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Abstract

Impact cratering has beeaccepted as a major process #ighificantly affecs

the geological and biological histes on earth. In fact, there have beenumber

of impact craters detected in egern Canada sincéghe1 9 7 0 6 s . Foll owing
tradition, a possible buried impact structure near Bow City in Southern Alberta
was discovered in 2010 by careful nearface structural mapping. The
motivation of this study is to exane the impact origin of this abnormal structure
which could provide valuable information for the impact research and the
geological development of the West Canada Sedimentary Basin. The work is
carried out with integrad legacy and new seismic reflemt images, seismic
travel time inversion, and structural modeling. This evidence shows distinct listric
faulting at the structuts edge and a more central uplift zone that is highly faulted
this structural evidence is similar to that seen in other rsrad@d supports
interpretation of the structure as an impact crater. Final definitive confirmation,

however, still requires that evidencesbock metamorphism be found.
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Chapter 1 Overview

The notivation 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 technicgieCurrently, looking at the deep portion of an
impact crater is quite unig in impact studies and such analysmuld provide
valuable data for the planetary research to get a better understanding of the
cratering process. In additiothe researcladds to our general knowledge of the

geologc history of western Canada

Although the earliest record of the abnormal faults existing in the outcrop along
the Bow River was pointed out by Stewfpt943, the potential impact origin of

this unique structure buried under the growas not noticed until 201@vhen it

was pointed ouby the staff in Alberta Geological Survey (AGE}¥lombick

2014. In an area of uform 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 wasnducted witlthe 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 profilesll of which were acquiredor the deeper
hydrocarbon targets. The newest dataset we acquired gis-i@solution survey
consistingof two short 2D profiles. This survey was carried out in 2013 by the
researchgroup of Dr. Schmitt and significant improvements were achieved.
Utili zing thisdataset] present th&eomprehensive geophysical characterizatbn

this structure, separated ird@ht chapters.

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

motivation, the working datasetnd a general desption of each chapter.



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 9egth 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 circumstanttee a&/estern
Cana@& Sedimentary Basin (WCSB). These reviews provide important
information on how seismic techniques have been successfully employed in
distinguishing impact architectures. More pantantly, it points out clues and

directionson howto 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 gebkegjioag

and tectonics of Southern Alberta plaame first discussed. Detailed bedrock
descriptions focused on the shallow Cretaceous units are introduced. In addition, a
subsection on the eroded strata is presented due to the fact that the studied
strucure 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 GeologicaBurvey (AGS) is introduced to show the saincular 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 geophgisatudy thatvascarried out with the

early legacy dataset. Portions of this chapter have been published in the journal
Meteoriticsand PlanetaryScience' . In order to provide a general background on
the seismic methodology, a section that introducesrtéthodology of the seismic
reflection technique is presented first. Detailed descriptions on the multiple

dataset are performed thereafter. After carefaljibration and checkinghe



seismic profiles with the synthetic seismograms, the analysis obdlsenic
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
strucure and points out the clue for the later tomographic studyawdseismic

acquisitionthatare 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®ity 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, Raylinvr,
a ray tracing method conducted with forward modeling imversion programs, is
utilized to display the velocity circumstancFirst arrivals picked on réfile

86251 are selected as the input of the model. Detailed discussions on the
methodology of the technique, the application of the methaad 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 betweenfdhese results.

In order to gaira better understandimgf 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 followish 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 entireuking flow, more attentiors applied on the

! 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 structureMeteoritics & Planetary Sence



nearsurface signals due to the fact that the target surfacesithia 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 ntindeof the methods
discussed above. The tim@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 iopach maps are generated to display the thickness variations of the
geological units. The systematic discussions are pointed out in theoend
introduce the other possible origins of the structure such as volcanic caldera,
dolines and haloknesis. Howeveuch scenariodo not completely reprodudke
structure features observed in Bow City structure. In the end, different scaling
relationships described by MelogP017] are performed to calculate the structure

development and the final age bétstructure

The last chapter of the thesish@pter 8) concludes aif the discoveries obserte
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 includése photo of thevibrator utilized to acquire
the seismic data and series of the seismic profiles in depth scale. Although
structure patterns show similé&atureas the time scales images discussed in
Chapter 4, such profiles provide more geological meaning with aureeasnt in
depth.



Chapter 2 Introduction

This chapter provide the background information on the study of the
extraterrestrialimpact structuresSuch studies presentan essential basis for
understanding the impact process and further assibe chaacterization othe
Bow City structure Staring with a detailed description of thargetareaandthe
project data set,the geosciencestudieson the impact cratersncluding the
transition of the physical conditiand structurapatternwill be followed. At last,
a detailed literature review of the geologtal and geophysical observations
similar impact crates will be illustrated Thesecase studiesre bcusedon the
application ofthe seismic techniques withithe sedimentarybasin similar tahe

Western Canad@edimentary Basin.
2.1 Location and Study Area

The structureof interestis located on the wst bank of BowRiver, Alberta andis
centeredat approximately50.45 N and 111.91 W (UTM N5589320 E435710
Zone 12N).In Alberta Township System (&), the structure isstimated ta@ross
the Range 16 to 17 Township 17west of the # Meridian (Figure2.1).
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Figure2.1 Location map of the Bow City structure and similar impactsires
nearby Red circles present thenpact craters listed frorSpray and Ellis [2013]
and purple triangke showthe possible impact structurdsigure modified from
Schmitt et a[2013].

Thefirst discovery ofthese unique faultalong the west bank of BoRiver was
recordedn Stewarfs 1943regionalmappingreport[Stewart 1943. However,to

our knowledgeno impact origin of thisasnomaloustructurewassuggestediikely

as this predatethe understanding that impacts are a geological process on the
ear t h o sAssuwlnd fartherinvestigations werearried out Attention to

the structure was delayed for motiegan half a centuryntil the distinctive
structures in the shallow siduface were noticed during the detailed nsarface
mapping withgeophysicalvell logsin 2010[Glombick 201Q. In this area, more
than 2000 wells have been drilled since 192iue to the highproductionof the

underlying hydrocarbon reservois. This further gives the possibility of



conducing a geologicreconnaissanceith well log data Other techniquessuch
as seismic reflection and rattion are appliedto characterizehe structureas
well. Figure 2.2 shows the regional map covering the Bow City structheg
exhibits the locations of wells, seismic survegsidrefraction profile Currently,
five individual seismicsurveyshave beerobtainedthat are closdy positioned
acrossthe estimated structureb addition velocity tomography modeling has
beencarried outon Line 86251and a 3D structural model has bemeated to

describe the abnormstructural patterin the subsurface
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Figure 2.2 Regional map of the vicinity area of Bow City structure over NTS
Zones 8210782110. The geen colored area shows where the structure maps have
been generated with well logBhe yellow colored area representtierehorizon
maps have been prockd with seismic lines (black lige Red lines and gray
polygons designate roads and topographic contours, respe¢@ANVEC 2007
Figureis modified from Schmitt et al[2013]. The Hue star indicates the location

of the village of Bow Q.



2.2 Impact Geosciences

In the last fourdecades, 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 eartljFrench 199§. By utilizing a combination ofyeosciences
techniques including geophysical subsurface imaging, geologicdtuctural
mapping and geochemistranalysis increasing numbersf featues have been
characterized.In this section,backgroundinformation on impact studiesis
introduced, followed by generablescription ofthe formation and classification

of the impact craters.

2.2.1 Overview

Impact craters are formed by extraterresyialectilesthat are large enough (>20
m) to both survive enteringthe eartlis atmospherandretain sufficient speed to
impact the surfacewith sufficient kinetic energy. Such bodies appear to be
traveling at avelocity faster than 11 km/d-rench 199§, thustherapid release of
the velocity,pressure stress anaénergywould sgnificantly destroy the contact
surface.Under these extremsituatiors, theimpact and the target rocks are
vaporized melted, deformed, shattered, and excavatetbrtm the eventually

unique impacstructures

Extraterrestrial impactbave been accounted by scientists asgaificant factor
affecting the Earth's surface, cryusand geologicakhistory in recentdecades
[French 1998 French and Koeberl201Q. Indeed,this processs a ubiquitous
geologicactivity thatshapedhe surfacesf all the planetary object€Generally, a
circular morphology on the targesurfaceis presentedt first This bowlshape
cavity might collapseand modify into complex structure if tisgze issufficiently
large enough However, it is important to netthat other endogenous geologic

processes includingarthquakesdissolution of salt or carbonates, volcanic



explosionscan also result in similar circular structure§hus, t is difficult to

confirm the impact origin based on tlseructuresmorphology alone without

considering the regional geological histamyd in particular, finding evidence for
shockmetamaphism* [French 1998 French and Koeber201Q. Table 2.1lists

the distinctivestages of the shiaanetamorphism in terms of the pressure change.

Table 2.1 Classifications of the shewaletamorphic stages of the nonporous

crystalline rocksTable is modified fronfrrench[1998].

Approximate Shock
Pressure (6a)

Effects

<2 Fracturing and brecciation (no unique shg
features)

> 2 to <B0?* Shatter coes.

>8 to <25 Microscopic plaar deformation features (PDFs)
minerals, particularly feldspar and quartz

>25 to <40 Metamorphism of specific minerals tdiaplectic
glassesaccompanied with development of the hig
pressure mineral polymorpkiso melting)

>35 to <60 Individual partial melting, especially ieldspars.

>60 to <100 Complete melting of the entire minerals ang
superheated rock melt formed.

>100 Full vaporization of all the minerals. No ro

preserved.

*French (1998)

(?) = uncertain

Although the impact event and the endogenous earthbound procslsass

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

differentiate these two events. Tlspecial characteristics ofin impactevent

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

temperatur@and highstrain(e.g.,the maximum pressui@anreach tal00 GPaor

! Shock metamorphism is metamorphism of rocks and minerals due to the high heat and
pressures resulted from the shock wave comjmessd decompression. Diagnostic deformations

can be obtained such as planer deformation features and shatter cones



more, which is well above the pressures attained by even the most devastating
earthbound geological procesges. volcanic explosiongjanrot suchattain such
pressures)Boslough 199Q; (2) the instantaneous natwgthe deformatiorfe.g.,

a km-diameter crater forms in a few seconds and evkmge crater having a
200-km diameter forms in less than 10 mieg; (3) the concentrated energg/
releagd at a single point(4) the unique shoeletamorphic structures (e.g., the
transient shockvaves restulin the special deformations the targetrocks and
mineral grains wheréhey pass throughThese shocked deformed roakslude
shatter conesplanar deformation feature$?DF9, and shock metamorpbm)
[French 1998 Osinskj 2004.

Currently,there aramorethan 185 impactcratersformally accepted on the earth
(Earth Impact Data Base maintained at the University of New BrundBiotay
and Elliot 2013) and numerougossible impact craterbave beendetected
recently by the geophysicadolsincluding airborne, spaceborne, seismic imaging
and gravity, magnetic surveyinfPilkington and Grieve 1992 Stewart 2003
2017). Most of the impact structurdsrmed over the Istory of the Earttihave not
been found. For example¢c@rding to the cratering statistjdsis expected that
about 500 impact crateedonegreater than 1 km in diameter within théesern
Cana@ Sedimentary Basinj/CSB) formedduring the past 60Ma [Mazur et al,
20040.

It is likely that most of the impacitructurs are still buried underneatind
remainto be discoveredStewart 201]. Due to the availability of the high
resolution seismic data in Alberta, mgpessibleimpact structures have been
found to be deeply buried by the sedimentary depoditswever,confirming the
existence of appropriateshockedgeologicalmaterialsis one of the keyeatures
need to confirnthe impact nature of these newly discovered struct&ieslar to

such potential impdccraters, Bow City structure is awaiting for the conclusive

10



indicators (e.g.shockedmetamorphism andhattercones) todefinitively prove

its impact genesis.

2.2.2Formation of Impact Crater

Prior to conducting the detailed examination of the Bow €litycture, a general
introduction ofcurrent impactatering physiss necessaryBasedon thevariation

of theimpactmechanismthe development of a complex craterseparatednto
three differenttemporal regimes[Ahrens and O'Keefel987 French 1999,
though the propagation of the shock wagecontinuous and many of these stages
are taking placing at the same tifieégure 2.3). The three regimes are described

respectively as followed:

i) Contact/Compression Stagminitial stagetakes placémmediatelyasthe
high-velocity projectilemakes coract withthe target surfac&hortly after,
a cavity about 1 or 2 timed its diameter is formed on the solid striking
surface.With the kinetic energytransmittinginto the targt rocks,the
energy releases rapidly as the wave frerpands radiallythrough a
growing hemispherical volume Additional heating, melting and
deformationsof the target material attenuatee shock frontAs a result
thepeak pressure of the shock walreps significantlywith distancerom
the impact point andonsequentlyhe shock damage varieat the contact
point, a shock pressure higher than 1@a&ads to the completanelting
or vaporization of the surrounding target roeksd projectiles. Moving
outwards shock pressusebetween 10- 50 GPa still remain for many
kilometers andhe correspondingistinctive shock metamorphic features
are generated within this rangd¢French 199§. With continued
propagation conventiona elastic waves or seismic waves h- 2 GPa
dominate the zonén which no distinctive damageccurs exceptthe
process ofracturing and brecciatinvVhen theshock waves that reflected

11



ii)

back from the projectile/target surface reaitte wave front of the
projectile,it is considered to bthe end of the contact/compression stage

Thetotal duration of thigperiod is usually less than a second.

Excavation Stage: h this relativéy longer period a transientcavity is
createdon thetarget surfacand the itense energis released from shock
waves and release wav@3e morphologyof this hemisphericatavity is
recognized as critical element ircharacterizinghe impact crateas it
defines theoriginal diameter of the impact cratand consequentlthe
energy of the impact event, the size amcbmingvelocity of the projectile,
the shape of the final crater and the distribution of the shock front
pressuresThe transient crater is distinguished the direction of the
excavation flowsthat include an ugper zone dominatetly the upward
and outward shock waseand a deeper zormeatedby tensional stresses
from the release wave3he bowishaped cratecontinues to growand
open up with the uplifted transit rim and downwards aexing depth.
This contines to themoment that the shock atlierelease energy are not
sufficient enough to tbplaceand eject the targebcks; at this point, the
excavation stage ceasasd the trarisnt craterreachests maximum size.
The depth of this structure is estimatiedbe one third of its final diameter
The transient crater ideweloped withinseveral minute$Melosh 1989.
Particular to our studythis relationship provides a useful information to
describe theBow City structuresince the structures highly eroded with

only deep roots remaing.

Modification Stage The development of this finaktage is mainly
dependent on the size of tiransientcrater and the material of the target
rocks[Melosh 1989. The crater isnodified by thenormalelasticwaves
and is gradually shap# by the gravity and cowentional rock strength.

Indeed there is no clear end of thisage and théinal impact structure is

12



classified as simple crater, complex crater and minlgj basinaccording

to the different morphologies
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Figure2.3 A schematic image shows the formatof a complex impact crater on

earth Figure fromFrench[1998].
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2.2.3 Classification of Impact Crater

Impact cratersare dassifiad as simple or complex based on the size and
morphology A simple crate(Figure 2.4) is lessthan a few kilometerside and
displaysan elegant bowshaped concaveavity that is similar to the transient
cavity. Slightly modified by the steep wall collapsing and rim ejecta refillihg,
initial transit crateris well preserved in the modification stage. Tfiding
materals, officially named asreccia,are comprised olumerousrocks masss
both shocked and unshocked rock pieces and impactinmgded, the diameter of
the final craterfO) might be 20% bigger than the origirtahnsient craterwhile
its apparentdept (Q ) might be 50% shallowethan the true depthQ)). The

depth to diameter rati€)j ‘O) for simple impact is usually between 1:7 and 1:5.

As the size of the impact craters increases a more complisateture calleda
complexcrater is formed A complex crater is significantly alteratiiring the
modification stage (Figure 2.5). This complex structure is characterizby a
central uplifed peaka subhorizontalannularterrace and an inward collapsing
rim. However, theapparent vdical depth (Q ) of the final complex craterss
much shallower than those sifnple cratersindeed, the depth to diameté& | ‘O)
ratio for a complex crater is usually between 1:10 and N@h increasing
diameterof the structure, the single central paaight transitioninto multi-ring
peaks.For structures on thEarth, the limit of the diameter between simple and
complex craters isaken to beabout 2 km irsedimentaryand4 km in crystalline
rock masss, respectivelyt is necessary to point outdtthis transitionboundary
varies evidently fronplanet to planesincethe gravitationalaccelerationn the

host planehasa major influence on the formation of the crater.
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Figure 2.4 Examples of a) a simple cratarmoon: Moltke Crater, ~7 kiffrom
[French 199§, figure 3.7; b) a simple crater on earth in Arizona: Barringer
Crater, ~1.2 km (fronfrrench[199§, Photograph by David Roddy, UnitéStates
Geological Survely c) schematic section of a simpterrestrialimpact structurg
<2-4 km (from French[1998]).
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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) adifferentview of thecomplex crater on
the Mars (Viking Orbiter image 003A07, fronfFrench [1998).; ¢) schematic

section of a&omplexterritorial impact structurenfodified from French[1998]).
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One of the mostdistinctive features observed in a complex craterthe
appearance of theentral upliftedarea A converging material trajectory field is
created by the inward and upwanoving materialgMilton et al, 1996 Wilshire
and Howard,1969 in the later stages of the modification peridthese large
reboundhg surface movementare takingplace in the center of the structure as
theouterrim is collapsng downward and inwato fill the crater. As a resulthe
crater islikely to have a biggesize with an obvious central highplift. The
relationshipbetweerthe centrataisel amountand the craterim-to-rim diameter

is approximatelyone over terbased on the detailed studytb& complex impact
craterd French,1999.

Moving outwards,an annularterracefilled by numerous impactites is observed.
As noked by Stffler and Grieve[1994,1996] impactites aredeformed target
rocks They can be separatedo three categoriesf i) shocked rocksj) impact
melt rocks andiii) impact brecciasThe impact melt material is richen the top
andthe center and mighteven cover the entire cratas a capBeneatlthis melt
sheet,the sinteredsuevite brecciawhich is strong enough to be used the
construction stoneare visible[Shoemaker and Chao, 1961The other area
between the central peak and the rirfilied with lithic breccia consistingf less

melted materials

In the outmostegion the fault-boundedtroughis producedwith the collapsing
rim wall. As described byOsinski andLee [2009, during ther geological
structual mappingof the Haughton impact crateg series okey featuresin the
fault system have been summarizbdt consist of iyadial and concentric faults
createdduring the early excavation stagg thereverse thrusting faults developed
during the late excavation stageii) the rosepetal faults withn the highly
disruped region generatedduring early modification stage an¥) the rollover

anticlineformedin the nodification stageKigure2.6).
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produced. b)Excavationstage, the transit crater keeps expanding and a central
uplift is created by the rebounded waves.Ecid excavation stage, the transit
cavity approaches its maximum while thentral uplift continues to raise up. d)
Modification stage, the central peak still keeps growing; the rim walls start
collapsing inwards alonthe faults; the radial transpression ridgaspearwith
significant displacements. eind modification stage, cémal peak collapses
outwards due to gravitational force, a complex faults pattern is produced by the
interaction collapsing inwards and outwasinski and Spraj2005].

2.3 GeophysicalStudy of Impact Structure s

An extraterrestrial inpacteventis a pro@ss occurring on the nesumrfaceof the
target aregthusover long time periodthe resuling cavity might besignificantly
eroded orerasedby filling with younger sedimentd o our knowledgeno large
impact evenhas occurrediuring the recordedhumanhistory. Moreover almost
onethird of the discovered impact crateps the earthare buried below the
surface As a result geophysical subsurface imaging and drilltaghniquelay

importantrolesin detecting impact structures.

Before presentingthe detailedimpact featuresliscovered fromthe Bow City
structure, it is necessaty describe the geajical and geophysical characteir
similar impact craters some of which are certainly confirmed by associated
observations of shock damages, a referer& The impact structures discusgsas
followed are primarily focumg on thecomplex craters found in the sedimentary
basirs which are analogous toNesern Canaé Sedimentary Basin/fCSB). In
addition, seismic imaging was utilized to identify structuratdiees in these
example cratersln these studies, a series distinctive features are exhibited
including circular morphologygcentral uplift, disruptive rock massesand a

faulted out rim
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2.3.1 Bosumtwi impact crater,West Africa

The Bosumtwi impact sucture is one of the youngestand bespreserved
complex craterslt is locatedat 6°30 N and 1°25 W in Ghana, West Africa. It has
a rimto-rim diameter of 10.5 km and was formed 1.07 Ma [@¢arp et al, 2003.
Due to its relative young age atite top water layefrom LakeBosumtwi,more
impactfeatures are preserveahd the central uplifis highly disinguishedunder
the layer of the postimpact sedimentsn seismic imageHigure 2.7. As such
geophysical tools are recognized as the best methods to delinedberigx
structure[Karp et al., 2002 Schmitt et al.2007.

In the seismic reflection study carried out Bgholz et al[2002], eight 2D
profiles from the multichannel seismic reflection (MCS) data weraployedto
imagethe subsurface structure. The representative profiigume 2.7(a)displays
two pronouncedcentral peakssitting below the postmpact lacustrine rocks.
Further structuralmapping of the geologic unitsbelow thebrecciatedayer in
figure 2.7(b) present arevident bowl-shapeé cavity with the central uplifted

region.

Another highly ecognized 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 zonke.refraction
study [Karp et al, 2003 conducted witlwide angle OceaBottom-Hydrophones
(OBHSs) were conductedto provide the velocity information of the estimated
central uplift andthe disturbed strata. An average velocity of 3Q@fi in the
brecciated rocks and 3@dfi in the fractured crater floawere obtained which
displayeda much lowervelocity responséhan thenormalspeedof 5 °Qdfi in the
unaffected rockgFigure 2.7(c)). Such velocity anomalies might be suggestof

a highly fractured regiomlue to the significant damage of the impact process.
Further insitu seismic examination in borehole {0BA [Schmitt et al. 2007
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yielded an agreementvith theseabnormalow velocities andhe obviousvelocity
variationover small confining pressurgsoved the highlyfracturedconditions in
the central uplift.

50

3

3

150

g

350

Depth below lake surface(m)
2

3

450

NW SE o

—____ Twater V,;=145kmls ______——

o
o
/

2 post-impact sediments V,=1.60 km/s 0.2

o
()

0.4

04

g
o

0.6

o
o)

0.8

_—
E
=
:
s =
-
7]
Q
X
8
3
i)
0]
o
£
-
a
]
(@]

-
o

0 1.0
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

Distance (km)

Figure2.7 Seismic study conducted near Lake Bosumtwi. a) 2D seismectieih
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gererated with the refraction data which exhibits the central abnormal velocity
structurelmage fromKarp et al[2002] andSchmitt et a[2007].

21



2.3.2Haughton Impact structure, Canada

The Haughton Impact cratesjtuatedin the western part of Devon Islamal
Canadian Arctic Archipelago, is about 20 km wfdem rim to rim[Osinski and
Lee 2003. Based on the exposd®hleozoiccarbonate rocks, the structure is
estimated tohave been created in theocene (~39 Ma)Numerousshocked
features detected on the outcropgprocks inclue shatter conedhe «istenceof
coesite(a high pressure form of quartzgnd diaplecticglass all of which are
definitively indicative of an impact origin[Robertson and Sweene}983. In
addition, geologic and geophysical studies reveal concentridikegtructure, a
pattern of complex faults, and impaotuced fractures in this structuférisch
and Thorsteinssqnl1978 Osinski et al. 2005 Robertson and Sweene}983
Singleton et a).2011.

It is important to review this structure becaushistinctive impact features
including the numerous faults and the highly damaged centraivaseexhibited
on a 10 km 2D seismic profihatcoveredthe western side of the structufiéis
surveywas conducted by the team from University of Saskatchewan indr8i88
careful examinations and interpretations were performed afterwaigisd€ 2.8).
On the stacked seismic imageseries ofriteriawere utilized in identifying thee
structuralfaults such aghe appearance of th&gnificant variatios in amplitude
the existence of discontinuous seismic reflectaaad the observabns of
diffraction patters and abnormal wavefHajnal et al, 198§. The disrupted
chaotic centralareaon the interpretedorofile is similar with the central peak
featureseenin the Bosumtwi CraterFurthermore, e extremevelocity contrast
found between theshallowstrataand thedeepercarbonatesre indicative of the
pronounced fracturingone induced bympactevent The wave speadf 3280
m/s and 378860 m/swere observed in the lacustrinsediments 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 seisnaiprofile 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 interpretseismic horizons. The discontinuous dash lines in the east end of the profile show the

disturbed features in the central cdreage fromHajnal et al[1988].
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2.3.3 Cloud Creek structure USA

The Cloud Creek impact structure is locaitedentral\Wyoming, USA. Therim-
to-rim diameter isestimatedo beabout7 km. Overlain by 1200 m sedimentary
rocks in Mesozoic, the crater has an approximate age between 2 Ma.
Indicated by the@bnormalcircular morphology and centredisedareadiscovered

on the seismic profiles, the impact origin of Cloud Creek structure was first
proposed by Dr. Stone in 199%tone 1999. Later discovery ofthe shock-
metamorphic features of tipganar deformations (PDFs) in theithsection of the
drilling cores conformed its impact origin[Stone and Theault, 2003. The
commonality of this impact crater to the Bow City structure is its similar size, the

pronounced erosion histqrgnd the analogous buried geological environment.

On the seismic profilea number oftructural elements are visible igtentify this
complex cratersuch as the central raisedne the faulted rim with anticlinal
horizon and the ringike trough [Stone and Therriault2003. However, the
relative coherent seismic events in tentralpeak ofthe Cloud Creek structure
reveala different responsecompared tdhe chaotic and disordered eventstire
Bosumtwi impact crater anithe Haughton impactrater This uniquenessnight
be suggestive dhe existence of theignificant erosionandthatwhat weobserve
now are the remaining root®f the impact structure In addition the Triassic
Jurassic TR-J) unconformitydisplayedon the boreholavell logsand theseverely
fractural zone below the unconformityprovide the evidence of erosion.
Furthermore based on the scaling relationship pointed out by Me[d&tlosh
1989, for a crater which is 7 km wide, the central peak is sspgdo be 700 m
instead othe currentlyobservedb20 m.This evident removal oéstimated200 m
strata might beanother hint of activeerosion events during the deposit

environments.
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2.3.4 Newporte Impact Crater USA

The Newporte impact structure is Idea in the North Dakotqustto the south of
the border between A and Canada. The structuise deeply buried under the
thick sedimentary strata (~3 km) the Williston basin ands recognized to have
an age betweethe Late Cambriarandthe Early Ordovcian (523 Ma- 478Ma)
[Clement and Mayhew1979 Forsman et al. 1996 Gerlach 1994. The
particularimportance of this simple impact structure (3.2 km wide) is that
economic hydrocarbon targets were preserweithin the crater of the

Precambrian basement

The distinctivefeatures of this impact cratereve first noticed duringpetroleum
explorationin 1979 [Clement and Mayhewl979. The impact nature was not
confirmeduntil the detection of the microscopic shock metarhmrgeaturesn
1995[Koeberl and Reimold199]. Based on the geophysical evidericen the
seisnic, welllog and core data, the impact origin of the structure has been further
reinforced byForsman et al[1996]. Due to theunavailabilityof the seismic data,
only the contour map showing besthape cavity and uplét rims are shownin
Figure 29.
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Figure 2.9 Structure maps generated from theeipteted basement hoon in
Newporte Crater. The evident concave shape and uplifted rinviaitde. A

vertical exaggeration of 2.5 was utilizdthage fromForsman et a[1996].
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2.3.5 Red Wing CreekUSA

The Red Wing Creek impact structure, located in North Dakistanotlrer
confirmedpetroleum producingmpact craters within the Williston bagjBarton
et al, 2009 Koeberl et al. 1996, Sawatzky1975 1977. This complexcrateris
buried under 2 knof sedimentaryrocks and the rimto-rim diameter is about 9
km. The abnormalstructual patternsvisible on the seismic profike motivated
Shell Ltd. to drill the first of two wells in the 1960s[Barton et al, 2009.
Although these two wells were not pradif the detection of the unexpected thick
units of Mississippian and Pennsylvanidormation on the coresamplesled to
another drillingtest in 1972that found a highly productive870 m thick oil
column [Barton et al, 2009 Brenan et al. 1973. Facilitated by thedetailed
mapping with the modern 3D seismic dataset acquire2001, 26 wells have
been drilledin the central peak and 2# which continue producingThis impact
crater is recognized as one of the most prolific impact structuré§¥esern

Cana@ Sedimentary Basin\/CSB) with the hydrocarbon production

In 2010, Herber [2010] analyzedthe 3D seismiccubeand numerous struciair
featues similar to thoseobservedin the Haughton structurgOsinski and Lee
2009 were interpreted Figure 2.10 shows one of the representative 2D seismic
profiles extractedrom the 3D volumehatcros®sthe entire crater from north to
south. Outside the disrugat centralzone the areavas severely faulted and the
nonsymmetrical radially faulted patterns were displayidd deeper strata above
the Bakken unibn the northern secticaremostly normal faulted, in contrast, the
thrustingfaults paterrms are seenon the southern sidé/ore complex structure
patterns are visible in the severely damaged central. padther interesting
structure noted biderber[2010] is that the significant upli&d unit in the central
raised area might be an artifamtt h e s e i s mwhich résplafiorh theu p 6

central velocityhigh.
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Figure2.10 2D seismic imagacrosshe entire impact crater from south to north.
Numbers represent the different zones including 1) ourteR)y annular trough 3a)
lower thrust zone 3b) upper thrust zone 4) central core 5) craterRFigarefrom
Herber[2010].

2.3.6 Viewfield Impact structure, Canada

The Viewfield crater is a simplémpact structure witha diameterof 2.5 kmin
southeastSaskatchewagnand isrecognizedto have develogd during Jurasic
Triassic time (~200 Ma)Grieve et al. 1998 Sawatzky1972 1977. The impact
origin was first proposed by Sawatziggawatzky 1973 due to the deiction of
the bowlshape cavity anthe outrim in hydrocarbon exploratiort wasproved
by the shock metamorphism observed in the drilling ¢Gréeve et al. 199§. In
theanticlinal structure rim, the petroliferoldississippiancarbonate brecciamid
the Watrous Red strata and thelmlaring Griffin beds below the unconformity
were discwered [Donofrio, 198]. This dscovery further indicates thanpact

crates could be a good place fagdrocarborstorage.
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Although the structure isrelativdy small, a complex history including the
hypervelocity impact event and the subsequent dissolution was pointed out by
Sawadzky [1972] The seismic profilein figure 2.1 shows the interpreted
horizons in Jurassiand Triassicperiod Compared withthe flat Second White
Speckled Shale and thep Blairmore horizons, significant cavity structure could

be seen from the lowemiis [Sawatzky1977 Westbroek and Stewat994. An

infill of the basalJurassichorizon might also bénterpreted which is ascribed

from postimpact salt collapse and sahn.
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Figure2.11 2D seismic section over the Viewfield impact structure representing
the displaced subsurface horizons, Jurfdi¢gR), Missiipion (MISS) andBirdbear
(BIRD). Image fromSawtazky1972].
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2.3.7 Elbow Canada

The Elbow complex structurés centeedat 106 AMIE®ABM 6N in west
SaskatchewanThe rimto-rim diameter is approximately 8 km with a central

uplift surrounded byan annular depression dhe seismic profiledGrieve et al,

1998 Sawatzky1977. These structat anomalies were first noticed tyeMille

[1960] from the seismic images, and the impact origin was not emphasized until
1998when the PDFs were detected in the well cuttingswever,only limited

materialsare currently available tiscusstheimpact origin of the structure.

2.3.8Maple Creek (White Valley), Canada

The Maple Creek structure, also known #®e White Valley structure, is

di scovered in the Cypress Hills region of
109 A0 6 6 \&hnormallobteroped titing strata[Whitaker 197§ and the

repeated section of Eastend and Bearpaw formafest et al. 1999 inspired a

detailed field reconnaissance and seismic examination in [\@@8tbroek and

Stewart 1994. Numerous impact features were exhibited in this kin wide

complex structures and an age of 60 Ma was estimptéestbroek 1997

Westbroek and Stewaril99§. Figure 2.12 describesthe significant features

including a 620 m central uplifgnnular trough and faulted rifhhe discovery of

PDFs in the weltuttings confirmed itsimpact origin[Grieve et al. 1999.
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Figure 2.2 Uninterpreted(top) and interpreted (bottom) seismic profiles showing the distinctive impact features.
Raised central peak, faulted out rim and +likg trough can be characterized in the disturbed seismic horiltoages
from Westbroek and Stew§t996].
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2.3.9 Jams River, Canada

The James River impact structure, located in the southeast Alberta plain, is a
deeply buried circular structure with a rbmrim diameter of 4.8 km. The
complex structural features observed on the 3D seismicsdatahich included
theraised centrapeak, annular synforms and rim faulted strétave been well
studiedby Isaacand Stewar{1993. Beneath the 4500 m thick strata, the top of
the anomaly structuneas detected on top of the Cambrian units and the structure
is estimated to fon betweenthe Late Cambrianand Middle Devonian time.
Figure 2.B shows the synclinal features and a raised zone that perfinens
apparent erosioHiowever, due to the dedyrid and lack of economic potentja

no well hasyet penetratedhe target layeandas suchthereare no materials that
could provide evidence of shock metamorphi3imus, the impact essence of this
potential impact structure is still waiting to be confirmed.
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Figure 2.B 2D seismic profile intercepted the James River structlisplaying
almostsymmetric synclines surround the eroded central .pma&ge fromlsaac
and Stewar{1993].



2.3.10. Eagle Butte Canada

The Eagle Butte impact structure is located in southern Alberta with a ~15 km
diameter of thesircular outline. The mknown fauling pattern on the suréa was
first noticed byHaites and VarHees[1962] and the impact origin waenly
confirmed recently by the discovery of shatteonesnear the central uplift
[Hanova et al. 2003. Of all the impact structures found within the Western
Canada Sedimentary Bas{iVCSB), the Eagle Butte crater is one of the best
studied with a combinationf information from outcrop exposure, 2D and 3D
seismic inaging and well log mappingHanova et al. 2005 Sawatzky 1974.

On therepresentative seismic ima@eigure 2.14), significant impact features are
displayed includinga central raised corea severely faulted annular syncline,
listric normal fault§, and structural thinning and thickening. Based the
displacemerstof atarget bed irthe Cretaceous, the structure is estimatetawee

formedbetweernthe Cretaceous anithe Lower Tertiary.

Figure2.14 2D seismic profile across Eagle Butte crater showing a central raised
area, disturbed horizongith apparent displacements and multiple faults pattern

Image fromHanova[2005].

2 Listric faults: can be defined as herormal faults with a concave upwards fault surfaach
faults usually develom extensional regimes.
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2.4 Conclusion

It has beemwidely acknowledged that the extraterrestrial impact evanastill an
ongoing process anglay an important role in shaping tHearthd ssurface.
Following this tradition,the Bow City structure, a potential impact crater, was
discoveredand charactered by a series ofjeologic andyeophysical techniques.
In this chapter, etailed background informatn was describetb build a basis for
conducing the geosciencesharacterizationn the followed chapterdBeginning
with the presentation of the stu@dyea and dataset,raoverview of the impact
geosciencemcluding the mechansg; formation and classificatioof the impacts
were present This introduction provides the essential ideas to initiate the impact
studies with geophysical seismic subsurface imggand geologic mapping.
Further, 10 confirmed and possiblempact cratersdevelopedin analogous
Wesern CanadaSedimentary Basin WCSB) were reviewed, particularly

focusing on the application of the geophysical seismic techniques.
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Chapter 3 GeologicalFramework

This chapter describes the geological setting of the Bow City study area. Th
review begins with a brief introduction of the regional geology followed by
detailed description dhebedrock stratigraphy witmostfocus onthe Cretaceous
strata that is significantly deformed by the impact. The relationships to the
geophysicalwell logs will be explainedas well Furthermore, arly recorded
bedrock mapping anéleld observatios will be presented to better image the
structure.This geolog study provides the necessary background to understand

the structurés origin and correlate witthe geophysical seismic study.
3.1 Regional Geological Setting

The Bow City structure is centered at 50.4%N 111.99W in southern Alberta
(Figure 3.1). The regionbPhanerozoic structuris controlled by the Bow Island
Arch (BIA). The BIA is a broad Paleocene flexure that extends reaitward
and joins the northern part of the northwé&sinding Sweetgrass Arch at the
Kevin-Sunburst domgWright et al, 1994. It acts as a saddle betweerthe
Albertaandthe Williston basirs, which togethercomprise thesouthern area of the
Wesern Cana@ Sedimentary Basin (WCSHWilliams and Burk 1964. The
study area is situated in the northwest flank ofBhe

According to the redtiof bedrock mapping, the underlying strata gertigs
towardthe northwest (022towards 316). Due to the erosion arglaciation ofthe
surface,there is little topograpb character visible othe map generated with
LIDAR data (Figure3.2).
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Figure 3.1 Regionalgeology of Alberta. The study area is marked by a red star.
Figure was modified fromhe Alberta Geological Survey (AGS) website with

authorization under Ne@ommercial Reproduction policy of AGS.
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Figure 3.2 Topograpb LIDAR map displayinghe estimated outline of Bow City
structure (highlighted by ashedline) and the structure measurements from
outcrop.Donated legacyesmic lines are shown by the solid black lingse
blue lines represent the ndvigh resolutionssurveys conducted in 203 by the
University of Alberta Coordinates are in UTM N2 NAD 83 Modified from
Glombick et a[2014].

The Alberta basin is northwestrending trough in front of the Cordilleran Fold
and Thrust BeltThis basin extendsastward to the Canadian Shiflright et al,
1994. Two major positive subsurface topographianomalies which can be
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observed in the Phanerozoic wedge the Peace River ArciPRA) and the
aforementionedIA (Figure3.1)[Kent 1987 Wright et al, 1994.

The PRA is an eastortheasterly trending uplift in northwestern Alberta and
northeastern British Columbi#.transformed from an arch in the Early Paleozoic,
to a basin in late Paleozoic and Mesozoic, and at present agitsubtle arch
[Podruskj 198§. The significantly disturbed Phanerozoic strata indicates the

intense tectonic activities during these transitidd'Connel| 1994.

In the southern Alberta plains, the stabplatform changedinto a lowland
foreland basirdue to sudden subsidence in the Triassic and the Jurassic. Later
orogenyevents moved the peripheral bulge eastward with periodically arrested by
overlying anomaly structureg/hich might, in part, compristhe Bow Island Arch
(BIA) [Wright et al, 1994. The BIA, which is recognized as the eastern bulge of
the foreland basinis a subtle, mildly positive structural elementbdéicame more

well developedn postJuassictimesandwas not a positive structure until the
LaramieOrogeny| Christopher 1984 Kent, 1987 Wright et al, 1994 Wu, 1991.

The only feature thateveat the ancestry of thearch isthe contour map of
Jurassicstrata Later, diring the Cretaceoughere s little evidence of obvious
tectonic eventsthere is no major deposition, erosional thinning, or erosional
thickening of the Cretaceous sedimerji8odruskj 198§. The sediments were
eroded and deposited under pbatamide Orogeny and Tertiary tectonic
relaxation during the late Cretaceous and Tertigfustin 1992 Nurkowskj
1984. In the Late Tertiary (~52 Ma), the thick sedimentary seqiseneere
eroded as a result die regional teamnic uplift and isotactic rebour{@awson et

al., 1994.
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3.2 Bedrock Deposition

Thesedimentsn southern Alberta plaiare capped witiCretaceous period (~ 110
Ma) silicilastics and underlain by the thiskata from the Paleozo{€igure 3.3).
On the surface of the study aigagure 3.4)a thin Quaternary glacial drift covers
most of theareawith slightly higher elevations towards the east side.

Based on the differerithologies, the underlyingtrat in Cretaceouperiod are
subdivided into seven group®n the bottom of the Cretaceous strata, the
Mannville sandstondies on the unconformity of the Paleozoic carbonates (~
245Ma) resulting from the high erosion inthe Late Cretaceou€enozoic
LaramideOrogeny. The overlying stratigraphic intervals within Upper Cretaceous
includethe Colorado Grougshale,the Milk River sandstonethe Pakowkishale,
and the Belly River Group sandstone (Figure 3.5). The youngest rocks
outcroppingcollectedwithin the stuly structure are fronthe Horseshoe Canyon
Formation deposited during the Late Campairiiai@3 Ma).Of particular interest

to this studythe stratigraphic interval of interest is boundethatbottom by the
strata ofthe Early CretaceousMannville Groupand at the topby the Late
Cretaceosd Horseshe Canyon FormationMilk River sandstonés recognized as
the deepest layer thaignificantly disturbed byany hypothesizedmpact eventt
least to the extent that can detectedd in the seismic images.
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Figure 3.3Bedrockgeology ofthe Bow City areaCoordinatesaregiven inATS
andlat/long coordinatesrigure was reprinted with authorization under the Non
Commercial Reproduction policy tdie AGS.
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Figure 3.4Surface topography ahe Bow City area.Coordinatesare given in
UTM Zone 12N NAD83 data provided by the Centre for Topographic
Information).
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3.2.1Mannville Group

At the bottom of the Cretaceous bedrocks, the northwestwards dipping clastic
layer ofthe Mannville Groupliesimmediately on the Paleozoic carbonaf€ant

and Stockmal1989 Smith 1994. An unconformity surfacéruncating tle strata

from lowermost Cretaceous to Paleozoias developediue to the erosion from

the major drop of sea level the Jurassiavhich results in the loss of 140 Maf
strata[Smith 1994. The Mannville Group is the oldest basude Cretaceous
rock and the stratare complex and heterogeneous across the WCSB. Based
the lithology variations, it is divided into lowend upper group. The lower
groupis a thin andsandstone&lominated layethatis rich in quartz and cherts,
whereas the upper intervabntains more volcanic and feldspathimaterials
[Christopher 1974 Glaister, 1959 Mellon, 1967 Williams 1963. In southern
Alberta the lower Mannvillestrataare generally continental and dated to be of
Aptian age (~ 125 Ma). The depositional environment was strongly influenced by
huge valley systems and Cordillergattonic activitiesduring late Aptian time
[Christopher 1984 Smith 1994. The rock is rich with quartz and cherts and
does not contain mucigneous detritusindicating Cordillean source rocks
[Hayes et al. 1994. The Glauconitic sandstorfermationlies on the bottom of
Upper Mannville strata and records the maximum transgressionthef
Moosebar/Clearwater Sgethis layer is capped with fluvial anestuarine facies
[Farshori, 1983 Hopkins 1987 Hopkins et al. 1983. The overlying sediments

in theUpper Mannville Group are complex and heterogeneous due to the unstable
depositional environment including tidal reworking undulations, valleisiors,

and Cordilleran tectonic events during the Albian time (~ 113 [Mayes et al.

1994 Wood and Hopkinsl989.
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3.2.2Colorado Group

During Middle to Late Albian timg100-107 Ma), the shalyColorado units
started deposition on the top of the sandy Mannville r¢&ksith 1994. This
interval is dominated by marine mudstone interspersed with thin sandstone and
conglomerate$Leckie et al. 1994. As mentioned by Podruski988] and Porter
[1992], it is one of the richéstrata and contains nearly 14 percent of the total
western Canada hydrocarbon reserddse Colorado Group is divided into upper
and lower subgroups that are separated by the orgahi€ish Scale Formation
[Rudkin 1964. The basal Coloradanit is a thin shedike sandstone layer
overlying the nommarine Mannville GroudBanerjee 1989. The upper units
within Lower Colorado Group are composed of the sandy Bow Island Formation
and the shaly Westgate Formatifdreckie 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 peasdal from

the global sedevel drop whichled to the coarse clastic wedges of Cardium and
Medicine Hat sandstones thagttled on the thickupper group marine shale
[Leckie et &, 1994.

3.2.3Milk River Formation

The early Campanian Milk River Formationagypicalsandy clastic sediment in
southern Albertg Dawson et al. 1994. It is considered to represent the first
significant marine regression in tlaetive marine environments during the Late
CretaceougPayenberg et al.200]. On the sonic and resistivity well logs, it
shows an obvious shouldike transition and has been applied as a major marker
to identify the stratigraphic sequence bounddugckie et al. 1994. In southern
Alberta, the Milk River Formatin is exposed along Milk River due to t@sion

dominatedin Quaternary period, and it mainly consists of medium grained
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sandstonesiterbedded with siltstones the Virgelle andAlderson Members. As

documented bycNeil and Caldwel[1981], there are early 150 billion ni of
recoverabl e gas r eser vewhich farmedflom lat2 Mi | Kk Ri v ¢
Santonian to early Campanigibweet and Braman199(Q. Following the

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

the capping strata on the surface angduilted in a baskwide unconformity
contact[Rosenthal and Walkerl987. This unconformity is characterized by
chertpebblesthat separatethe Milk River stratafrom the overlying Pakowki

marine shal¢Braman and Hills 199Q.

3.2.4Pakowki Formation

The Pakowki Formation ia thin marine shaly layesverlying the sandy Milk
River formation. This finesediment indicates a distinctive marine transgression in
the Late Campaniari~75 Ma)[Dawson et al. 1994. It mainly consists of dark
gray to brown mudstone and siltstone, and the base contact is an umitnfo
with chert and pebble lgdrosenthal et al.1984. During the Campanian period
(~ 83Ma), the transgression of the PakoB&a and the uplift of the Bow Island
Arch were the major evesitthat affecd the local depositionAs a result, the
layer was thicker eastwards with a gradational top attachedthatBelly River
interval. The time of this period was proved to be sheed in southern Alberta
and isassociated with the rapid falf thesealevel [Dawson et a].1994.

3.2.5Belly River Group

Above the marinehalylayer ofthe Pakowki Formation, the coarsenictastics
of the Belly River wedge deposited in a continental enviroirdaring the Late
CampaniarjDawson et al.1994 McLean 1977. Sedimentswhich mainly have
a fluvial origin, consisof light gray to buff, mediumto fine- grained sandstone

and siltstongJerzykiewicz 1989. In most area of sauthern Alberta, the Belly

43



River Group is comprised of three uniigom oldest to youngest, these &ne

Foremost, Oldmarand Dinosaur Parkormationg Koster, 1984.

The Foremost Formation is thewestinterval deposited under the transitional
environmem from coastal to shallownarine. The lower contact is characterized
as the boundary of the first coarsenuqpvard cycle which is made up tfe
incised valley deposifDawson et a].1994 McLean 197]. The overlying strata
in the Foremost Formation contain a series of marine samestmudstones, and
siltstones;two thin coal beds are recognized boundng its top and bottom

surfaces. These are named the Taber and the McKayaued, respectively.

Above the ForemosEormation, an interval comprising 0si | t st one

sandstone unit is recogeid asthe Oldman Formation The t op of t hi

unitdé is considered as the regional
Dinosaur Park Formation from the Oldman Formatiomhich primarily
comprised ofpalecolored, thin noncalcareous mudstoard fine sandstone
[Glombick 201Q Hamblin 1997. On the top othe Belly River Group, another
thin coal seantalled the Lethbridgeoal zoneis found in the Dinosaur Park
Formation. An interbeded bentonite and carbonaceous mudstone is locally
observed wherehe coal bed is abserftGlombick 201Q Russell and Landes
1944Q.

3.2.6Bearpaw Formation

During the latest Campanian tinge72 Ma), the fineggrained Bearpaw Formation

was deposited over the coaigmined 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 lbbdrtpebble conglomeratef
around 13 m thicknesscan be observed between the Beargasmation and
underlying Lethbridge coal bed§lombick 201Q Russell and Landesl94Q.
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The Bearpaw Formation is mainly comprised of laminated shale and siltstone,
with some sandstone beds and claysfatehib, 1981 Macdonald et al. 1987.

The BearpawBelly River contact is sharp and notalihence it provides a good
stratigraphic marker due to the apparent transitiom heterogeneous rocks to

homogeneos sequence.

3.2.7Horseshoe Canyon Formation

The Horseshoe Canyon Formation is the youngest outcropping bedrock within the
study aregGlombick 201Q. It settled on the top of the Bearpaw shale during the
drop of the sedevel and mainly consists of interbdeld sandstone, siltste, and
mudstone with extremely rich coal bd@awson 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, INWCSB, significant erosion removed massive
strata of Upper Cretacesous to lowerdeBeene sedimentsdue to the end of
thrusting in the thrusfold belt in the Early Eocene (~47 M&6 Ma)[Glombick

et al, 2014. According to the diagnostic moisture feature of the coal beds,
Nurkowski[1984 suggesed that around 9001900 mof overlying sedimentary
rock has been removetlie topostorognic uplift and erosion. He also pointed out
that almost 1500 nof sedimentary strathave been eroded near Bow City. In
addition, more evidence of the substantial erosion was observed on the
stratigraphic section bingland and Bustifil98q. They deducted aerosion of
14501500 m overburdeias occurred since Oligocene tim(e 28 Ma). Later
studies carried out on authigenic claydicatedan erosion of 1500 m of the strata

in Upper Cretaceous and Paleocffeidir and Catuneanu2009.
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3.2.9 Bedrock Signature on Geophysical Logs

In the vicinity of the stdy area, more than 1000 wells were examinedhby
Glombick [2010 and significant stratigraphic intervals were divided for
geological mappingGlombick 201Q. As such, twarepresentative wells (00/08
28-017-18W4/0 and 00/220-017-18W4/0 shown inFigures 3.6 and 3)7are
selected to display the log signatures of the stratigraphits. Wellbore 00/08
28-017-18W4/0 was drilled vertically from 831.5m above sezlda.s.l) datum

to a total depth of 633.5 i 2001 It shows the information from the Bearpaw
Formation in Late Cretaceous to the Medidieg sandstone in Early Cretaceous.
In this well, geophysical logsncluding natural gamma ray (GR), spontaneous
potential (SP), acoustic (DT) and density I¢B310) are obtained to identifyhe
different faciesBecausdt is not deep enough to penetrate the Colorado Group
strata, another wellis chosen to illustratehe lower strata from the Late
Cretaceoudo the Rileozoic Unconformity. Wellbor@0/2210-017-18W4/0 is a
vertical drilled gas well from 837.20m a.s.| datum337.80 m a.s.l. Due to the
sufficient geophysical logs data, accurate well tape identified with a
combination of natural gamma ray (GR), sfameous potential (SP), caliper
(CAL), density(RHO), acoustiqDT), and resistivity RES) The geological units
can be picked fronthe shallow coal layer in the Foremost stitatéhe bottonmof

the Paleozoic unconformity.

The boundary between the Bearp&armation and Belly River Group is the
uppermost visible stratigraphiaterfacein Wellbore 00/0828-017-18W4/0. In
general, the log responses of the heterogeneous Belly River sandstone succession
are more spiky anderrated than the overlying shagapaw units. An abrupt
transition from the mudstori&ch Bearpaw interval to the Lethbridge cdayer

lying onthe top of the Belly River Group is indicated by tbes densityand the

high apparentneutronporosity character. Thiecreasing gamma ray, resisty,

and sonic valuealsoexhibitthe response of this coal lay8eneath this coal bed,
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the underlying siltstone layer in tl@dmanFormation is markeanost obviously

by an increasedjamma ray respons@he following gamma ray decrease is
suggestiveof another sandstone unit in this ur@orrespondingly, the sonic log
values turnfrom high to low because @ high velocity signature in sandstone.
Marked by high neutron porosity and low density values, the Taber coal bed on
the top of the sandy Forerst Formationis observedA similar responsas seen

on the bottom of the Foremosbifation which is interpreted aheMcKay Coal

Formation

Below the sandy Foremost interval, a thmarine shaleunit of the Pakowki
Formationis easy to identify with a&ombination of gamma ray, spontaneous
potentia] and neutrofporosity logs. The correspondirfdggh gamma ray, flat
spontaneous potentjand high neutromorosity signatureare presentedsoing
deepera second clear increase in both the sonic andtikésidogs is detected
This abrupt changevhich showsas a shouldelike structureis considered to be

anapparentnarker of the Milk River sandstone layer.

Indicated by the high gamma ray response, transition from the Milk River
sandstone to théick marine shale ithe Colorado Group is easilgistinguished
Within this shale/mudstonrdominated Colorado unit, three sandstamiervals
could also be detected by the vargaanma ray, resistivifyand porosity logs. The
first marker near the top diie group is théedicine Hat Sandstone Formation. It
is a transition contact from shale to sandstoneswith alow gamma rayalue
and deflected spontaneous potential response. The next marker for the Second
White Speckled Shalé-ormation ischaracteded by high radioactivity and
hydrogen which isrepresented biligh gamma ray and high neutrporosity on
well logs. It is difficult to separatehis formationfrom the underlying Fish Scale
Zone, whereas the base of the Fish Scale Zone is @aditaied a by a sudden
drop in the gamma ray response. The underlying marine sandstone Bow

Island Formationis characterized by low but highly varying and heterogeneous
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gamma rayvalues. The spiky and deflected spontaneous potential cigve

suggestive ofhe andstonentervalas well.

Below the thick marine shalef the Colorado Groupdecreasing gamma ray,
deflected spontaneous potential, and increasing resistvéyseen on the log
curves. Theseontrastgeveal theappearancef the Mannville sandsthe. As this
interval is siting in the deep sedimentisat presentess damaged featuremnly
onemarker, the Gluconiticsandstongis interpretedrom itslow gamma ray, low
neutronporosity and high resistivity valueIhe base contact between Marllevi
sandstone and Paleozoic carboniferous is readily detected aidpyifecantdrop
in the spontaneous potential, the densityd the neutroporosity values.
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Figure 3.6 Geophysical well logs from well 00/28-017-18W4/0, showing
detailedshallow 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 gamiray (API), spontaneous potential (mv),
Caliper (inch), neutron porosit{f6, 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 formatipesergy 2011.
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Figure 3.7 Geophysical well logs from well 00/22-017-18W4/0, ®owing
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 gammay (API), spontaneous potential (mv), Caliper (inch),
neutron porosity (%, sandstone calibration), density(ggnsonic (us/m) and
resistivity. The last track in the right is the lithology of different units. Grey dotted
line marks the boundary between different formatidreergy 2011.
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3.3Early Mapping

To our knowlelge there has been little discussion of the special geological
features associated with tlB®w 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 iofmation worth mentioning.

Il n 1929, t wo exploration wells (Hudsonos

drilled near the exposed Belly River Group rocks within thereer the structure.
There is no mention of why these wells were drilled at that titvis.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
1 9 4 (Btewart[1942, 1943] reported thenamalous structuredetected during
surface bedrock mappiran the west bank of Bow River (Figure 3.8). This record

is considered to be that discoverytbe Bow City structurethat is the subject of

this thesisIn the report, Stewart wrote:

d hy$S 3 KRtdismappied on BoRiver near Eyremor@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
onlybedeterrh y SR F LILINPEA YLl (St & ¢

aX t20FG8R 2y | Fldf 6SR AYytASNI 2F (KS hitRYLYy ¥

Fo2dz2l I YAES (G2 GKS Sraid 2F GKS ¢Stttz akKz2g
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3.4 Structure mapping from wel log data

In order to extract more information tharacterizethe 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 wre obtained fromthe IHS AccupMa® database and the
geological well tops were marked using IHS RetrBased on the log signatures

of different formations as discuské the lastsection, most of theunits can be
identified confidently by a combination of the Gamma Ray, Spontaneous

Potential, Sonic, Density, Neutrguorosity andResistivitylogs.
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Figure 3.9 Location map of the wells utilized in this study. Cowtdis are in 12N

NADS83. 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 mapshow the topographic features of
nearsurface gedalgical units (Figure 3.10)Jndeed, it issuchdatathat shows us

the first clue hat identify this buried anomalous structure apatentialimpact
crater. Figure 3.10 shows the structure maps created from 10 distinctive
geological tops from the uppermdlly River Group (Dinosaur Park Formation)

to the deepest Paleozoic Unconformity. These maps are generateda with
convergent interpolation gridding algorithwhere the gridding cell size is 50m x
50m. Some attention should be made during the interpmetaince specific
geological mekers are missing in some weliecause of the disruptipand the
datadensityvaried 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 almostRatg layering.

The most obvious feature can be observed on the upperm@slifaRiver Tops

map, namelyi s t h-lei ldepfessian it displaysan odline with a semi
circular depression and ampgarent high uplift regionn the central coreThe
elevation difference between the highest point within the central peak to the
lowest point in the annulus region is almost 110Moving intothe deeper units,

t hi s-l Dk e a gsfstdl aeeruinm (b the Oldman and (c}he Foremostmaps

but it becomes less distinctive with a difference of 70m in elevation. Atdpth

of (e) the Mil k RilvVv&mradeshalmostigaheandéonly t he &6r i n
severalirregular high spotare visiblewith a maximum differenceof 40 m in
central uplift Instead,moving down to (fithe Colorado Group, the centredised
zonetransforms into a low depressed region aralearerregional trend dipping
westwards appeaexross the entire maphislow zoneis still well-defined inthe
deeper (gMedicine Hat sandstone interval, but gradually disappedheinower
Colorado unitof (h) the Bow Island and (i) the Mannville Graupn the bottom

()) Paleozoic Unconformity map, a flat and gently dipping surfaceés which

is expected as the normal geology featdrbis means that any deformations

associated with the structure could not be detected at this depth.
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Examnation ofthe thicknessmapsof geological formationsre also important
and necessary to bring mpore detailed structure features. Figure Zfhidwsthe
isopach maps of the selected geological intervals.(@nthe Dinosaur Park
Formation map, an apparent thickening zomeletected in the middle dhe
structure This interesting and complex featuwran also be observed on the map of
(b) the Oldman Formation andppears mostlearlyas aring-shape thinning on (c)
the Foremost Formation. However, it gradually decays going deapéronly the
central thickening area igresentat (d) the Milk River Formation. Much less
evidence for anydamagecan be observed from deeper isopach mmafe) the
First White Spectacled and (f) Mannville Groepceptfor localized thinning and
thickening spots.

T18 T17 T16 T18 T17 T16
e (b)Oldman
R17
(d)C-Marker
R17
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(e)Milk River f)Colorado Group

R17

Figure 3.10 Structure maps of geologicalpg in the Cretaceous peroid
procgessingfrom least shallow &) the Belly River Goup to deegst (j) the
Pakozoic. The black dotted curve is the estimated structure outrim and central

high regionfrom the elevation contradData are obtained from Dr. Gldmck.
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