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ABSTRACT
The Raven River Member of the Cardium Formation
(Turonian, Upper Cretaceous) in the Carrot Creek -- Cyn-Pem

area of Central Alberta, contains two coarsening upward

sequences of marine mudstones into sandstones, separated by
a gritty siderite. The gritty siderite 1is believed to
represent a pause in deposition in the basin. The

sandstones of the upper segquence contain hummocky cross
stratification suggesting deposition below fair weather wave

base in a storm-dominated setting. The +two sequences are

scoured to a variable depth by a major erosion surface with
a relative relief of about 20 m.

Structure maps and 3-D mesh diagrams suggest that the
erosion surface can be divided into four topographic areas:
a relatively high, flat TERRACE, a BEVEL where underlying
sediments are truncated, and an erosional remnant topography
of BUMPS and HOLLOWS, which gradually fades basinwards into
a relatively flat BASIN PLAIN. The erosion surface is
covered by conglomerates with localized thicknesses of up to
20 m. These conglomerates are assigned to the Carrot Creek
Member of the Cardium Formation. The thick conglomerates
occur in relatively elongate northwest-southeast trending
pools. They are overlain by the transgressive marine
mudstones of the Dismal Rat Member of the Cardium Formation.

At first sight the coarsening upward sequence capped by

conglomerates (Carrot Creek Member) appears to be similar to
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other coarsening upward sequences encased in marine
mudstones described from the Western Interior Seaway. These

deposits have "traditionally" been interpreted as "offshore

ridges", forming many tens of kilometres from the time
equivalent shoreline. The Carrot Creek conglomerates,
however, are separated from the Raven River Member

coarsening upward sequence by an erosion surface, and thus
are not genetically part of it. The erosion surface is
believed to have formed during a rapid relative lowering of
sea level. During maximum lowstand a new shoreface profile
(the bevel) was established in the basin. Also during this
lowstand, gravel was supplied to the shoreface by incised
rivers, and reworked along the shelf by marine processes.

Both upper and lower shoreface deposits can be recognized in

the conglomerate pools. Subsequent transgression reworked
gravel southwestwards across the terrace, while storms
transported gravel stringers northeastwards into the

transgressive muds accumulating in the hollows.

Similar erosion surfaces of this type have been
described from Alberta at the Cardium, Viking, and Badheart
horizons. The Gallup-Tocito Formation in New Mexico also
invoke a similar erosion surface. The presence of these
surfaces may be more widespread than presently documented.
The results of this thesis suggest that sea level changes
and shoreface incision should be considered as a possible

alternative for other 1long, narrow, "offshore ridges",
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particularly when the offshore deposits are coarser than the

proposed time equivalent shoreline deposits.
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REVISION OF CARDIUM STRATIGRAPHY

The stratigraphy used throughout the thesis is that of
Plint et al. (1986). Recent detailed correlation of
the upper markers revealed inconsistencies in the
identification of the E6/T6 and the E7/T7 horizons
(A.G. Plint, pers. comm. Jan., 1987). The corrections do
not affect any of the interpretations in the thesis, only
the names given to the upper markers. For reference the old
stratigraphy (Plint et al., 1986) is compared with the
revised stratigraphy (Plint et al., 1987) below for well

3-14-52-14. The changes shown are consistent throughout the

thesis.



3-14-52-14

ORIGINAL STRATIGRAPHY OF REVISED STRATIGRAPHY OF
PLINT ET AL., 1986 PLINT ET AL., 1987

ET/TT DATUM
o o
S 2

E6/T6 E7/T7

E6/T6
'W'/‘ ES/TS "A"/‘ ES/TS
IIBII IIBII

o o
0 - 0
~ &~

E4/T4
E3/T3

EI/TI

RESISTIVITY LOG RESISTIVITY LOG

vi



ACKNOWLEDGEMENTS

I would 1like to thank Dr. R.G. Walker. His continuous
support and encouragement over the last four years is
greatly appreciated. I would also like to thank
Dr. A.G. (Guy) Plint who taught all of us, what the effects
of varying sea level had on sedimentation. If it was not
for Guy, the Cardium might still be interpreted as a
turbidite deposit. To both Roger and Guy my heartfelt
thanks for you both taught me Sedimentology.

Home 0il Company provided technical support. Access to
well logs, maps, and computer analysis were necessary for
this study. I would particularly like to thank George Fong,

Gordon Stewart, ©Sid Leggett, and Hilary Stuart-Williams for

their time and assistance. Various other o0il companies
provided support for this thesis. Coenerco allowed me to
view confidential core within the study area. Canadian

Hunter paid for +the cutting of the conglomerate thin
sections. C.I.F.E. gave me the pressure and reservoir data
for the Carrot Creek -- Cyn-Pem 0Oil Fields.

All of the field work for +the thesis was done out of
the Energy Resources Conservation Board Core Research
Centre. I would like to thank Mr. Shephard and his staff
for making the three summers I spent in Calgary both

enjoyable and productive.

vii



During the +three years spent in the field wvarious
McMaster students provided field assistance. To these
students I express my thanks. I would like to thank my
friends at McMaster for numerous stimulating discussions,
as these discussions often generated new ideas. Jack
Whorwood provided photographic assistance. Anne-Marie Plint
shaded the 3-D mesh diagrams, and Jeremy Bartlett drew the
block diagram shown in Figure 8.9.

To my parents I would 1like to extend my gratitude.
They provided not only financial support, but continuous
encouragement during the last four years.

Finally I would like to acknowledge the support of the
Natural Sciences and Engineering Research Council.
Strategic and Operating Grants +to Dr. R.G. Walker and a

graduate scholarship to myself provided +the funding

necessary for this thesis.

viii



TABLE OF CONTENTS

PAGE NO.

INFORMATION PAGE -
ABSTRACT ii
REVISICON \%
ACKNOWLEDGEMENTS vii
LIST OF FIGURES xvi
LIST OF TABLES xxi
LIST OF FOLDOUTS xxii
CHAPTER 1: INTRODUCTION 1
1.1 Purpose of the introductory chapter 1

1.2 Purpose of this thesis i

1.3 Shelf Processes 4

A Geostrophic Flows 8

B Storm Waves L0 1

C Turbidity Currents 15

1.4 Shoreface Morphology 18

1.5 Linear Offshore Ridges 24

1.6 Sea Level Changes and Sedimentation 30

1.7 Scientific Contribution of this Thesis: 38

Preview of Results
1.8 Economic Justification 41

CHAPTER 2: REGIONAL CARDIUM 43

ix



- )

PART A:

CHAPTER 3:

Regional Stratigraphy

A. Correlation of Outcrop to Subsurface

B. Stratigraphy of the Cardium Formation

in Outcrop

C. Stratigraphy of the Cardium Formation

in Subsurface
History of Ideas on Cardium Depositional
History
Former Interpretations of Carrot Creek

Study Area

MORFPHOLOGY OF THE E5 SURFACE

FACIES DESCRIPTIONS AND FACIES SEQUENCES

Introduction

Facies Descriptions

Facies 1 -- Massive Dark Mudstones
Facies 2 -- Laminated Dark Mudstones
Facies 3 -- Dark Bioturbated Muddy Siltstones

Sub-Facies 3P

Facies 4 -- Pervasively Bioturbated Muddy
Siltstone

Sub-Facies 4P

Facies 5 -- Bioturbated Sandstone

Sub-Facies 5P

Facies 6 -- Speckled Gritty Mudstone

43
43
50

52

54

63
64

68
68
70
70
T2

72

75

78
80
80

83



L
Lo

I.4

CHAFTER 4=

Facies 7

- Mon-Biotuwrbated Sandstone

Gub-Facies 7A

Facies 8

- Conglomerate

Sub-Facies 8 G.58. - Gritty Siderite
General Facies BSeguence

Type 1

Type 2

Type 3

Nature of the Conglomerate Contact

Morphology of the ES Surface

Introduction

Correlations

Cross Section A

Cross Section E

Cross Section C

Cross Section D

Erosion

Surface

Mesh Diagrams of the ES swface

Relationship of the Conglomerates to

surface

Low water Member

Cross Bection A7

Cross Section CF

Formation of the ES Surface

A

E.

Fluvial Downcutting

Submarine Erosion

the ES

88

20

21

102

112

126

126

127

130

Py
n
[



C. Shoreface Erosion
4.8 Summary

PART B: GSEDIMENTOLOGY OF THE CARROT CREEK MEMBER

CHAPTER 5: INTRODUCTION TO GRAVELS
5.1 Introduction
5.2 Gravel Environments
A. Non-Marine Gravels
B. Deep Marine Conglomerates
B3 Wave-Dominated Nearshore Gravels
A Beach Gravels

B Shoreface Gravels

CHAPTER 6: FACIES DESCRIPTIONS AND FACIES SEQUENCES IN
THE CARROT CREEK MEMBER

6.1 Introduction
6.2 Descriptions
Sub-Facies 8A

Unit 8A:

Unit 8A2

Unit 8As
Sub-Facies 8B
Sub-Facies 8C

Unit 8C:

Unit 8C2

Unit 8Cs

X4,

157

158

162
162
164
165
167
168
169

175

180

180
181
185
185
187
189
191
193
183
193

196



6.3

CHAPTER 7:

S
S
S
S

3]
S
S

A.
B.

ub-Facies 8D
ub-Facies 8E
ub-Facies 8F
ub-Facies 8G

Unit 8&G

Unit 8G2
ub-Facies 8K
ub-Facies 8L
ub-Facies 8M
Conglomerate Sequence
Lower Shoreface
Upper Shoreface
Sequence Types Preserved in the
Carrot Creek Member
Type A
Type B

Type C

LATERAL VARIATIONS WITHIN THE CARROT CREEK
MEMBER
Introduction
Areal Distribution
Cross Section Through Pool A
Cross Section Through Pool B
A) Pool B, Normal to the Bevel

B) Pool B, Parallel to the Bevel

X131

198
198
201
203
204
206
206
209
211
213
214
217

217

218

218

221

224



.8 Cross Section Through Pool C
7.6 Summary of the Shoreface Conglomerate

Deposits

CHAPTER 8: DISCUSSION OF THE CARDIUM DEPOSITIONAL
HISTORY AT CARROT CREEK
8.1 Introduction
8.2 Formation of the Eb Surface
1. Submarine Erosion
2. Fluvial Downcutting
3. Shoreface Erosion
8.3 Formation of the Bump and Hollow
Topography
1. Simple Rotation
2. Shallow Regional Dip
3. Tilting and Subsidence
A) Formation of an Erosional
Envelope
B) Formation of the Bump and Hollow
Topography

C) Advantages and Complications

Associated with this Interpretation

8.4 Relationship of the Carrot Creek Member
to the E5 Surface
1. Areal Distribution

2. Deposits of a "Typical" Pool

xiv

231

235

241

241
242
244
248
255
258

263

268

269

270

272

275

286

287

288



8.5

CHAPTER 9:

REFERENCES
APPENDIX 1

APPENDIX 2

APPENDIX 3

3. Relationship of the conglomerate
pools to the E5 surface

Source of the Gravel

1. Longshore Drift

2. Fluvial

Comparison with the Pre-Holocene Erosion

Surface

Comparison with other deposits in the
Western Interior Seaway

SUMMARY OF CARROT CREEK DEPOSITIONAL

HISTORY AND OTHER CONCLUSIONS
Introduction
Summary of the Depositional History at
at Carrot Creek

Other Conclusions

: Well locations, sequence type, log

picks of E7 and E5, and cored interval.

- Lithologs of Sample Facies Sequence

Types

: Discussion of Zycor Program used in

Generating the Mesh Diagrams.

XV

280

306

309

309
309

314

346

367

388



LIST OF FIGURES

Geostrophic Flow

Wave Orbitals

Hummocky Cross Stratification

Cyclic Wave Loading

Shoreface Profile

Correlation Diagram of Nearshore Dynamic and
Geomorphic Zones

Summary Diagram of an offshore ridge -- Shannon
sandstone

Sea Level Curves

Sea Level Changes in 5 Cretaceous Basins
Schematic block diagrams of highstand and lowstand
sequences

Location Map

General Stratigraphic Column

Correlation of Outcrop and Subsurface
Correlation of Outcrop and Subsurface proposed by
Michaelis, 1957

Subsurface Stratigraphy

Map showing land locations of Cardium Fields
included in this study

Idealized vertical sequence

Massive Dark Mudstone (Facies 1)

Laminated Dark Mudstone (Facies 2)

Dark Bioturbated Muddy Siltstones (Facies 3)

xvi

12
16
19
21

23

26

31
35

37

44
45
47

49

53

66

69
71
73

74



.10
o !
12
.13
.14
.15
]
.17
u 0
.19
. 20
= 21
.
« 23
.24
- 25
.26
. BT

.28

Sub-Facies 3P

76

Pervasively Bioturbated Muddy Siltstones (Facies 4) 77

Sub-Facies 4P

Bioturbated Sandstone (Facies 5)

Sub-Facies 5P

Non-Bioturbated Sandstones

Sub-Facies T7A

Conglomerates (Facies 8)

Gritty Siderite (Sub-Facies 8G.S.)

TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE
TYPE

1A Well log and litholog
1A Core Box Photo

1B Well log and litholog
1B Core Box Photo

2A Well log and litholog
2A Core Box Photo

2B Well log and litholog
2B Core Box Photo

3A Well log and litholog
3A Core Box Photo

3B Well log and litholog
3B Core Box Photo

1 -- Conglomerate contact

2 -- Conglomerate contact

3 -- Conglomerate contact

Location Map

Cross Section A

xvii

(Facies 7)

79

81

82

&4

86

87

89

92
93~-96
97
98-101
103
104-107
108
109-111
113
114-117
118
119-120
122

123

124

128

133



1N

N

B

.10
o !

+12
.13
.14

.15

.10

B

Cross Section B

Cross Section C

Cross Section D

Structure Map of E5 Surface

Facies Sequence Map

Mesh Diagram -- Northeast View
Mesh Diagram —-- Northwest View
Conglomerate Isopach Map

Well log showing determination of conglomerate
thickness

Low Water Member -- "Cardium Zone"
Cross Section A’

Cross Section C’

Summary Diagram

Shape Distribution of Clasts on a Beach
Grain size versus number frequency
Sub-Facies 8A; Unit 8A1

Sub-Facies 8A; Unit 8Az2

Sub-Facies 8A; Unit 8As

Sub-Facies 8B

Sub-Facies 8C; Unit 8Ci1

Sub-Facies 8C; Unit 8C2

Sub-Facies 8C; Unit 8Cs

Sub-Facies 8D

Sub-Facies 8E

Sub-Facies 8F

xviii

136
137
139
141
143
145
146
148

149

151
153
154
159
171
184
186
188
190
192
194
195
197
199
200

202



.12

« 13

.14

.15

.16

s h

.18

.19

.20

Sub-Facies 8G; Unit 8Gi1

Sub-Facies 8G; Unit 8Gz2

Sub-Facies 8K

Sub-Facies 8L

Sub-Facies 8M

Graph of Grain Size (cm) versus
Height above E5 (m)

Litholog of Conglomerate Sequence A
Litholog of Conglomerate Sequence B
Litholog of Conglomerate Sequence C
Preserved Positions of the Shoreface

Colour Key to Conglomerate Textures

Pool A -- Cross section normal to the bevel
Pool B -- Cross section normal to the bevel
Pool B —-- Cross section parallel to the bevel
Pool C -- Cross section normal to the bevel

Conglomerate sequence map

Cartoon cross section of a pool —--
Normal to the bevel

Regional Morphology of the E5 Surface
"Stepped"” Surface

Geometric Reconstruction

Formation of the Erosional Envelope
Formation of the Bumps and Hollows in

Carrot Creek

Xix

205
207
208
210
212
215

219
220

222

227
229
232
233
236
237

238

260
264
267
271

273



.10

o
.12

Summary Diagram of the Formation of Bumps

and Hollows

Map showing the dips on the backs of the bumps
Location of Nisku Reefs in West Pembina
Pre-erosional topography of the Raven

River Member

Conglomerate Fill of the Erosional Envelope
Average Grain Size of the Shorefaces

Generation of a Shelf Scarp

XX

278

281

284

285

291

296

298



LIST OF TABLES

1.1 Stratigraphic cycles and their cause 32
2.1 Estimated Reserves of Conventional Crude 0il 67
5.1 Criteria for distinguishing beach and 174

fluvial gravels

6.1 Summary table of conglomerate textures 182

xxi



LIST OF FOLDOUTS

1. Core cross section A
2. Core cross section B
3. Core cross section C
4. Core cross section D

5. Isopach Map of the E5 Surface

6. Conglomerate Isopach Map

xxii



CHAPTER 1 -- INTRODUCTION

1.1 PURPOSE OF THIS CHAPTER

This chapter is intended to review, in broad outline
only, some of the major ideas and problems, with respect to
shallow marine sedimentation, particularly the interaction
of depositional processes and environments with sea level
fluctuations. The focus of the discussion will be on the
storm dominated setting. It is not intended as a full
review of the topics covered. For a more detailed review of
the shallow marine environment, particularly the shelf
environment, the reader is referred to Tillman et
al. (1985). ©Some readers may wish to proceed directly to
page 38 (preview of +the results of the thesis); to page 43
(Chapter 25 background information of the Cardium
Formation); or to page 68 (beginning of the presentation of
new results).
1.2 PURPOSE OF THIS THESIS

This thesis was begun in May, 1983. At +that time, one
of the major controversies in clastic sedimentology was the
mechanism by which coarse sediment could be transported
across a storm dominated shelf, to depositional sites many
tens of kilometres from a contemporaneous shoreline. This
coarse material was then believed to be reworked by shelf
processes to form long, narrow, en echelon, linear, offshore

"ridges" or "bars" (one of the best examples is the Shannon
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Sandstone, Tillman and Martinsen, 1984). For brevity, these

will be referred to as ridges throughout the rest of the

thesis. These ridges were believed to coarsen upward
gradationally firom the underlving bioturbated shelf
deposits. After deposition, these ridges were then overlain

by marine mudstones. The interpretation of long narrow sand
hodies as offshore ridges still poses two main problems:
1) How was the sand transported across & storm
dominated shelf 7
2y What processes focussed this sand on the shelt into
long, narrow, coarsening upward ridges gradationally
rooted in shel$ deposits 7
Im an attempt to address the first problem answers were

sought by workers in both  the modern environment and the

ancient rock record. Two different hypotheses of sediment

transport AU EE st orm dominated shel ves evalved.
Researchers working primarily in  modern envirenments
proposed that sedimant WaES incrementally transported

offshore during storms by geostrophic flows {(summary in
Swift and Niedoroda, 1983). Controversy arose as to whether
geostrophic flows could wholly account for those deposits

observed in the ancient rock record which were believed to

be formed on a stormn dominated shelf. Evidence {from
deposits in  the ancient ook e o d (@y., Jurassic
Fernie-Footenay transition, Hamblin and Walker, 1979),

coupled with data presented by Hayes (1%67) on the aftermath
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of hurricane Carla, led to the hypothesis that transport of
sediment offshore was by storm generated turbidity currents
(summary in Walker, 1985a). The deposits of these two
processes (geostrophic flows and turbidity currents) are not
easily separated in the shelf environment, as- both are
characteristic of wunidirectional waning flows that may have
been subsequently reworked by storm wave processes or other
fairweather processes operating on the shelf. These ideas
will be discussed in detail below.

The second problem of focussing sediment into long
narrow ridges is independent of the mechanism of
transporting sediment across the shelf. There is no
convincing model of how this coarse material is subsequently
reworked on +the outer shelf into long, narrow, coarsening
upward ridges, gradationally rooted in marine shales. There
are no known modern places where this is occurring.

The original problem addressed by the thesis was to.
examine shelf deposits in an attempt to separate geostrophic
flows from turbidity currents as the primary transporters of
sediment across a storm dominated shelf, and to examine the
geometry of the resulting sand and/or conglomerate
bodies. For brevity, these sand and conglomerate bodies will
be collectively referred to as sandbodies throughout the
rest of +the thesis. The separation of the deposits of these
two processes in fine grained sandstones 1is difficult. In

both cases the sand is transported in suspension across the
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shelf by a waning unidirectional flow. The sands are then
subject to subsequent reworking by storm waves. These
two factors produce similar deposits by two completely
different and unrelated driving mechanisms. Geostrophic
flows are driven by pressure differences whereas turbidity
currents are driven by gravity. The flow mechanisms within
the moving fluid are probably similar, hence the deposits of
the two flows are similar. In order to separate the two
processes a coarser unit 1is required where some of the
transport, particularly in the case of geostrophic flows,
would be by bedload. A coarser sandbody was needed, encased
in marine shales and apparently deposited many tens of
kilometres from the shoreline. From this, a detailed study
of the preserved facies might more readily distinguish
between the two processes (i.e., geostrophic flows or
turbidity currents). For this reason, the Turonian Cardium
Formation conglomerate deposits at Carrot Creek oil field,
Alberta, were selected. These deposits were interpreted by
Swagor et al. (1976) to have formed on the shelf, many tens
of kilometres from the nearest shoreline, as a "terrace
bar". They suggested that the sediment was transported
offshore during storms.

The Carrot Creek area was also chosen because the
coarse grain size (1-2 cm long axis average diameter) made
the problems of sediment transport across the shelf more

acute. It was hoped that a detailed analysis of the
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presarved conglomerate fabric{s) would separate the two
hypotheszes of sediment transport across the shelf. The
hypothesis to test was that if the preserved preferred
fabric was "a" axis parallel, "a" axis imbricate Walker,
197%a), then the gravel was moving dispersed above the bed,
probably as a result of clast collisions at  the base of a
turbidity current. If however, the fabric was "a"
transverse, "b" imbricate, then the gravel was rolling as
bedload. This could be the result of esither geostrophic
Fflows or twbidity cwrents. A mided orientation of the
clasts would suggest that the sediment had been transported
dispersed above the bed (i.e., turbidity cwrents) and then
moved a little further as bedload. The reverse condition
does not hold.

Detailed analysis of the conglomerate fabric and
texture should yield information on the types of processes
operating on the gravel (specifically) and on the shelf in
gerneral . A study  of  the congl omerates at Carrot Creebk
showed little in  the way of preferred imbrication. In
general the pebbles were found to lie in the plane of
regional bedding or else no discernable preferred pehble
fabric was observed. These initial results made it
difficult to define the depositional environment of the
giravel .

Initial correlation of well logs and core in the

Carrot Creek area supported the conclusion of Swagor et
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&
al. (197&)  that the base of the conglomerate was clearly
grosive, scouwing down to VAL OWS depths, and  neot
gradationally rooted in the underlying shelf deposits. The
geomnetiy of the conglonerates suggested a ohannel
morphology,  rather  than  the ridge morphology suggested by
Bwagor et al. (197&). I interpreted these initial sections
(Bergman 1984 and supplement) as channels cut and filled by
turbidity currents, similar to  another Cardium  channel
described by Wallker {1 9ESR) at Ficinus. The difference
between the two channels was the conglomeratic natwe of the
Fill in the Carrot Creek area. More detailed correlation of
well logs and cores  from  the field, however, revealed a
"one-sided” geometry of the conglomerate bodies, rather than
a channel-like morphology. The "one sided geometry" implies
that the conglomerates are banked up against a more steeply
dipping erosion swface on one side and pass laterally into
basinal shelf muds on  the other, without an @rosional
MArgir.

Ingtead of being transported many tens of kilometres

across the shelf, the conglomerate deposits are interpreted

in_ this thesis as shoreface deposits, forned as a result of

a rapid relative lowering of sea level (Bergman and Walker,
198&4; and in  press). This interpretation is based
primarily on  the conglomerate geometry, preserved facies
sequences, mnorphology of the lowesr erosion surface, and the

regional stratigraphy as described by Flint et al. (198&).
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The geometry of the deposits and their lower erosion surface
has led to the environmental interpretation presented here.
Consequently, the texture and fabric of the conglomerates
will provide information on the variety of facies present in
a gravelly shoreface, rather than defining the depositional
environment of the conglomerates as was the original
hypothesis of this thesis.

The problems in this thesis are now no longer
associated with the transport of coarse material out onto
the shelf, and the subsequent reworking into ridges.
Rather, the problems are concerned with the effects of
rapid sea level variation and the nature of +the deposits
which are preserved as a result of varying sea level.

1.3 SHELF PROCESSES

The modern shallow marine environment (< 200m)
comprises about 5.3% of the earth’s surface, and is one of
the most complicated depositional environments. This is due
to the number of processes interacting to transport and
rework sediment, and the interaction of these processes with
Coriolis force. The shallow marine environment may be.
sub-divided into three major types based on the dominant
process operating on the shelf:

1) storm-dominated shelves which comprise 80% of the

' modern shelves (Swift et al., 1981), eg., North
Atlantic Shelf,

2) tide-dominated shelves which comprise 15% of the
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modern shelves (McCave, 1971), eg., North Sea, and

3) shelves dominated by intruding ocean currents which

comprise 5% of the modern shelves (Flemming, 1980),

eg., Southwest African Shelf.

It is generally agreed that the Cardium was deposited
on a storm dominated shelf (Swagor et al., 1976; Wright and
Walker, 1981; Krause, 1983; Krause and Nelson, 1984; Duke,
1985a; Walker, 1985c). Only the dominant processes of
sediment transport operating in +this environment will be
discussed in this thesis. In order to understand the
distribution of facies preserved on this type of shelf, an
understanding of the dominant processes operating on the
shelf sediments is necessary. Most of the data for modern
storm dominated shelves comes from the Atlantic Continental
Shelf. A detailed discussion of storm circulation patterns
is given by Swift and Niedoroda (1985).

Tidal processes will not be discussed, but are reviewed
by Swift and Niedoroda (1985). Good technical discussions
of tidal current generation may be found in Fox (1983) and
Howarth (1982).

The following sections are very brief reviews designed
only to direct the reader into the literature.

A. GEOSTROPHIC FLOWS

In its simplest form (Fig. 1.1) a geostrophic flow will

develop as the result of an onshore wind piling water up on

the shore causing a coastal set up, and hence a seaward



Figure 1.1. Coastal set-up (storm surge) creates a seaward
pressure gradient. Bottom water flows seaward as a result,
but is deflected to +the right (northern hemisphere) by
Coriolis force to evolve into a geostrophic flow parallel to

the isobaths (from Walker, 1984a, after Swift and Niedoroda,

1985).
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pressure gradient. The relaxation bottom current flows
gseaward down  the pressuwre gradient, and is gradually
deflected to the right (Morthern Hemisphere) due to Coriolis
force, evolving into a geostrophic flow moving parallel to
the isobaths. Storm swge ebb Fflows, in the sense of
gravity driven seaward retuwn flows (as  envisaged by Haves,
1967, are trivial when compared to the longshore discharge
of a geostrophic flow of sheld width and depth, which may be
prolonged for several dayvs  (Bwidft  and Niedoroda, 1983).
Bwift (pers. comnm.) has suwggested  that the geostrophic
discharge may be 2000 to 2000 times as great as the storm
surge ebb discharge for a two day storm.

Geostrophic flows will disperse sediment sub-parallel

o the ismobaths (L u@ay along the stirike of the
palasoslope) . With each st orm the sand will move
incrementally across the sheldf @ither as bedload or

suspended load, or some combination of the two. Most
catastrophic storm  flows have been documented from the Guldf
of Mexico. Forristall et al. (1977 monitored tropical
storm Delia (Bept. 3-8, 1972 Sfrom a drilling platform
located S50 km offshore in about 21 m of water. Alongshore
flows of 2 m sec.”* were recorded, and seaward directed
flows were between S0 to 7% cm sec.™, Muriray (1970)
measwed wind and current velocities of Hurricane Camille
(Aug. 16 - 18, 19469, 360 m offshore of the Florida coast in

.3 m of water.
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these storm events, suggests effective sand transport, and
the creation of ripples, sinuous crested dunes and possibly
upper plane bed (according to the stability fields given in
Harms et al. 1982) during peak flow. These bedforms are
subject to reworking by waning flows as the storm intensity
decreases. The net result would be an increment of sand
transport, but no preservation of sedimentary structures
other than ripple cross lamination (Walker, 1984a).
B. STORM WAVES

Wind blowing across the water surface generates storm
waves which entrain deeper and deeper water layers until
flow at the bed may be capable of moving sediment as
bedload, in suspension, or both.

A detailed discussion of wave properties and
wave-formed structures was presented by Duke (1985a), and
interested readers are referred to this reference. A brief
discussion will be presented here outlining +the basic ideas
necessary in understanding facies distribution on the
shelf. The wave orbital component of a storm flow is
critical in sediment entrainment and transport (Fig. 1.2).
Wave orbital diameter decreases exponentially with depth,
until at a depth equal to 1/4 of the surface wavelength
(Komar, 1976; Vincent et al., 1982), wave induced motion is.
negligible. In water sufficiently shallow for wave motion
to impinge on the bottom, the orbits become flatter as the

bottom is approached, and Jjust above the bottom, exist as



Figure 1.2. Diagrammatic relationship between fluid motion
characteristics under progressive surface waves and the

interaction with the bed (after Komar, 1976; Vincent et al.,
1982).
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a simple back and forth motion. The thin (on the order of
several c¢m), transient boundary layer associated with the
wave orbital current 1is more effective in entraining
sediment compared with the mature, thick (on the order of
1lm) boundary layer associated with the mean flow (Komar,
1976; Vincent et al., 1982). The vertical velocity
gradient and hence the vertical shear stress gradient, is
gentle in such a thick boundary layer.

During a storm the wave orbital current velocity
gradient, confined to a boundary layer several centimeters
thick, is very steep, hence the shear stresses associated
with wave orbital currents are greater than those induced by
the mean flow component. When a wave orbital current
component and a mean flow component coexist near the bottom,
they interact in a nonlinear fashion because of the nature
of the turbulence generated by the combined flow. The
resulting boundary shear stresses are greater than the sum
of the stresses that would be developed by either the wave
orbital component or the mean flow component (Grant and
Madsen, 1979). The mean flow boundary layer experiences the
thinner wave Dboundary layer as an additional degree of
turbulence-generating bottom roughness. These highly
turbulent bottom flows may be able to support a higher ratio
of suspended 1load to Dbedload, and consequently sediment
transport by combined wave orbital and storm wind driven

flow components is therefore a highly efficient process.
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The sedimentary structures produced from these storm
waves have not been adequately documented from the modern
environment, and only a limited amount of experimental work
(Southard 1984) has been done. Duke (1985b) compiled a list
of all known occurrences of hummocky cross stratification,
from a variety of environments. Hummocky c¢ross
stratification has been recognized and described in more
than 100 stratigraphic units.
Harms (in Harms et al. 1975, p. 87-88) first proposed
the term hummocky cross stratification and suggested that it

was formed by "...strong surges of varying direction that
are generated by relatively large storm waves...". This
interpretation is supported in +the geologic record by the
facies found associated with hummocky cross stratified
sandstones. The bioturbated mudstones found interbedded
with the sharp based hummocky cross stratified beds suggest
deposition in "quiet" environment. The sharp bases of the
hummocky beds suggest rapid emplacement of the beds into
this quiet environment. The absence of medium scale angle
of repose cross bedding further suggests that deposition was
below fairweather wave Dbase. It 4is broadly agreed that
hummocky cross stratification 1is formed by storm waves
acting below fairweather wave base (Walker, 1984a, 1985a).
Much controversy still exists however, as to the mechanism

of emplacement of the sand into an originally quiet

environment (i.e., geostrophic flow versus turbidity
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current). Detailed descriptions of the geometry of hummocky
cross stratification (Fig. 1.3) have been given by Hunter
and Clifton (1982), Dott and PERowgeois (1982), Walker
(1982), and Walker et al., $1983) . Gresnwood (1984)
described a similar featwe from modern lake sediments.
Co  TURBIDITY CURRENTS

Turbidity cwrrents have never been observed on a oodern
shelf, but the geologic record seems to suggest that
turbidity cuwrrents were operating on the shelf. Swiflt et
al. (1971) suggested that density currents operate on the
shel f. The tuwrbidity cwrent is a special case of the
density cuwrrent, where the density difference between the
flow and the surrounding seawater i1s due to suspended
sediment. A number of mechanisms might Dbe capable of
generating turbidity currents in the shelf environment:

13 major rivers supplying large amounts of sediment

(Hewren et al. 19443 Shepard and Emery, 1973%y for the

Congo River).

2)  slumping on delta slopes (Moore, 1961l Heezen 1956,

in Folla et al.,1984; Lindsay et al., 1984; Dengler et

al., 1984).

=) garthguakes (as in the Grand Banks, Newfoundland,

1929 sarthguake; Uchupi and Austin, 1979).

There are examples (Fernie-Footenay Transition, Banff
Traffic Circle, Hamblin and Walker, 197%9) in the geologic

record where deposition appears to be by tuwrbidity currents



Figure 1.3. A) Diagrammatic representation of the idealized
hummocky cross stratified sequence proposed by Dott and
Bourgeois (1982). B) Idealized hummocky cCross
stratification sequence proposed by Walker et al. (1883).
In this model it is suggested that the bedform can in places
grow upward from a flat bed. This sequence contrasts with
the sequence proposed by Dott and Bourgeois (1982) model,
where the hummocky and swaley laminae are shown to drape a

previously scoured bed.



BIOTURBATED
MUDSTONES

CROSS LAMINATION
FLAT LAMINATION

HUMMOCKY
CROSS
STRATIFICATION

PARALLEL LAMINATION

MASSIVE AND/OR GRADED,
SHARP BASE

16

IDEALIZED HUMMOCKY SEQUENCE

oY W aTaYe

UNBURROWED BURROWED
M MUDSTONE Mb
X CROSS LAMINAE X b
__F__F_Lﬂ LAMINAE Fb
H HUMMOCKY ZONE Hb
o ——(£LAG +SOLES)
WAVE SCOUR
INTO
> DIVISION P
S)
. |
'
3%
s <
o)
—
<<
-
=
} i3
\, o (=
= S
o
O
&
o=
29
* SOLE MARKS oW

* Lag,



17

(preservation of Bouma BC seguences and the absence of wave
formed featuwrss of any scale)d. Thesea turbidites are
directly overlain by interbedded muds and hummocky cross
stratified and wave rippled sands. The orientation of tool
marks on the bases of the hummoocky cross stratified beds are
consistent with the underlying tuwrbidites, suggesting that
the hummocky oross stratified beds were eoplaced down the
same palasoslope by tuwrbidity cwrents, but deposition
ooocurred above storm wave base. These beds, deposited above
storm wave base, are subject to reworking by storm waves to
form hummoocky  cross stratification and wave ripples. This
aszmociation of tuwbidites grading wup into hummocky cross
stratified and wave rippled sand beds with consistent
palagoflow directions between both uwunits, as seen at the
Bantf Traffic Circle, suggests storm generation of turbidity
currents. Hamblin and Walker (1979) initially proposed that
the storm  would suspend enough sediment at the shoreline to
genarate a twbidity current. Swift (pers. comm.) rejected
this mechanism of generating turbidity cuwrents, because he
felt that storms could not  suspend sufficient volumes of
sediment at the shoreline, to meet the autosuspension
criteria (Fantin, 197%) » Eoth Fantin (197%9; 198%) and
Far ke (1982 in separate studies suggested that the
auvtosuspension criteria was unlikely to be achieved in the
shelf environment.

Sterling and Strohbeck (1975) concluded that cyclic
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wave loading during major hurricanes, occurring about once
in a hundred years, could cause sufficient bottom pressures
to create instability, and subsequent failure of the
substrate. Walker (1984a) extended this idea as a method of
storm generation of +turbidity currents on the shelf
(Fig. 1.4). Cyclic wave loading of rapidly deposited fine
sediment may cause liquefaction of +the substrate. The
downslope flow and combination of flow acceleration and
expulsion of pore fluids could keep fine and very fine
sediments in suspension and generate a turbidity current.

Studies on modern shelves however, have revealed no
evidence for the existence high velocity spasmodic turbidity
currents. Hayes (1967) originally interpreted an inner
shelf sand deposit on the east Texas shelf in the aftermath
of hurricane Carla as a turbidite. More recent analysis by
Morton (1981) suggests that the Carla bed was deposited by
longshore geostrophic flows.

As discussed in section 1.2, neither of these processes
(geostrophic flows or turbidity currents) accounted for the
accumulation of gravels in the Carrot Creek study area.
Analysis of +the conglomerate body geometry and the
morphology of the erosion surface led to interpretation of
these conglomerate bodies as shoreface deposits.

1.4 SHOREFACE MORPHOLOGY
The previous section has discussed fluid and sediment

dynamics on storm dominated shelves. This section will



Figure 1.4. Storm winds create coastal - set up, and cyclic
wave loading of the substrate by storm waves may ligquefy the
substrate. The liquefied sediment may flow and accelerate
basinward, transforming into a turbidity current with all of
the sediment in suspension. Deposition from this flow below
storm wave base would result in turbidites with Bouma
sequences. Above storm wave base waves feeling the bottom
would rework +the turbidity current deposits into hummocky

. cross stratification (after Walker, 1984a, 1985a).
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consider the morphology of storm dominated shorefaces. Flow
in this inner shelf area is complex and highly structured.

Barrell (1912) defined the shoreface as the relatively
steeply dipping, innermost portion of +the continental
shelf. The break in slope where the shoreface merges with
the inner shelf floor may take place in depths of 15 to 20 m
(see review by Walker, 1985a, on the depth of the base of
the shoreface) the depth being greater with increased rigour
of the wave and current climate. On unconsolidated coasts
exposed to marine processes, shorefaces are surfaces curved
- about an axis parallel to the shoreline, and exhibit little
change in the alongshore direction (Fig. 1.5). On rocky
coasts however, the time required for the profile +to be
incised into the substrate is long relative to the rate of
sea-level change, hence rocky shorefaces are poorly
developed. Local sand accumulations on rocky coasts develop
well defined shorefaces, but these shoreface fragments are
irregularly distributed in plan view (Swift and Niedoroda,
1985).

In general the slope of the shoreface increases with;

a) increasing grain size (Langford-Smith and Thom,

1969; Wright and Coleman, 1972),

b) decreasing sediment input (Wright and Coleman,

1972), and

c) decreasing fluid power (Wright and Coleman, 1972).

The shoreface may be sub-divided into two major regimes, the



Figuwre 1.5. The geomorphology of a straight two-dimensional
shoreface formed on unconsolidated coasts exposed to marine

processes (Swift and Niedoroda, 1985, after Barrell, 1912).
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lower shoreface and the upper shoreface. The upper
shoreface is dominated by shoaling and breaking waves.
Marine currents +tend to be less intense over the upper
shoreface where they are inhibited by greater Dbottom
friction. The reverse is true of the lower shoreface. The
boundary between these two zones is +transitional and 1is a
function of the wave intensity and the current climate. In
terms of effect on the bottom, depths of 10 to 15 m seem to
mark a valid generalized division between the upper and
lower shoreface (Swift and Niedoroda, 1985). The problem is
to relate +the upper and lower shoreface regimes to each
other and to the larger scale coastal flow system.

Some authors (eg., Clifton et al., 1971; Hunter et
al., 1979; Dupre et al., 1980) have chosen to use dynamic
zone terminology rather than geomorphic terminology in
describing modern coastal processes and their deposits.
Although their wusage has advantages in that the term
shoreface may suggest a narrow topographically restricted
zone, shoreface type deposits in the geologic record will
typically represent a mixture of several dynamic zones and
processes and hence dynamic names may be misleading. Figure
1.6 modified from Bourgeois and Leithold (1984) and Walker
(1984a) shows diagrammatically the correlation of the
dynamic and geomorphic terminology for +the nearshore

environment.



Figure 1.6. Cartoon relating +the geomorphic terminology
used by researchers in ancient sediments to the dynamic
terminology of the shoreface used by researchers working in
the modern environment (after Bourgeois and Leithold, 1984;

Walker, 1984a).
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1.5 LINEAR OFFSHORE RIDGES

Many Cretaceous formations in the Western Interior
Seaway, such as the Shannon, Frontier, Ferron, Gallup,
Viking, and Cardium, are characterized by a series of linear
sandstone and conglomerate Dbodies. These sandstone and
conglomerate bodies have commonly been regarded as long,
narrow, en echelon ridges, trending parallel to sub-parallel
to the regional strandline. They were apparently deposited
in an open marine setting, many tens of kilometres from the
nearest contemporaneous shoreline.  In general these ridges
are overlain and underlain by marine shales, and may pass
laterally into marine siltstones and muddy sandstones.
Internally, the ridges have been described as containing
coarsening upward segquences, suggesting that the sandstones
and/or conglomerates at the tops of the ridges are
gradationally rooted in marine shales. Tillman (1985,
p.35) suggested that "... if a coarsening upward sequence
can be identified as being on the outer shelf on the basis
of palaeontology and regional geology, it will almost always
be a sand ridge"

The morphology of the 1long, narrow ridges has been
tabulated by Walker (1984a, p. 164) and Slatt (1984,
p. 1109). One of the best examples of presumed deposition
in an offshore setting, some "70 to 100 miles [112 to 160km]
east of the contemporaneous shoreline" (Tillman and

Martinsen, 1984, p. 122) is the Lower Campanian Shannon.



25
Sandstone of Montana and Wyoming (Shurr, 1984; Tillman and
Martinsen, 1984; Tye et al., 1986).

Tillman and Martinsen (1984) developed a summary block
diagram for the Upper Cretaceous Shannon Sandstone, Wyoming,
which implies geostrophic transport of sand. The summary
(Fig. 1.7) consists of five main facies:

A) Shelf facies -- bioturbated siltstones

B) Interbar facies -- interbedded sharp based, wave

rippled sands and muds

C) High Energy Bar Margin facies -- glauconitic,

coarse grained, medium, scale +trough cross bedded

sands, with no mud, very few ripples and siderite
clasts

D) Low Energy Bar Margin facies -- fine grained

interbedded trough cross bedded sand with wave ripples

and muds

E) Bar Crest facies -- fine grained +trough cross

bedded sands with no mud.

These facies are complexly intertongued due +to lateral
shifting of the bar crest. Many shelf sandstones show a.

coarsening upward sequence and ...generally are coarser
grained than their time equivalent shoreline deposits"”
(Tillman, 1985, p. 5). The Shannon sandstone has a very
sharp upper contact with the overlying marine shales. This

lateral shifting of facies results in sequences which are

difficult to explain, especially when the Low energy Bar



Figure 1.7. A) Relatively closely spaced sections on the
southwest part of the Salt Creek Anticline, Shannon
outcrop. Lateral changes from Central Bar Facies to lower
energy facies and doubling of thickness of the upper Shannon
sandstone between sections are shown. B) Model of facies
deistribution of mid-shelf Shannon Sandstone shelf-ridge
complex. The diagram has extreme vertical exaggeration, but
the abrupt lateral changes indicated are substantiated by

outcrop (after Tillman and Martinsen, 1984).
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Margin facies rests directly on the High Energy Bar Margin
facies (Tye et al., 1986; fig. 7), with no preservation of
the thick (up to 10 m) Central Bar facies. This transition
from high energy bar margin to low energy bar margin
occurs in less than a metre.

The primary objections to the sand ridge model,
however, are more fundamental than lateral shifting of
facies. The first problem concerns the mechanism by which.
coarse material 1is transported <from the shoreline to
depositional sites many tens of kilometres offshore.
Spearing (1976, p. 76) envisaged transport of the Shannon
sandstone 100 km offshore by a "...storm system,
superimposed on oceanic or tidal currents.” Seeling (1978)
gave an equally illuminating interpretation of the Shannon
sandstone. He suggested an "...ancient hydraulic
environment...analogous in some important respects to those
present day environments with prominent currents off the
east coast of the United States and in the southern part of
the North Sea". Similar interpretations were presented for
the Sussex (Berg, 1975; Brenner, 1978). The study by Hobson
et al. (1982) is one of the few to propose a transgressive
origin for the sandbodies. From the interpretations
presented by these authors, it is apparent that there is no
clear consensus of how the sand was transported across the
shelf. These interpretations do not even attempt to

address the second problem of focussing the sediment into
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long, narrow, coarsening upward ridges.
In later studies of linear shelf ridges, storm.
generated geostrophic flows have generally been invoked as

the process by which sediment is transported offshore (Winn

et al., 1983, Frontier Formation; Berven, 1966, Cardium
Formation at Crossfield; Swagor et al., 1976, Cardium
Formation at Carrot Creek). There is also some suggestion

that turbidity current transport of sediment offshore
occurred; particularly in the geologic record (Hamblin and
Walker, 1979; Walker, 1983 a, b, 1985 a, b).

The second problem concerns the molding of +this
sediment on the shelf into 1long, narrow, en echelon,
coarsening upward ridges. To date, no clear suggestion as
to how +this molding took place has been given. It is not
clear from the interpretations presented by the various
authors cited above why these ridges should preserve
coarsening upward sequences, with coarse material (sand
and/or gravel) preferentially transported to the tops of
these ridges. The third problem concerns the observation
that these shelf ridges are generally coarser than their
apparent time equivalent shoreline deposits.

Several ridges, at first sight similar to those
discussed above, have been documented in the Cardium
Formation. Their depositional environment has been regarded
as "offshore", with storm-influenced deposition below

fair weather wave base, but above storm wave base (Berven,
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1966; Swagor et al., 1976; Almon, 1979; Walker, 1983a;
Krause and Nelson, 1984; Keith, 1985). In the Cardium the
conglomeratic nature of the ridges makes the problems of
linear ridge development even more acute. The Carrot Creek
Member (Plint et al., 1986) contains elongate en echelon
conglomerate bodies up to 20 m thick with no connection to
any known shoreline (Plint et al., 1986). Swagor et
al. (1978) suggested storm transport of thse conglomerates
across the shelf, with deposition as "terrace bars” (after
Campbell, 1971) in the 1lee of pre-existing topographic
features.

At Carrot Creek +the nature of the coarsening upward
sequences, the morphology of the conglomerate bodies and
their associated erosion surfaces, and the problems of
sediment transport and focussing, have forced a
re—-evaluation of the hypothesis of deposition +tens of
kilometres from the shoreline. In +this thesis, I will
demonstrate that the conglomerates are not genetically part
to the coarsening upward sequence, but overlie an erosion
surface with about 20 m of relief. The erosion surface
appears to represent an incised shoreface (Bergman and
Walker, 1986; in press), and the gravels may have been
transported to this shoreface by longshore drift during a
low stand of sea level. The problems now appear to concern
sea level fluctuations, rather than sediment transport and

focussing in open marine settings.
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1.4 SEA LEVEL CHANGES AND SEDIMENTATION

The idea that sea level fluctuation can affect
sedimentation is not new to sedimentology. Lyell (1832)
first proposed tectonic contrel of sea level. Suess (1906)
suggested that sea level fluctuations were eustatic. The
relative roles played by eustatic movements of sea level and
tectonic movements, in determing ancient transgressions and
regressions within orogenic and cratonic basins, remain to
be determined.

Modern stratigraphic thinking has been influenced by
the ideas of Vail et al. (1977 a, b) on global eustatic
controls of unconformity bounded sequences (refer to Vail et
al., 1977 a, b; Hancock and Kauffman, 1979; for historical
discussion and modern concepts of sea level variation).
There are at least four, possibly five, scales of sequence
development in the stratigraphic record related to sea level
fluctuations in the Phanerozoic. Vail et al. (1977b)
defined the four cycles, in terms of their regional and
inter-regional extent and the length their of duration
(Fig. 1.8; Table 1.1). The first order cycles include two
extended periods of maximum marine transgression, and
a period of maximum marine regression. The second order
cycles (supercycles) correspond roughly to the cratonic
sequences defined by Sloss (1963), and range in length from
10 Ma - 100 Ma. Third order cycles vary in length from less

than 1 Ma to about 10 Ma. Fourth order cycles correspond to



Figure 1.8. Chart showing the first and second order cycles

during the Phanerozoic (Vail et al., 1977b)
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Table 1.1. Stratigraphic cycles and their causes (after

Vail et al., 1977b).
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Type
(Vail et al., 1977b)

Other terms

Duration
Ma

Probable cause

First order

Second order

Third order

Fourth order

supercycles (Vail
et al., 1977b)
sequence (Sloss, 1963)
synthem (Ramsbottom,
1979)
mesothem (Ramsbottom,
1979)

cyclothem (Wanless
and Weller, 1932)

200-400

10-100

1-10

e
(3]
|
o
(3

major eustatic cycles
caused by formation
and breakup of super-
continents

eustatic cycles
induced by volume
changes in global
mid-oceanic spread-
ing ridge system

possibly produced by
ridge changes and/or
continental ice
growth and decay

rapid eustatic fluc-
tuations induced by
growth and decay of
continental ice
sheets, growth and
abandonment of deltas
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the relatively very rapid changes of sea level. These
cycles range in length from 104 to 106 years. A discussion
of examples of third and fourth order cycles 1is given by
Miall (1984).

The broad conclusions of Vail and his coworkers have
been widely accepted. There is a large body of evidence for
continuous sea level changes throughout the Phanerozoic (see
discussions Hallam, 1984; Miall 1984). The Phanerozoic
cycles appear to be global in extent (Socares et al., 1878),
and these cycles have been interpreted, for the Late
Cretaceous and Cenozoic, as a response to volume changes of
oceanic spreading centers (Hallam, 1963). Volume changes in
oceanic spreading ridges are caused by variations in the sea
floor spreading rate and probably account for second and
possibly third order cycles. Changes in the volume of land
ice can account for fourth order cycles and possibly third
order cycles. The probable causes for global changes in sea
level are presented in Table 1.1 (Vail et al., 1977b).
Changes in sea level are due to a change in the total volume
of sea water, or a change in the the total volume of the
oceans basins, or some combination of the two. A discussion
of controls on sea 1level fluctuations is given by Kauffman
(1985). The major problems associated with eustacy are in
determining a mechanism for +the short term changes in
sea level, when growth and decay of ice sheets (eg., the

Mesozoic) cannot account for the shifts in sea level (Miall,
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1986).

Jeletzky (1978) summarized the detailed
biostratigraphic documentation for sea level changes in 5
Cretaceous basins in Canada, and compared these changes to
the Cretaceous sea level curves of Hancock and Kauffman
(Fig. 1.9). He argued that the lack of interbasin
correlation between periods of rising and falling events and
the sea level curves does not support the eustatic control
hypothesis. The lack of correlation in these diagrams is
convincing, but certain events do seem to occur
simultaneously in several Dbasins (eg., early Turonian
transgression, late Santonian transgression, mid-Campanian
regression, late Maastrichtian regression). As noted by
Miall (1984), Jeletzky (1978) selected all of his basins
from marginal to mobile belts where tectonic overprinting

would be expected to mask the passive type of sea level

change.
The fundamental control on the accumulation and
preservation of cratonic sediment is Dbase level, the

equilibrium surface separating erosional and depositional.
regimes. In general base level approximates sea level
(Sloss, 1984). Depositional base level is commonly defined
by wave base. Sediments must be carried below base level by
a rise in sea level or by subsidence of the depositional
site.

Vail, Mitchum and Thompson (1977b) illustrate typical



Figure 1.9. Correlation of sea level changes in 5
Cretaceous Basins in Canada, compared to the sea level
curves of Hancock and Kauffman replotted +to correspond to
the equal stage time subdivisions. The 1lack of correlation
between the basins and the sea level curve suggests that sea
level control was tectonic rather +than eustatic. Careful
examination of the curves reveals some interbasin
correspondance in the timing of some of +the events (eg.,
early Turonian transgression, late Santonian transgression,
mid-Campanian regression, late Maastrichtian regression).
All 5 Dbasins occur in marginal +to mobile -areas where
tectonic overprinting of passive sea level change would be

expected. - (after Jeletzky, 1978).
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highstand and lowstand conditions and associated
unconformities (Fig. 1.10). The highstand diagram
represents a depositional system +that might be observed in
many coastal areas today or at times of highstand in the
past. The four main components are:

1) coastal plain

2) shelf

3) slope

4) rise (deep water basin)

The unconformity related to coastal onlap during the rise in
sea level is shown. If sea level drops to the edge of the
continental shelf (lowstand), sediment bypasses the shelf
and is deposited in deep water. The entire shelf is exposed
to sub-aerial erosion with streams incising into the shelf
sediments due to the lowered Dbase 1level. The depocentre
shifts from deltaic in +the highstand to marine subsea fans
in the lowstand. Unconformities are present within the
marine strata and +the coastal plain deposits. The most
easily recognized breaks commonly occur within shelf
sequences.

Sea level curves for the Cretaceous have been published
by Hancock (1975), Kauffman (1977), Hancock and Kauffman
(1979), and Weimer (1984). The ages of the stage boundaries
are based on work done by Obradovich and Cobban (1975) for
the Western Interior Cretaceous and modified by Lanphere and

Jones (1978) and Fouch (1983). The positions of some



Figure 1.10. Depositional pattern expected to be preserved
during A) highstand and B) lowstand. A) This type of
depositional system might be observed in modern coastal
settings. The four main components are: coastal plain,
shelf, slope, and rise (deep water basin). The unconformity
shown is related to coastal onlap during the rise in sea
level.

B) During lowstand of sea level, sediment bypasses the shelf
and is deposited in deep water. The entire shelf is exposed
to sub-aerial erosion. The depocentre shifts from deltaic
during highstand to marine subsea fans during lowstands.
Unconformities are present in both the marine and coastal

plain deposits (after Vail et al., 1977b).
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of the stage boundaries relative to the radiometric time
scale are not in agreement with those published by others
workers (Van Hinte, 1976; Kauffman, 1977).

Changes in sea level have a direct influence on base
level of erosion and deposition. The influence varies among
the major environments, but the most noticable effects are
in the non-marine and the shallow marine environment.
McGookey (1972) found in the Western Interior that in
general the amount of erosion of underlying strata
associated with each break 1is less than 100 m. Kauffman
(1984) noted that the smaller scale fluctuations,
particularly those recorded for +the Cretaceous Western
Interior Seaway, profoundly affected +the shape and size
of epicontinental seas, because of their broad, shallow,
relatively flat submarine topography, small changes 1in sea
level, will produce widespread strandplain migrations, which
stongly affect sedimentation patterns throughout the basin.
1.7 SCIENTIFIC CONTRIBUTION OF THIS THESIS: PREVIEW OF

RESULTS

There are three major scientific contributions in this
thesis.

FIRST, a major erosion surface 1is documented. It is
believed to have formed as a result of a rapid relative
lowering of sea level. The details of the morphology of
this surface were established from approximately 1000 well

logs and 400 cores. A surface of this detail could not have
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been documented in outcrop because there is no independent
datum on which to hang the measured sections, and the data
point control is limited. To the best of my knowledge the
only other published map of an erosion surface is that of
McCubbin (1969).

The erosion surface at Carrot Creek can be divided into
four well developed, areally distinct topographic features.
The TERRACE is a Dbroad undulafing area preserved in the
southwest corner of the study area. The BEVEL 1is a narrow
belt located along the edge of the terrace and marks the
final preserved position of the shoreface in the study
area. The BUMPS and HOLLOWS are located basinwards of the
bevel and represent erosional remnants marking earlier
positions of +the shoreface. The BASIN PLAIN is a broad
relatively flat area basinwards of the bumps and hollows.
When the pre-erosion sediments are restored to their
original basinward sedimentary dip, the .erosion surface
appears to consist of a series of stepped shoreface
profiles, which are represented by +the bump and hollow
topography.

Many authors have suggested +the existence of a series
of stepped profiles from work on the Holocene transgression
(eg., ©Swift et al., 1973), although they have never been
able to document them. Other similar erosion surfaces from
the ancient rock have been described by Weimer and Flexer

(1985), Rosenthal and Walker (in press), Plint and Walker
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(in press).

SECOND, the conglomerates are interpreted in this thesis as
shoreface deposits. The distribution of the conglomerates
is directly related to the morphology of the underlying
erosion surface. The conglomerates bodies are preserved as
long narrow deposits completely encased in marine shales,
and at first sight appear to have been deposited many tens
of kilometers from a time-equivalent shoreline. They differ
from other previously described offshore shelf ridges in two
significant aspects, firstly they do not coarsen upward from
the underlying shelf deposits. Rather, they are separated
from these deposits by an erosional unconformity. Secondly
they are overlain by transgressive mudstones associated with
a relative sea level rise.

Our understanding of coarse shoreface deposits is
limited only to a few examples. The sequence of
conglomerates preserved at - Carrot Creek shares both
similarities and marked differences with other previously
described sections (eg., Sandstone of Floras Lake, Leithold
and Bourgeois, 1984). The shoreface, particularly the high
energy shoreface, is extremely difficult to study in the
modern environment, hence well documented examples in the
ancient rock record serve to increase our understanding of
the dominant processes operating in the shoreface, and the
range of variability present.

THIRD, one of the questions proposed when this study began
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concerned the +transport of coarse material across the
shelf. This study strongly suggests that perhaps we have
been asking the wrong questions. The hypothesis that
coarsening upward 1long, linear, en echelon ridges may have
formed many tens of kilometres from the nearest
contemporaneous shoreline needs to be re-evaluated,
particularly in sequences where the correlative shelf
deposits are coarser than the supposed time equivalent
shoreline deposits. The results of this thesis strongly
suggest that all of these deposits be re-examined
considering the effects of rapid relative sea level change
and how these changes in sea level would effect the position
of the shoreface.
1.6 ECONOMIC JUSTIFICATION

0il was discovered in the Cardium Formation in 1953.
In the search for other Cardium reservoirs interest in the
Cardium depositional history increased rapidly. Since then,
there has been much controversy about the depositional
environment of the Cardium. In order to locate more
efficiently any future reservoirs, it 1s necessary to
document the controls on gravel depositional localities.
The conglomerates in the Carrot Creek study are recognizable
on high resolution seismic if thicker than about 5 m, due to
the high velocity differential between the conglomerates and
the encasing shales. The anomaly formed by the presence of

a conglomerate cannot be distinguished from sandstones on
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seismic profiles. If, however, the structure map of the
erosion surface 1is wused in conjunction with seismic it
should be possible to separate these two types of deposits
more accurately. For example, if a good seismic anomaly is
developed in an area where the . erosion surface shows the
development of a topographic high, then the rocks are most
likely sandstones below the unconformity. This distinction
is important in this area, because the sandstones are
tight. The documentation of +the nature, morphology, and
extent of an erosion surface, particularly where it is the
major control on sedimentation, is therefore, a powerful

exploration tool.



CHAPTER 2 -- REGIONAL SETTING

2.1 STRATIGRAPHY

The Upper Cretaceous (Turonian) Cardium Formation crops
out along the fold and thrust belt of the Western Canadian
Rockies, and continues eastward, in the subsurface, into the
Central Plains of Alberta (Fig. 2.1). It is composed of
mudstones, sandstones, and conglomerates. The Cardium
Formation (Fig. 2.2) is encased in 750 m of marine shales of
the Alberta Group (equivalent to the Colorado Group in the
U.S.); about 250 m of Blackstone Formation shales below and
about 500 m of Wapiabi Formation shales above (Stott,
1963). The Cardium is an approximate time equivalent of the
Frontier, Ferron, and Gallup sandstones located in the south
central portion of the Western Interior Seaway.

A brief discussion of Cardium stratigraphy is presented
below. More detailed discussions may be found in the
references cited in the text.

A. CORRELATION OF OUTCROP AND SUBSURFACE

In independent studies Plint et al. (1986) and Duke
(1985a) established a stratigraphy for the subsurface and
outcrop respectively based on the recognition and
correlation of sharply bounded coaresening upward
sequences. Correlation of the outcrop +to the subsurface
(Fig. 2.3) was recently attempted by W.L. Duke, A.G. Plint,
and R.G. Walker (pers. comm.) based on the recognition and

43



Figure 2.1. Map of South Central Alberta showing the
location of subsurface Cardium. Open dots indicate nearby
outcrop exposure at Seebe and Clearwater River. Black dots

give palinspastic reconstruction of these outcrop sections

(Walker, 1986).
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Figure 2.2. Stratigraphy of the Alberta Group (Colorado
Group) in the Alberta Foothills. Absolute ages (Palmer,

1983) are given at left (after Walker, 1985c).
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correlation of these sharply bounded coarsening upward
sequences (a detailed discussion of +this correlation is
presented by Walker, 1986). The bounding surfaces were
found to be erosional, and covered by conglomerate that
varied from a veneer +to 20 m in +thickness. The proposed
stratigraphic nomenclature for outcrop and subsurface is
outlined in Fig. 2.3. The corresponding terminology of
Wright and Walker (1981) and Stott (1963) to the proposed
stratigraphy by Duke (1985a) is shown for the outcrop. The
corresponding terminology of industry to the proposed
stratigraphy by Plint et al. (19886) is shown for +the
subsurface.

In general (Fig. 2.3), Duke’s non-marine Cutpick Member
is equivalent to Stott’s non-marine Moosehound Member.
This non-marine tongue is correlative with, but not
laterally continuous with the non-marine tongue in the
subsurface (Musreau Member). The Seebe Member of Duke (Ram
Member of Stott) 1is equivalent +to but not laterally
continuous with the Kakwa Member in the subsurface. In both
the outcrop and subsurface stratigraphies the sequence-
bounding conglomerates have been given member names and the
proposed correlation is shown in Fig. 2. 3.

The top of +the Cardium in the proposed correlation
(Fig. 2.3) is taken as the top of the last sequence-bounding
conglomerate (Mackenzie Creek Member in outcrop and Amundson

Member in the subsurface). This differs from the definition



Figure 2.3. Proposed outcrop nomenclature (Duke, 1985a) and
subsurface nomenclature (Plint et al., 1986), with suggested
correlations. The stratigraphy is based on the recognition
and correlation of sharply bounded coarsening upward
sequences. Previous stratigraphic nomenclature is shown in
relative position to the proposed stratigraphy. In general
the non-marine Cutpick Member in outcrop is correlative with
the non-marine Musreau Member in the subsurface, and the
Seebe Member in outcrop is correlative with the Kakwa Member
in +the subsurface. The suggested correlation of the
sequence bounding conglomerates is also shown. (after

Walker, 1986).
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of the top of +the Cardium as defined by Stott (1956) who
placed the top of the Cardium at the base of the uppermost
pebble beds. In outcrop the base of the Cardium was drawn
at the base of the thick sands of the Seebe Member (Duke,
1985a). Harding (1955) and Stott (1963) defined the base of
the Cardium in the same way. The base of the Cardium in the
subsurface as defined by Plint et al. (1986) correlates with
the contact between the Haven and Opabin Members of the
Blackstone Formation in outcrop (Fig. 2.3). The correlation
of outcrop and subsurface presented by Walker (1986) is
similar to that first proposed by Michaelis (1957).
Michaelis (1957; Fig. 2.4 of this +thesis) recognized and
correlated 5 coarsening upward sequences in the subsurface
and outcrop. In this correlation the lower bounding
surfaces of the segences were overlain by conglomerates, as
subsequently recognized by Duke (1985a) for the Cardium in
outcrop. Michaelis (1957) correctly suggested that the main
sand at Pembina (Raven River Member; "A" sand of industry)
was correlative with the third coarsening upward sequence in
outcrop (Sundre Member; Kiska- Cardinal Members of Stott).
Both Stott (1963) and Swagor et al. (1976) tentatively
correlated the Low Water Member ("Cardium Zone") with the
MacKenzie Creek Member (Sturrock Member; Stott, 1963). This

correlation is now believed to be incorrect (Walker, 1986).



Figure 2.4. Original correlation of outcrop to subsurface
proposed by Michaelis (1957). Note that the conglomerates
are shown as separate from the underlying coarsening upward
sequences. The position of the E5 surface (Plint et al.,
1986) in the subsurface is shown on the right hand side of

the diagram (after Michaelis, 1957).
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B. SRATIGRAPHY OF THE CARDIUM FORMATION IN OUTCROP

In outcrop the Cardium Formation is approximately 100 m
thick. Outcrop locations are given by Duke (1985a). Stott
(1963) recognized and described six distinct members within
the Cardium Formation. From oldest to youngest they
are: the Ram, Moosehound, Kiska, Cardinal, Leyland, and
Sturrock. Of +these six members, five are marine; the
Moosehound is a non-marine tongue. Stott (1963) interpreted
a cyclic depositional environment for the Cardium Formation
and suggested that these cycles were important for
correlation within individual members. These cycles present
within the members, were not named 1in Stott’s stratigraphy.
Subsequently, it was recognized that cycle Dboundaries
crossed Stott’s member boundaries, as discussed by Wright
and Walker (1981) and Duke (1985a). Stott’s terminology
implies a "layer-cake stratigraphy", compared with the
proposed "event" stratigraphy of Duke (1985a).

Wright and Walker (1981) and Duke (1985a) emphasized a
series of sharply bounded coarsening upward sequences. The
sharp bounding surfaces are typically erosional or
non—-depositional, and are punctuated by conglomerate beds
(Duke, 1985a). Duke (1985a) proposed that the old
stratigraphy of Stott (1963) be abandoned and that a new
member system be defined for the Cardium Formation in the
Alberta Foothills, based upon these lithologically

correlative Cardium segences. Each coarsening upward
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sequence was believed to represent deposition in one
overall regressive event.
Duke (1985a) proposed a six member stratigraphy similar
to Stott’s original stratigraphy but based on the

recognition and correlation of coarsening upward sequences,

punctuated by non-marine tongues. From oldest to youngest
they are: the Seebe, Cutpick, Sundre, Willmore, and
Obstruction. The stratigraphic position of the Baytree

Member was not adressed by Duke (1985a). The Seebe, Sundre

and Willmore Members are exclusively marine, whereas the

Cutpick and Obstruction Members contain non-marine
deposits. The depositional environment of the Baytree
Member was not known. For a detailed discussion of the

members, their sequences and associated facies, the reader
is referred to Duke (1985a). This proposed stratigraphy
emphasizes the intertonguing nature of the sediments, rather
than the "layer-cake" stratigraphy emphasized by Stott
(1963).

In the stratigraphy proposed by Duke (1985a) the
conglomerates overlie the lower bounding surface and are not
part of the coarsening upward sequence. This is apparent in
his member sub-division where none of the marine
conglomerates is designated as having member status. Duke
(1985a) does not emphasize the stratigraphic significance of
the conglomerates which truncate the coarsening upward

sequences. Recent terminology in the subsurface (Plint et
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al., 1986) suggests that Duke’s stratigraphy be slightly
modified, so that the conglomerates resting at the top of
coarsening upward sequences, even where there is only a thin
veneer preserved, be given member status.
C. STRATIGRAPHY OF THE CARDIUM FORMATION IN THE SUBSURFACE

In the subsurface, the Cardium varies from about 50 to
100 m in thickness and is composed of 6 coarsening upward
sequences. Industry developed an informal terminology of
"A" sand, "B" sand, and "Cardium Zone". This system is
inadequate because +the stratigraphy adopted may not be
correlative from field to field. Walker (1983 b,c) proposed
Member names for the Cardium Formation at Ricinus-Caroline-
Garrington; the names, with some modifications have been
incorporated into the formal Cardium stratigraphy proposed
by Plint et al. (1986). Krause and Nelson (1984) proposed
two formal lithostratographic units for the Cardium
Formation at Pembina o0il field. These names were both found
to be unsuitable according to +the rules of the American
Commission on Stratigraphic Nomenclature. A detailed
discussion of the reasons for the rejection of the proposed
nomenclature is given in Plint et al., (19886).

The formal stratigraphy proposed by Plint et al. (1986)
(Fig. 2.5) for the Cardium in subsurface is Dbased on the
recognition and correlation of a series of erosional
surfaces El through E7. These surfaces truncate

progressively coarsening upward sequences and are overlain



Figure 2.5, Proposed event stratigraphy and Member
terminology for the Cardium Formation in the subsurface.
The stratigraphy is based on the recognition and correlation
of erosional surfaces labelled E1 through E7. These
surfaces truncate progressive coarsening upward sequences
and are overlain by conglomerates varying in thickness from
a thin veneer +to about 20 m. The conglomerates are
subsequently overlain by transgressive surfaces Tl through
T7. Where the conglomerate is reduced to a thin veneer the
E7/T7T surfaces are essentially coincident (after Plint et

al., 1986).
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by conglomerates, varying in thickness from a thin veneer to
about 20 m in thickness. The conglomerates are subsequently
overlain by transgressive surfaces numbered Tl through T7.
Where the conglomerate is reduced to a thin veneer, the E
and T surfaces are essentially coincident, and are referred
to (for example) as E4/T4. The base of the Cardium is
formally drawn at the E1/T1 surface and the top at the E7/T7
surface (Plint et al., 1986). The members defined by these
erosional and transgressive surfaces are shown in Figure
2.5.

Four members defined by these erosional and
transgressive surfaces (Plint et al., 1986) have been cored
in the Carrot Creek area. The Raven River Member (first
defined by Walker, 1983 b, c¢) includes all of the coarsening
upward sequence between the T4 and E5 surfaces. The Carrot
Creek Member (named after +the Carrot Creek 0il Field)
includes the conglomerates deposited on the E5 surface. The
Dismal Rat Member (named after the confluence of Dismal
Creek and Rat Creek) includes the pebbly mudstones (facies
3P, 4P, and 5P) and other mudstone facies that overlie T5,
up to the log marker known to industry as the "Cardium
Zone". The Low Water Member 1is the name now given to
the conglomerate wveneer at the E6/T6 horizon; it does not
always have a sharp erosive base..

2.2 HISTORY OF IDEAS ON CARDIUM DEPOSITIONAL HISTORY

0il was discovered in the Cardium Formation at Pembina,
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Alberta in 1952, This discovery sparked an interest in the
depositional environment of the Cardium. Since this time
mueh controversy has arisen concaerning the Cardium

depositional environment, and the mechanisms of sediment

transport in the ahalf environment. Much of this
controversy has resul ted 1 om Al unsatisfactory or
non-existent astratigraphic framewaorks within which to
devel op depositional models. The recognition ard

carrelation of the sedimentologic sequences described above,
serves to establish & regional frameworik from which a better
understanding of  the Tsand body" geometry and bDasin
morphology may be developed.

A comprehensive review of early (pre-1933) ideas
concerning the Cardium depositional history was presented by
Stott (1963, p. 3I-9 and 33-81). A more recent (post-12753)
comprehensive reviaw of ideas concerning Cardium
depositional environments, with emphasis [ty modarn
sedimnentological problems, was presented by Walker (1983a)

and Duke (1985a). A brief discussion of the major ideas

will be presented herey; for details see Walker (198%a) or
Duke (19835a). In this discussion I will be concerned
prrimarily with the changes in  ideas concerning  the

depositional environment, and process of sediment transport
across the shel f, which have led to the present
interpretation.

Beach (19835) first proposed the idea that the pebbles
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at the +top of the main Cardium sandstones were deposited by
turbidity currents. De Wiel (1956) disagreed strongly, on
the grounds of the shallow water depth and the extremely low
slope of the basin floor, and suggested that the low slope
would prevent the generation of turbidity currents. The
problem of flow generation has not yet been resolved. Some
suggestions of generating mechanisms have been tsunamis
(Beach, 1957), storms (Hamblin and Walker, 1979; Wright and
Walker, 1981), cyclic wave loading (Walker, 1984a), and
fluvial discharge (Walker, 1985b). As an alternative
explanation, De Wiel (1956) suggested that the thick
sandstones and conglomerates were regressive deposits
associated with a prograding shoreline resulting from sea
level fluctuations. This idea is developed in this thesis.

Nielsen (1957) proposed that the Cardium at Pembina was
a shallow marine offshore sandbody. Like De Wiel (1956), he
argued against the turbidity current hypothesis, suggesting
instead that the Cardium represented a regressive deposit
"exposed to the erosive effects of normal marine currents"”.
The regressive units are +then overlain by transgressive
mudstones. Nielsen (1957) was the first +to recognize the
erosive nature of the conglomerate deposits.

The ubiquitous coarsening upward sequences preserved in
the Cardium were first interpreted as regressive shoreline
deposits by Michaelis (1957). He believed that these

coarsening upward sequences were separated vertically by
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periads o sgrosional transgression. Flichaelis  (1957)
interpreted the conglomerates in outcrop as being deposited
during these erosional transgressions. This is evident from
his correlation diagram, where the conglomerates overlie the
lower bounding surface rather than forming an integral part
of the coarsening upward sequence (Fig. 2.4). Michaelis
(1957) agreaed with the shallow water origin proposed by
Nielsen {1957) and suggested different environments for
correlative sequences  in different parts of the basin. He
interpreted the deposits at Fembina as a regressive offshore
shoal sandstone capped with conglomeratic beach deposits.

The next major contribution to ow understanding of the
Cardium Formation was the stratigraphic synthesis of the
outcrop by Stott (1963). He tentatively suggested a beach
@nvironment for the thicker sand bodies and interpreted the
conglomerates as transgressive "beach concentrates”.

Off (1967 and Michaelis and Dixon (1969) invoked tidal
currents and storm ernhancemsant of tidal currents
respectively in thedir interpretation of the Cardium
deposits. The study of Michaelis and Dixon (1969} ig the
first to dinvoke storm enhancement of processes occuwrring in
thie basin. The tidal interpretation howaver , is
incompatible with the preserved sedimentary structures and
lithologies and has largely been forgotten. Bridges {(in
Gtride, 1982) cited these studies on the Cardium in a table

of examples of tidal ridges. More recent work in the
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Cardium has shown this interpretation to be unlikely.

Beginning with Berven (19&6&6) , the next major

i

interpretation of the Cardium depositional setting was a
offshore bars. Berven (19&6) was the first person to
publish a correlation between Cardium fields. His ideas
ware supported by Sinha (1270) who interpreted the Cardium
deposits in the Edson field as NW-8E trending offshore bars
locally capped with conglomerate "deposited on the partly
scouwred and semi~consolidated upper surface of  the
sandstones’. Sinha supported Neilson’'s (1937) observation
that there was erosion at  the base of the conglomerates.
This erosion suwrface was further documented by Bwagor et
al. (197&), who recognized that the conglomerates rested
unconformably  on the underlyving biotwbated mudstones in
the Carrot Creek field. They inferred, in the absence of
any evidence for emergence and development of subaerial
topographic relief, that "the erosion surface beneath the
conglomerate is submarine in origin, not subaerial" (p. 927,
but gave no interpretation of its possible origin.

Swagor et al. (1976) suggested that the conglomerates
waere transported offshore, by storm-generated bottom flows.
This mechanism of transport was supported by Frause and
Nelson (1984), and Frause (1983, 1984) for deposits in
the Fembina field. Swagor et al. (1976) =uggested that the
gravels accumulated in the lee of an original topographic

brealk in slope as a Tterrace bar" (a term introduced by
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Campbell, 1971).

Walker (1986) has published a summary of all the
Cardium research both completed and ongoing by the McMaster
group. The first published study of +the Cardium Formation
by the McMaster group was that of Wright and Walker (1881)
from outcrop exposures at Seebe and Horseshoe dams. Wright
and Walker (1981) suggested that emplacement of gravels into
the basin as bedload, by a single storm driven bottom flow,
would require an unreasonably long period of time. In order
to circumvent the perceived problem of time required to
accumulate the thick gravel .deposits preserved in the
Cardium, they suggested +transport of the gravels Dby
turbidity currents. The +turbidity current hypothesis for
sand transport was further developed in a series of
publications by Walker (1983 a,b,c; 1985a, b) concerning
deposition in the Ricinus-Caroline-Garrington Fields in the
southeast, and by Bergman (1984, 1988) for the Carrot Creek
area. In these studies, the problems of flow generation,
and sand-body geometry and occurence of the linear en
echelon deposits still existed. These papers served to
re-establish the controversy concerning the Cardium
depositional history, and mechanisms of transporting
sediment across +the shelf (i.e., geostrophic flows versus
turbidity currents).

The study of the Cardium Formation by the McMaster

group has gained increased momentum over the last four
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years. In the Winter of 1983, Dr. Walker suggested to me
that an interesting thesis might be the examination of the
preserved fabrics in the conglomerates at Carrot Creek. It
was suggested that these conglomerates might be channelized
turbidite deposits. Initial compilation of the data
(Bergman, Tech. Memo 84-1) alluded to the erosive nature of
the conglomerates and the possibility that these
conglomerates were associated with channels. In a search
for higher markers on which to hang +the Cardium, Plint
(pers. comm., Sept. 1984; Plint and Walker, in press)
demonstrated significant erosion on the Badheart Formation.
The. erosion surface did not suggest channelization, but cut
down progressively to the northeast before becoming
unrecognizable on well logs. The Badheart Formation is a
sand body in the overlying Wapiabi shales, very similar in
setting to the Cardium Formation. In December, 1984,
Bergman (Supplement to Tech. Memo 84-1) documented
conclusively +the erosional nature of +the base of the
conglomerates and alluded to the presence of a remnant
erosional topography (later termed Bumps and Hollows), and
the absence of channels in the Carrot Creek area (see
cross—-section EE-EE’, p.30 of the Supplement).

In the early winter of 1984, Plint and Bergman
recognized the one-sided geometry of the sand-bodies in the
Cardium. Regional correlations were done to try to

establish the correlative stratigraphy from field to field.



61
In April 1985, Bergman produced the first mesh diagram which
illustrated the topography of the erosion in the Carrot
Creek area. The surface illustrated for the first time the
presence of distinct topographic features prior to the
deposition of the gravels.

Simultaneously, Duke (1985a) was finishing his
Ph.D. thesis on the Cardium Formation in outcrop in Central
Alberta. His regional study showed similar features to
those observed in the subsurface. Duke viewed the
conglomerates capping the underlying mudstones as lag
deposits reworked from the underlying sandstones during a
subsequent transgression. In outcrop however, there is
never more than about 3 m of conglomerate preserved, which
is a perhaps reasonable maximum thickness for lag deposits.
Plint and Bergman, from regional work in the subsurface,
viewed the conglomerate as forming during a rapid drop in
relative sea level, with new input of gravel into the
basin during lowstand. In the subsurface, the deposition of
gravel entirely as transgressive lags is not a reasonable
solution because in some areas gravel thickness is up to
about 20 m.

In April 1985, Plint, Walker and Bergman submitted a
formal stratigraphy for the Cardium in subsurface to
Bulletin of Canadian Petroleum Geology. This stratigraphy
was based on the recognition and correlation of regionally

extensive erosion surfaces. Further study revealed that
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this proposed stratigraphy was wrong and the article
was withdrawn for modification. The corrected version was
resubmitted for publication in December, 1985 and appeared
for publication in the June, 1986 issue of Bulletin of
Canandian Petroleum Geology (Plint et al., 1986).

The details of the morphology of the erosion surfaces
are illustrated for the Cardium (Carrot Creek area; Bergman
and Walker 1986, in press) and the Badheart (Plint and
Walker, in press) Formations. Both of +the erosion surfaces
are documented with mesh diagrams.

The major break through in our understanding of the
Cardium depositional history has come with the recognition
of the major Carrot Creek erosion surface. This led to the
recognition and correlation of basin wide erosion surfaces,
whose formation we believe to be the result of relative sea
level changes. This concept has been put forward for the
Cardium Formation by Duke (1985a), Rine (1986), Smith
(1986), Plint et al. (1986), Bergman and Walker (1986, in
press) and Walker (1886). The major difference in the ideas
of the these workers is the definition of the major factors
controlling the facies relationships. Duke (1985a), Rine
(1986), and Smith (1986) recognize transgressions as being
the major control on the facies variations. Duke (1985a),
after an extensive study of the Cardium in outcrop concluded
that “"coarsening upward sequences are best interpreted as

partial or complete prograding shelf to shoreline
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sequences. . .non-marine deposits are inferred to have been
removed by transgression...the thick capping conglomerates
represent eroded transgressive lag deposits... resedimented
over the drowned shoreface” (p. 36-37). In his member
classification none of the marine conglomerate deposits are
recognized as having member status. In outcrop it would be
virtually impossible +to recognize these erosion surfaces,
due to the lack of control between outcrops, and the lack of
markers on which +to hang the stratigraphy. Plint et
al. (1986), and Bergman and Walker (1986, in press), now
suggest that the major controls on sedimentation in the
Cardium are drops in relative sea 1level resulting in
regionally extensive erosion surfaces.
2.3 FORMER INTERPRETATIONS OF CARROT CREEK

Studies of Carrot Creek include those of Swagor (1975),
Swagor et al. (1976), and Bergman (1984, 1986). The study
by Swagor (1975) and Swagor et al. (1976) was based on fewer
than 20 wells, all of the available data at the time.
Swagor (1975) and Swagor et al. (1976) recognized that
although the conglomerates rested on marine mudstones, they
were separated from them by an unconformity surface. They
proposed that the conglomerate was deposited in the lee of
an original shelf topographic feature, as a "terrace bar",
with the pebbles driven dominantly by storms across a
shallow shelf. They suggested that the erosion surface

beneath the conglomerate was submarine in origin.
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At the beginning of this study, I tentatively suggested
(Bergman, 1984 and 1984 Supplement) that the conglomerates
rested in channels. It was proposed that the channels were
cut by turbidity currents and that the conglomerates were
channel fill sediments deposited by turbidity currents.
This idea was later rejected due primarily to the morphology
of the erosion surface, which will be discussed later.
2.4 STUDY AREA

The thesis area 1is located in +the Plains of South
Central Alberta well east of the edge of the disturbed belt
of the Canadian Cordillera. In the plains the strike of the
Cardium Formation is in a general northwest direction with a
southwest dip of 0.36° to 0.509¢. Jones (1980) suggested
that numerous and widespread vertical faults (isostatic
adjustment faults) characterized by a comparatively long
straight strike have effectively controlled the position of
a large number of stratigraphic, structural and diagenetic
traps in the Alberta basin. The faults associated by Jones
(1981), with the Viking and Cardium are believed to have
formed after deposition of the producting sands, and are
presumably the result of late Tertiary isostatic
adjustment. The presence of these faults do not appear to
be a significant feature controlling sedimentation or the
geometry of +the deposits in the area of study in this
thesis.

The study area includes townships 50 to 56, ranges 9 to



85

14 west of the Fifth Meridian (Fig. 2.1), and includes the
0il and gas fields of Carrot Creek, Bigoray, Cyn-Pem, Niton,
McLeod, and the north-eastern corner of Pembina. These
fields all contain localized areas of long, linear, en
echelon, thick (up to 20 m) conglomerate bodies. The
reserves estimated by the Energy Resources Conservation
Board (ERCB) of conventional crude oil as of December 31,
1984 are presented in Table 2.1. The field land boundaries,
for each of the fields present within the study area, are
shown in Fig. 2.86.

The data base for this thesis consists of 963 wells of
which full core was cut for 438 wells (refer to data list in
Appendix 1). This comprises all of the publically available
wells as of September, 1985. Of these cored wells, 378 were
logged. Many of the other cores, particularly in the
Pembina area (T50, R9-11) were not viewed, mostly because
the cores are no longer available. Prior to 1962 it was not
mandatory to save the cores, and hence many of the early
cores were thrown out.

This study is based on gamma ray and induction log
signatures and core. The gamma ray mirrors the induction
log signature and is of limited availability, hence only the
induction 1log signatures are shown on the cross-sections..

Facies and facies sequences were measured in all 378 cores.



Figure 2.6. Location map showing the land boundaries of the

fields studied in this thesis.
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Table 2.1.  Estimated in place reserves of conventional

crude oil, as of December 31, 1984.
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OIL FIELD
NAME

CARROT CREEK

PLG, 2.5

BIGORAY
FIG. 2.6

CYN-PEM
FIG. 2.7

NITON
FIG. 2.8

McLEOD
FIG. 2.9

PEMBINA
FIG. 2.10

DISCOVERY
YEAR

1963

1978

1962

1970

1976

1953

DISCOVERY ESTIMATED IN
WELL PLACE RESERVES
X 103 M

PAN AM A-1 CARROT CREEK 1124.4
Al6-7-52-12W5

HUBER-PEMBINA 8-8 270.0
A8-8-51-9W5

CHAMPLIN ET AL. CYN PEM 1730.3
A6-14-51-11W5

DUNCAN HB ZD NITON 8.1
A6-3-55-13W5

ATKINSON W NITON 32.0
Al10-7-54-13W5

SOCONY SEABOARD'S
PEMBINA NO. 1
A4-16-48-8W5

1307773

ENHANCED

RECOYERY

X 10° M
3220
6750

1470.0

108000.0

ENHANCED RECOVERY
ERCB POOLS

CARDIUM A and F

CARDIUM B

CARDIUM A



PART A: MORPHOLOGY OF THE E5 SURFACE

CHAPTER 3 -- FACIES DESCRIPTIONS AND FACIES RELATIONSHIPS

3.1 INTRODUCTION

The facies and facies sequences found in the Carrot
Creek study area will be described in this chapter. An
extended discussion of +the concept implied by the term
facies 1is given by both Middleton (1973) and Walker
(1984b). The term facies, as used in this text, describes
the complete assemblage of primary characteristics, both
physical (lithology, texture, fabric) and biological (body
and trace fauna), of the rock. The facies are not
stratigraphically confined. In some cases the facies have
been divided into sub-facies 1in order to preserve the
affinity with the parent facies.

The facies and overall facies sequence found in the
Carrot Creek study area are shown in an idealized
stratigraphic section (Fig. 3.1) and are essentially the
same as those described by Walker (1983c, 1985c) for the
Raven River ‘"sequence" (Walker, 1983c; now the Raven River
Member of Plint et al., 1986) in the Caroline - Garrington
area farther south. The Raven River "sequence" has now been
divided into two members (Plint et al., 1986) -- the Raven
River and Carrot Creek Members, and 1is transgressively

overlain by the Dismal Rat Member. These members are based
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Figure 3.1. Idealized vertical sequence showing facies
relationships. The sequence is drawn roughly to scale, but
absolute values will wvary. Member names are shown on the

left hand side, and facies numbers are shown on the right

beside each facies.
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on the recognition of erosion and transgressive surfaces.

The facies found in +the Carrot Creek area have been
described and illustrated by Bergman and Walker (1986, in
press). They presented both core box photos and detailed
photos of individual facies from the Carrot Creek area. The
major difference between Walker’s (1983c, 1985¢) study area
and the Carrot Creek area is the thickness of conglomerate
(Carrot Creek Member) preserved at Carrot Creek.

Only brief descriptions of the wvarious facies
associated with the Raven River and the Dismal Rat Members
(Plint et al., 1986) are presented, as descriptions and
illustrations of these facies have been previously published
(Walker, 1983c, 1985c; Bergman and Walker, 1986). With each
description a brief interpretation of the environment of
deposition will be given. For a more detailed description
of these facies the reader is referred to +the papers cited
above. The textural variations of the conglomerates (facies
8) of the Carrot Creek Member will be described in Chapter
T Only those facies in the Raven River and the Dismal Rat
Members not discussed by Walker (1983c, 1985¢c) will be
described in detail below.

3.2 FACIES DESCRIPTIONS
Facies 1 -- Massive Dark Mudstone (Fig. 3.2)

These are very black structureless muds, with less than

5% silt. There are no recognizable burrow forms (Gordia may

be present), but there is an overall "stirred aspect” to the



Figure 3.2. Facies 1 -- Massive Dark Mudstones

A) Photo is taken from well 16-7-52-12, 5512 ft. B) Photo
is taken from well 9-1-52-12, 1630.5 m. C) Photo is taken
from well 16-21-52-11, 4998 ft. D) Photo is taken from well

4-12-52-12, 5382 f+t. Photos are taken from 3 in. drill

core.
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mud. One or two very thin (less than 1 c¢m) sharp based
silty laminae may be preserved. This facies was found in
two particular associations by Walker (1983c), first
blanketing the Burnstick Member and second, overlying the
laminated blanket of the Dismal Rat Member. These
associations were also observed in the Carrot Creek area
(Fig. 3.1). These mudstones are interpreted to have
been deposited in a deep, quiet, shelf environment.

Facies 2 -- Laminated Dark Mudstones (Fig. 3.3)

This facies contains dark mudstones with preserved
silty laminae up to 1 cm thick. These laminae commonly have
sharp bases and bioturbated tops, may be parallel laminated,
ripple cross laminated (usually starved ripples), and/or
graded (fining upwards). There are no recognizable burrow
forms, although the facies has an overall "stirred aspect”.

This facies blankets the Carrot Creek Member and the
pebbly facies in the Dismal Rat Member (Fig. 3.1), and is
identical to the "laminated blanket" of Walker (1983c,
1985¢c,) in the Carocline-Garrington-Ricinus area. Facies 2
is interpreted as a deep water shelf mudstone, although it
may be shallower than facies 1 mudstones.

Facies 3 -- Dark Bioturbated Muddy Siltstones (Fig. 3.4)

There is an increase in the silt content from that in
Facies 2. Bioturbation increases, so that preservation of
silty laminae 1is rare; predominantly sand and mud are

bioturbated together. Where preserved, the laminae are 1-2



Figure 3.3. Facies 2 -- Laminated Dark Mudstones

A) Photo is taken from well 15-7-52-11, 1599 m. B) Photo
is taken from well 16-21-52-11, 4989 ft. C) Photo is taken
from well 9-1-52-12, 1632 m. D) Photo is taken from well

4-17-52-12, 5388 ft. Photos are taken from 3 in. drill

core.
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Figure 3.4. Facies 3 -- Dark Bioturbated Muddy Siltstones

A) Photo is taken from well 12-17-52-12, 5405 ft. B)
Photo is taken from 4-12-52-12, 5468 ft. C) Photo is taken
from well 5-22-52-12, 5382 ft. D) Photo is taken from well
15-23-52-12, 5263 ft. Photos are taken from 3 in. drill

core.
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cm thick, sharp based, and may show parallel laminations,
and/or wave ripple cross laminations and/or a colour grading
(reflecting a fining upwards) . Very few distinct
identifiable burrow forms are present. These mudstones are
interpreted to have been deposited in a deep, quiet shelf
environment. They are similar to facies 1 and 2, but
generally more bioturbated.

Sub-Facies 3P (Fig. 3.5)

This facies' is similar to facies 35 but is
characterised by a decrease in the amount of bioturbation
and the presence of a few thin (1 to 2 cm thick) sharp
based, clast supported, chert pebble beds, and scattered
chert pebbles within mudstone (hence the P designation in
the facies number). The chert grains range in size from
coarse sand to a long axis diameter of about 1 cm. This
facies is always capped by a pebbly mudstone (sub-facies
8B, described in Chapter 6). It is only 1locally developed,
but where present is always found underlying the laminated
mudstones of facies 2 (Fig. 3.1) This facies was not
recognized by Walker (1983¢c). These mudstones are
interpreted to have been deposited on +the shelf in an
environment accessible to gravel input (will be discussed in
detail later) during transgression.

Facies 4 -- Pervasively Bioturbated Muddy Siltstones

(Fig. 3.6)

This facies comprises sand and mud bioturbated



Figure 3.5. Facies 3P -- Dark Bioturbated Muddy Siltstones
with Pebbles

A) Photo is taken from well 10-21-51-11, 5357 ft. B)
Photo is +taken from well 10-22-51-10, 1556 m. C) Photo is

taken from well 6-1-53-13, 5146 ft. Scale bar is 3 cm.
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Figure 3.6. Facies 4 -- Pervasively Bioturbated Muddy
Siltstones

A) Photo is taken from well 12-17-52-12, 5396 ft. B)
Photo is taken from well 4-12-52-12, 5461. Note the
Zoophycos burrow 1located in the middle of the core photo.
C) Photo is taken from well 16-21-52-11, 5023 ft. D)
Photo is taken from well 3-14-52-12, 1653 m. Photos are

taken from 3 in. drill core.



77




78

together, with a number of identifiable burrow forms. These
include Teichichnus, Terebellina, Rhizocorallium, and
Planolites. Generally, this facies shows an increase in

sand upwards, and silty beds are preserved. The beds are
usually 1-5 cm thick, sharp based and generally show
parallel laminations, and/or wave ripple cross lamination,
and/or grading. Both silt content and the degree of
bioturbation have increased from that of facies 3. These
siltstones are interpreted to have been deposited in the
shelf environment. The presence of the thicker sharp based
wave rippled and graded Dbeds associated with bioturbated
siltstones suggests sudden input of silt into quiet
environment below fair weather wave base, but above storm
wave base.

Sub-Facies 4P (Fig. 3.7)

This facies is similar to facies 4, but is
characterized by a decrease in the amount of bioturbation
and the presence of sharp based, clast supported chert
pebble beds 1 to 2 cm thick and scattered chert pebbles
within mudstones. The chert grains range in size from
coarse sand to a long axis diameter of about 1 cm. The
facies is always capped by a pebbly mudstone (sub-facies 8B
described in Chapter 6). Sub-Facies 4P is only locally
developed, but where present 1is always found underlying
sub-facies 3P. This facies was not recognized by Walker

(1983c). These siltstones are interpreted as having been



Figure 3.7. Facies 4P -- Pervasively Bioturbated Muddy
Siltstones with Pebbles A) Photo 1is taken from well
16-31-53-11, 1388 m. B) Photo is +taken from well
10-22-51-10, 1563 m. C) Photo is taken from same well as
in A, in order to show the variety within the facies, 1387.5
m. D) Photo is taken from well 10-21-51-11, 5366 ft.

Scale bar is 3 cm
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deposited on the shelf close to a gravel source, as will be
discussed in detail later.
Facies 5 -- Bioturbated Sandstone (Fig. 3.8)

This facies consists predominantly of sand, although
mud is still present. Beds up to 7 cm thick are preserved,
with sharp bases, parallel laminations, wave ripple cross
laminations (sometimes climbing), grading (fining upwards)
and shale rip up <clasts. The sand and mud are generally
bioturbated together. There 1is a marked increase in
bioturbation, with many identifiable burrow forms, including

Zooprhycos, Rhizocorallium, Teichichnus, and Chondrites.

Compared with facies 3 and 4, there 1is an increase in the
abundance of +the vertical burrow form Skolithos. These
sandstones are interpreted as having been deposited in a
shelf environment similar +to facies 4, possibly slightly
shallower.

Sub-Facies 5P (Fig. 3.9)

This facies is found occasionally throughout the study
area. It is similar to facies 5, but is characterised by a
decrease in the amount of bioturbation and the presence of
sharp based, <clast supported, chert pebble beds (1 to 2 cm)
thick, and scattered chert pebbles in mudstones and
siltstones. The chert grains range in size from coarse sand
to a long axis diameter of about 1 cm. The facies is always
capped by about 10 c¢cm of pebbly mudstone (sub-facies 8B,

described in Chapter 6). Where present, this facies is



Figure 3.8. Facies 5 -- Bioturbated Sandstones

A) Photo is taken from well 5-22-52-12, 5369 ft. B) Photo
is taken from well 15-23-52-12, 5246 ft. C) Photo is taken
from well 3-14-52-12, 1646.4 m. D) Photo is taken from
well 2-21-51-11, 5437 ft. Scale bar is 3 cm. Note the
abundance of Skolithos burrows present in C and D; this is a
common association in this facies. Photos are taken from 3

in. drill core.
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Figure 3.9. Facies 5P -- Bioturbated Sandstones with
Pebbles

Both photos are taken from the same well, 16-31-53-11, in
order to illustrate the variability within the facies.

A) Preservation of a 5 cm thick wave rippled sand bed; no
pebbles present in this photo, 1390 m. B) Thinner sand
beds are preserved in this photo as well scattered chert
pebbles immediately below the sand bed, 1395.5 m. Scale bar

is 3 cm.
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always found underlying sub-facies 4P, and overlying the
Carrot Creek Member. These sandstone are interpreted to
have been deposited in a shelf environmnent accessible to a
gravel supply.
Facies 6 -- Speckled Gritty Mudstone

This facies was not found in the Carrot Creek area. In
Walker’s (1983c, 1985c) facies descriptions, it occurred
"exclusively just below the sandstones and conglomerates of
the Burnstick Member" (12883¢, p. 220). In current
terminology (Plint et al., 1986), it therefore occurs in the
uppermost Hornbeck Member or (more 1likely) is the basal
facies of the Burnstick Member.

Facies 7 -- Non-Bioturbated Sandstone (Fig. 3.10)

The sandstones associated with this facies consist of
sharp based, very fine sands, showing a variety of
sedimentary structures. These include massive sandstones,
parallel stratification, 1low angle inclined stratification,
and wave ripples. The tops of the sand beds may be either
sharp or gradational. The sands often scour into each other
and contain mud rip up clasts or sideritized mud clasts.
The sand thickness varies from 10 cm to tens of cms. Very
little bioturbation is associated with this facies. These
are interpreted as shelf sands, located above storm wave
base. The low angle inclined stratification 1is interpreted
as hummocky Cross stratification. This facies is

interpreted as being shallower than facies 5.



Figure 3.10. Facies 7 -- Non-Bioturbated Sandstones

A) Photo is taken from well 2-29-52-13, 5483 ft. This
photo shows a massive sand with a mud rip up clast in upper
right corner. B) Photo is taken from well 2-29-52-13, 5482
ft. This photo shows preserved climbing wave ripples. C)
Photo is taken from well 4-9-52-12, 5550 ft. D) Photo 1is
taken from well 7-34-52-13, 5315 ft. The last two photos
show low angle inclined stratification, which is interpreted
in this study as hummocky cross stratification. Photos are

taken from 3 in. drill core.
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Sub-Facies 7A -- Interbedded Sand and Shale (Fig. 3.11)

The sands making up this facies are very fine grained.
The beds are generally 3-5 cm thick, sharp based, wave
rippled, and graded. They are separated by thinner beds
(1-2 cm thick) of very black non-bioturbated mudstones. The
overall thickness of the facies is highly variable. This
facies occurs as a transitional facies between the
Bioturbated Sandstone of facies 5 and the Non-Bioturbated
Sandstone of facies 7. It is always found associated with
the non-bioturbated sandstones of facies 7. This facies was
not recognized by Walker (1983c). It is interpreted as a
shelf sandstone deposited above storm wave base and below
fairweather wave base. Facies 7A 1is believed to be
intermediate between facies 5 and 7.

Facies 8 -- Conglomerates (Fig. 3.12)

The conglomerates vary in thickness from a thin veneer
to about 19 m, and rest unconformably on the underlying
sandstones and siltstones of the Raven River Member. The
Carrot Creek Member is composed primarily of clast supported
conglomerates. The average long axis diameter of the
pebbles is 1 to 2 cm. Stratification is rare, but many
textural varieties occur and are defined by grain size,
sorting, and the presence or absence of matrix. The lower
portion of the conglomerate tends to be bedded while the
upper portion 1is massive. A detailed discussion of the

textural variations is presented in Chapter 6.



Figure 3.11. Facies 7A -- Interbedded Sand and Shale

A) Photo is taken from well 7-20-51-11, 1675.2 m. Note the
Chondrites burrows preserved in the muds interbeds,
particularly by the scale bar, and the wave rippling
preserved in the sand beds. Scale bar is 3 cm. B) Photo
is taken from well 4-12-52-12, 5426 ft. C) Photo is taken
from well 10-1-53-14, 5407 ft. Note the layer of mud rip up
clasts, and the wave rippling at the top of the sand bed.
D) Photo is taken from well 2-29-52-13, 5471 ft. Note the
low angle inclined stratification, which is interpreted as
hummocky cross stratification, passing vertically upwards

into wave ripples. Photos are taken from 3 in. drill core.
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Fig. 3.12. Facies 8 -- Conglomerate

A) Photo is taken from well 12-19-52-12, 1624 m. Core
is 3 in. wide. B) Photo 1is taken from well 10-30-51-10,
1550 m. Scale bar 1is 3 em. C) Photo is taken from well
6-10-53-13, 1621 m. Scale Dbar is 3 cm. D) Photo is taken
from well 6-36-50-10, 4929 ft. A Conichnus burrow is

preserved in the centre of the core. Scale bar is 3 cm.
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Sub-Facies 8 G.S. -- Gritty Siderite Facies (Fig. 3.13)

The Gritty Siderite Facies 1is a new facies not
recognized by Walker (1983c, 1985¢). It is found in the
Raven River Member, where it is significant as a marker
horizon (which will be discussed later).

This sub-facies 1is composed of bioturbated silts and
muds, associated with coarser chert grains; it 1is
pervasively sideritized. The upper and lower contacts are
both gradational over 1-2 c¢cm, and the overall facies
thickness varies from 20-30 cm.

The facies 1is characterized by an abrupt change in
grain size from the wunderlying and overlying very fine
grained bioturbated sandstones. The coarse grains range in
size from medium sand to several mm in diameter.
Stratification consists only of vague remnants of sandy
beds. The facies is thoroughly bioturbated, and often the
coarser chert grains are found within the burrow forms. The

siderite 1is ratchy and contains numerous sideritized

Chondrites burrows. Other burrow forms commonly associated
with this facies are Skolithos and Teichichnus.

Concentrations of carbonaceous (primarily wood fragments)
debris are associated with this facies in some locations
(eg., 16-33-50-10W5). Mud rip up clasts are commonly found.

The gritty siderite horizon makes an excellent core
marker. Where present (i.e., not eroded by overlying

conglomerates) it always occurs at the +top of the "b"



Fig. 3.13. Facies 8 G.S. -- Gritty Siderite

Photos A and B are both taken from well 6-11-53-13, 1593 m.
écale bar is 3 cm. A) This photo shows an overview of the
entire facies in core. B) This photo is a detail picture of
the photo shown in A. C) Photo is taken from well
12-19-52-12, 1627 m. ©Scale bar is in cms. D) Photo is

taken from well 10-20-51-11, 5490 ft. Scale bar is in cms.



89




90
sequence (Fig. 3.1). It is not very variable in aspect, and
is of a relatively constant thickness. This ‘facies is
believed to represent a period of non-deposition, presumably

due to a rapid relative rise of sea level or a stillstand.

3.3 GENERAL FACIES SEQUENCE

The overall facies sequence (Fig. 3.1) is one of
progressive coarsening upwards (Walker 1983c, 1985c; Plint
et al., 1986). The Raven River Member consists of two
coarsening upward sequences. The lower "b" sequence begins
with the massive dark mudstones of facies 1 and coarsens
upwards through facies 3 and 4 into the Dbioturbated
sandstones of facies 5. These are overlain by the gritty
siderite (facies 8 G.S.). The upper "a" sequence begins
with facies 4 or 5 and coarsens upwards into the hummocky
cross stratified (HCS) sandstones of facies 7. The "a"
sequence has a maximum preserved thickness of 12 m (refer to
wells 4-28-50-12 and 10-11-51-13 in APPENDIX 2). The
thickness of the "b" sequence is about 26 m, of which about
11 m has been cored (refer +to well 13-5-51-11 on cross
section B, Foldout 2).

The conglomerates (facies 8) of the Carrot Creek Member
rest unconformably, with a wvariable depth of scour, on
different parts of the "a" and "b" sequences of the Raven
River Member. The conglomerate contact may sharp or

bioturbated.
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Above the Carrot Creek Member facies 5P, 4P, and 3P of
the Dismal Rat Member are locally developed. After
deposition of all the pebbles (conglomerate and last pebble
stringer), the "laminated blanket" (facies 2) spreads over
the entire area. These mudstones in turn grade upward into
the massive dark mudstones of facies 1. The two facies are
separated by dispersed mm size chert grains.

The above facies sequence may be divided into three
types based on 1) the nature of the well log response; 2)
the core sequence; and 3) the depth of scour. Core box
photos, 1lithologs and geophysical logs of these various
sequence types are presented. More examples of each facies
sequence type may be found in APPENDIX 2 and the cross
sections (Foldouts 1 through 4).

TYPE I (Figs. 3.14 to. 3.17): These facies sequences are
characterized by a large negative deflection in both the
gamma ray and induction log signatures. The Raven River
Member coarsens upwards. The response is not blocky. The
core shows the development of both the "a" and "b" facies
sequences, separated by the gritty siderite horizon.
Non-bioturbated sandstones (facies 7 and/or 7A) are always
preserved. Depending on +the depth of erosion into the
sandstones, the Carrot Creek Member may be represented by a.
thin gravel veneer (TYPE 1A; Figs. 3.14 and 3.15) or a
thicker (generally 1 to 2 m) clast supported and matrix

supported conglomerate (TYPE 1B; Figs. 3.16 and 3.17).



Fig. 3.15. The core of well 10-16-51-11 is typical of the
Type 1A sequence. The next four pages show core photographs
of well 10-16-51-~11. The corresponding 1litholog and
resistivity log is shown in Fig. 3.15. Core depths are
given in feet; the bottom of the core is in the lower left
and the top in the upper right. Coarsening upward sequence
“b" begins below 5487 ft. and continues to +the gritty
siderite. Sequence "a" begins with facies 4 above the
gritty siderite and coarsens upward into the hummocky cross
stratified and wave rippled sandstones (facies 7A). In this
well two sand sequences separated by a bioturbated sandstone
(facies b) are preserved. The sandstones are abruptly
overlain by conglomerate (facies 8). The conglomerates pass
vertically upwards into the pebbly mudstones (facies 4P and
3B The +tops of both of these facies are marked by
pebbles. The bioturbated mudstones are overlain by the

"laminated blanket" (facies 2).
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Bt 3t Facies Sequence Type 1A g Type Well
10-16-51-11. See descriptions in text. Vertical scale on
the litholog is in metres. The facies numbers are given on
the right hand side of the litholog, and the positions of
the E5/T5 surfaces are shown. Vertical scale on the
resistivity log is in feet. The cored interval is shown by
solid black bar on the resisitivity 1log, and the depth of
the cored interval is given. The positions of the E/T
surfaces are shown on the right hand side of the
resisitivity log. G.S. indicates the position of the Gritty
Siderite horizon on both logs. The position of the "A" and
"B" sequences of the Raven River Member are shown on both
the litholog and resistivity log. Core box photos of this

sequence type are shown in Fig. 3.15.
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Fig. 3.186. Facies Sequence Type 1B -- Type well
12-16-51-11. See descriptions in text. Vertical scale on
the litholog is in metres. The facies numbers are shown on
the right hand side of the litholog. The position of the Eb
and TS surfaces in the core are shown. The vertical scale
on the resistivity log is in feet. The positons of +the the
cored interval is shown by a solid balck on the resistivity
log, and the depth of the cored interval is given. The
positions of the E/T surfaces on' the log are shown on the
right hand side of the resistivity 1log. G.S. indicates the
position of the Gritty Siderite on both logs. The "A" and
"B" sequences of the Raven River Member are shown on both
the 1litholog and resistivity log. Core box photos of

this sequence type are shown in Fig. 3.17.



Fig. 3.17. The core of well 12-16-51-11 is representative
of Type 1B sequence. The next four pages show core
photographs of well 12-16-51-11. The corresponding litholog
and resistivity log are shown in Fig. 3.16. Core depths are
all given in feet; the bottom of the core is in the lower
left and the top in the upper right. Coarsening upward
sequence "b" begins below 5494 ft. and continues to the
gritty siderite. The sequence begins with facies 5 above
the gritty siderite and coarsens upwards into hummocky cross
stratified and wave rippled sandstones of facies 7A. This

well differs from Fig. 3.15 in +that only one sand is

developed. The conglomerates (facies 8) rest abruptly on
bioturbated sandstones (facies 5), separating the two sand
(facies 7 and 7A) sequences. The conglomerates pass
vertically upwards into facies 4P and 3P. Each of these

facies is capped by pebbles. The bioturbated mudstones are

overlain by the "laminated blanket" (facies 2).
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TYPE 2 (Figs. 3.18 to 3.21): Facies sequences of this type
are characterized by an abrupt truncation of the coarsening
upward "a" and "b" sequences of the Raven River Member, by
the erosion surface E5. The Carrot Creek Member in these
wells has a characteristic blocky gamma ray and induction
log signature. In core, these wells are characterized by
thick (up to 19 m) clast supported conglomerates (facies
8). Above these thick gravels, facies 3P, 4P, and 5P may be
locally developed. These wells may be subdivided into two
types reflecting the depth of erosion of the E5 surface.
TYPE 2A (Figs. 3.18 and 3.19) represents a thick
conglomerate (blocky log response) resting on bioturbated
sandstones and siltstones (facies 4 or 5) of +the "a"
sequence. TYPE 2B (Figs. 3.20 and 3.21) represents a thick
conglomerate accumulation resting on the bioturbated
sandstones and siltstone (facies 3, 4, or 5) of the "b"
sequence.

TYPE 3 (Figs. 3.22 to 3.25): 1In these facies sequences,
erosion surface E5 truncates the coarsening upward "a" and
"b" sequences of +the Raven River Member. These facies
sequences differ from Type 2 facies sequences in the
thickness of preservation of the Carrot Creek Member, which
here is only a thin gravel veneer. The log response of the
Carrot Creek Member is not blocky. Above this gravel
veneer, facies 3P, 4P, and 5P are locally developed

depending on the depth of erosion. They show a fining



Fig. 3.18. Facies Sequence Type 2A — Type well
6-31-53-13. See descriptions in text. Vertical scale on
the litholog is in metres. The facies numbers are shown on
the right hand side of the litholog. The positions of the
E5 and TS5 surfaces in the core are shown. The vertical
scale on the resistivity log is in metres. The positon of
the the cored interval is shown by a solid balck on the
resistivity 1log, and the depth of the cored interval is
given. The positions of +the E/T surfaces on the log are
shown on the right hand side of the resistivity log.
G.S. indicates the position of +the Gritty Siderite on the
resistivity log. The "A" sequence of the Raven River
Member is shown for the litholog. The "A" and "B" sequences

of the Raven River Member are shown on the resistivity log.
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Fig. 3.19. The core of well 6-31-53-13 is representative of
the Type 2A sequence. The next four pages show core
photographs of well 6-31-53-13. The corresponding litholog
and resistivity log are shown in Fig. 3.18. Core depths are
all given in metres.; bottom of the core is in the lower
left and the top in the upper right. Coarsening upward
sequence "b" was not cored in this well. Its presence and
the presence of the gritty siderite were recognized on the
well logs and are labelled in Fig. 3.18. Coarsening upward
sequence "a" begins below 1562 m. The conglomerate (facies
8) overlies facies 5 of the "a" sequence. There is no good
development of facies 7 or 7A (hummocky cross stratified
sandstones) in these sequence types. The conglomerate is
about 7 m thick in this well and passes vertically upwards

into bioturbated mudstones of facies 4P, capped by pebbles.

The "laminated blanket" (facies 2) overlies the bioturbated

mudstones.
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Fig. 3.20. Facies Sequance Type 2R - Type well
Hee@E-S51-10.  See descripbtions in text. Vertical scale on
the litholog is in metres. The facies numbers are shown on
the right band side of the litholog. The positions of the
ES and TS swfaces in  the core are shown. The vertical
scale on the resistivity log is in metres. The position of
the the cored interval is shown by a solid black on the
resistivity log, and the depth of the cored interval is
given. The positions of the E/T swfaces on the log are
shown on the right hand side of the resistivity log. The

"BY sequence of the Raven River Member is shown for both

logs.
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Fig. 3.21. The core of well 3-23-51-10 is representative of

the Type 2B sequence. The next three pages show core
photographs of well 3-23-51-10. The corresponding litholog
and resistivity log are shown in Fig. 3.20. Core depths are

all given in metres; the bottom of the core is in the lower
left and the top in the upper right. Coarsening upward
sequence begins below 1562 m with bioturbated dark mudstones
of facies 3 and continues upward into the bioturbated
sandstones of facies 5. The conglomerates (facies 8) rest
abruptly on the bioturbated sandstones (facies 5) of the "b"
sequence. There is no preservation of the gritty siderite
and the overlying "a" sequence. The conglomerates in this
well are about 10 m thick, and are overlain by the
bioturbated mudstones of facies 4P and 3P. The "laminated
blanket" (facies 2) was not cored in +this well but is

believed to overlie the bioturbated mudstones facies.
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upward sequence from the bioturbated sandstones with pebbles
(facies 5P) through to the dark bioturbated mudstone with
pebbles (facies 3P). Each of these facies is capped by a
pebbly mudstone (facies 8B, described in Chapter 6). TYPE 3
facies sequences may be subdivided on the basis of the depth
of erosion on the E5 surface. TYPE 3A (Figs. 3.22 and 3.23)
wells represent sequences where the E5 surface is contained
in the bioturbated sandstones and siltstones (facies 4 or 5)
of the "a" sequence. TYPE 3B (Figs. 3.24 and 3.25) wells
are those where the erosion surface rests on the bioturbated
sandstones, siltstones, and mudstones (facies 3, 4, and 5)
of the "b" sequence.
3.4 CONGLOMERATE CONTACT

The lower contact of the Carrot Creek Member with the
underlying Raven River may be sharp or Dbioturbated. The
nature of the contact depends on the depth of erosion into
the underlying Raven River Member. In all three types of
facies sequences, the conglomerate contact, in any one well,
does not necessarily suggest the presence of a major erosion
surface. In many cases the contacts do not suggest erosion;
they are often bioturbated. The erosion is determined from
regional considerations, and the contacts have to be
interpreted in this light, not vice versa. This will be
illustrated in Chapter 4.

When the conglomerates rest on +the non-bioturbated

sandstones (facies 7), as in TYPE 1 (Fig. 3.26) facies



Fig. 3.22. Facies Sequence Type 3A -- Type well
14-10-53-13. See descriptions in text. Vertical scale on
the litholog is in metres. The facies numbers are shown on
the right hand side of the litholog. The positions of the
E5 and T5 surfaces in the core are shown. The vertical
scale on the resistivity log is in metres. The positon of
the the cored interval is shown by a solid balck on the
resistivity log, and the depth of the cored interval is
given. The positions of the E/T surfaces on the log are
shown on the right hand side of the resistivity log.
G.S. on the resistivity log shows the inferred position of
the Gritty Siderite horizon. This horizon was not found in
the core. The position of the "A" and "B" sequences of the

Raven River Member are shown on both logs.
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Fig. 3.23. The core of well 14-10-53-13 1is representative
of the sequence type 3A. The next four pages show core
photographs of well 14-10-53-13. The corresponding litholog
and resistivity log are shown in Fig. 3.22. Core depths are
all given in metres; the bottom of the core is in the lower
left and the top in the upper right. Coarsening upward
sequence "b" begins below 1604 m, and ends in facies 5. The
gritty siderite horizon was not observed at the top of the
"b" sequence 1in this well. The "a" coarsening upward
sequence begins with facies 4 and continues up to facies 5.
The bioturbated mudstones (facies 5) of the "a" sequence are
abruptly overlain by conglomerate (facies 8). There is no
good development of hummocky cross stratified and wave
rippled sandstones (facies 7 and 7A). The thickness of the
conglomerate is less than 1 mn. The conglomerates pass
vertically upwards into bioturbated mudstones of facies 4P

and 3P, both facies are capped by pebbles. The "laminated

blanket" (facies 2) overlies the bioturbated mudstones.
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Fig. 3.24. Facies Sequence Type 3B -- Type well 7-29-51-9.
See descriptions in text. Vertical scale on the litholog is
in metres. The facies numbers are shown on the right hand
side of the 1litholog. The positions of the E5 and T5
surfaces in the core are shown. The vertical scale on the
resistivity log is in feet. The positon of the the cored
interval 1is shown by a solid balck on the resistivity
log, and the depth of the cored interval is given. The
positions of the E/T surfaces on the log are shown on the
right hand side of the resistivity log. The position of the
"B" sequence of the Raven River Member is shown on both

logs.
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Fig. 3.25. The core of well 7-29-51-9 1is representative of
the sequence Type 3B. The next two pages show core
photographs of well 7-29-51-9. The corresponding litholog
and resistivity log are shown in Fig. 3.24. Core depths are
all given in feet; the bottom of the core is in the lower
left and +thop in the upper right. Coarsening upward
sequence "b" begins below 4738 ft and continues up through
facies 4 and facies 5. The conglomerate (facies 8) is found
on top of facies 5 of +the "b" sequence. The conglomerate
thickness in this well 1is a veneer overlain by the
bioturbated mudstone facies 3P. The "laminated blanket"”

(facies 2) overlies the bioturbated mudstone facies.
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sequences, the contact is generally sharp. In some wells
the contact is 1loaded (@Q., 2-29-32-17) with dewatering
pipes between the loads.

In TYFE 2 (Fig. 3.27) facies sequences, where the
conglomerate rests on the bioturbated facies of the Raven
River Member, the contact is generally biotuwrbated. The
contact appears to have been sharp initially, as in well
28110, with the apparently diffuse natuwre of the
contact being due to subsegquent reworking of the pebbles
downward by organisms. In many cases there are small chert
grains fouwd in the buwrow forms. 8., Vossler (M.Sc. thesis
in progress, pers. comm.) suggested that the dominant burrow
form was Thalassinoides, and that such burrows are

associated with development of a Glossifungites ichnofacies,

indicating a firm ground Bettiﬁg. This ichnofacies is
indicative of burrowing in semiconsolidated but unlithifisd
sediments, and is developed in marginal to open marine
@nvironments. Thalassincides burrows have been documented
along disconformities associated with erosion surfaces.

In other wells pebbles interbedded with mnudstones
{sub-facies 86, described in Chapter &) initiate the
conglomerate sequence, and some of the pebbles may be
bioturbated into the mud associated with this facies (eg.,
wall &6-31-52-1%). This would suggest that the ES surface is
below the first chert pebble, and that this is a mud on mud

contact. If this were so, it makes picking the EE surface



Fig. 3.26. Conglomerate Contact -- Type 1.

These photos show the nature of the conglomerate contact
associated with Type 1 wells. A) Photo is taken from well
2~-29-52~13, 5416 ft. Notice the loading and dewatering
pipes associated with the conglomerate contact. Scale bar
is 3 cm. B) Photo is taken from well 10-21-52-13, 5396
ft. Notice the sharp contact with the underlying sands
(facies 7A). Core is 3 in. wide. C) Photo is taken from
well 12-16-51-11, 5474 f+t. Notice the sharp contact
of the conglomerate on the underlying bioturbated sandstone
(facies 5). Scale bar is 3 ecm. D) Photo is taken from
well 13-5-51-11, 5644 ft. The conglomerate contact with the

underlying sediments is sharp. Scale bar is in cn.
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Fig. 3.27. Conglomerate Contact -- Type 2.

These photos show the nature of the conglomerate contact
associated with Type 2 wells. Scale bar is 3 cm. A) Photo
is taken from well 6-31-53-13, 1561 m. The contact of the
conglomerate with the underlying mudstones appears
gradational in this well. B) Photo is taken from well
4-13-51-11, 1638 m. Notice the pebble filled burrows
underneath the sharp conglomerate contact. C) Photo is
taken from well 3-23-51-10, 1561 m. Notice +the circular
cluster (presumably bioturbated down) underneath the sharp
conglomerate contact. The mudstones directly below the
contact are sideritized. D) Photo is taken from well
5-3-51-9, 1471 m. The conglomerate contact appears to be
bioturbated in this well. Notice the pebble filled,
diagonal burrow extending downwards from the conglomerate

contact.
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Fig. 3.28. Conglomerate Contact -- Type 3.

These photos show the nature of the conglomerate contact
associated with Type 3 wells. Scale bar is 3 cm. A) Photo
is taken from well 14-10-53-13, 1601 m. In this well the
conglomerate contact with the underlying shelf mudstones is
sharp. B) Photo is taken from well 2-36-53-13, 4915 ft.
The conglomerate contact appears to be more gradational in
appearance in this well. The Zoophycos burrow directly
beneath the conglomerate is probably not responsible for the
burrowing associated with the conglomerate contact, but was
formed during previous deposition of the bioturbated
sandstones. C) Photo is taken from well 7-29-51-9, 4729
ft. The conglomerate contact appears to be more gradational
in this well. D) Photo is taken from well 10-23-51-10,
5011 $t. The conglomerate contact appears to be more

gradational in this well.
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difficult. Generally, the mud associated with the
conglomerates is very black and not as heavily bioturbated
as the underlying bioturbated facies of the Raven River
Member. In these cases the contact is picked at this
change in mudstones associated with the incoming of the
chert pebbles.

TYPE 3 (Fig. 3.28) wells preserve only a thin veneer of
gravel on the Eb5 surface. The contact is similar to that of
TYPE 2 wells. Generally, the E5 surface is marked by the
incoming of pebbles truncating the top of the progressive
coarsening upward sequence, and the decrease in the amount
of sand and bioturbation present in the mudstones associated

with the conglomerates.



CHAPTER 4 -- MORPHOLOGY OF THE E5 SURFACE

4.1 INTRODUCTION

The presence of a major erosion surface (E5 of Plint et
al., 1986) will be established from cross sections, both log
and core, in this chapter. The morphology of this surface
will be illustrated using mesh diagrams generated from an
isopach map of the Eb surface. It will be shown that the
location and geometry of +the conglomerate bodies are
directly controlled by the morphology of the E5 surface.

The morphology of the E5 surface has been discussed by
Bergman and Walker (1986) for the Carrot Creek field
(T. 51-563, R. 11-14). The presence of the major erosion
surface (E5 of Plint et al., 1986) was demonstrated,
resulting in the recognition of +three areally distinct
regions within the study area. The TERRACE, located in the

western area, 1is a broad, undulating, expanse characterized

by Type 1A wells. The BEVEL is a narrow belt 1located along
the edge of +the terrace, where hummocky cross stratified
sandstones of facies 7 are truncated. It is characterized
primarily by Type 1B wells, although wells of Type 2A may be
present depending on the depth of erosion. The BUMPS
and HOLLOWS located basinwards (northeastwards) of the bevel
represent a remnant erosional topography. They are long and
narrow, and trend slightly obliquely to the bevel. The well

type varies according to the depth of erosion. The maximum
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erosional relief on the bumps and hollows is about 20 m.
Expansion of the study area (Bergman, 1986; Bergman and
Walker, in press) to include T.50-56, R.9-14, has revealed
one more topographic area not recognized by Bergman and
Walker (1986). Basinwards of +the Bumps and Hollows the
topography gradually fades away into a relatively "flat"

surface, the BASIN PLAIN.

4.2 CORRELATIONS

Log and core cross-sections were constructed both
parallel and normal to the trend of the conglomerate
bodies. Four of these sections (located in Figs. 4.1, 4.6
and 4.10), incorporating as much core as possible, were
chosen to illustrate the presence of a major erosion surface
(E5), the two dimensional geomtry of the conglomerate
bodies, and the vertical and lateral facies relationships.

Log markers above and below the Carrot Creek Member
were easily recognized and correlated, particularly the
upper datum (E7/T7), and the lower markers E4/T4, E3/T3, and
E1/T1. The gritty siderite facies, recognized in core,
gives the subtle log response labelled G.S. In some wells a
prominent inflection point (IN) was recognized and
correlated. The base of the conglomerate marks the erosion
surface E5, and is represented on the cross sections as a
jagged line. The E6/T6 surface ("Cardium Zone") which has
traditionally been used as datum in Cardium studies was not

used for two reasons; first it becomes a difficult marker to



Figure 4.1. Map showing the location of the Carrot Creek --
Cyn-Pem conglomerate pods. The location of +the cross

sections discussed in this Chapter are shown.



128

ALBERTA

CARDIUM EDGE
:/Z

MAP

0O “BEDMONTON

/./ \.

/ CARROT CREEK

56

55

54

53

52

51

50



129
pick in the northeastern part of the basin and secondly,
towards the northeast the surface can be shown to be
erosional with about 10 m of relief (which will be discussed
later).

The sections are all hung on a pair of induction peaks,
the upper of which is the stratigraphic marker E7/T7, about
32 m above the top of +the Carrot Creek Member. The lower
stratigraphic markers E4/T4, E3/T3, and E1/T1 are
sub-parallel to the upper marker (E7/T7). The E1/T1 surface
is separated from the E7/T7 surface by 92 to 107 m over 4200
km2, the entire area of study. The sand/conglomerate bodies
are ‘"boxed in" Dby these essentially flat and roughly
parallel markers. The Cardium section thins northeastwards.

The cored interval in each well is indicated by a solid
black bar. The placement of the core with respect to the
various well logs was done by comparing an obvious core and
log marker (eg., the top of the conglomerate). In this way
the core depth was adjusted to +the log depth. The core
sections are presented on an expanded <vertical scale
compared with the well 1logs, in order +to highlight the
geometry of +the sand-body and the 1lateral and vertical
facies relationships in the sections. Detailed core
cross sections may be found for each line as Foldouts 1
through 4 located in a pocket at the back of the thesis. In
wells where core was not cut, but the well was essential to

accurately reflect +the erosional +topography, the E5/T5
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surfaces and gritty siderite (when present) were picked from
the well logs. A hatched vertical 1line on the litholog
indicates that the core was not cut for +this part of the
well and that the lithology was inferred from the well log
signature.

A cartoon core section, using an expanded vertical
scale is shown below the respective 1log cross section in
order to illustrate the relative positions of the E5/T5
surfaces, the gritty siderite, and the position of the
laminated blanket (facies 2). The cartoon is based on core
data where available, and well logs. In wells which are not
cored the markers are picked from the well logs. Both the
full core sections, +the cartoon core sections, and the
log sections are hung on the same upper marker, the E7/T7
datum. The horizontal separation between the log traces and
core sections in the cross sections does not represent true
distance between the wells.

The downward curvature of +the gritty siderite horizon
under the thick conglomerate deposits (eg., 2-21-51-11,
Cross Section B, Fig. 4.3) is believed to be +the result of
differential compaction. In some wells the top of the
conglomerate (eg., 2-21-51-11) is higher than the projected
top of the terrace and the preserved bumps. This is also
believed to be the result of differential compaction of the

mudstone facies relative to the thick gravel deposits.
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Cross Section A: Fig. 4.2

This is an extension of cross section A presented by
Bergman and Walker (1986, 1in ©press). The base of the
conglomerate 1is clearly erosive, cutting out the hummocky
cross stratified sandstones of the terrace and part of the
"a" sequence between wells 13-21-52-13 and 10-35-52-13 (a
distance of about 4.9 km). It continues to cut downward,
removing all of the "a" sequence, the gritty siderite, and
part of the "b" sequence between 10-35-52-13 and 6-1-53-13
(about 3 km). The bevel is well developed in this cross
section (10-35~62~13 and 14-35-62-13) with thick
conglomerate accumulating against it.

Northeastwards of the bevel a topography of bumps and
hollows is preserved. The difference in amplitude between
bumps and hollows decreases gradually basinwards, until the
surface 1is essentially flat, characterising the basin
plain. The topography (bumps and hollows) is believed to be
erosional rather +than depositional, because an almost
identical facies sequence is preserved in both the terrace
and bumps (compare facies sequences in 3-14-52-14 and
14-12-53-13 on Foldout 1). This is discussed in more detail
in cross section B (Fig. 4.3 and Foldout 2).

Thick (up to 15 m) accumulations of conglomerate occur
banked up against the bevel (13-21-52-13 to 10-35-52-13) and
in some of +the hollows (8-33-53-11). The +top of the

conglomerate is essentially flat across the terrace and
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bevel, but the conglomerate thins dramatically at the toe of
the bevel. The conglomerate 1is only a thin veneer in core
6-1-53-13. Basinwards thick conglomerates may accumulate in

the hollows as in 8-33-53-11, but generally in the basin the

erosion surface Eb5 is marked Dby a thin veneer of
conglomerate.

The thinner conglomerates and conglomerate veneers are
overlain by bioturbated mudstones with pebble stringers of
facies 6P, 4P and 3P, as in core 6-1-53-13. 1In well
8-33-53-11 the thick conglomerate is overlain by mudstones
with pebbly stringers of facies 3P and 4P. The Laminated
Dark Mudstones of facies 2 (Laminated Blanket, labelled
L.B. on the cross sections) then blanket the entire
sequence, and are overlain in turn by Massive Dark Mudstones
of facies 1.

Cross Section B: Fig. 4.3

This is an extension of cross section B presented by
Bergman and Walker (1986, in press). The section was
initially constructed to investigate the nature of the bumps
and hollows, specifically, to examine whether the bumps
represented a remnant erosional topography, or whether they
represented new sand bodies that have been deposited on top
the erosion surface E5. The section has been extended to
determine how the bumps and hollows are related to the bevel

and the terrace, and to examine what happens basinwards of

the bumps and hollows.



Figure 4.2. Cross section A as located in Fig. 4.1. The
position of the wells, with respect to the topographic
features present on the E5 surface, are given below the well
log section. A cartoon core section is presented below the
log section. A detailed core cross section is presented
in Foldout 1, 1located in a pocket at +the back of the
thesis. Dark bars beside log section show the cored
interval. The wvarious E/T surfaces are shown. L.B. =
Laminated Blanket, G.S. = Gritty Siderite, "A" and "B" refer
to the two coarsening upward sequences preserved in the

Raven River Member. Scale is in metres.
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In this section the bevel is not as well developed as
it i in cross section A and is not covered by thick
conglomerate. The erosion swface cuts progressively
downward through the hummocky cross stratified sands, with
only a thin veneer of gravel marking the swface. The toe
of the bevel is in the area of well 13-5-351-11 (see Foldout
2).  EBasinwards of the bevel, the bump and hollow topography
is well developed between wells 4-1&-51-11 and §5-22-52-10.
The bump and  hollow topography fades away into  an
essentially flat swface, the basin plain.

Within the bumps (4-1&6-85{-11/10~16-51~-11, 2-28-51-11,
g-Z-52-11, refer to Foldout 2), the stratigraphic section
consists of the "b'"seguence, the gritty siderite, and the
Tal sequence, which may be capped by hummocky cross
stratified sands. This vertical sequence is very similar to
that underlying the terrace. It would be an extraordinary
coincidence if this sequence, including the gritty siderite,
had developed independently of that of the terrace, and
after the formation of the erosion swwface. This suggests
that the bumps represent a remnant erosional topography.

In this section most of the hollows are filled with
thick gravels banked up against the bumps (2-21, 9-3 to
15-11, 11-146, and S5-22). The conglomerate thins into the
toe of the hollow and is overlain by facies 5F, 4P, and 3p
{(refer to wells 9-3-832-11, 11-2-82-11, 15-11-52-11 on

Foldout 2). In well 4-34-8i1-11 only facies 5F, 4F, and 3IF
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are preserved, suggesting that +this well is located Jjust
basinward of a thick conglomerate accumulation. The
morphology of +the hollows in this area is similar to the
morphology of the bevel shown in cross section A. After
emplacement of all the pebbles, the "laminated blanket”
(facies 2) was deposited over the entire area, and in turn
was blanketed by massive dark mudstones of facies 1.

Cross Section C: Fig. 4.4

This section is outside +the study area discussed by

Bergman and Walker (1986, in press). It is located to the

north of cross section A. The section shows a well
developed terrace and bevel. The bumps and hollows are not
well developed -- the surface 1is gently undulating with
relief around 5 m. The undulations fade basinward leaving

an essentially flat erosion surface, the basin plain, marked
by a thin pebble veneer.

The erosion surface cuts progressively downwards
through the hummocky cross stratified sands, the "a“
sequence, and the gritty siderite. The bevel in this
section has thick accumulations of conglomerates, as seen in
wells 14-34-54-13 and 11-2-55-13 (Foldout 3). There are no
thick conglomerate accumulations basinward of the bevel on
this cross section (refer to Foldout 3).

Cross Section D: Fig. 4.5

This section is outside the study area discussed by

Bergman and Walker (1986, in press). It is located to the



Figure 4.3. Cross section B as 1located in Fig. 4.1. The
position of the wells, with respect to the topographic
features present on the E5 surface, are given below the well
log section. A cartoon core section is presented below the
log section. A detailed core cross section is presented in
Foldout 2, located in a pocket at the back of the thesis.
Dark bars beside the log section show the cored interval.
The various E/T surfaces are shown. L.B. = Laminated
Blanket, G.S. = Gritty Siderite, "A" and "B" refer to the
two coarsening upward sequences preserved in the Raven River

Member. Scale is in metres.
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Figure 4.4. Cross section C as 1located in Fig. 4.1. The
position of the wells, with respect to the topographic
features present on the E5 surface, are given below the well
log section. A cartoon core section is presented below the
log section. A detailed core cross section is presented in
Foldout 3, located in a pocket at the back of the thesis.
Dark bars beside the log section show the cored interval.
The wvarious E/T surfaces are shown. L.B. = Laminated
Blanket, G.S. = Gritty Siderite, "A" and "B" refer to the
two coarsening upward sequences preserved in the Raven River

Member. Scale is in metres.
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south of cross section B. The section was drawn to try to
establish the position of the bevel in the south, and to
further examine the bump and hollow topography. As in cross
section B, the bevel is not well developed and does not have
thick conglomerates accumulating on it. Basinwards of the
bevel is a well developed bump and hollow topography, with
thick conglomerates occurring in some of the hollows.
Basinwards of the bumps and hollows the erosion surface
flattens out, (basin plain) and is marked by a thin veneer
of conglomerate (refer to Foldout 4).
4.3 EROSION SURFACE

The four cross sections (particularly the coregéections
Foldouts 1 +through 4) document the presence of a major
erosion surface. This surface is divided into four areally
distinct topographic features (terrace, bevel, bumps and
hollows, and basin plain). The similarity of +the facies
preserved in the Terrace and in the Bumps suggests that the
Bumps represent a remnant erosional topography (refer to
Fig. 4.3, and Foldout 2). The cross sections presented
herein demonstrate that this surface extends throughout the
study area, with a maximum erosional relief of about 20 m.
The presence of this erosion surface E5 was established by
Bergman (1984) and published by Bergman and Walker (1986, in
press) in the Carrot Creek area.

The interval from the datum (E7/T7) to the Dbase of the

conglomerate (E5 surface), has been isopached in order to



Figure 4.5. Cross section D as located in Fig. 4.1. The
position of the wells, with respect to the topographic
features present on the E5 surface, are given below the well
log section. A cartoon core section is presented below the
log section. A detailed core section 1is presented in
Foldout 4, located in a pocket at the back of the thesis.
Dark bars beside the 1log section show the cored interval.
The various E/T surfaces are shown. L.B. = Laminated
Blanket, G.S. = Gritty Siderite, "A" and "B" refer to the
two coarsenin upward sequences preserved in the Raven River

Member. Scale is in metres.
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determine the morphology of the E5 surface using well logs
and core. In most cases it was possible to pick the base of
the conglomerate from logs alone, particularly if there was
nearby core control. A contour map of the this surface is
shown in Figure 4.6 (a map including data values is given as
Foldout 5), where the contour values represent distances
below the E7/T7 marker: the higher the contour value the
deeper the scour.

The combination of cross sections and isopach map
allows the recognition of four areas of distinct topography,
based on the distance below the marker and the underlying
facies preserved. These are the TERRACE is a broad
undulating expanse, where the conglomerates rest on hummocky
cross stratified sands, located in the south and

southwestern parts of the map. The BEVEL is a narrow belt,

crudely trending northwest-southeast, where +the hummocky
cross stratified sandstones (facies 7 and 7A) are
truncated. The bevel is better developed in the
northwestern portion of the map. South of Cyn-Pem the bevel
trends almost east-west along +the "drilling gap” in the
Pembina oil field (McLaughlin, 1986). Basinwards
(northeastwards) of the bevel, especially in the southern
part of the map is the well developed BUMP and HOLLOW
erosional remnant topography. This topography extends along
the mortheastern edge of Pembina (McLaughlin, 1986). The

bump and hollow topography is not as well developed in the



Figure 4.6. Isopach map of the E5 surface. Four
topographically distinct areas have been recognized on the
map. The broad undulating TERRACE, located in the southwest
corner of +the map, the narrow BEVEL +trending roughly
northwest-southeast, located immediately basinward of the
terrace. Northeastwards of the bevel is remnant erosional
topography of BUMPS and HOLLOWS trending roughly parallel to
the bevel, which fades gradually basinwards in a relatively
flat expanse, +the BASIN PLAIN. The positions of the cross

sections are shown.
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northern part of the map. The BASIN PLAIN (not specifically

named by Bergman and Walker, 1986) 1is an essentially flat
area basinwards of the bumps and hollows. Apart from the

surface documented by McCubbin (1969) for the Cretaceous

strike-valley sandstone reservoirs in northwestern New
Mexico, there is no similar published isopach map detailing
the morphology of this type of erosion surface.

The facies sequence type (described in Chapter 3) was
plotted on a map (Fig. 4.7), in order to establish the areal
distribution of each type. From this map it can be seen
that facies sequences are associated with the wvarious
morphologic features recognized on the erosion surface.
Type IA wells are characteristic of the sequences found on
the terrace and in +the bumps. The bevel is characterized
primarily by wells of Type IB; sometimes wells of Type 2A
are found in the bevel. Well Type 2A and 2B are
characteristic of +the landward side of hollows. Type
3A and sometimes 3B are found on the basin side of the
hollows basinwards of the Type 2 wells. The basin plain is
characterized by wells of Type 3B.

4.4 MESH DIAGRAMS OF THE E5 SURFACE

In order +to visualize the morphology of this surface a
mesh diagram was constructed using the same data. The mesh
diagrams were made using the commercially available software
package published by ZYCOR 1Inc., of Austin Texas. The

technical details are presented in more detail in Appendix



Figure 4.7. Facies sequence map. This map shows the areal
distribution of +the facies sequence +types described in
Chapter 3. The position of the bevel, the 40 and 45 m
contour lines are drawn on for reference to the morphology

of the E5 surface (Fig. 4.6).
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3. Briefly, a regular grid of points was set up, using a
weighted least squares procedure to calculate grid point
values from surrounding real data points. The data grid was
then smoothed to produce the mesh diagram, and shading
applied to emphasize the topography of the surface.
Differences between the mesh diagram and the hand-contoured
isopach map are due to the smoothing procedures involved in
making the mesh surface.

Two views of the mesh diagram are presented, one from
the northeast (Fig. 4.8) and the other from the northwest
(Fig. 4.9). The relief is highly exaggerated in the
figures; the actual relief on the surface is about 20 m, and
covers an area of 1512 mi2 (4200 km2). The cross sections,
particularly the core sections, clearly demonstrate that the
bumps are not gravel and sand ridges which have aggraded on
top of an originally smooth surface.

The two mesh diagrams (Figs. 4.8, 4.9) illustrate the
four areally distinct areas recognized on the isopach map.
The two views show the morphology of the individual features
recognized, and their lateral variation. The gradual
transition from the bumps and hollows to the basin plain is
more evident on the mesh surface than the isopach map. The
mesh surface also shows the change in the development of the
bevel from +the north the south and the association with the
bumps and hollows more clearly than the isopach map.

If the conglomerates were superimposed on this surface,



Figure 4.8. Mesh Diagram of the Eb surface when viewed from
the northeast corner of the study area. The topographic

features described from the isopach map (Fig. 4.6) are

shown.
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Figure 4.9. Mesh Diagram of the E5 surface when viewed from
the northwest corner of +the study area. The Dbevel is
evident as a prominent feature in this wview. The

topographic features are labelled.
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they would be found associated with the deeper scours (refer
to ¥Fig. 4.3 and Foeldeut 2, wells 2-21-51-11, 11-2-52-11,
11-16-52-10, and 5-22-52-10). The thick conglomerates were
found banked up against the bevel (Fig. 4.2 and Foldout 1,
well 14-35-52-13 and 10-35-52-13) and the bumps (Fig. 4.3
and Foldout 2, refer to wells listed above). These thick
conglomerates pass basinwards into mudstones with pebbly
stringers and scattered chert pebbles (facies 3P, 4P, and
5F).
4.5 RELATIONSHIP OF CONGLOMERATE TO THE E5 SURFACE

The conglomerate thickness isopach map (Fig. 4.10) was
constructed using both core and log data. A map including
the thickness values of the conglomerates 1is given as
Foldout 6. The cores were used to confirm the well log
response. The thickness of the conglomerates was determined
primarily from well logs. In many cases the core could not
be used because more than a metre of conglomerate was
missing from the core boxes. Conglomerate thickness was
calculated from the induction 1log response and where
possible compared with the thickness recorded by the gamma
ray log signature. Thickness of the conglomerate was
determined by measuring the +thickness of the blocky log
response at half the resistivity value (Fig. 4.11).

A series of lineér en echelon bodies, with up to 19 m
of conglomerate, were found. Those Dbodies of gravel

adjacent to the bevel surface are parallel to the bevel.



Figure 4.10. Congloﬁerate Isopach Map showing the
distribution of the thick conglomerate pools on the E5

surface. The positions of the cross sections are shown.
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Figure 4.11. Resistivity log illustrating how the
conglomerate thickness was calculated from the resistivity
log. The measurement of conglomerate thickness was made at
a position equal +to approximately half the resistivity
value. The diagram also shows the log signature of the
various E/T surfaces, as well as the gritty siderite. Below
the conglomerate is a coarsening upward sequence associated
with the Raven River Member; G.S. indicates the log response
of the gritty siderite, sub-facies 8 G.S. This coarsening
upward sequence has been truncated by the E5 surface. Above
the conglomerate (T5) is a fining upward sequence associated
with transgressive mudstones of the Dismal Rat Member. The

black bar shows the position of the cored interval. Scale

is in metres.
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Basinwards of the bevel the pods trend slightly obligquely to
the orientation of the bevel and are parallel +to the
hollows. Generally, the thickest gravels are found

associated with the deepest hollows. Between the

conglomerate bodies, a continuous veneer of conglomerate,
usually less than a metre thick, is present in all wells. A
more detailed discussion of the conglomerates is given in
Chapter 7.

4.6 "CARDIUM ZONE" -- LOW WATER MEMBER

The Low Water Member (more commonly known as Cardium
"zone") is contained between the E6/T6 surfaces. 