilled since 1927, due to the high production of the 

underlying hydrocarbon reservoirs. This further gives the possibility of 
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conducting a geologic reconnaissance with well log data. Other techniques such 

as seismic reflection and refraction are applied to characterize the structure as 

well. Figure 2.2 shows the regional map covering the Bow City structure that 

exhibits the locations of wells, seismic surveys, and refraction profile. Currently, 

five individual seismic surveys have been obtained that are closely positioned 

across the estimated structures. In addition, velocity tomography modeling has 

been carried out on Line 86251 and a 3D structural model has been created to 

describe the abnormal structural pattern in the subsurface.  

 

Figure 2.2 Regional map of the vicinity area of Bow City structure over NTS 

Zones 82I07- 82I10. The green colored area shows where the structure maps have 

been generated with well logs. The yellow colored area represents where horizon 

maps have been produced with seismic lines (black lines). Red lines and gray 

polygons designate roads and topographic contours, respectively [CANVEC, 2007] 

Figure is modified from Schmitt et al. [2013]. The blue star indicates the location 

of the village of Bow City.  
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2.2 Impact Geosciences 

In the last four decades, meteorite impact studies have been well developed and 

are considered as one of the key factors that affect the biological and geological 

history of the earth [French, 1998]. By utilizing a combination of geosciences 

techniques, including geophysical subsurface imaging, geological structural 

mapping, and geochemistry analysis, increasing numbers of features have been 

characterized. In this section, background information on impact studies is 

introduced, followed by a general description of the formation and classification 

of the impact craters. 

2.2.1 Overview 

Impact craters are formed by extraterrestrial projectiles that are large enough (>20 

m) to both survive entering the earthôs atmosphere and retain sufficient speed to 

impact the surface with sufficient kinetic energy. Such bodies appear to be 

traveling at a velocity faster than 11 km/s [French, 1998], thus the rapid release of 

the velocity, pressure, stress and energy would significantly destroy the contact 

surface. Under these extreme situations, the impact and the target rocks are 

vaporized, melted, deformed, shattered, and excavated to form the eventually 

unique impact structures.   

Extraterrestrial impacts have been accounted by scientists as a significant factor 

affecting the Earth's surface, crust, and geological history in recent decades 

[French, 1998; French and Koeberl, 2010]. Indeed, this process is a ubiquitous 

geologic activity that shaped the surfaces of all the planetary objects. Generally, a 

circular morphology on the target surface is presented at first. This bowl-shape 

cavity might collapse and modify into complex structure if the size is sufficiently 

large enough. However, it is important to note that other endogenous geologic 

processes including earthquakes, dissolution of salt or carbonates, or volcanic 
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explosions can also result in similar circular structures. Thus, it is difficult  to 

confirm the impact origin based on the structures morphology alone without 

considering the regional geological history and, in particular, finding evidence for 

shock metamorphism 
1
 [French, 1998; French and Koeberl, 2010].  Table 2.1 lists 

the distinctive stages of the shock metamorphism in terms of the pressure change. 

Table 2.1 Classifications of the shock-metamorphic stages of the nonporous 

crystalline rocks. Table is modified from French [1998].  

Approximate Shock 

Pressure (GPa) 

Effects 

< 2 Fracturing and brecciation (no unique shock 

features). 

> 2 to <30? * Shatter cones.  

>8 to <25 Microscopic planar deformation features (PDFs) in 

minerals, particularly feldspar and quartz. 

>25 to <40 Metamorphism of specific minerals to diaplectic 

glasses accompanied with development of the high-

pressure mineral polymorphs (no melting). 

>35 to <60 Individual partial melting, especially in feldspars. 

>60 to <100 Complete melting of the entire minerals and a 

superheated rock melt formed. 

>100 Full vaporization of all the minerals. No rock 

preserved. 

*French (1998) 

(?) = uncertain 

Although the impact event and the endogenous earthbound processes share 

numerous features in common, quite a few characteristics have been detected to 

differentiate these two events. The special characteristics of an impact event 

include (1) the extreme physical conditions including high-pressure, high-

temperature and high-strain (e.g., the maximum pressure can reach to 100 GPa or 

1
 Shock metamorphism is a metamorphism of rocks and minerals due to the high heat and 

pressures resulted from the shock wave compression and decompression. Diagnostic deformations 

can be obtained such as planer deformation features and shatter cones.   
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more, which is well above the pressures attained by even the most devastating 

earthbound geological processes (i.e. volcanic explosions) cannot such attain such 

pressures) [Boslough, 1990]; (2) the instantaneous nature of the deformation (e.g., 

a 1-km-diameter crater forms in a few seconds and even a large crater having a 

200-km diameter forms in less than 10 minutes); (3) the concentrated energy is 

released at a single point; (4) the unique shock-metamorphic structures (e.g., the 

transient shock waves result in the special deformations of the target rocks and 

mineral grains where they pass through. These shocked deformed rocks include 

shatter cones, planar deformation features (PDFs), and shock metamorphism) 

[French, 1998; Osinski, 2004].  

Currently, there are more than 185 impact craters formally accepted on the earth 

(Earth Impact Data Base maintained at the University of New Brunswick [Spray 

and Elliot, 2013]) and numerous possible impact craters have been detected 

recently by the geophysical tools including airborne, spaceborne, seismic imaging 

and gravity, magnetic surveying [Pilkington and Grieve, 1992; Stewart, 2003; 

2011]. Most of the impact structures formed over the history of the Earth have not 

been found. For example, according to the cratering statistics, it is expected that 

about 500 impact craters alone greater than 1 km in diameter within the Western 

Canada Sedimentary Basin (WCSB) formed during the past 600 Ma [Mazur et al., 

2000].  

It is likely that most of the impact structures are still buried underneath and 

remain to be discovered [Stewart, 2011]. Due to the availability of the high-

resolution seismic data in Alberta, more possible impact structures have been 

found to be deeply buried by the sedimentary deposits. However, confirming the 

existence of appropriately shocked geological materials is one of the key features 

need to confirm the impact nature of these newly discovered structures. Similar to 

such potential impact craters, Bow City structure is awaiting for the conclusive 
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indicators (e.g., shocked metamorphism and shatter cones) to definitively prove 

its impact genesis.  

2.2.2 Formation of Impact Crater 

Prior to conducting the detailed examination of the Bow City structure, a general 

introduction of current impact catering physis is necessary. Based on the variation 

of the impact mechanism, the development of a complex crater is separated into 

three different temporal regimes [Ahrens and O'Keefe, 1987; French, 1998], 

though, the propagation of the shock wave is continuous and many of these stages 

are taking placing at the same time (Figure 2.3). The three regimes are described 

respectively as followed: 

i) Contact/Compression Stage: an initial stage takes place immediately as the 

high-velocity projectile makes contact with the target surface. Shortly after, 

a cavity about 1 or 2 times of its diameter is formed on the solid striking 

surface. With the kinetic energy transmitting into the target rocks, the 

energy releases rapidly as the wave front expands radially through a 

growing hemispherical volume. Additional heating, melting and 

deformations of the target material attenuate the shock front. As a result, 

the peak pressure of the shock wave drops significantly with distance from 

the impact point and consequently the shock damage varies. At the contact 

point, a shock pressure higher than 100 GPa leads to the complete melting 

or vaporization of the surrounding target rocks and projectiles. Moving 

outwards, shock pressures between 10 - 50 GPa still remain for many 

kilometers and the corresponding distinctive shock metamorphic features 

are generated within this range [French, 1998]. With continued 

propagation, conventional elastic waves or seismic waves at 1 - 2 GPa 

dominate the zone in which no distinctive damage occurs except the 

process of fracturing and brecciating. When the shock waves that reflected 
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back from the projectile/target surface reach the wave front of the 

projectile, it is considered to be the end of the contact/compression stage. 

The total duration of this period is usually less than a second. 

ii)  Excavation Stage: In this relatively longer period, a transient cavity is 

created on the target surface and the intense energy is released from shock 

waves and release waves. The morphology of this hemispherical cavity is 

recognized as a critical element in characterizing the impact crater as it 

defines the original diameter of the impact crater and consequently the 

energy of the impact event, the size and incoming velocity of the projectile, 

the shape of the final crater and the distribution of the shock front 

pressures. The transient crater is distinguished by the direction of the 

excavation flows that includes an upper zone dominated by the upward 

and outward shock waves, and a deeper zone created by tensional stresses 

from the release waves. The bowl-shaped crater continues to grow and 

open up with the uplifted transit rim and downwards expanding depth. 

This continues to the moment that the shock and the release energy are not 

sufficient enough to displace and eject the target rocks; at this point, the 

excavation stage ceases and the transient crater reaches its maximum size. 

The depth of this structure is estimated to be one third of its final diameter.  

The transient crater is developed within several minutes [Melosh, 1989]. 

Particular to our study, this relationship provides a useful information to 

describe the Bow City structure since the structure is highly eroded with 

only deep roots remaining. 

iii)  Modification Stage: The development of this final stage is mainly 

dependent on the size of the transient crater and the material of the target 

rocks [Melosh, 1989]. The crater is modified by the normal elastic waves 

and is gradually shaped by the gravity and conventional rock strength. 

Indeed, there is no clear end of this stage and the final impact structure is 
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classified as simple crater, complex crater and multi-ring basin according 

to the different morphologies. 

 

Figure 2.3 A schematic image shows the formation of a complex impact crater on 

earth. Figure from French [1998].  
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2.2.3 Classification of Impact Crater 

Impact craters are classified as simple or complex based on their size and 

morphology. A simple crater (Figure 2.4) is less than a few kilometers wide and 

displays an elegant bowl-shaped concave cavity that is similar to the transient 

cavity. Slightly modified by the steep wall collapsing and rim ejecta refilling, the 

initial transit crater is well preserved in the modification stage. The filling 

materials, officially named as breccia, are comprised of numerous rocks masses, 

both shocked and unshocked rock pieces and impact melt. Indeed, the diameter of 

the final crater (Ὀ) might be 20% bigger than the original transient crater, while 

its apparent depth (Ὠ) might be 50% shallower than the true depth (Ὠ). The 

depth to diameter ratio (Ὠ Ὀϳ ) for simple impact is usually between 1:7 and 1:5. 

As the size of the impact craters increases a more complicated structure, called a 

complex crater, is formed. A complex crater is significantly altered during the 

modification stage (Figure 2.5). This complex structure is characterized by a 

central uplifted peak, a sub-horizontal annular terrace, and an inward collapsing 

rim. However, the apparent vertical depth (Ὠ ) of the final complex craters is 

much shallower than those of simple craters. Indeed, the depth to diameter (Ὠ Ὀϳ ) 

ratio for a complex crater is usually between 1:10 and 1:20. With increasing 

diameter of the structure, the single central peak might transition into multi-ring 

peaks. For structures on the Earth, the limit of the diameter between simple and 

complex craters is taken to be about 2 km in sedimentary, and 4 km in crystalline 

rock masses, respectively. It is necessary to point out that this transition boundary 

varies evidently from planet to planet since the gravitational acceleration in the 

host planet has a major influence on the formation of the crater. 
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Figure 2.4 Examples of a) a simple crater on moon: Moltke Crater, ~7 km (from 

[French, 1998], figure 3.7); b) a simple crater on earth in Arizona: Barringer 

Crater, ~1.2 km (from French [1998], Photograph by David Roddy, United States 

Geological Survey); c) schematic section of a simple terrestrial impact structure, 

<2-4 km (from French [1998] ). 

c 

b 
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Figure 2.5 Examples of a) a complex crater on the Moon, Aristarchus Crater 

(from Collins et al [2002] figure 3); b) a different view of the complex crater on 

the Mars (Viking Orbiter image 003A07, from French [1998]).; c) schematic 

section of a complex territorial impact structure (modified from French [1998]). 

c 

b 
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 One of the most distinctive features observed in a complex crater is the 

appearance of the central uplifted area. A converging material trajectory field is 

created by the inward and upward moving materials [Milton et al., 1996; Wilshire 

and Howard, 1968] in the later stages of the modification period. These large 

rebounding surface movements are taking place in the center of the structure as 

the outer rim is collapsing downward and inwards to fill the crater. As a result, the 

crater is likely to have a bigger size with an obvious central high uplift. The 

relationship between the central raised amount and the crater rim-to-rim diameter 

is approximately one over ten based on the detailed study of the complex impact 

craters [French, 1998].   

Moving outwards, an annular terrace filled by numerous impactites is observed. 

As noted by Stöffler and Grieve [1994,1996], impactites are deformed target 

rocks. They can be separated into three categories of i) shocked rocks, ii) impact 

melt rocks, and iii) impact breccias. The impact melt material is richer on the top 

and the center, and might even cover the entire crater as a cap. Beneath this melt 

sheet, the sintered suevite breccia, which is strong enough to be used as the 

construction stone, are visible [Shoemaker and Chao, 1961] . The other area 

between the central peak and the rim is filled with lithic breccia consisting of less 

melted materials.  

In the outmost region, the fault-bounded trough is produced with the collapsing 

rim wall. As described by Osinski and Lee [2005], during their geological 

structural mapping of the Haughton impact crater, a series of key features in the 

fault system have been summarized that consist of i) radial and concentric faults 

created during the early excavation stage, ii) the reverse thrusting faults developed 

during the late excavation stage, iii)  the rose-petal faults within the highly 

disrupted region generated during early modification stage and, iv) the roll-over 

anticline formed in the modification stage (Figure 2.6).  
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Figure 2.6 Schematic diagrams displaying the numerous types of faults generated 

during the formation of a complex impact crater. a) Early excavation stage, a 

transient bowl-shape cavity is formed with the propagation of the downward and 

outward waves; concentric, radial and horizontal detached faults along are 



 

19 

 

produced. b) Excavation stage, the transit crater keeps expanding and a central 

uplift is created by the rebounded waves. c) End excavation stage, the transit 

cavity approaches its maximum while the central uplift continues to raise up. d) 

Modification stage, the central peak still keeps growing; the rim walls start 

collapsing inwards along the faults; the radial transpression ridges appear with 

significant displacements. e) End modification stage, central peak collapses 

outwards due to gravitational force, a complex faults pattern is produced by the 

interaction collapsing inwards and outwards Osinski and Spray [2005]. 

2.3 Geophysical Study of Impact Structure s 

An extraterrestrial impact event is a process occurring on the near surface of the 

target area, thus over long time periods the resulting cavity might be significantly 

eroded or erased by filling with younger sediments. To our knowledge, no large 

impact event has occurred during the recorded human history. Moreover, almost 

one-third of the discovered impact craters on the earth are buried below the 

surface. As a result, geophysical subsurface imaging and drilling techniques play 

important roles in detecting impact structures. 

Before presenting the detailed impact features discovered from the Bow City 

structure, it is necessary to describe the geological and geophysical character of 

similar impact craters, some of which are certainly confirmed by associated 

observations of shock damage, as a reference. The impact structures discussed as 

followed are primarily focusing on the complex craters found in the sedimentary 

basins which are analogous to Western Canada Sedimentary Basin (WCSB). In 

addition, seismic imaging was utilized to identify structural features in these 

example craters. In these studies, a series of distinctive features are exhibited 

including circular morphology, central uplift, disruptive rock masses, and a 

faulted out rim.  
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2.3.1 Bosumtwi impact crater, West Africa 

The Bosumtwi impact structure is one of the youngest and best-preserved 

complex craters. It is located at 6°30 N and 1°25 W in Ghana, West Africa. It has 

a rim-to-rim diameter of 10.5 km and was formed 1.07 Ma ago [Karp et al., 2002]. 

Due to its relative young age and the top water layer from Lake Bosumtwi, more 

impact features are preserved and the central uplift is highly distinguished under 

the layer of the post-impact sediments on seismic image (Figure 2.7). As such, 

geophysical tools are recognized as the best methods to delineate the buried 

structure  [Karp et al., 2002; Schmitt et al., 2007]. 

In the seismic reflection study carried out by Scholz et al. [2002], eight 2D 

profiles from the multichannel seismic reflection (MCS) data were employed to 

image the subsurface structure. The representative profile in figure 2.7(a) displays 

two pronounced central peaks sitting below the post-impact lacustrine rocks. 

Further structural mappings of the geologic units below the brecciated layer in 

figure 2.7(b) present an evident bowl-shaped cavity with the central uplifted 

region.  

Another highly recognized effect of the impact event is the severe fracturing and 

damaging on the target rocks. Consequently, the speed of the propagating seismic 

waves would be significantly affected in these disruptive zones. The refraction 

study  [Karp et al., 2002] conducted with wide angle Ocean-Bottom-Hydrophones 

(OBHs) were conducted to provide the velocity information of the estimated 

central uplift and the disturbed strata. An average velocity of 3.00 ὯάȾί in the 

brecciated rocks and 3.8 ὯάȾί in the fractured crater floor were obtained which 

displayed a much lower velocity response than the normal speed of 5 ὯάȾί in the 

unaffected rocks (Figure 2.7(c)). Such velocity anomalies might be suggestive of 

a highly fractured region due to the significant damage of the impact process. 

Further in-situ seismic examination in borehole LB-08A [Schmitt et al., 2007] 
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yielded an agreement with these abnormal low velocities and the obvious velocity 

variation over small confining pressures proved the highly fractured conditions in 

the central uplift. 

 

Figure 2.7 Seismic study conducted near Lake Bosumtwi. a) 2D seismic reflection 

section showing the lower strata with the central uplift (Colored by purple). LB-

08A represents the location of the drill hole. b) Horizon map from the interpreted 

seismic reflectors showing the uplifted rim and central uplift. c) Velocity model 

generated with the refraction data which exhibits the central abnormal velocity 

structure. Image from Karp et al [2002] and Schmitt et al [2007].  
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2.3.2 Haughton Impact structure, Canada 

The Haughton Impact crater, situated in the western part of Devon Island in 

Canadian Arctic Archipelago, is about 20 km wide from rim to rim [Osinski and 

Lee, 2005]. Based on the exposed Paleozoic carbonate rocks, the structure is 

estimated to have been created in the Eocene (~39 Ma). Numerous shocked 

features detected on the outcropping rocks include shatter cones, the existence of 

coesite (a high pressure form of quartz),  and diaplectic glass, all of which are 

definitively indicative of an impact origin [Robertson and Sweeney, 1983]. In 

addition, geologic and geophysical studies reveal concentric ring-like structure, a 

pattern of complex faults, and impact-induced fractures in this structure. [Frisch 

and Thorsteinsson, 1978; Osinski et al., 2005; Robertson and Sweeney, 1983; 

Singleton et al., 2011]. 

It is important to review this structure because distinctive impact features 

including the numerous faults and the highly damaged central core were exhibited 

on a 10 km 2D seismic profile that covered the western side of the structure. This 

survey was conducted by the team from University of Saskatchewan in 1988 and 

careful examinations and interpretations were performed afterwards (Figure 2.8). 

On the stacked seismic image, a series of criteria were utilized in identifying these 

structural faults such as the appearance of the significant variations in amplitude, 

the existence of discontinuous seismic reflectors, and the observations of 

diffraction patterns and abnormal waves [Hajnal et al., 1988]. The disrupted 

chaotic central area on the interpreted profile is similar with the central peak 

feature seen in the Bosumtwi Crater. Furthermore, the extreme velocity contrast 

found between the shallow strata and the deeper carbonates are indicative of the 

pronounced fracturing zone induced by impact event. The wave speeds of 3280 

m/s and 3780-3860 m/s were observed in the lacustrine sediments and the 

underlying breccia layer respectively, while a uniform high velocity of 5020 m/s 

is found in the deep undisturbed strata. 
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Figure 2.8 2D seismic profile presenting the various faults patterns and central disrupted zone across the western part of 

the Haughton crater. The numbers in the black circle indicate the picked horizons. F1 to F16 represent the interpreted 

faults according to the interpreted seismic horizons. The discontinuous dash lines in the east end of the profile show the 

disturbed features in the central core. Image from Hajnal et al [1988].  
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2.3.3 Cloud Creek structure, USA 

The Cloud Creek impact structure is located in central Wyoming, USA. The rim-

to-rim diameter is estimated to be about 7 km. Overlain by 1200 m sedimentary 

rocks in Mesozoic, the crater has an approximate age between 170 - 210 Ma. 

Indicated by the abnormal circular morphology and central raised area discovered 

on the seismic profiles, the impact origin of Cloud Creek structure was first 

proposed by Dr. Stone in 1999 [Stone, 1999]. Later discovery of the shock-

metamorphic features of the planar deformations (PDFs) in the thin section of the 

drilling cores conformed its impact origin [Stone and Therriault , 2003]. The 

commonality of this impact crater to the Bow City structure is its similar size, the 

pronounced erosion history, and the analogous buried geological environment. 

On the seismic profile, a number of structural elements are visible to identify this 

complex crater, such as the central raised zone, the faulted rim with anticlinal 

horizon, and the ring-like trough [Stone and Therriault, 2003]. However, the 

relative coherent seismic events in the central peak of the Cloud Creek structure 

reveal a different response compared to the chaotic and disordered events in the 

Bosumtwi impact crater and the Haughton impact crater. This uniqueness might 

be suggestive of the existence of the significant erosion, and that what we observe 

now are the remaining roots of the impact structure. In addition, the Triassic-

Jurassic (TR-J) unconformity displayed on the borehole well logs and the severely 

fractured zone below the unconformity provide the evidence of erosion. 

Furthermore, based on the scaling relationship pointed out by Melosh [Melosh, 

1989], for a crater which is 7 km wide, the central peak is supposed to be 700 m 

instead of the currently observed 520 m. This evident removal of estimated 200 m 

strata might be another hint of active erosion events during the deposit 

environments. 
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2.3.4 Newporte Impact Crater, USA 

The Newporte impact structure is located in the North Dakota, just to the south of 

the border between USA and Canada. The structure is deeply buried under the 

thick sedimentary strata (~3 km) in the Williston basin and is recognized to have 

an age between the Late Cambrian and the Early Ordovician (523 Ma - 478Ma) 

[Clement and Mayhew, 1979; Forsman et al., 1996; Gerlach, 1994]. The 

particular importance of this simple impact structure (3.2 km wide) is that the 

economic hydrocarbon targets were preserved within the crater of the 

Precambrian basement. 

The distinctive features of this impact crater were first noticed during petroleum 

exploration in 1979 [Clement and Mayhew, 1979]. The impact nature was not 

confirmed until the detection of the microscopic shock metamorphic features in 

1995 [Koeberl and Reimold, 1995]. Based on the geophysical evidence from the 

seismic, well-log and core data, the impact origin of the structure has been further 

reinforced by Forsman et al. [1996]. Due to the unavailability of the seismic data, 

only the contour map showing bowl-shape cavity and uplifted rims are shown in 

Figure 2.9. 

 

Figure 2.9 Structure maps generated from the interpreted basement horizon in 

Newporte Crater. The evident concave shape and uplifted rim are visible. A 

vertical exaggeration of 2.5 was utilized. Image from Forsman et al [1996].  
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2.3.5 Red Wing Creek, USA 

The Red Wing Creek impact structure, located in North Dakota, is another 

confirmed petroleum producing impact craters within the Williston basin [Barton 

et al., 2009; Koeberl et al., 1996; Sawatzky, 1975; 1977]. This complex crater is 

buried under 2 km of sedimentary rocks and the rim-to-rim diameter is about 9 

km. The abnormal structural patterns visible on the seismic profiles motivated 

Shell Ltd. to drill the first of two wells in the 1960s [Barton et al., 2009]. 

Although these two wells were not prolific, the detection of the unexpected thick 

units of Mississippian and Pennsylvanian formation on the core samples led to 

another drilling test in 1972 that found a highly productive 870 m thick oil 

column [Barton et al., 2009; Brenan et al., 1975]. Facilitated by the detailed 

mapping with the modern 3D seismic dataset acquired in 2001, 26 wells have 

been drilled in the central peak and 22 of which continue producing. This impact 

crater is recognized as one of the most prolific impact structures in Western 

Canada Sedimentary Basin (WCSB) with the hydrocarbon production.  

In 2010, Herber [2010] analyzed the 3D seismic cube and numerous structural 

features similar to those observed in the Haughton structure [Osinski and Lee, 

2005] were interpreted. Figure 2.10 shows one of the representative 2D seismic 

profiles extracted from the 3D volume that crosses the entire crater from north to 

south. Outside the disrupted central zone, the area was severely faulted and the 

nonsymmetrical radially faulted patterns were displayed. The deeper strata above 

the Bakken unit on the northern section are mostly normal faulted, in contrast, the 

thrusting faults patterns are seen on the southern side. More complex structure 

patterns are visible in the severely damaged central peak. Another interesting 

structure noted by Herber [2010] is that the significant uplifted unit in the central 

raised area might be an artifact of the seismic ópull upô which results from the 

central velocity high. 
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Figure 2.10 2D seismic image across the entire impact crater from south to north. 

Numbers represent the different zones including 1) outer rim 2) annular trough 3a) 

lower thrust zone 3b) upper thrust zone 4) central core 5) crater floor. Figure from 

Herber [2010].  

2.3.6 Viewfield Impact structure, Canada 

The Viewfield crater is a simple impact structure with a diameter of 2.5 km in 

southeast Saskatchewan, and is recognized to have developed during Jurassic-

Triassic time (~200 Ma) [Grieve et al., 1998; Sawatzky, 1972; 1977]. The impact 

origin was first proposed by Sawatzky [Sawatzky, 1972] due to the detection of 

the bowl-shape cavity and the out rim in hydrocarbon exploration. It was proved 

by the shock metamorphism observed in the drilling core [Grieve et al., 1998]. In 

the anticlinal structure rim, the petroliferous Mississippian carbonate breccia amid 

the Watrous Red strata and the oil-bearing Griffin beds below the unconformity 

were discovered [Donofrio, 1981]. This discovery further indicates that impact 

craters could be a good place for hydrocarbon storage. 
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Although the structure is relatively small, a complex history including the 

hypervelocity impact event and the subsequent dissolution was pointed out by 

Sawatzky [1972]. The seismic profile in figure 2.11 shows the interpreted 

horizons in Jurassic and Triassic period. Compared with the flat Second White 

Speckled Shale and the top Blairmore horizons, significant cavity structure could 

be seen from the lower units [Sawatzky, 1977; Westbroek and Stewart, 1996]. An 

infill of the basal Jurassic horizon might also be interpreted, which is ascribed 

from post-impact salt collapse and solution.  

 

Figure 2.11 2D seismic section over the Viewfield impact structure representing 

the displaced subsurface horizons, Jurraic (JUR), Missiipion (MISS) and Birdbear 

(BIRD). Image from Sawtazky [1972]. 
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2.3.7 Elbow, Canada  

The Elbow complex structure is centered at 106Á45ô W and 49Á51ôN in west 

Saskatchewan. The rim-to-rim diameter is approximately 8 km with a central 

uplift surrounded by an annular depression on the seismic profiles [Grieve et al., 

1998; Sawatzky, 1977]. These structural anomalies were first noticed by DeMille 

[1960] from the seismic images, and the impact origin was not emphasized until 

1998 when the PDFs were detected in the well cuttings. However, only limited 

materials are currently available to discuss the impact origin of the structure. 

2.3.8 Maple Creek (White Valley), Canada 

The Maple Creek structure, also known as the White Valley structure, is 

discovered in the Cypress Hills region of southwestern Saskatchewan (49Á48ôN, 

109Á06ôW). The abnormal outcropped tilting strata [Whitaker, 1976] and the 

repeated section of Eastend and Bearpaw formations [Gent et al., 1992] inspired a 

detailed field reconnaissance and seismic examination in 1997 [Westbroek and 

Stewart, 1996]. Numerous impact features were exhibited in this 7.5 km wide 

complex structures and an age of 60 Ma was estimated [Westbroek, 1997; 

Westbroek and Stewart, 1996]. Figure 2.12 describes the significant features 

including a 620 m central uplift, annular trough and faulted rim. The discovery of 

PDFs in the well cuttings confirmed its impact origin [Grieve et al., 1998]. 
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Figure 2.12 Uninterpreted (top) and interpreted (bottom) seismic profiles showing the distinctive impact features. 

Raised central peak, faulted out rim and ring-like trough can be characterized in the disturbed seismic horizons. Images 

from Westbroek and Stewart[1996].  
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2.3.9 James River, Canada 

The James River impact structure, located in the southeast Alberta plain, is a 

deeply buried circular structure with a rim-to-rim diameter of 4.8 km. The 

complex structural features observed on the 3D seismic data set, which included 

the raised central peak, annular synforms and rim faulted strata, have been well 

studied by Isaac and Stewart [1993]. Beneath the 4500 m thick strata, the top of 

the anomaly structure was detected on top of the Cambrian units and the structure 

is estimated to form between the Late Cambrian and Middle Devonian time. 

Figure 2.13 shows the synclinal features and a raised zone that performs the 

apparent erosion. However, due to the deep burial and lack of economic potential, 

no well has yet penetrated the target layer and as such there are no materials that 

could provide evidence of shock metamorphism. Thus, the impact essence of this 

potential impact structure is still waiting to be confirmed.  

 

Figure 2.13 2D seismic profile intercepted the James River structure, displaying 

almost symmetric synclines surround the eroded central peak. Image from Isaac 

and Stewart [1993].  
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2.3.10. Eagle Butte, Canada 

The Eagle Butte impact structure is located in southern Alberta with a ~15 km 

diameter of the circular outline.  The unknown faulting pattern on the surface was 

first noticed by Haites and Van Hees [1962] and the impact origin was only 

confirmed recently by the discovery of shatter cones near the central uplift 

[Hanova et al., 2005]. Of all the impact structures found within the Western 

Canada Sedimentary Basin (WCSB), the Eagle Butte crater is one of the best 

studied with a combination of information from outcrop exposure, 2D and 3D 

seismic imaging, and well log mapping [Hanova et al., 2005; Sawatzky, 1976].  

On the representative seismic image (Figure  2.14), significant impact features are 

displayed including a central raised core, a severely faulted annular syncline, 

listric normal faults
2
, and structural thinning and thickening. Based on the 

displacements of a target bed in the Cretaceous, the structure is estimated to have 

formed between the Cretaceous and the Lower Tertiary.  

 

Figure 2.14 2D seismic profile across Eagle Butte crater showing a central raised 

area, disturbed horizons with apparent displacements and multiple faults pattern. 

Image from Hanova [2005].  

2
 Listric faults: can be defined as bent normal faults with a concave upwards fault surface. Such 

faults usually develop in extensional regimes. 
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2.4 Conclusion 

It has been widely acknowledged that the extraterrestrial impact events are still an 

ongoing process and play an important role in shaping the Earthôs surface. 

Following this tradition, the Bow City structure, a potential impact crater, was 

discovered and characterized by a series of geologic and geophysical techniques. 

In this chapter, detailed background information was described to build a basis for 

conducting the geosciences characterization in the followed chapters. Beginning 

with the presentation of the study area and dataset, an overview of the impact 

geosciences including the mechanics, formation and classification of the impacts 

were present. This introduction provides the essential ideas to initiate the impact 

studies with geophysical seismic subsurface imaging and geologic mapping. 

Further, 10 confirmed and possible impact craters developed in analogous 

Western Canada Sedimentary Basin (WCSB) were reviewed, particularly 

focusing on the application of the geophysical seismic techniques.   
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Chapter 3 Geological Framework 

This chapter describes the geological setting of the Bow City study area. This 

review begins with a brief introduction of the regional geology followed by 

detailed description of the bedrock stratigraphy with most focus on the Cretaceous 

strata that is significantly deformed by the impact. The relationships to the 

geophysical well logs will  be explained as well. Furthermore, early recorded 

bedrock mapping and field observations will  be presented to better image the 

structure. This geology study provides the necessary background to understand 

the structureôs origin and correlate with the geophysical seismic study. 

3.1 Regional Geological Setting 

The Bow City structure is centered at 50.45°N and 111.91°W in southern Alberta 

(Figure 3.1). The regional Phanerozoic structure is controlled by the Bow Island 

Arch (BIA) . The BIA is a broad Paleocene flexure that extends north-eastward 

and joins the northern part of the northwest trending Sweetgrass Arch at the 

Kevin-Sunburst dome [Wright et al., 1994]. It acts as a saddle between the 

Alberta and the Williston basins, which together comprise the southern area of the 

Western Canada Sedimentary Basin (WCSB) [Williams and Burk, 1964]. The 

study area is situated in the northwest flank of the BIA.  

According to the result of bedrock mapping, the underlying strata gently dips 

toward the northwest (0.2°  towards 310° ). Due to the erosion and glaciation of the 

surface, there is little topographic character visible on the map generated with 

LiDAR data (Figure 3.2).  
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Figure 3.1 Regional geology of Alberta. The study area is marked by a red star. 

Figure was modified from the Alberta Geological Survey (AGS) website with 

authorization under Non-Commercial Reproduction policy of AGS. 
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Figure 3.2 Topographic LiDAR map displaying the estimated outline of Bow City 

structure (highlighted by dashed line) and the structure measurements from 

outcrop. Donated legacy seismic lines are shown by the solid black lines. The 

blue lines represent the new high resolutions surveys conducted in 2013 by the 

University of Alberta. Coordinates are in UTM 12N, NAD 83. Modified from 

Glombick et al.[2014]. 

The Alberta basin is a northwest-trending trough in front of the Cordilleran Fold 

and Thrust Belt. This basin extends eastward to the Canadian Shield [Wright et al., 

1994]. Two major positive subsurface topographic anomalies, which can be 
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observed in the Phanerozoic wedge are the Peace River Arch (PRA) and the 

aforementioned BIA (Figure3.1) [Kent, 1987; Wright et al., 1994]. 

The PRA is an east-northeasterly trending uplift in northwestern Alberta and 

northeastern British Columbia. It transformed from an arch in the Early Paleozoic, 

to a basin in late Paleozoic and Mesozoic, and at present exists as a subtle arch 

[Podruski, 1988]. The significantly disturbed Phanerozoic strata indicates the 

intense tectonic activities during these transitions [O'Connell, 1994]. 

In the southern Alberta plains, the stable platform changed into a lowland 

foreland basin due to sudden subsidence in the Triassic and the Jurassic. Later 

orogeny events moved the peripheral bulge eastward with periodically arrested by 

overlying anomaly structures, which might, in part, comprise the Bow Island Arch 

(BIA)  [Wright et al., 1994]. The BIA, which is recognized as the eastern bulge of 

the foreland basin, is a subtle, mildly positive structural element. It became more 

well developed in post-Jurassic times and was not a positive structure until the 

Laramie Orogeny [Christopher, 1984; Kent, 1987; Wright et al., 1994; Wu, 1991]. 

The only feature that reveals the ancestry of the arch is the contour map of 

Jurassic strata. Later, during the Cretaceous there is little evidence of obvious 

tectonic events; there is no major deposition, erosional thinning, or erosional 

thickening of the Cretaceous sediments [Podruski, 1988]. The sediments were 

eroded and deposited under post-Laramide Orogeny and Tertiary tectonic 

relaxation during the late Cretaceous and Tertiary [Bustin, 1992; Nurkowski, 

1984]. In the Late Tertiary (~52 Ma), the thick sedimentary sequences were 

eroded as a result of the regional tectonic uplift and isotactic rebound [Dawson et 

al., 1994]. 
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3.2 Bedrock Deposition 

The sediments in southern Alberta plain are capped with Cretaceous period (~ 110 

Ma) silicilastics and underlain by the thick strata from the Paleozoic (Figure 3.3). 

On the surface of the study area (Figure 3.4), a thin Quaternary glacial drift covers 

most of the area with slightly higher elevations towards the east side.  

Based on the different lithologies, the underlying strata in Cretaceous period are 

subdivided into seven groups. On the bottom of the Cretaceous strata, the 

Mannville sandstone lies on the unconformity of the Paleozoic carbonates (~ 

245Ma) resulting from the high erosion in the Late Cretaceous-Cenozoic 

Laramide Orogeny. The overlying stratigraphic intervals within Upper Cretaceous 

include the Colorado Group shale, the Milk River sandstone, the Pakowki shale, 

and the Belly River Group sandstone (Figure 3.5). The youngest rocks 

outcropping collected within the study structure are from the Horseshoe Canyon 

Formation deposited during the Late Campanian (~ 73 Ma). Of particular interest 

to this study, the stratigraphic interval of interest is bounded at the bottom by the 

strata of the Early Cretaceous Mannville Group and at the top by the Late 

Cretaceous Horseshoe Canyon Formation. Milk River sandstone is recognized as 

the deepest layer that significantly disturbed by any hypothesized impact event at 

least to the extent that can be detecteded in the seismic images.  
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Figure 3.3 Bedrock geology of the Bow City area. Coordinates are given in ATS 

and lat/long coordinates. Figure was reprinted with authorization under the Non-

Commercial Reproduction policy of the AGS. 

 

Figure 3.4 Surface topography of the Bow City area. Coordinates are given in 

UTM Zone 12N NAD83 (data provided by the Centre for Topographic 

Information). 
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Figure 3.5 Stratigraphic table of the study area. Figure modified from Glombick et 

al. [2014]. 

 

 



 

41 

 

3.2.1 Mannville Group  

At the bottom of the Cretaceous bedrocks, the northwestwards dipping clastic 

layer of the Mannville Group lies immediately on the Paleozoic carbonates. [Cant 

and Stockmal, 1989; Smith, 1994]. An unconformity surface truncating the strata 

from lowermost Cretaceous to Paleozoic was developed due to the erosion from 

the major drop of sea level in the Jurassic which results in the loss of 140 Ma  of 

strata [Smith, 1994]. The Mannville Group is the oldest basin-wide Cretaceous 

rock and the strata are complex and heterogeneous across the WCSB. Based on 

the lithology variations, it is divided into lower and upper groups. The lower 

group is a thin and sandstone-dominated layer that is rich in quartz and cherts, 

whereas the upper interval contains more volcanic and feldspathic materials 

[Christopher, 1974; Glaister, 1959; Mellon, 1967; Williams, 1963]. In southern 

Alberta, the lower Mannville strata are generally continental and dated to be of 

Aptian age (~ 125 Ma). The depositional environment was strongly influenced by 

huge valley systems and Cordilleran tectonic activities during late Aptian time 

[Christopher, 1984; Smith, 1994]. The  rock is  rich with quartz and cherts and 

does not contain much igneous detritus, indicating Cordilleran source rocks 

[Hayes et al., 1994]. The Glauconitic sandstone formation lies on the bottom of 

Upper Mannville strata and records the maximum transgression of the 

Moosebar/Clearwater Sea; this layer is capped with fluvial and estuarine facies 

[Farshori, 1983; Hopkins, 1987; Hopkins et al., 1982]. The overlying sediments 

in the Upper Mannville Group are complex and heterogeneous due to the unstable 

depositional environment including tidal reworking undulations, valley incisions, 

and Cordilleran tectonic events during the Albian time (~ 113 Ma) [Hayes et al., 

1994; Wood and Hopkins, 1989]. 
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3.2.2 Colorado Group 

During Middle to Late Albian time (100-107 Ma), the shaly Colorado units 

started deposition on the top of the sandy Mannville rocks [Smith, 1994]. This 

interval is dominated by marine mudstone interspersed with thin sandstone and 

conglomerates [Leckie et al., 1994]. As mentioned by Podruski [1988] and Porter 

[1992], it is one of the richest strata and contains nearly 14 percent of the total 

western Canada hydrocarbon reserves. The Colorado Group is divided into upper 

and lower subgroups that are separated by the organic-rich Fish Scale Formation 

[Rudkin, 1964]. The basal Colorado unit is a thin sheet-like sandstone layer 

overlying the non-marine Mannville Group [Banerjee, 1989]. The upper units 

within Lower Colorado Group are composed of the sandy Bow Island Formation 

and the shaly Westgate Formation [Leckie et al., 1994]. In the Upper Colorado 

Group, the Fish Scales, the Second White Specks, the Carlile and the Niobrara 

Formations were deposited in a predominantly marine environment. During Late 

Turonian and Late Santonia time (~ 90Ma), several regressive periods result from 

the global sea-level drop, which led to the coarse clastic wedges of Cardium and 

Medicine Hat sandstones that settled on the thick upper group marine shale 

[Leckie et al., 1994]. 

3.2.3 Milk River Formation  

The early Campanian Milk River Formation is a typical sandy clastic sediment in 

southern Alberta [Dawson et al., 1994]. It is considered to represent the first 

significant marine regression in the active marine environments during the Late 

Cretaceous [Payenberg et al., 2001]. On the sonic and resistivity well logs, it 

shows an obvious shoulder-like transition and has been applied as a major marker 

to identify the stratigraphic sequence boundary [Leckie et al., 1994]. In southern 

Alberta, the Milk River Formation is exposed along Milk River due to the erosion 

dominated in Quaternary period, and it mainly consists of medium grained 



 

43 

 

sandstones interbedded with siltstones of the Virgelle and Alderson Members. As 

documented by McNeil and Caldwell [1981], there are nearly 150 billion m
3
 of 

recoverable gas reserves in the ñMilk Riverò gas pool, which formed from late 

Santonian to early Campanian [Sweet and Braman, 1990]. Following the 

deposition of this sandstone layer, an obvious marine regressive event removed 

the capping strata on the surface and resulted in a basin-wide unconformity 

contact [Rosenthal and Walker, 1987]. This unconformity is characterized by 

chert-pebbles that separate the Milk River strata from the overlying Pakowki 

marine shale [Braman and Hills, 1990]. 

3.2.4 Pakowki Formation 

The Pakowki Formation is a thin marine shaly layer overlying the sandy Milk 

River formation. This fine sediment indicates a distinctive marine transgression in 

the Late Campanian (~75 Ma) [Dawson et al., 1994]. It mainly consists of dark 

gray to brown mudstone and siltstone, and the base contact is an unconformity 

with chert and pebble lag [Rosenthal et al., 1984]. During the Campanian period 

(~ 83Ma), the transgression of the Pakowki Sea and the uplift of the Bow Island 

Arch were the major events that affected the local deposition. As a result, the 

layer was thicker eastwards with a gradational top attached with the Belly River 

interval. The time of this period was proved to be short-lived in southern Alberta, 

and is associated with the rapid fall of the sea-level [Dawson et al., 1994]. 

3.2.5 Belly River Group 

Above the marine shaly layer of the Pakowki Formation, the coarsening clastics 

of the Belly River wedge deposited in a continental environment during the Late 

Campanian [Dawson et al., 1994; McLean, 1971]. Sediments, which mainly have 

a fluvial origin, consist of light gray to buff, medium- to fine- grained sandstone 

and siltstone [Jerzykiewicz, 1985]. In most areas of southern Alberta, the Belly 
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River Group is comprised of three units. From oldest to youngest, these are the 

Foremost, Oldman, and Dinosaur Park Formations [Koster, 1984].  

The Foremost Formation is the lowest interval deposited under the transitional 

environment from coastal to shallow-marine. The lower contact is characterized 

as the boundary of the first coarsening-upward cycle which is made up of the 

incised valley deposits [Dawson et al., 1994; McLean, 1971]. The overlying strata 

in the Foremost Formation contain a series of marine sandstones, mudstones, and 

siltstones; two thin coal beds are recognized as bounding its top and bottom 

surfaces. These are named the Taber and the McKay coal zones, respectively.  

Above the Foremost Formation, an interval comprising a ósiltstone unitô and a 

sandstone unit is recognized as the Oldman Formation. The top of this ósiltstone 

unitô is considered as the regional discontinuity that separates the overlying 

Dinosaur Park Formation from the Oldman Formation, which primarily 

comprised of pale-colored, thin noncalcareous mudstone and fine sandstone 

[Glombick, 2010; Hamblin, 1997]. On the top of the Belly River Group, another 

thin coal seam called the Lethbridge coal zone is found in the Dinosaur Park 

Formation. An interbedded bentonite and carbonaceous mudstone is locally 

observed where the coal bed is absent. [Glombick, 2010; Russell and Landes, 

1940]. 

3.2.6 Bearpaw Formation 

During the latest Campanian time (~72 Ma), the fine-grained Bearpaw Formation 

was deposited over the coarse-grained sandstones of the Belly River Group. In 

many areas, the Bearpaw shale or mudstone layer directly overlies the Lethbridge 

coal beds, while in other areas, a thin oyster bed, chert-pebble conglomerate of 

around 1-3 m thickness can be observed between the Bearpaw Formation and 

underlying Lethbridge coal beds [Glombick, 2010; Russell and Landes, 1940]. 
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The Bearpaw Formation is mainly comprised of laminated shale and siltstone, 

with some sandstone beds and claystone [Habib, 1981; Macdonald et al., 1987]. 

The Bearpaw-Belly River contact is sharp and notable, hence it provides a good 

stratigraphic marker due to the apparent transition from heterogeneous rocks to 

homogeneous sequence. 

3.2.7 Horseshoe Canyon Formation 

The Horseshoe Canyon Formation is the youngest outcropping bedrock within the 

study area [Glombick, 2010]. It settled on the top of the Bearpaw shale during the 

drop of the sea-level and mainly consists of interbedded sandstone, siltstone, and 

mudstone with extremely rich coal beds [Dawson et al., 1994]. This Formation is 

the shallowest layer within the study interest due to the high erosion in Tertiary 

period.  

3.2.8 Eroded strata  

It is important to notice that, in WCSB, significant erosion removed massive 

strata of Upper Cretacesous to lower Paleocene sediments due to the end of 

thrusting in the thrust-fold belt in the Early Eocene (~47 Ma - 56 Ma) [Glombick 

et al., 2014]. According to the diagnostic moisture feature of the coal beds, 

Nurkowski [1984] suggested that around 900 -1900 m of overlying sedimentary 

rock has been removed due to post-orognic uplift and erosion. He also pointed out 

that almost 1500 m of sedimentary strata have been eroded near Bow City. In 

addition, more evidence of the substantial erosion was observed on the 

stratigraphic section by England and Bustin [1986]. They deducted an erosion of 

1450-1500 m overburden has occurred since Oligocene time (~ 28 Ma). Later 

studies carried out on authigenic clays indicated an erosion of 1500 m of the strata 

in Upper Cretaceous and Paleocene [Khidir and Catuneanu, 2009]. 
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3.2.9 Bedrock Signature on Geophysical Logs 

In the vicinity of the study area, more than 1000 wells were examined by Dr. 

Glombick [2010] and significant stratigraphic intervals were divided for 

geological mapping [Glombick, 2010]. As such, two representative wells (00/08-

28-017-18W4/0 and 00/22-10-017-18W4/0 shown in Figures 3.6 and 3.7) are 

selected to display the log signatures of the stratigraphic units. Wellbore 00/08-

28-017-18W4/0 was drilled vertically from 831.5m above sea level (a.s.l) datum 

to a total depth of 633.5 m in 2001. It shows the information from the Bearpaw 

Formation in Late Cretaceous to the Medicine Hat sandstone in Early Cretaceous. 

In this well, geophysical logs, including natural gamma ray (GR), spontaneous 

potential (SP), acoustic (DT) and density logs (RHO) are obtained to identify the 

different facies. Because it is not deep enough to penetrate the Colorado Group 

strata, another well is chosen to illustrate the lower strata from the Late 

Cretaceous to the Paleozoic Unconformity. Wellbore 00/22-10-017-18W4/0 is a 

vertical drilled gas well from 837.20m a.s.l datum to -377.80 m a.s.l. Due to the 

sufficient geophysical logs data, accurate well tops are identified with a 

combination of natural gamma ray (GR), spontaneous potential (SP), caliper 

(CAL), density (RHO), acoustic (DT), and resistivity (RES). The geological units 

can be picked from the shallow coal layer in the Foremost strata to the bottom of 

the Paleozoic unconformity. 

The boundary between the Bearpaw Formation and Belly River Group is the 

uppermost visible stratigraphic interface in Wellbore 00/08-28-017-18W4/0. In 

general, the log responses of the heterogeneous Belly River sandstone succession 

are more spiky and serrated than the overlying shaly Bearpaw units. An abrupt 

transition from the mudstone-rich Bearpaw interval to the Lethbridge coal layer 

lying on the top of the Belly River Group is indicated by the low density and the 

high apparent neutron-porosity character. The increasing gamma ray, resistivity, 

and sonic values also exhibit the response of this coal layer. Beneath this coal bed, 
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the underlying siltstone layer in the Oldman Formation is marked most obviously 

by an increased gamma ray response. The following gamma ray decrease is 

suggestive of another sandstone unit in this unit. Correspondingly, the sonic log 

values turn from high to low because of a high velocity signature in sandstone. 

Marked by high neutron porosity and low density values, the Taber coal bed on 

the top of the sandy Foremost Formation is observed. A similar response is seen 

on the bottom of the Foremost Formation, which is interpreted as the McKay Coal 

Formation. 

Below the sandy Foremost interval, a thin marine shale unit of the Pakowki 

Formation is easy to identify with a combination of gamma ray, spontaneous 

potential, and neutron-porosity logs. The corresponding high gamma ray, flat 

spontaneous potential, and high neutron-porosity signatures are presented. Going 

deeper, a second clear increase in both the sonic and resistivity logs is detected. 

This abrupt change, which shows as a shoulder-like structure, is considered to be 

an apparent marker of the Milk River sandstone layer. 

Indicated by the high gamma ray response, the transition from the Milk River 

sandstone to the thick marine shale in the Colorado Group is easily distinguished. 

Within this shale/mudstone-dominated Colorado unit, three sandstone intervals 

could also be detected by the varied gamma ray, resistivity, and porosity logs. The 

first marker near the top of the group is the Medicine Hat Sandstone Formation. It 

is a transition contact from shale to sandstone units with a low gamma ray value 

and deflected spontaneous potential response. The next marker for the Second 

White Speckled Shale Formation is characterized by high radioactivity and 

hydrogen, which is represented by high gamma ray and high neutron-porosity on 

well logs. It is difficult to separate this formation from the underlying Fish Scale 

Zone, whereas the base of the Fish Scale Zone is easily indicated a by a sudden 

drop in the gamma ray response. The underlying marine sandstone of the Bow 

Island Formation is characterized by low but highly varying and heterogeneous 
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gamma ray values. The spiky and deflected spontaneous potential curve is 

suggestive of the sandstone interval as well. 

Below the thick marine shale of the Colorado Group, decreasing gamma ray, 

deflected spontaneous potential, and increasing resistivity are seen on the log 

curves. These contrasts reveal the appearance of the Mannville sandstone. As this 

interval is sitting in the deep sediments that present less damaged features, only 

one marker, the Glauconitic sandstone, is interpreted from its low gamma ray, low 

neutron-porosity, and high resistivity values. The base contact between Mannville 

sandstone and Paleozoic carboniferous is readily detected a by a significant drop 

in the spontaneous potential, the density, and the neutron-porosity values.  
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Figure 3.6 Geophysical well logs from well 00/08-28-017-18W4/0, showing 

detailed shallow Cretaceous stratigraphy mapped in the vicinity of the Bow City 

structure. Logs are shown in measure depth in meter from ground level 831.5 m 

a.s.l. From left to right, logs are gamma-ray (API), spontaneous potential (mv), 

Caliper (inch), neutron porosity (%, sandstone calibration), density and sonic 

(us/m). The last track in the right is the lithology of different units. Grey dotted 

lines mark the boundary between different formations [Energy, 2011]. 
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Figure 3.7 Geophysical well logs from well 00/22-10-017-18W4/0, showing 

detailed Cretaceous stratigraphy mapped in the vicinity of the Bow City structure. 

Logs are shown in measure depth in meter from ground level 837.2 m a.s.l. From 

left to right, logs are gamma-ray (API), spontaneous potential (mv), Caliper (inch), 

neutron porosity (%, sandstone calibration), density(g/cm
3
), sonic (us/m) and 

resistivity. The last track in the right is the lithology of different units. Grey dotted 

line marks the boundary between different formations [Energy, 2011]. 
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3.3 Early Mapping  

To our knowledge there has been little discussion of the special geological 

features associated with the Bow City structure. This is in part likely due to the 

fact that there is only limited outcrop along the Bow River. That said, there are 

two historical pieces of information worth mentioning.  

In 1929, two exploration wells (Hudsonôs Bay Oil and Gas, Eyemore) were 

drilled near the exposed Belly River Group rocks within the centre of the structure. 

There is no mention of why these wells were drilled at that time. It is likely that 

these rather early wells were drilled based on the nearby dipping structures seen 

in the outcrop on the Bow River.  

The first mention in the literature that unusual structures existed occurred in the 

1940ôs. Stewart [1942, 1943] reported the anomalous structures detected during 

surface bedrock mapping on the west bank of Bow River (Figure 3.8). This record 

is considered to be that discovery of the Bow City structure that is the subject of 

this thesis. In the report, Stewart wrote: 

άhƴŜ ƎǊƻǳǇ ƻŦ faults is mapped on Bow River near Eyremore (i.e. a school on the south 

bank of the Bow River). There a downfaulted block of the Edmonton has a vertical 

stratigraphic displacement of about 300 feet. The strike of the individual faults could 

only be determƛƴŜŘ ŀǇǇǊƻȄƛƳŀǘŜƭȅΦέ  

άΧ ƭƻŎŀǘŜŘ ƻƴ ŀ ŦŀǳƭǘŜŘ ƛƴƭƛŜǊ ƻŦ ǘƘŜ hƭŘƳŀƴ ŦƻǊƳŀǘƛƻƴ ŀƴŘ ƻƴ ōŜŘǎ ǘƘŀǘΣ ǿƘŜǊŜ ŜȄǇƻǎŜŘ 

ŀōƻǳǘ ŀ ƳƛƭŜ ǘƻ ǘƘŜ Ŝŀǎǘ ƻŦ ǘƘŜ ǿŜƭƭΣ ǎƘƻǿ ǎƻƳŜ ǎǘŜŜǇ ŘƛǇǎέΦ 
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Figure 3.8 Geological map from Stewart [1943] showing the Township 17-18 

from Range 16 to 18 west of the 4
th
 Meridian.(2) Oldman Formation (now 

subdivided into Dinosaur Park and Oldman Formations).(3) Bearpaw 

Formation.(4) Edmonton Group (Horseshoe Canyon Formation). Figure is 

modified from Stewart [1943].  
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3.4 Structure mapping from well log data 

In order to extract more information to characterize the structure features, a 

number of wells (1044) within the studied structure were examined (Figure 3.9). 

Apparent geological well tops in Cretaceous period were picked by Dr. Glombick 

[2010] to further generate the structure maps of the subsurface geological units. 

The log data were obtained from the IHS AccupMap® database and the 

geological well tops were marked using IHS Petra®. Based on the log signatures 

of different formations as discussed in the last section, most of the units can be 

identified confidently by a combination of the Gamma Ray, Spontaneous 

Potential, Sonic, Density, Neutron-porosity, and Resistivity logs.  

 

Figure 3.9 Location map of the wells utilized in this study. Coordinates are in 12N 

NAD83. Yellow lines show the township boundaries. Blue circles represent the 

wells. Dash lines show the estimated outline of the structure. 
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It is important to examine the structure maps to show the topographic features of 

near-surface geological units (Figure 3.10). Indeed, it is such data that shows us 

the first clue that identify this buried anomalous structure as a potential impact 

crater. Figure 3.10 shows the structure maps created from 10 distinctive 

geological tops from the uppermost Belly River Group (Dinosaur Park Formation) 

to the deepest Paleozoic Unconformity. These maps are generated with a 

convergent interpolation gridding algorithm where the gridding cell size is 50m x 

50m. Some attention should be made during the interpretation since specific 

geological markers are missing in some wells because of the disruption, and the 

data density varied for different maps. Regardless, these contour maps are still 

geological meaningful and point out the abnormities of the buried structure, 

particularly with respect to the otherwise almost flat-lying layering. 

The most obvious feature can be observed on the uppermost (a) Belly River Tops 

map, namely is the óring-likeô depression. It displays an outline with a semi-

circular depression and an apparent high uplift region in the central core. The 

elevation difference between the highest point within the central peak to the 

lowest point in the annulus region is almost 110 m. Moving into the deeper units, 

this óring-likeô feature is still seen in (b) the Oldman and (c) the Foremost maps 

but it becomes less distinctive with a difference of 70m in elevation. At the depth 

of (e) the Milk River óShoulderô, the óring-likeô character is almost gone and only 

several irregular high spots are visible with a maximum difference of 40 m in 

central uplift. Instead, moving down to (f) the Colorado Group, the central raised 

zone transforms into a low depressed region and a clearer regional trend dipping 

westwards appears across the entire map. This low zone is still well-defined in the 

deeper (g) Medicine Hat sandstone interval, but gradually disappears in the Lower 

Colorado units of (h) the Bow Island and (i) the Mannville Group. On the bottom 

(j) Paleozoic Unconformity map, a flat and gently dipping surface is seen, which 

is expected as the normal geology feature. This means that any deformations 

associated with the structure could not be detected at this depth.  
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Examination of the thickness maps of geological formations are also important 

and necessary to bring up more detailed structure features. Figure 3.11 shows the 

isopach maps of the selected geological intervals. On (a) the Dinosaur Park 

Formation map, an apparent thickening zone is detected in the middle of the 

structure. This interesting and complex feature can also be observed on the map of 

(b) the Oldman Formation and appears most clearly as a ring-shape thinning on (c) 

the Foremost Formation. However, it gradually decays going deeper, and only the 

central thickening area is present at (d) the Milk River Formation. Much less 

evidence for any damage can be observed from deeper isopach map in (e) the 

First White Spectacled and (f) Mannville Group, except for localized thinning and 

thickening spots. 
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Figure 3.10 Structure maps of geological tops in the Cretaceous peroid 

procgessing from least shallow (a) the Belly River Goup to deepest (j) the 

Paleozoic. The black dotted curve is the estimated structure outrim and central 

high region from the elevation contrast. Data are obtained from Dr. Glombick. 


















































































































































































































































































































































