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ABSTRACT

The Lower Cretaceous Viking Formation 1s a complex stratigraphic
unit containing a wvariety of geographically separated sand bodies of
varying orientation, thickness and lithology. Many of these sand bodies
are prolific hydrocarbon reservoirs which have been extensively drilled
by iIndustry. Despite this fact, their origins and interelationships are
largely unknown. Establishment of a Viking Allostratigraphy in the
Willesden Green area (l) allows the recognition of distinct allomembers
based on bounding discontinuities and facies associations, and (2)
determines the exact stratigraphic relationships and depositional
histories of the Viking oil and gas fields as defined by basin-wide sea
level fluctuatioms,

Detailed core and log correlations indicate that in the Willesden
Green area, the Viking Formation is made up of 4 distinct packages of
sediment separated by 3 major stratigraphic breaks. The lower most
package 1is regional in extent, and consists of three gradational
coarsening-upward cyclic offshore mudstone/siltstome sequences (Members
A and B). At Willesden Green, Member B is erosively incised by a major
unconformable scour surface (VEZ - Viking Erosion surface 2) filled with
conglomerate-rich channel/estuarine sediments (Member G). The VE2
incision was carved during an initial Viking lowstand, and infilled during
a temporary stillstand in the ensuing transgression. The top of Member
¢ 1is erosively truncated by a regionally tracable pebble-mantled
ravinement surface (VE3).

Member D, a sandying-upward sequence of storm-dominated lower
shoreface to transitional offshore sediments, overlies VE3, and records

iif



a second ﬁajor Viking progradational event. This uniﬁ thickens southward,
and can be traced laterally into correlative upper shoreface and non-
marine sediments at Caroline and Harmattan. The top of Member D 1is
bevelled by a second basin-wide ravinement surface (VE4) which rises in
a step-like fashilon towards the south. This surface is mantled by a thin
veneer of pebbles which locally accumulate to form the elongate shale-
encased, conglomeratic shelf sand bodies of Member E. Mamber E
gradationally passes upward into the silty shales of the Colorado Group

and records a final transgressive flocding of the Viking basin.

i1iia



ACKNOWLEDGEMENTS

First and foremost I extend my sincere thanks to Roger Walker. His
enthusiasm is surpassed only by his sclentific acumen, and the support
and guidance he has offered have proven invaluable. I also acknowledge
the Natural Science and Engineering Research Council for their ongoing
support through graduate scholarships to myself, as well as operating and
strategic grants to Dr. Walker.

Husky 0il Operations Ltd. has generously provided me with a leave of
absence to pursue my academic interests, and Texaco Canada Resocurces has
supported this thesis with unlimited technical data. In both cases the
assistance has been greatly appreciated. Special thanks go to Karen
Downing, Sue Burbidge, and Jack Whorwood for their unselfish efforts in
helping me complete this project, and to the rest of the McMaster Mafia
for making my two year stay at Mac so enjoyable. Finally, and most ;f
all, I would 1like to thank Dale, Joyce, Beth and Heather for their

unfailing support and constant encouragement.

v



ABSTRACGT

ACKNOWLEDGEMENTS

TABLE OF GCONTENTS

LIST OF FIGURES

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER 5

TABLE OF CONTENTS

INTRODUCTION

1.1. Introduction
1.2. Problem

STRATIGRAPHY AND STUDY METHODS

MMM MN N
~Sovn BN

Study Area

Stratigraphy

Biostratigraphy and Chronostratigraphy
Internal Viking Stratigraphy

Viking Stratigraphy at Willegden Green

. Database and Method
. Viking Palaeogeography

VIKING LITERATURE REVIEW

3.1. History of Ideas
3.2. Recent Interpretations

FACTES ASSOCIATIONS AND BOUNDING SURFACES

4.1. Introduction to faciles descriptions

FACIES ASSOCTATION 1 (BASAL SILTSTONE
ASSCCIATION) MEMBERS A/B

Lhnuuvnunon
~ Oh U B b

Introduction

. Facies Descriptions
. Vertical Sequence

Contacts

Facies Distribution
Interpretation
Reservoir propetrties

PAGE
iii

iv

viii

=

=~

W w00 oS

e

22
22

26

26

28

28
28
29
31
33
42
45



CHAPTER 6

CHAPTER 7

CHAPTER 8

FAGIES ASSOCIATIONS 2 AND 3 (CROSS-BEDDED
AND INTERBEDDED SANDSTONE ASSEMBLAGE)
MEMEER C

6
6

6

(=)

=5
b |

.1.
.2.

3.

[+ ]

Introduction

Facles Descriptions

{Cross-bedded Facies Association)
Vertical Sequence

(Cross-bedded Association)

. Facies Descriptions

(Interbedded Association)

. Vertical Sequence

(Interbedded Association)

. Gontacts
. Facles Distribution

Interpretation
Cross-bedded Asscciation
Interbedded Association

Overview - Modern Estuarine
Sequences

Contacts

Palaeogeography

Tripartite Estuarine Model
Estuarine Fill Model
Controls on Estuarine Emplacement

6.9. Reservoir Properties

FACIES ASSOCTIATION 4
(HUMMOCK-CROSS-STRATIFIED SANDSTONE
ASSOCIATION) MEMBER D

b BN B NN LN LY RN )
~Novin oW N

Introduction

Facles Descriptions
Vertical Sequence
Contacts

Facies Distribution
Interpretation
Reservoir Properties

FACTES ASSOCIATION 5 (SHALE, CONGLOMERATE,
AND CROSS-STRATIFIED SANDSTONE ASSOCIATION)
MEMBER E

Q0 00 00 0 0 0

v ln WM

Introduction

Faclies Descriptions
Vertical Sequence
Contacts

Facies Distribution
Interpretation

vi

46
46
46
59
67

71
77
82
84
84
95

102
106
107
108
113
116
120

122

122
122
125
125
127
130
138

140

140
140
146
149
152
152



CHAPTER. 9

REFERENGES

8.7. Reservoir Properties
SUMMARY, INTERPRETATIONS AND CONCLUSIONS

. Introduction

. Members A-B (Regional Shelf Sequences)

. VE2 \ Member C (Channel Estuarine Complex)
. VE3 \ Member D (Prograding Shoreface)

. VE4 \ Member E (Shelf Sand Ridges)

. Conclusions

OO O WO WD WD
ol w0

vil

165

167

167
167
169
171
174
176

i81



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure
Flgure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

LIST OF FIGURES
Distribution map of Viking sandbodies
in Alberta showing thesis study area
Stratigraphic Nomenclature

Distribution map of McMaster Viking
research areas in Alberta

Viking Stratigraphy at Willesden Green
{reference well)

Cross-section A-A'

Base Map of the Willesden Green Study
Area

Base Map of the General Study Area

Joli Fou palaeogeography

Viking palaeogeography

Lower Colorado palaecgeography
Western Interior sea level curves

Hawp

Map of Early Cretaceous tectonic features
Willesden Green Facies Scheme

Muddy Siltstone Faciles

Muddy Siltstone Facies

Pale Siltstone Facies

Muddy Siltstone Facies

Facies Association 1 - vertical facies
sequence

Off-field facies relationship
(box core photo.)

A. Surface diagram of erosive topography
on the top of the basal siltstone
association

B. Isopach map of Viking coarse sediment
- Willesden Green area

Cross-section B-B’

Facies Association 1 - (box core photo.)

vili -

PAGE

10

14

15

17

18
20
20
20
20
21
27
30
30
30
30

32

34

35

35

36

37



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

.10

.11

.12

.13

.14

.10

.11

.12

.13

14

.15

.16

.17

.18

.19

.20

Facies Association 1 - (box core photo.)

Isopach of regional cycle A
Isopach of regional cycle El
Isopach of regional cycle B2
Palaetgeography - Members A and B
Cross-bedded Sandstone Facies
Cross-bedded Sandstone Facies
Parallel-laminated Sandstone Facies
Parallel-laminated Sandstone Facies
Massive Sandstone Facies

Massive Sandstone Facies

Pebbly Sandstone Faciles

Pebbly Sandstone Facies
Conglomerate Facies

Conglomerate Facies

Rippled Sandstone Facies and
Black Shale Facies

Rippled Sandstone Facies

Black Shale Facies

Cross-bedded Sandstone Sequence
Black Shale Facies

Black Shale Faciles

Black Shale Facies

Biogenie Structures - Faciles
Association 2

Biogenic Structures - Facies
Association 2

Biogenic Structures - Facies
Association 2

ix

37

39

40

41

&4

48

48

50

50

50

50

52

52

53

53

56

56

56

57

57

58

58

&0

60

60



Figure 6.21 Vertical Sequence - Facies Association 2
Figure 6.22 Vertical Sequence - Faciles Association 2

Figure 6§.23 A. B. C. D.
Facies Association 2 - (box core photo.)

Figure 6.24 Sandy Interbedded Facies
Figure 6.25 Sandy Interbedded Facies
Figure 6.26 Sandy Interbedded Facies
Figure 6.27 Sandy Interbedded Facies
Figure 6.28 Muddy Interbedded Facies
Figure 6.29 Muddy Interbedded Facies
Figure 6.30 Muddy Interbedded Faciles
Figure 6.31 Muddy Interbedded Facies
Figure 6.32 Muddy Interbedded Facie;
Figure 6.33 Muddy Interbedded Facles
Figure 6.34 Muddy Interbedded Facies
Figure 6.35 Muddy Interbedded Facies
Figure 6.36 Muddy Interbedded Facies
Figure 6.37 Muddy Interbedded Facies
Figure 6.38 Muddy Interbedded Faciles
Figure 6.39 Muddy Interbedded Facies
Figure 6.40 Muddy Interbedded Facies
Figure 6.41 Muddy Interbedded Facies
Figure 6.42 Muddy Interbedded Facies
Figure 6.43 Muddy Interbedded Facies
Figure 6.44 Muddy Interbedded Facies
Figure 6.45 Huddy'Interbedded Facies
Figure 6.46 Muddy Interbedded Facies
Figure 6.47 Muddy Interbedded Facies

X

69

69

69

69

72

72

72

72

72

73

73

73

74

74

74

714

75

75

75

75

76

76

78

76



Flgure
Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure

Figure

.48

.49

.50

.51

.52

.53

.54

.55

.56

.57

.58

.59

.60

.61

.62

.63

.64

.65

.66

6.67

6.

68

Vertical Sequence - Facles Association 3
Vertical Sequence - Facles Association 3

Sandy Interbedded Facies
{box core photo.)

Muddy Interbedded Facies
(box core photo.)

VE2 contact
VE2 contact
VE2 contact
VE3 contact

Isopach Map of Member C Thickness
and Facies Distribution

Surface Map of VE2 Erosional Topography

Log Cross-section C-C’

Core Cross-section C-C'

A. Cross-section D-D'

B. Schematic diagram of theoretical
estuarine zonation

C. Examples of tripartite estuarine
zonation

Palaeocurrent data - Member C

Schematic representation of estuarine
ichnofacies zonation

Bedding Style - Facies Association 3

Facies Association 3

Biogenic features

Biogenic features - Facies Association 3
Biogenic features - Facies Association 3

Facies Association 3

Biogenic features

A. Map of Member C thickness and Facies
Distribution

B. Member ¢ Palaeogeography

C. Map of estuarine sediments Germany
Bight, North Sea

xi

78

79

80

81

83

83

83

B3

a5

86

87

B8

89
89

89

92

94

97

100

100

100

100

104

104
104



Figure

Figure
Figure
Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure

Figure

.69

.70

71

72

.74

.75

.12

.13

.14

.15

.16

.17

Schematic of idealized estuarine
Sequence

Palaeogeography - VE2
Palaeogeography - Member C
Palaeogeography - VE3

Diagram of conceptual estuarine
£ill model

Gross-section E-E’

A. Surface map of Mannville
palaeotopography

B. Isopach map of
(100-[Mannville-B.F.S.])

Burrowed-Laminated Sandstone/Mudstone
Burrowed-Laminated Sandstone/Mudstone

" Hummocky-cross-stratified Sandstone Faciles

Convoluted Sandstone

Vertical Sequence - Facies Association 4

VE3 Contact
VE3 Contact
VE3 Contact
VE3 Contact
VE4 Contact
VE3 Contact
VE3 Contact
Isopach Map - Member D

A. B. C.

Facies Assocjation 4 - (box core photo.)

Facies Association 4 - (box core photo.)

Facies Association 4

Palaecogeography - Member D

Xxii

105

109

110

111

115

118

119

119

124

124

124

124

126

128

128

128

129

129

129

129

131

132

135

136

139



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure

Figure

.10

.11

.12

.13

.14

.15

.16

.17

.18

.19

.20

Silty Shale Facies

Pebbly Mudstone Facies

Bioturbated Gritty Mudstone Facies

Bioturbated Gritty Mudstone Facies

Cross-stratified Sandstone Facies

Cross-stratified Sandstone Facies

Cross-stratified Sandstone Facies (compound)

Cross-stratified Sandstone Facies (compound)

Vertical Sequence - Facies Association 5

Facies Association 5 - (box core photo.)

Cross-section F-F’

Surface diagram - VE4 palaeotopography

Isopach - Member E coarse sediment package

Facies Association 5 - (box core photo.)

Theoretical model of sandwave structure

Thick VE4 conglomerate - (box core photo.)

A, Theoretical model of scarp generation by
erosional shoreface retreat

B. Stratigraphic response model to erosional
shoreface retreat

VE4 onlapping marker

VE4 onlapping marker

Palaeogeography - VE4 \ Member E

Cross-section G-G’'

Cross-section H-H’

Schematic diagram of the development
of Viking stratigraphy at Willesden Green

xiii

142

142

142

142

144

144

145

145

147

148

150

151

153

156

158

isl

163

163

164

164

166

178

179

180



CHAPTER 1 : INTRODUCTION
1.1 Introductjon

This study began in 1987 with the goal of gaining additional
_information about several elongate, shale-encased sandstone and
conglomerate bodies of the Late Albian Viking Formation in west central
Alberta. Many of these sandbodies are prolific hydrocarbon reservoirs,
and extensive drilling by-industry has provided an abundance of subsurface
data. Estimated initial oil in place for the major Viking fields totals
281.9 x 10° m® (approximately 1.8 billion bbl), and initial gas in place
totals 378,446 =x 10° n? (approximately 13 tcf) (Energy Resources
Conservatlon Board, 1986). Primary investigations were centered on the
sedimentology and stratigraphic relationship of four adjacent Viking
fields: Ferrier, Willesden Green, Gilby A, and Gilby B.

Although several earlier studies had dealt specifically with the
sedimentology of the Gilby A and B fields, most of these works were
confined by reservoir boundaries, and did not attempt to correlate their
findings to surrounding areas. Determining how these sandbodies fit into
a Viking regional framework became a major objective. The diverse
sedimentological interpretations also had to be synthesized and re-
examined in light of recent advances in the area of sequence stratigraphy.
Since the Willesden Green and Ferrier fields were previously undescribed,
an in depth study of the sedimentology and stratigraphy of these sand
bodies was considered to be a. high priority. As the research
progressed, it became apparent that sorting out the complex geology of the
Willesden Green area would be pivotal in determining the regional Viking
stratigraphy. The central location of the study area aliowed correlations

to be made southward to Caroline, east to Joffre and northward into the
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Crystal field areas. A diverse assemblage of interelated coastal to
shallow marine sandbodies, bounded by major stratigraphic markers, was

found to be present.

1.2 Problem

Numezrous studies have been carried out in an attempt to characterize
the diverse sediments of the Lower Cretaceous Viking Formation of Alberta
and Saskatchewan. The anomalous juxtaposition of open marine shales and
elongate conglomerate-rich sand bodies has offered a unique problem to
researchers, and several theories have been put forth to try and explain
the problematic offshore transport and alignment the gravels comprising
them. Early interpretations suggested sediment dispersal through such
diverse mechanisms as shallow marine turbidity currents, storm-currents,
and offshore shoaling processes on localized topographic highs.

Recently however, with the advent of the concepts of sequence
stratigraphy, an alternative viewpoint has emerged. Several independant
field studies have concluded that multiple fluctuations of relative sea
level, and major shifts In shoreline position were ultimately responsible
for the sedimentology and stratigraphic breaks found within many of the
Viking sand bodies. The most significant of these fluctuations are
thought to have generated widespread hiatuses across the shallow shelf,
caused the incision of large unconformable valleys, and created dramatic
lateral shifts in shoreline position.

Unfortunately, detailed regional correlations linking many of the
local field areas have not been initiated, and a comprehensive basinwide
Viking allostratigraphy has not yet been developed. Many areas in the

Viking basin, such as the Willesden Green and Ferrier fields, have been



virtually unexamined. Through determination of the patterns of deposition
in these areas, a more unified and complete picture of regional Viking
deposition can only follow. In an attempt to address these problems,
preliminary examination of several of the fields surrounding the research
area was carried out to enable the detailed sedimentological observations
at Willesden Green to be put into a larger Viking framework. The results

of this research follow.



" GHAPTER 2 : STRATIGRAPHY AND STUDY METHODS

2.1 Study Area

The detailed study area encompasses a 90 sq mile grid in west
central Alberta, covering Townships 39 ~ 43, and Ranges &4 - 8 west of the
fifth Meridian [fig. 2.1]. Within this area an intensive examination of
cores and wireline logs was carried out to determine the sedimentology and
stratigraphy of the Willesden Green, Ferrier and Gilby B Viking oil and
gas filelds. Several cores and logs were also inspected along a 129
township bordering area in an attempt to tie this work into coneurrent
studies carried out by §.D. Davies (pers. comm., 1989) at Caroline, S5.A.J.
Pattison (pers. comm., 1989) at Crystal, and also to link into the Gilby
A and Joffre field areas previously examined by Raddysh (1988), and

Downing and Walker (1988) respectively.

2.2 Stratigraphy

The Lower Cretaceous (Upper Albian) Viking Formation of central
Alberta and Saskatchewan is part of the Lower Colorado Group, and consists
of a dominantly marine sandstone encased between two marine shales; the
underlying Joli Fou and the overlying Colorado [fig. 2.2]. It was first
defined by Slipper in 1918, and is correlative with the sands of the
Newcastle Formation in North Dakota, the Muddy Sandstone of Montana and
Wyoming, and the 'J' BSandstone of Colorado (McGookey et al, 1972). 1In
western Canada the Viking formation is equivalent to the Paddy Member of
the Peace River Formation in northwestern Alberta {Stelck and Koke, 1987),
the Pelican Formation in northeastern Alberta (Boethling, 1977a), the Silt

Member of the Ashville Formation In Manitoba (Rudkin,l1964), and the Bow
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UPPER ALBIAN STRATIGRAPHIC NOMENCLATURE
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Figure 2.2 - Stratigraphic Nomenclature (modified from Raddysh, 1986).




Island Formation in southwest Alberta (Glaister, 1959). | The Viking
Formatjon ranges from 15 to 45 m thick over most of central Alberta,
progressively thins from southwest to northeast, and eventually pinches
out in the viecinity of St. Paul (Tp. 58, Rg. 9 Wi4M) (Gammell, 1955). The
Viking sandstones can be found only in the subsurface, and display a
gentle regional dip of approximately 2 degrees towards the southwest.
Underlying the Viking Formation are the dark marine shales of the Joli
Fou Formation. Originally designated by Stelck in 1958, the Joli Fou
represents the initial transgressive phase of the Kiowa-Skull Creek Marine
Cycle, and is correlative with the shales of the Skull Creek Member in
Manitoba and the Dakotas, the Kiowa Member of Kansas, and the Thermopolis
Member of Montana (Caldwell, 1984). In the subsurface of Alberta and
Saskatchewan the Joll Fou shales generally range between 15 to 35 m thick,
but rapidly thin in the deformed belt to the west. Tolthe south the Joli
Fou coalesces with the Viking Formation and both grade laterally into the
thick Bow Island Formation (Glaister, 1959).
Overlying the Viking Formation is the Colorado Shale, a widespread
unit of black, silty marine shale which reaches thicknesses of up to 61
m (200 £t) (Evans, 1970). Several iInformal names have been assigned to
this strata including the Lloydminster Shale (Tizzard and Lerbekmo, 1975),
the Golorado Shale tStelck, 1958) , and the Un-named Shale (Evans, 1970).
In this study the upper shale will be referred to as the Celorado
Formation. Equivalent units in the American Great Plains include the
Mowry and Granercs Formations (McGookey et al, 1972). The top of the
Colorado Shale is marked by the Base of Fish Scale Marker, an interbedded
mudstone/graded sandstone bed that contains a high percentage of

phosphatic fish-skeletal debrls (Simpson, 1979). The lower contact of



this sandstone gives a distinctive wireline log response and marks the
boundary between the Lower and Upper Cretaceous (Stelck and Armstrong,

1981),

2.3 Biostratigraphy and Chronostratigraphy
The lack of diagnostic foraminiferal assemblages within the Viking

Sandstone makes precise biostratigraphic dating of the formation difficult
{Stelck, 1958). The Viking Formation lies between the underlying
Haplophragmoides. gigas Zone of the Joli Fou Shale, and the overlying

Miliammina manitobensis Zome situated between the top of the Viking sand

and the Base of Fish Scale Marker (Caldwell et al, 1978) [fig.2.4]. The
Miliammina manitobensis Zone has been dated at approximately 98 Ma
(Stelck, 1975), and puts the Viking Formation in the middle Late Albian.

Potassium-Argon radiometric dates obtained from bentonites within the
Viking Formatiom in south-central Alberta (Tizzard and Lerbekmo, 1975),

gives the formation an age of approximately 100 Ma (+/- 2).

2.4 Intermal Viking Stratigraphy - Introduction

A basinwide Internal Viking stratigraphy is currently being
developed at McMaster University (A.D. Reynolds, pers. comm., 1989).
Simultaneous studies include an examination of the Harmattan field by S.W.
Hadley (pers. comm., 1989), Caroline and Garrington fields by S.D. Davies
{pers. comm., 198%9), Crystal by S.A.J. Pattison (pers. comm., 1989),
Chigwell by Raychaudhuri (1989), and Viking-Kinsella by J.J. Bartlett
(pers. comm., 1989). Earlier works carried out by Power (1988) at
Joarcam, Downing and Walker (1988) at Joffre, and Raddysh (1988) at Gilby

A-B were also incorporated into the study. Individual research areas were



carefully overlapped to ensure that no ‘information gaps’ existed between

fields, and to make large scale regional correlation easier [fig. 2.3].

2.5_ _Viking Stratigraphy at Willesden Green

As research progressed at Willesden Green, it became apparent that
certain distinctive facies packages occurred repeatedly throughout the
study area. Several of these packages displayed a preferréd sequence of
vertical stacking and also showed regularly occurring pebble-mantled
bounding surfaces which could be traced over large distances. By
recording the vertical and lateral relationships of these depositional
packages and bounding surfaces, it was discovered that their associations
started to become predictable in their occurance. Larger scale
correlation between flelds became possible, and careful logging and
identification eventually enabled the development of a coherent Viking
allo-stratigraphy.

Figures 2.4 and 2.5 show the Viking Stratigraphy as it occurs in
the Willesden Green study area. It can be seen that the Viking Formation
is approximately 30 m thick, and consists of 5 members, separated by 4
major erosion surfaces. Laterally heterogenous depositional sequences
were Iidentified and correlated through extensive mapping of pebble-
mantled bounding surfaces. These contacts separate distinctive packages
of sediment, and usually mark abrupt vertical changes in depositional
style, The large number of wells penetrating the Viking Formation provide
an excellent basis for correlation, and identification of individual
members and specific surfaces can be carried out with a high degree of

confidence.

Each Viking allomember is defined according to the North American
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Commission of Stratigraphic Nomenclature (NACSN, 1983, p.865) as "...a
mappable stratiform body of sedimentary rock ‘that is defined and
identified on the basis of its bounding discontinuities". Individual
Viking erosion surfaces are numbered consecutively upward from VELl to VE4,
and stratigraphically separate allomembers A to E [fig. 2.4]. A short
description outlining the individual members and bounding surfaces
follows:

The base of the Viking Formation is defined at the inflection point
of the first prominent shoulder of the resistivity profile above the Joli
Fou Formation [fig. 2.4]. In core, this contact is veneered by a few
scattered granules, and marks a break between the underlying black Joli
Fou Shales and overlying, slightly siltier shales of the Viking Formation.

Member A characterizes the interval between the base of the Viking
and VEL, and has its most prominent expression in the Willesden Green
area. This member consists of a single small scale, silty coarsening-
upward cycle, the top of which gives a prominent, identifiable ‘kick’ on
resistivity logs (I1M4).

VEL, which is mappable throughout much of the Viking basin (A.D.
Reynolds, pers. comm., 1989), in the Willesden Green area is expressed
only as a correlative conformity at the top of the member A sequence, and
is identified by log marker 4 (ILM4).

Above VEl, member B is subdivided into separate subunits Bl and B2,
which are defined by the presence of two gradational small scale
coarsening-upward cycles, similar to that of member A. The top of the
lowermost cycle (Bl) is identlfied by log marker 3 (IM3). The uppermost

cycle (B2) displays a distinctive double bentonite which can be correlated
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across much of the Viking basin,

Member B is abruptly truncated by a thin veneer of coarse-grained
sandstone and pebbly mudstone which locally appears to split into up to
three vertically distinct pebble covered horizons. The stratigraphically
lowest of these is the VE2 contact below Member C. VE2 defines a broad
unconformable wvalley incision in the Willesden Green area, that is
correlative with the basal erosion surface of the Gilby A sand body (H.K.
Raddysh, 1988), and the Crystal vally incision (S.Pattison, pers. comm.,
1989).

At Willesden Green, Member ¢ is a sand and conglomerate rich unit
defined by an extreme resistivity inflection, sharp upper and lower
contacts, and a blocky log profile.

VE3 defines, topographically, a rather flat surface that erosively
truncates the top of member G, regionally scours into the coarsening-up
cycles of member B, and is overlain by member D.

Throughout most of the Willesden Green area member D is a shale rich
member less than 2 m thick. This wunit does however become dramatically
thicker and sandier southward, and displays a marked coarsening-upward
trend.

The uppermost‘Viking Erosion surface, VE4, erosively scours inte
all underlying members. Thils contact defines a step-like topography, with
up to 7 m of erosional relief, and is consistantly veneered by the muddy
conglomerates of member E.

Member E consists of an assemblage of coarse grained sandstones and
muddy pebble conglomerates, which leocally thicken to form elongate bodies
up to 2.9 m thick, and which gradationally interfinger with black shales

of the overlying Colorado Formation.
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In this stratigraphic nomenclature, the top of the Viking Formation
is lithologically defined at the top of the stratigraphically highest
conglomerate horizon, which translates into the iInflection point of the
uppermost prominent resistivity shoulder below the Colorado Formation
{indicated by log marker 2 (LM2)).

In the Willesden Green study area Log Marker 1 (LM1l) was used as a
datum on all maps, and shows up on all well logs as a distinetive, sharp
resistivity kick which lies roughly parallel to the Base of Fish Scales
[fig. 2.4]. In core this marker consists of one or more thin siltstone
beds, often sideritized, situated within the black Colorado Shales. The
Base of Fish Scales was not used as a datum (except on regional sections),
since Log Marker 1 (IM1l) was found to be as regionally reliable and in
closer proximity to the Viking coarse sediment package.

The Willesden Green study area is the only area where all 5 members, and
3 of the 4 Viking internal erosion surfaces can be foun& in core. The
typically complex nature of the interactiocn of these surfaces and members
is also readily demonstrated [fig.2.5]. A detailed explanation and step
by step develeopment of the individual Viking members is given in following

chapters.

2.6 Database and Method

The data base used for this study comprises 127 measured cores and
514 well logs from a 25 township area shown in figure 2.6. All available
Viking cores and most logs were examined in this area which encloses
townships 39-43, and ranges 4-8 W5. Most of the isopach maps and surface
diagrams which follow are based on this area. Several additional cores

and logs were also inspected along a 129 township grid bordering the
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detailed area, in an effort to tie into the Gilby A, Joffre, Caroline and
Crystal field areas [fig. 2.7]. Locations of core and log cross-sections
presented in this thesis are Indicated in figures 2.6 and 2.7.

All cores were examined at the E.R.C.B. core laboratory in Calgary,
Alberta. Individual cores were measured in detail to determine grain
size, and physical and biogenic structures. The#e observations allowed
individual facies to be delineated, and a detailed facies scheme to be
developed. Photographs were taken of continuous boxes of core, as well
as shots of individual facles and facies contacts. A written descriptiom
of each core was also recorded, and core cross-sections were assembled to
allow correlation between wells. Several of the cores were sampled to
facilitate a more detailed petrologic examination which was carried out
back at McMaster University.

The 514 wireline logs examined consist primarily of resistivity and
micro-resistivity profiles, These are the most available logs in the
study area and as such, provided the consistency needed for regional
correlation. VWhere available, gamma-ray logs were also used to confirm
the resistivity picks. In most cases the resistivity response to internal
core changes is quite good, and detailed correlations can be made with a
high degree of confidence; where several core markers are in close
vertical proximity however, assoclated log responses are occasionally

limited by inadequate resolutiom,

2.7 Viking Palaeogeography

The Viking Formation was deposited as part of the Kiowa-Skull Creek
Marine Cycle (Kauffman, 1984) [fig. 2.8d4], and is believed to be the

expression of a globally extensive transgressive-regressive event. Just
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prior to Viking deposition the Kiowa-Skull Creek marine basin extended
from the northern limits of the present-day Distriect of Mackenzie to the
Gulf coastal states, and effectively split the North American continent
in two. Shales of the Joli Fou Formation of Alberta and Saskatchewan were
deposited during this perlod (Caldwell, 1984) [fig. 2.8a].

A sudden regression related to global sea-level drop 97 million
years ago (Vail et al, 1977; Haq et al, 1987; Kauffman, 1984) marked the
beginning of a second slow transgressive pulse in which the Viking and
equivalent sands were deposited. As the regression began the sea
separated along the Transcontinental Arch creating a drainage divide
through southeastern Wyoming and northwest Nebraska (Weimer, 1978). At
the same time the ongoing tectonic activity in the west provided a clastic
source for various freshwater to shallow marine depositional environments
along the western margin of the seaway (Caldwell, 1984) [fig. 2.8b].

A final rise in relative sea-lewvel, associated with the beginning
of the Greenhorn transgressive-regressive event, marked the end of Viking
deposition, and blanketed the underlying Viking sands with dark marine
shales of the Colorado Formation [fig. 2.8c].

During this period, an actively rising Cordillera, and several
related tectonic features apparently influenced deposition along the
western margin of the seaway. The most notable of these include the Peace

River High, the Sweet Grass Arch, and the West Alberta Basin [fig. 2.9].
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EARLY CRETACEOUS
TECTONIC FEATURES

Figure 2.9 -

Early Cretaceous tectonic features (modified from
Stelek, 1975)
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CHAPTER 3 : LITERATURE REVIEW

3.1 Histo of Id

Numerous studies have been carried out In an attempt to characterize
the diverse sediments of the Lower Cretaceous Viking Formation since it
was first defined by Slipper in 1918. The widespread distribution of
pebble horizons within the Viking sands has always fascinated researchers,
and several theories have been put forth to try and explain the
problematic transport of the gravels comprising them., Pioneering work by
Beach (1956) and Roessingh (1959) interpreted the Viking sandstones as
shallow marine turbidity current deposits. DeWiel (1958) envisioned
sediment dispersal by longshore currents in front of a shifting strand
line, and a similar shoreface and offshore bar interpretation was provided
by Stelck (1958). A later proposal by Koldijk (1976) suggested storm-
driven deposition of the coarse-sediment fraction, and the formation of
long, mnarrow deposits offshore by shoaling processes on localized
topographic highs. Several subsequent studies (Evans, 1970; Shelton,
1973; Tizzard and Lerbekmo, 1975; Boethling, 1977b) contributed to a broad
consensus that the Viking sands were deposited under shallow marine

conditions ranging from coastal-shoreface to inner shelf settings.

3.2 Recent Interpretations

In the past decade, renewed economie interest in the Viking
Formation, and the advent of the concepts of sequence stratigraphy (Vail
et al, 1977) have led to a series of Viking re-interpretations. Most of
these interpretations invoke eustatic sea level changes and major shifts

of shoreline position to explain the diverse sedimentological features
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and stratigraphie breaks which occur within the Viking sandstones.
Amajor's (1980) regional subsurface study of the Viking sandstones
in central Alberta and southweste?n Saskatchewan concluded that deltas
located in southern and northwestern Alberta supplied sediment during a
still-stand shoreline condition at the beginning of Viking time.
According to Amajor, consecutive southwestward shifts in the loci of sand
deposition occurred during subsequent rises in relative sea level, and
resulted in the configuration of shale-encased sand bodles seen today.
This is very similar to Beaumont’s 1984 interpretation.
Beaumont concluded that "a basically transgressive model with minor
regressive phases best explain[ed] deposition of the Viking Formatiom of
central Alberta" (1984, p. 173). This conclusion was based on :
1) an apparent unconformity at the base of the Viking
2) the correlation of a series of shingled, retrograding
sediment sheets

3) the presence of ‘submerged’ deltalc deposits

4) thick, discontinuous conglomerate beds preserved 320 kms
(200 miles) from the preserved Viking shorelines

Beaumont hypothesized that in the earliest Viking time coarse
sediment was deposited onto the Viking shelf by subaerial stream transport
during a relative lowstand. Subsequent sea level rise caused a continuous
overall transgression punctuated by minor regressive pulses in which
retrogradationally stacked sediment sheets were deposited. On each of
these sheets, he suggested, were superimposed linear sand bodies, formed
by restructuring of the sand by the "shelf hydraulic regime" (1984,
p.171).

More recent papers which document detailed facies relationships and
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depositional environments of specific areas include Leckie (1986), Hein
et al (1986), Pozzobon (1987), Power (1988), Raddysh (1988), Reinson et
al (1988), and Downing andlwalker (1988). In each of these studies
multiple fluctuations of relative sea level are called upon to explain the
sedimentology and stratigraphic breaks found within the local Viking sand
bodies; however, no detajiled regional correlations were carried out.

The most recent work by Leckie and Reinson (in press) attempts to
correlate the Late Albian Viking, Peace River and Boulder Creek formations
of Alberta and mnortheastern British Columbia. Several major
unconformities are documented within what is interpreted to be an overall
basinwide transgressive phase. It is suggested that from upper Viking
time onward relative sea level was rising steadily, but was punctuated by
at least two lowstands.

The study by Leckie and Reinson takes a first step towards Integrating
isolated fields at Caroline, Gilby and Crystal into a unified picture of
Viking deposition. Their research, in conjunction with all previous
efforts, gives us Insights into many of the initial problems posed by this
unique stratigraphic unit. Deposition appears to have been closely tied
to dynamic changes In relative sea level. The most significant of these
fluctuations caused the incision of large unconformable wvalleys, and
created <dramatic lateral shifts in shoreline position. The
sedimentological expression of these events is apparent in the anomalous
superposition of coarse grained conglomeratic sediments encased in deep
marine shales. Determining the patterns and causes of these wvariations
however, are problems that have remained unresolwed, and much of the
detailed work mnecessary for convinecing basinwide correlation and

interpretation has yet to be carried out. This study attempts'to address
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some of these problems, and hopefully adds a few more pieces to the Viking

puzzle.
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CHAPTER 4 : FAGIES ASSOCTATIONS AND BOUNDING SURFACES

4.1 Introduction to Facies Descriptiomns

The Viking Formation in the Willesden Green study area has been
divided into 5 major facles associations based upon observation of over
125 cores. Each facies association is defined by a distinctive lithology
and assemblage of physical and bioclogical structures occurring between
discrete bounding surfaces. Both wertical and lateral sequence changes
within a given assemblage are discussed, as well as detailed examination
of surfaces bounding the individual assemblage packages. A vertical
reference sequence, detailed facies and contact photographs, core and log
cross-sections, and isopach maps are provided for each facies association.
Figure 4.1 offers a diagramatic listing of individual facies, and acts as
a gulde to deciphéring the numerous schematic core diagrams. A brief
interpretation of depositional environment and palaeogeographic
reconstruction concludes each chapter.

The facies associations are presented in stratigraphic order within
the formation, proceeding from the earliest deposited association. In
this manner, an internal stratigraphy and depositional history of the

Viking Formation are sequentially established.
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CHAPTER 5 : FACIES ASSOCTIATION 1 (BASAL SILTSTONE ASSEMBLAGE)
MEMBERS A + B

5.1 Introduction

The basal siltstone assemblage characterizes the lower part of the
Viking Formation, and has been observed as a relatively uniform facies
sequence throughout many'parts of south-central and central Alberta. It
is equivalent to the "regional shelf-shoreface facies" of Reinson et al
(1988), and the "basal siltstone assoclation" of Downing and Walker
¢(1988). This unit is ubiquitous throughout the study area and consists
of a series of coarsening-upward sequences comprising two main facies:

bioturbated muddy siltstones and bioturbated sandy siltstones.

5.2 Facies Description

Muddy Siltstone Facies

The muddy siltstone facies was defined by Downing and Walker (1988),
and consists of a homogenous non-fissile mixture of silt, clay and minor
very-fine sand [fig. 5.1]. Commonly thprough churning by bioturbators
gives a mottled and structureless appearance to this facies, making
individual traces very difficult to determine. Recegnizable burrows are
dominantly horizontal and include Terebellina, Zoophycos, and
Helminthopsis. Biwvalves and fish remains frequently occur along bedding
planes [figs. 5.2, 5.4]. Although this facies generally has a rather
homogenous black- to dark grey appearance, faint horizontal layering
occasionally occurs in the form of delicately laminated silt beds. Fully
preserved beds are very rarely seen, however when they do occur, they are
usually thinner than 1 em thick, have sharp bases and bioturbated tops,

and display undulatory to parallel laminated internal structure. Rare
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bentonitic silt layers occur along some parting planes, and dark green
nodules of pyrite up to 2 c¢m in diameter are common in this facies.

The muddy siltstone facies reaches a maximum'thickness of 4.5 m in
the study area, and is prevalent towards the base of each of the small-
scale coarsening-upward sequences seen in Member A. Within the sequences
the muddy siltstone facies consistantly grades wupward into a pale
siltstone facies.

Pale Siltstone Facies

The pale siltstone facies is equivalent to the pale gray siltstone
facies of Downing and Walker {1988), and is a bioturbated mixture of silt,
clay and minor verv-fine sand [fig. 5.3]. A marked increase in the ratio
of silt and sand to clay causes this facies to be distinctly lighter in
colour than the muddy siltstone facies. It consistantly occurs
gradationally overlying the muddy siltstone fgcies. A characteristic
trace fossil assemblage is present, and individual burrows are generally
well defined by contrasts in clay and sandstome £i11. The dominant
burrows appear to represent a mix of Zoophycos and Cruziana ichnofacies,

with a domination of horizontal and diagonal burrowing forms. Individual

traces include Asterosoma, Terebellina, Zoophycos, Chondrites,

Rhizocorallium, Conichnug, Cylindrichnus, and Helminthopsis.

Physical structures are rare and consist primarily of discrete
sandstone beds 1 to 3 em thick, with sharp bases, undulatory to parallel
laminated internal structure, and bioturbated tops. Complete beds are

only rarely preserved however, due to the intensity of the burrowing.

5.3 ¥ertical Sequence

In the study area Assoclation 1 consists of 3 distinet cearsening-
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upward sequences which can be traced and correlated regionally in all
directions. Each coarsening-upward cycle imparts a distinet log signature
which can easily be matched to changes in core lithology. Well 6-12-43-
7 W5 was chosen as the Association 1 reference well since all three
coarsening-upward sequences are well developed and can be easily detected
in both core and on well log [fig. 5.5]. The top of each cycle is
expressed by a pronounced "kick" on resistivity logs (and gamma-ray) which
can be used to correlate individual sequences A, Bl and B2 throughout the
study area. A pair of distinctive bentonitic markers which occur in cycle
B2 can also be correlated in log and in core across the study area.
Although the bentonites are not present in the reference well due to
erosive truncation by overlying strata, they can be clearly seen in figure

2.4,

5.4 Gontacts:

In the Willesden Green study area, the lower contact of the basal
siltstone assemblage abruptly marks the base of the Viking Formationm,
which is defined at the inflection point of the first prominent shoulder
of the resistivity profile above the Joli Fou Formation. In core 10-35-
40-7W5, this comtact is veneered by a few scattered granules, and marks
a distinct break between the underlying black Joli Fou Shales and
overlying, slightly siltier shales of the Viking Formation. VEl1, an
erosive contact defined in north central Alberta (A.D. Reynolds, pers.
comm., 1989), is expressed only as a correlative conformity at the top of
cycle A in the Willesden Green area.

The basal siltstone assemblage is erosively truncated by overlying

Viking erosion surfaces VEZ, VE3, and VE4, which usually display a coarse-
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Figure 5.5 - Facies Association 1 - Reference Well 6-12-43-7W5;
jllustrating vertical facies relationships and correlatable log and core

markers.
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grained lag, and which scour into one ancther in an intricate fashion.
A more detailed discussion of the location and characteristics of these
overlying bounding surfaces will follow In later chapters. In many off-
field wells these multiple erosion surfaces are expressed as a single thin
pebble lag (VE4) which separates the silty regional sequences from the
overlying black Colorado Shales [fig. 5.6].

A three dimensional palaeotopographic surface map generated from
well log and core picks using SURFER software package [fig, 5.7a]
indicates the erosional topography on the top surface of Viking regional
member B2 (a mixture of erosion surfaces). The relative location of
overlying coarse sediment packages which make up the major Viking oil and
gas fields in the area are also indicated on the 3-D, and asscciated 2-
D isopach map [fig.5.7b]. It is apparent that many of the reservoir sand
accumylations are directly associated with distinct scours on this

surface.

5.5 Facies Distribution

Two notable trends occur within the regional cycles of the basal
siltstone assemblage in the Willesden Gfeen area. Core and log analysis
indicates that the three regional cycles (A,Bl1,B2) all become thicker,
and sandier, in the northern part of the study area. Figure 5.8
(resistivity log cross-section) shows that cycle top inflections become
increasingly more pronounced northward from township 39 to township 43.
This wireline trend is reinforced by evidence from the assoclated cores.
In township 37 cycle tops contain approximately 40 % silt and sand and 60
% mud; in township 43 however the maximum sand content has Increased to

approximately 70 %. The trend is notably expressed in figures 5.9 and
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THICKNESS TREND OF REGIONAL SEQUENCES

6-28-37-6WS 14-9-39-8WS5 8-8-41-6W5 6-35-43-TW5
2-31-38-6-W3 6-8-40-6WS5 15-9-42-7W5 B-31-44-7W5
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Figure 5.8 - Log Cross Section B-B’ showing regional cycle trends. Note
northerly thickening of cycles, and inerease in the prominence of cycle
top resistivity inflections in the same direction. Bentonitic markers in
the uppermost cycle (B2) become erosively truncated by township 43
(location map on page 18; figure 2.7).
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5.10. North of the detailed study area, in the vicinity of the Crystal
oil field (townships 45,46), sand content in correlatable sequences
reaches percentages Iin excess of 80 % (S.A.J. Pattison, pers. comm.,
1989).

Isopach maps of cycle thickness [figs. 5.11, 5.12, 5.13] indicate
that sequences A and Bl show a general thickness increase in the direction
of increasing sandiness, northwestward, and pinch out towards the south
and east. Sequence A decreases from 12.4 m to 4.2 m; sequence Bl from 7.0
m to 2.1 m. The cycle packages also display a slight thickening along a
broad 2 km wide tongue striking approximately north-south and running the
length of the study area at the intersection of ranges 7 and 8 [figs.
5.11, 5.12]. Stratigraphic cross-sections hung upon an wupper datum
indicate that these thicks were not deposited as convex palaeotopographic
highs but rather resulted from the infilling of a breoad, elongate low
[fig. 6.72].

An isopach map of the uppermost cycle (B2) shows a marked variation
from the characteristics expressed In A and Bl, and results from erosive
truncation by overlying contacts. While eycles A and Bl both thicken to
the northwest, cycle B2 shows a reversed trend. From a maximum thickness
of 19 m iIn the southeast it progressively thins to less than 4 m at
township 43, ranges 7 and 8. Examination of this cycle in core however,
shows that petrographically it precisely mimies the two underlying
regional sequences, having a progressively greater sand to shale ratio
towards the northwest, S8imilarly, figure 5.8 clearly shows that the
thickness of the sediment package between the base of cyele B2 and the
double bentonite markers also increases northwestward. The sediment

thickness between the bentonites and the member top however, gets
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progressively thinner in the same direction, up to township 43 where the
bentonites can no longer be detected. The abrupt removal of these
markers, and the consistancy of petrographic characteristies teo underlying
cycles, indicates that the overall thinning of the B2 package was not

depositionally related, but rather, resulted from erosive truncation.

5.6_Interpretation

The basal siltstone assemblage was deposited in an environment in
which clay and silt was the common form of sediment available. The
undulatory mnature of the rarely preserved laminated silt beds suggests
deposition from suspension under the influence of storm waves, and the
intensity of bioturbation is indicative of vigorous biological reworking
during periods of fair weather. The combination of these factors suggests
slow continuous deposition in a quiet offshore setting well bhelow
fairweather wave base. Reinson et al (1988) interprets simjilar deposits
in the Crystal field area as "offshore transitional” and "lower shoreface"
deposits; Downing and Walker (1988) place correlatable Joffre sediments
in an "offshore" setting.

The cyclic nature of these deposits indicates that, at the time of
deposition, minor fluctuations in relative sea level were affecting the
northern part of the Viking basin. Reinson and Leckie (in press) suggest
that these "cyeclical perturbations...may reflect the influence of local
and/or regional tectonics, or autocyclic processes which could have
affected variations in sediment supply" (p.33). The consistant thickening
and sandying of these cycles to the northwest in both the Willesden Green
and Crystal field areas, also indicates that at the commencement of Viking

deposition a substantial amount of sediment was being supplied from the
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north or northwest, undoubtedly from the Peace River Arch [fig. 5.14].

The subtle thickening of cycle packages that occurs along a 2 km
wide band striking approximately north-south at the intersection of ranges
7 and 8W5, may also reflect some type of palaeotopographic effect. As
noted, stratigraphic cross-sections hung upon an upper datum indicate that
this thick was not deposited as a convex palaeotopographic high, but
rather resulted from the infilling of a broad, elongate trough. The
absence of erosional surfaces within this package suggests that at the
time of deposition, small-scale flexural downwarping, or local subsidence
caused by underlying structural control, were the primary mechanisms
acting to create the additional accomodation space in this area. The fact
that this trend 1is consistant throughout the three regicnal cycles,
implies that subsidence was continucus all during this period.

The anomalous northwesterly thinning of the uppermost regional cycle
{B2), and the abrupt disappearance of its double bentonite marker can only
be attributed to erosive truncation. Examination of this eycle in core
shows that petrographically it preciéely mimics the two wunderlying
regional sequences, having a progressively greater sand to shale ratio
towards the mnorthwest. Similarly, figure 5.8 clearly shows that
northwestward across the study area the thickness of the sediment package
between the base of cycle B2 and the double bentonite markers also
increases. This implies that as with the underlying two regional cycles,
at the time of deposition there was a greater sediment supply in that
direction. The sediment thickness between the bentonites and the member
top however, progressively thins in the same direction, up to township 43
where the bentonites c¢an no longer be detected. Since the bentonites can

be thought of as 1instantaneous and continuous markers, the abrupt
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disappearance of these beds and the northwesterly thinning of the B2
package, can only be explained as the result of subsequent erosive
truncation. The fact that the uppermost regional cycle shows the maximum
erosive truncation in an area that petrographic evidence indicates is the
most shore proximal is entirely consistant with the findings one would
expect under conditions of rapid relative sea level drop. This regression

marked the initial onset of the first Viking lowstand.

5.7 Reservoir Properties

The basal siltstone assemblage has no commercial wuse as a
hydrocarbon reservoir. The fine-grained, bioturhated mnature of the

sediment cffers minimal porosity and permeability.
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CHAPTER 6 : FACIES ASSOCIATIONS 2 and 3
(CROSS-BEDDED AND INTERBEDDED SANDSTONE ASSEMBLAGE)

MEMBER C

6.1 Introduction

Member ¢ characterizes the Viking Formation between VE2 and VE3,
and in the Willesden Green area represents the incision and infilling of
a major wunconformable wvalley iIinto the wunderlying regional Viking
succession. Research iIndicates that these previously undocumented sand
and conglomeratic sediments are shallow marine in origin, and may be
analagous to deposits described by Reinson et al (1988) in the Viking
Crystal area. At Willesden Green Member C consists primarily.of two
distinct facies assoclations:

A) Cross-bedded facies association (FA2)

B) Sandy/muddy interbedded facies association (FA3)

6.2 Facies Descriptions - Cross-bedded Facies Association 2

The main body of the cross-bedded sandstone association is
made up essentially of well scorted, fine- to medium-grained sandstone,
pebbly sandstone, conglomerate, and minor amounts of shale in the form of
mud drapes. Physical structures In the sandstones include large scale
trough cross-bedding, planar tabular cross-bedding, massive bedding,
parallel-lamination, and both wave- and current-rippliﬁg. Conglomerates
are massively-bedded, or wvaguely imbricated. Extremely rare biogenic

features include the trace fossils Skolithos, Ophiomorpha, and

Macaronichnus.



47

Cross-bedded Sandstone

The dominant sedimentary structure in Facies Association 2 is fine-
grained cross-bedded sandstone. Individual cross-bed sets typically
display a graded base with mud rip-ups, angle of repose cross-lamination,
a rippled.top, and occasionally are capped by a mm to cm scale organic mud
drape. Laminae within the sets generally have slopes of 15 to 28
degrees, and In many cases a notable increase in laminae slope angle can
be detected progressively upward through a set [fig. 6.1]. Individual
preserved cross-bed sets range In thickness from 8 to 43 cm, but the
majority are between 20 to 26 cm thick. In most cases only the basal
portion of the cross-bed set 1is preserved due te erosive scouring
associated with overlying sets. Small scale reactivation and scour
surfaces mark the vertical Intersections of sets throughout the cross-
bedded facies association [fig. 6.2].

Commonly the cross-bed sets occur in continuous stacked successions
up to 3.5 m thick. Within these successions overall fining-upward and
thinning-upward trends are often apparent and the cross-beds frequently
grade up into wave- and current- rippled fine-grained sandstones, or into
the planar-laminated /bioturbated couplets of facies association 3. The
limited scribed core available indicates both unimodal and crude bi- to
poly-modal palasocurrent directions through vertically stacked sets. The
trough cross-bedded sandstones may be Interbedded with parallel-laminated
sandstones, massive sandstones, pebbly sandstones, and conglomerates.

Parallel-laminated Sandstone

Parallel-laminated sandstones are fine-grained, well sorted, and
consist of extremely regular mm-thick {occasionally ecm thick) gently

dipping parallel laminae of sand and clay in packages up to a few dms
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thick [fig. 6.3]. Stratification is defined by minute laminations of
organic-rich mud and heavy minerals. Dip angles generally range from
horizontal to 7 degrees, but in some Instances angles of up to 12 degrees
are attained. Individual beds usually have an erosive base, often with
a scattered granule lag and normal grading, and as with most beds in the
assemblage, occasionally have a mud draped top. Parallel-laminated
sandstones are found throughout facies association 3, however individual
packages tend to be much thicker in the upper portion of the association,
reaching a maximum thicknesses of 1.6 m. They often occur interbedded
with cross-bedded sandstones, and both sharp and gradational transitions
between the two facles are apparent. Although parallel-laminated
sandstones are generally well consolidated, the internal mud laminae often
weather out to produce a series of disk-like sandstone plates [fig. 6.4].

Massive Sandstone

Massive sandstones are generally fine- to medium-grained and typically
oceur as cm to dm thick layers interbedded with cross-bedded sands, or as
continuous units up to 4.8 m thick. The massive sandstones are
characterized by their lack of visible stratification [fig. 6.5}, although
the tops of some massive lz;eds occasionally display a minor amount of
normal grading, faint wave- or current-rippling, or mud draping [fig.
6.6]. Massive sandstone beds can be continuously stacked upon one
another, separated only by scour surfaces or, more commonly by black mud
drapes up to 1 cm thick., Massive sandstones are generally found in the
lower half of the cross-bedded facies association but are also interbedded
with the conglomerates and pebbly sandstones found higher up in the

succession.
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Pebbly Sandstone

Pebbly sandstones are very similar to ﬁhe cross-bedded sandstones
described above, but consist of a poorly sorted mixture of small pebbles,
granules, and fine-grained salt-and-pepper sand. Distinet polymictic
pebble layers and sideritized mud clasts often define angle of repose
cross-stratification (24 to 30 degree dips) [fig. 6.7}. Due to variable
clast size, bounding surfaces of cross-bed sets are Indistinct and are
often difficult to determine. An average set thickness is estimated to
range between 15 and 30 cm. Both normal and inverse grading 1s apparent
within the pebhly sandstone facies. Although the facies is generally
matrix supported, where coarse grain sizes predominate the pebbly
sandstone often becomes clast supported and develops a rather
structureless appearance [fig. 6.8]. The pebbly sandstones are
interbedded with, and transitional between the cross-bedded sandstones and
conglomerates. Contacts between the facles may be either sharp and
erosive, or gradational.

Conglomerate

The conglomerate facies 1is polymictic, poorly sorted and clast
supported.. Clasts are well rounded, often oblong in shape, and consist
primarily of quartz, chert and rock fragments [figs. 6.9, 6.10].
Individual clasts range in size up to a maximum of 2.5 cm (average long
axis, 10 largest.clasts). The matrix is fine- to medium-grained salt-
and-pepper sand similar to that found in the cross-bedded facies. Visible
porosity 1s often apparent. Physical structures are generally absent
within the conglomerate facies, although possible wvague imbrication is
occasionally noted [fig. 6.%9]. The conglomerate facies has two occurances

within the cross-bedded facies association: as a lag deposit up to 23 cm
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thick above the basal erosion surface, and as thick units gradationally
interbedded with pebbly and massive sandstones in the upper half of facies

association 2.

Rippled Sandstone

Within facies association 2, wave-, current-, and combined-flow-
rippled sandstones are ubiquitcus. These small scale structures occur
with the greatest abundance and in the thickest packages at the tops of
large scale fining-upward sequences, although isolated occurances as
discrete units between coarser-grained (even conglomeratic) high energy
bedforms are not uncommon [fig. 6.12]. As previously noted, fine-grained
rippled sands also regularly cap the tops of individual massivé, cross-
bedded, and pebbly sandstone beds and probably represent the waning flow
stage of deposition. 1In most cases these rippled bed tops are overlain
by a thick black mud drape [fig. 6.11], and occasionally may be disrupted
by marine bioturbators. A common sequence consists of a cross-bedded
sandstone bed grading upward Into a thin band of climbing current-ripples
with a wave-rippled, mud-draped top. At the tops of large scale fining-
upward sequences however, packages of unidirectional climbing-ripples can
reach thicknesses of 34 cms. Stacked sets of wave-ripples also occur, but
they are generally less than 10 cm thick.

Black Shale

Throughout the cross-bedded facies association, black shale ceccurs
in three distinctive forms: (1) as thick drapes overlying individual bed
sets, (2) as angular rip-up clasts, and (3) as thin laminae which veneer
the lower foresets and bottomsets of sandstomne cross-beds.

Most commonly, individual mud drapes occur as 1 to 2 cm thick,

black, friable and organic-rich bands [figs. 6.11, 6.13]. In rare
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instances, they display thin internal silt laminations ("pinstripes"), or
associated shallow marine ichnofossils (eg. Planolites). Deformation and
loading of these mud intervals is frequently observed. As noted, drapes
are found consistantly at the tops of individual large- and small-scale
bedsets, and distinctly mark boundaries between consecutive depositional
units. At other bedset intersections however, their early removal through
erosive scouring is almost certainly indicated by the close asscciation
of reactivation surfaces and overlying mud rip-ups.

Throughout the cross-bedded facies association mud rip-up clasts are
very common. These clasts usually line bases of intermal scour surfaces
[fig. 6.14]1, and also occur along the foresets of individual cross-bed
laminae. Most rip-up clasts contain a high organic content and are black
in colour, however complete sideritization of clasts is not uncommon. The
angular geometry and fragile, wispy appearance of the majority of rip-
ups strongly suggests a short transport distance. Demse bands of these
delicate mud rip ups are occasionally associated with thick packages of
cross-bedded, planar-laminated or massive sandstone deposits [fig. 6.15].
Other mud rip-up clasts display fine silt and mud laminations which have
a distinctive varve-like appearance [fig. 6.16]. Dissolution of these
clasts occasionally produces a form of "vuggy" porosity that is commonly
hydrocarbon stained [fig. 6.17]. Within the cross-bedded facies
association mud also occurs as very thin drapes which veneer the sandstone
laninae of the lower foresets and bottomsets of the cross-beds [fig.
6.15]. These argillaceous laminae are mm scale, and occur in isclated
bands up to 8 ecm thick. Although periodicity of mud laminae and sand

laminae spacing is common, consistant coupling was not cbserved.
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Biogenic Structures

Biogenic structures within the cross-bedded facies association are
very sparse relative to the abundant high energy physical structures and
as such, constitute a very minor element of the overall sequence. The
limited structures present are characteristic of the near shore, high
energy, marine Skolithos ichnofacies and consist primarily of Skelithes
[Eig. 6.18], Ophiomorpha [fig. 6.19], and extremely rare Macaronichnus
[fig. 6.20]. These traces are most abundant at the top of large scale
fining-upward sequences, and are usually associated with the planar-
laminated and rippled sandstone facies, however both Ophiomorpha and
Macaronichnus also occur along the foresets of cross-stratified

sandstones.

6.3 Vertical Sequence - Cross-bedded Facies Association (FA2)

Throughout the study area, the cross-bedded association 1is
recognized by a distinective "blocky" log response which erosively
truncates markers of the underlying basal siltstone assemblage. The upper
and lower contacts of this association are marked by extreme resistivity
inflections, and are easily matched to corresponding pebbly lag deposits
in core. In some instances stacked ‘funnel-' or ‘bell-shaped’ 1log
profiles may be prévalent within the association, indicating superimposed
small-gecale fining-upward trends [figs. 6.21, 6.22, 6.23].

At least 2 stages of infill can be recognised in most wells of facies
association 2. The first stage is made up almost entirely of fine- to
medium-grained stratified sandstone, with a pebble lag at its base. The
second stage of infill is generally much coarser-grained than the first

[figs. 6.21, 6.22, 6.23], and is usually characterized by the presence of
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interbedded sandstones and conglomerates. Within facies association 2
(FA2), the contact separating these two packages is usually quite sharp,
however; as it is traced laterally intc the sands and muds of the
interbedded facies association (FA3), picking a distinct boundary becomes
very difficult and the two stages eventually become indistinguishable.
In the northern sand trend, poor core recovery makes differentiation of
discrete depositional stages impossible.

Facies association 2 may grade upward into facies association 3, or
be erosively truncated by overlying erosional surfaces. A more detailed

explanation of lateral facies relationships is present in section 6.7.

6.4 Facies Degscription - Interbedded Facies Association

. The interbedded facies association occurs laterally adjacent to the
cross-bedded facies association and shows a distinet fining and muddying
trend laterally from the main sand and conglomerate accumulation. It
rests on an erosive surface which truncates underlying regional sequences,
and usually has a basal lag deposit consisting of a few scattered pebbles
or granules. The interbedded facles association can be broken down into
two subfacies:

1) sandy interbedded facies

2) muddy interbedded facies

Sandy Interbedded Facies

The sandy interbedded facies in the Willesden Green area is made up
primarily of parallel laminated, fine to medium-grained sandstones
interbedded with bioturbated muddy sandstonmes and silts, Each

laminated/bioturbated couplet has a sharp erosive base, is normally



68

graded, has a rippled or burrowed, mud-draped top, and probably represents
an Individual episodic, waning flow depositioﬁal event [fig. 6.24]. These
couplets average between 15 to 28 cm in thickness and may be preserved in
a stacked succession up to 8 m thick,. The ratio of biloturbation to
lamination within Individual couplets often tends to increzse upward
within a succession, and successions often display £ining-upwsrd and
muddying-upward trends, although reversed sequences can also be found.
Irregular stratification Including soft sediment folding, load structures,
and fluid escape structures commenly occur within this facies.

Bilogenic Structures

Although biogenic structures in the sandy interbedded facies are
slightly more abundant than in the cross-bedded association, they still
record an ichnofacies relatively low in diversity, with smail numbers of
large indiwiduals. This ichnofacies assemblage is characterized by a
mixture of simple, horizontal and vertical structures common to both the

Skolithos and Cruziana ichnofacies and is dominated by Ophiomorvhs [fig.

6.24], Planolites [fig. 6.25], Skolithos [fig. 6.26], and Diplocraterion

[fig. 6.27]. Several of the planar-laminated beds alsoc display patchy

cccurances (up to 10 cm thick bands) of HMacaromichnus [fig. 6.26] and
large bivalve burrows. Infrequently, 1solated accumulations of
Ophiomorpha and Planolites become relatively dense, but such occurances
are not common. Escape traces (Fugichnia) [fig. 6.24] are abundant within
this facies. HNo body fossils we?e detected in this, 6r any other facies
of Member C.

Muddy Interbedded Facies

The muddy interbedded facies occurs laterally adjacent teo, and

interfingers with the sandy Interbedded facies, in a position most distal
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to the main sand and conglomerate accumulation (FA3). This facies
consists primarily of normally-graded mm to cm scale ripple- and planar-
laminated very-fine sandstone beds interbedded with sparsely burrowed
muddy sandstone and black shale beds up to 22 cm thick. Physical
structures include a variety of small scale bedding from lenticular (mud
> sand), to wavy and flaser bedding (sand > mud), as well as horizontal
lamination, synaeresis cracks, and deformation structures [figs. 6.28,
6.29, 6.30, 6.31, 6.32, 6.33, 6.34, 6.35]. Very rarely, thick (up to 51
cm) medium-grained (upper flat-bed) planar-laminated sandstones interupt
the sequence, and anomalous pockets of granules and pebbles occur

scattered throughout.

Biopenic Structures

A distinctive trace-fossil assemblage and wunique bedding style
distinguishes the muddy interbedded facies from the Viking regional
sequences Iinto which they scour. As previcusly noted, the underlying
b;sal siltstone assemblage is a homogenized, thoroughly churned mixzture
of bioturbated siltstone. In contrast, the muddy interbedded facies is
made up of discretely bedded sand lenses alternating with unbioturbated,
black mudstones. Moreover, within the muddy interbedded facies, a
significant reduction in the degree of bioturbation, and a sharp contrast
between burrow fill and linings (eg. sand vs. black mud), make individual
traces much easier to idemtify. |

There 1s also a major difference between the type of ichnofacies
found in the basal siltstones and the muddy interbedded facies. The basal
siltstone assemblage is dominated by a diverse abundance of horizontal to
diagonal forms such as Terebellina, Asterosoma, Helminthoida,

Rhizocorallium, Zoophycos, and Chondrites. These traces belong to the
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Cruziana and-Zooghzcos ichnofacies typical of open marine conditions. The
muddy interbedded facies on the other hand, consists of an assemblage of
simple horizontal and vertical structures, low in diversity and numbers,
common to both the Skolithos and Cruziana ichnofacies. Individual traces
commonly encountered include Diplocraterion [figs. 6.38, 6.39, 6.42],
Thalassinoides [fig. 6&.41], Skolithos [fig. 6.43], Ophiomorpha [fig.

6.40], Planolites [fig. 6.36], Paleophycus, Rosselia [fig. 6.36], and

Teichichnus [figs. 6.37, 6.44]. Less commonly found are Astercsoma
[fig.6.45], Terebellina [fig. 6.47], Chondrites [fig. 6.47], and a form
of Macaronichnug [fig. 6.46]. 'U’-shaped vertical burrows are relatiﬁély
abundant, and organisms are commonly found to colonize only the tops of
individual sand beds.

| The most noticeable difference between the biogenic structures of
the muddy Interbedded facies and the basal siltstones is size, abundance
and diversity. Individual traces of the basal siltstone assemblage
reflect a healthy open marine population with high diversity of organisms,
all of a moderate, relatively consistant size. In contrast the muddy
interbedded facies records an assemblage greatly reduced in numbers and
diversity, in which only very small and very large individuals appéar to
be present. within this stressed assemblage, burrowing generally
inereases progressively away from the axis of the main sand accumuiation,
and the percentage of fully preserved bedding declines accordingly.
Degrees of bioturbation seen in the underlying regional sequences however,

are never achieved within the muddy interbedded facies.

6.5_Vertical Sequence - Interbedded Facies Association (FAI)

Facies Assoclation 3 is characterized by an irregular, disordered-
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log response which erosively truncates markers of the underlying basal
siltstone assemblage. The upper and lower contacts of this association
are marked by sharp resistivity Inflections, and are easily matched to
corresponding pebble or granule lags in core. Both overall fining- and
coarsening-upward sequences can be detected within this assemblage, and
a complex interfingering of muddy and sandy interbedded facies often
exists [figs. 6.48, 6.49, 6.50, 6.51].

The interbedded facies association reaches a maximum thickness of
8.2 m closest to the main sand and conglomerate accumulation (FA2), and
progressively thins to a zero erosive edge laterally. Although this
assemblage occassionally has a '"channelized™ base, the much higher
percentage of fines, and ragged log response differentiate it from the
cross-bedded facies assoclation. In resistivity log profile it can also
be distinguished from the underlying basal siltstone assemblage by a
stronger Inflection to the right, and a total lack of predictable,

correlatable markers.

6.6 Contacts

In the Willesden Green study area the lower contact of Member C
{VE2) marks a distinct boundary between facies associations 2 and 3, and
the underlying basal siltstone assemblage (FAl). Erosion on this contact
is demonstrated by the sharp truncation of distinctive marker horizons
(double bentonites) within regiomal c¢ycle B2 of the basal siltstone
assemblage. On a large scale VE2 defines a distinctive incised valley
morphology [fig. 6.57].

In core, the lower contact of Member ¢ (VE2) is consistantly

overlain by a coarse pebble lag. This lag can reach thicknesses of 23
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cm, with an average clast size of 25 mm. Generally the thickest lag
deposits occur associated_with the main axislof the coarSé sand trénd
(FA2) [fig. 6.32], and progressively smaller clasts and thiﬁner lag
deposits occur laterally. Detailed petrological examination reveals the
presence of poikilotopic caleite cement preferentially associated with
the thick VE2 basal lag deposit of several facies association 2 (FA2)
wells. The poikilotopic nature of the calcite, together with its patchy
distribution, suggests that this early-emplaced cement may be related to
the occurance and distribution of an original shell debris lag (Scholle,
1979).

Commonly, sand-filled Planolites, Skolithos, and Ophiomorpha burrows

extend down into the underlying regional mudstones aleong this contact
[fig. 6.53]. Within the 1laterally equivalent interbedded facies
association (FA3) there 1s generally a persistant occurance of pebbles or
scattered granules directly above the VE2 contact. In the muddiest
locations furthest from the main sand accumulations, discrete sand lenses
or black mudstone commonly drape this surface, in sharp contrast to the
underlying bioturbated regional siltstones [fig. 6.54].

The top of the Member C package Is abruptly truncated by Viking
erosion surface VE3. This surface consists of a thin muddy conglomerate
or granule layer (1-10 cm thick) [fig. 6.55] overlain either by sandstone-
mudstones of member D, or directly by black shales of the Colorado
Formation (where VE4 scours into VE3). This surface 1s described in more

detail in chapter 7.

6.7 Faclies Distribution

Figure 6.56 was constructed from subsurface data and illustrates
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sand thickness and lateral facies distribution of Member C deposits in
the Willesden Green area. Figure 6.57 demonstrates the morphology of the
VE2 wvalley scour in which the Member C sediments are preserved, and
figures §.58, 6.59, and 5§.60 are log and core cross-sections providing a
view of the vertical and lateral relationship of facies across the unit.

From figure 6.56 it is apparent that the 2 main reservoir sands of
the Willesden Greem field are separated by an area of mainly mnuddy
deposition. An 1isopach of Member C thickness shows definite elongate
trends associated with each of the main sand accumulations. Facies
distributions indicate that the thickest parts of these trends correspond
to the cross-bedded facies association, with adjacent sandy interbedded
facies deposits being slightly thinmer. The muddy interbedded facies
occupies the areas most distal from the main sand trend and, in general,

is the thinnest of the three facies.

6.8 Interpretation

Interpretation - Cross-bedded Facies Association

Several aspects of the cross-bedded facies association (FA2)
indicate deposition within the subtidal part of an estuarine channel, in
an environment subject to a strong marine influence and highly fluctuating
current conditions.

A sharp, erosive base, coarse pebble lag, common mud rip-up clasts,
abundant cross-bedding, and large scale fining-upward trends are all
features commonly associated with channel deposition. Other notable
characteristics include the thickness of the facies (over 11 m), and its
distinct channel morphology. Imbricated pebble beds, planar and trough

cross-bedding, and parallel-lamination indicate deposition from strong



85

MEMBER C
FACIES DISTRIBUTION AND SAND THICKNESS

CROSS-BEDDED SANDSTONES AND
CONGLOMERATES @

INTER-BEDDED SANDSTONES
AND SHALES

SAND-DOMINATED
SHALE-DOMINATED

&0

ISOPACH UNITS IN METRES

/7{5\»5 5/%w§ /5{w§

Figure 6.56 - Map of Member G sand thickness and facies distribution.
Each coloured symbol represents a cored well examined black circles
indicate log control.



86

; e “a:‘
L HEEN ,..'::-‘:".1“:‘.‘}‘}‘::15{:?5:%’.3-::. WILLESDEN GREEN
S S S A SO SO S S

Sk NORTH

¥
-’-“:":*.‘3“:“‘8:“»‘""" SISO s

“ o3
‘ ‘ “\ .‘ SO PCICETEETIS o}
5 ‘ ’ ) e 1A (s %.‘h? S,
e *;&g?‘ «& ‘1“‘4’ wn“%.%¢%€5§isa%%’au%gaﬁ“%re
3 e ‘.‘,.:p‘-b :—’";”""e“"‘"ﬂ‘ e
Laseles ‘M,-“.'q 4‘::‘&‘," ST, GILRY B
““4““ ‘g‘: :::“':P‘::‘:‘““" "‘ "‘:“ s
TS i
... “‘ -*“:‘::-‘:-‘-‘:‘:rr'z.. SO ,.’.. %
..‘ “ S e .‘ ,s" e ,9*,‘ e
"“ CSegS “ = o “-“\ ’ I ’.’.‘O‘" "q“. J‘
SOSs o“::‘:f: “:-"— ST :‘ "f \\’3 " = SIS “':::‘:“:‘::::“ “"ml::‘ 55
N SO % :-—‘ Oo 1\ . e et 0 o 7
e -mar::q;¢.‘%9§§“§§g5b <5
X So5SS ST ‘% S 2ottty TS e Aete’ o
-“-.o:.‘-"‘::::»., :em“"i-*’m SIS R «‘»‘o"«::«‘-“-‘*’o‘«
S LTS “ SR “‘
O“"“O-‘O ‘t“ “"“ TS S S SC S Pas s s
‘ “ oS ‘t" “ g ‘ ¢ ‘:“ “,:‘::‘::“"‘:"‘0 o5 ‘ < “‘,o‘ <S ,::ﬁ ,‘ .,0
t" :“::‘ t‘:"' :": SC0eS SoSS0sS “"“
et eslgeigeiy et Ot oS e i “ ‘ .p ,‘ “

Cr
t‘i
Segs ol 0 t“‘ ‘.‘ SOSSLS o“‘d"
.»:“ SIS ‘vo;‘f‘ SRS ..« |||
A“t‘ |

«O“‘.o':ﬁ‘ o&‘, ,, , “«1‘ “
‘ : ‘ ":‘s"o““: “ s ‘0,:
“"‘:’““‘ "“g :“:‘“"3 e o
ORISR A eSS RS S IO |
aiigelge “‘. e “O“ 5 “ ‘ a
= ﬂ
o“ “ " ’::‘ “:"‘. m
:‘: .5 " ‘g“ -' ’0 '

VERTICAL SCALE N 2m INCREMENTS

VE2 - VALLEY MORPHOLOGY

Figure 6.57 - Surface diagram indicating the morphology of the VE2 valley
incision at Willesden Green (constructed using Surfer software package).



838

3.LINOLNIE —-— '§°S aamoydng E '§'S g31ddId ]  NOILYNIWYT QaNI1ONI 1371vHYd M

(T3INNVYHD TvVail)
NOILYI120SSV S3I10v4 03dQg348 SSOMD

GMO-Ob-Ig-Il SMO-1b-9-t  GMO-Ib-9-§ SMZAb-1-8  SML-v-I-ll GM L-Ip-Ol-4

. [N (LV14 ONVS 3NI¥VNLS3)

“0, | - a.a,ww%w/m% NOLLYID0SSY S319vV4 Q3aa3ay3LN|
-- NARMNANNY TR LA _
— LA 3

i ccoec I o 0 ] ,.
PRl g T AT
I, AN
R )
S AVIURRLARNY EYACATAOROE

N7 ANLVa

0-0 NOILD3S SSOHD

Figure 6.59 - Core cross-section C-5' showing vertical and lateral facies
gu g

relationships of Member C (see fig. 6.58 for location).



HARINGVLIET ESTUARY

AUVIATILE
SAND ZONE

4 Al Qomkens L Tyrwingr, Bl

GIRONDE ESTUARY

UPPER ESTUARY e
ot [Muddy) BORDEAUX
‘\(-_S“}P‘ " RIVERINE ESTUARY

et {Sandy}
- C

Modéad ofue Al 1972

From Rahmani, 1988

89



90

traction currents, and thick (up to 4.8 m) massively bedded sandstones
are typical of rapid deposition from suspension, or from wvery highly
concentrated sediment dispersions (Blatt, Middleton and Murray, 1980).
Dense patches of fragile, angular mud clasts associated with high flow
regime deposits are interpreted to be channel wall collapse features.

The common occurance of mud laminae and drapes associlated with upper
flow regime deposits, indicate an environment where high energy traction
currents capable of moving both sandstone and pebble size clasts (flow
regimes in excess of 100 cm/sec), periodically oscillated with intervals
of very quiet (slack) water. In marginal marine channelized environments,
such conditions routinely occur during major flood/waning flood events,
or more commonly, during periodic tidal reversals. At Willesden Green,
the presence of fine mudstone laminae within the scour troughs of 3-
dimensional bedforms provides evidence that in some instances incremental
sand movement and regular changes In flow velocity must have occurred over
relatively short time intervals. In the modern day mesotidal estuary of
Willapa Bay, Washington, Glifton (1983) found a similar occurance of mud
drapes throughout many of the subtidal parts of the estuary. Several
ancient estuarine examples also consistantly record clay-mantled pause
planes within their cross-bedded sets (Driese et al, 1981; Bosence, 1973).
At Willesden Green, black angular mud rip ups, which commonly occcur along
cross-bed toesets within facies association 3, undoubtedly resulted from
the destruction of these slack water drapes during subsequent increase in
the flow velocity.

Within Member G small scale erosion surfaces and reactivation planes
cccur on all scales, from boundaries separating individual channel fill

sequences several metres thick, to minute erosive planes separating
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stacked mm scale ripple sets. Their occurance however, is most prominent
between sets of the cross-bedded and planar-laminated sandstone facies.
Small scale (dm-m) vertically stacked bedsets characterized by both
fining- and coarsening-upward sequences and abrupt facies changes [fig.
6.12] often overlie these surfaces, and reflect rapid alterations in flow
pattern under the influence of both unidirectional and wave orbital
currents. The consistant occurrence of such sequences of reactivation -
full vortex - slackening structures is further evidence of a depositional
environment dominated by a highly dynamic and fluctuating flow regime,
much like that recorded in the macrotidal Bay of Fundy.

Dalrymple et al (1975, 1978) describe intertidal and subtidal sand
bodies from the Bay of Fundy which have several mobile superimposed
bedforms, including current ripples, dunes (or megaripples), sandwaves,
and sandbars. As a result of changes in flow direction during tidal
cycles, and modification due to wave and storm action, planing off and
erosion of these bedforms is a common occurance. As a consequence,
reactivation and complex erosion surfaces occur throughout the deposits.
A more detailed discussion of the formation of these surfaces can be found
in Blatt, Middleton and Murray (1980), and in Reading (1986).

Palaeocurrent diagrams indicate that, at the time of deposition
facies association 3 was dominated by a wide current variance. Although
limited scribed cores are available in the study area, those present show
definite indications of crude unimodal, and wvertically stacked bi- to
multi-modal directions of flow [fig. 6.61]. These findings suggest that
the depositicnal environment was affected by laterally wvariable flow
patterns which, through time, could remain relatively constant in one

area, while fluctuating markedly in an adjacent locality,
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This overall complex palaeocurrent pattern appears to be quite
typical of modern tidal channels and estuaries, In a study of the
mesotidal Havingvliet Estuary of southwestern Netherlands, Terwindt (1971)
noted a clear dominance of one current direction at any one area, but a
wide overall current wvariance, Similar findings were zrecorded by
Dalrymple et al (1978) in the Bay of Fundy, and by Allen et al (1984) in
the macrotidal Gironde Estuary in France. This phenomenon results from
the fact that although currents In tidal environments reverse direction,
each chammnel or part of a tidal sand flat is dominated generally by one
part of the tidal cycle (Blatt, Middleton and Murray, 1980). Thus an
expected sequence for tidal chamnel and estuarine deposits would display
an overall complex palaeocurrent patterm. Several ancient deposits,
interpreted as estuarine In nature, show just such a sequence (Rahmani,
1988;: Baldwin and Johnson, 1977; Mazzullo, 1978). Although meandering
fluvial systems could potentially record a similar palaeocurrent pattern
through the progressive downstream mnigration of meander loops, the
ubiquitous occurance of marine ichnofossils precludes such an
interpretation.

The extremely sparse biogenic structures present in the Willesden
Green cross-bedded facies association appear to be consistant with the
types of organisms found in modern high energy coastal environments. Frey
and Mayou (1971) indicated that organisms that inhabit these =zones
typically tend to be suspension feeders that comstruct vertical dwelling
burrows. Characteristic organisms along the Georgia coast include the
shrimp Calianassa major and the polychaete worm Onuphis microcephala,
whose burrows, 1f preserved, would be Ophiomorpha nodosa and Skolithos

linearis respectively (Fkdale et al, 1984) [fig. 6.62].
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TIDAL CHANNEL

Figure 6.62 - Schematic representation of the mixed Skolithos-Cruziana
assemblage that is typical of many estuarine point bars. Lower left:
Th, Thalassincides; T, Teichichnus; P, Planoljtes; C, Chondrites. Lower
right: 8, Skolithos; O, _Ophiomorpha (Modified from Ekdale et al, 1984).
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Ancient examples of tidal channel ichnofacies are relatively poorly
documented, however Ophiomorpha has been reported in shallow tidal channel
facies of ancient inlet-fill sequences by Carter (1978), and Skolithos and
Ophiomorpha have been described by Reinson et al (1988) in the Viking'
Crystal field. Several other ancient estuarine examples (de Boer et al,
1988) do mot identify specific ichnogenera, but do record subtidal sands

weakly bioturbated by ‘shallow marine fauna’.

Interpretation - Interbedded Facies Association

Several aspects of the interbedded facies association (FA3) indicate
deposition in a shallow marine to brackish sand/mud flat environment,
dominated by episodic sedimentation.

A delicate balance between physical and biogenic processes appears
to be at work in this environment. The typical sandy sequence, consisting
of Iinterbedded packages of planar-laminated and mud-draped, burrowed
couplets, points to a depositional regime in which events of erosion and
rapid deposition, rhythmically alternated with periods of slow
sedimentation. Organisms which were regularly covered by sediment during
high flow periods, had time to re-establish themselves at the
sediment/water interface during the intervening quiescent interwvals.

The nature of the individual planar laminated beds (less than .3 m
thick), suggests that limited accomodaticon space and relatively shallow
water depths were characteristic of this environment. Stratigraphic cross
sections show that at the time of deposition, this facies lay laterally
adjacent to the elongate axis of the tidal channel, and accreted on the
‘shoulder’ of the main valley incision. As such, during peak flow periods

this enviromment would be subject to similar current wvelocities and
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sediment saturation levels as the main channel, but would produce bedforms
which reflected a much shallower water depth. The migration of large
three dimensional dunes in the main thalwag of the channel would be
accompanied by wupper plane bed movement higher up on the sand flat.
Similarly, periods of slack water, reflected by mud laminae and
reactivation surfaces in the tidal channel (FA2), would be expressed as
thick mud drapes and burrowing on the adjacent, relatively quiet, sand
flats (FA3). The increased occurance of wave and current rippling in this
facies (FA3) also highlights fundamental differences In water depth and
current regime.

In the muddier portion of the association, starved-ripples, flaser
and linsen bedding, and mud encased laminated sand beds reflect the distal
effects of these complex waxing and waning flow patterns. Such bedding
types are formed by rippled sand migrating across a muddy substrate, and
are most commonly assoclated with tidal flat sedimentation (Blatt,
Middleton, and Murray, 1980). Other indicators of episodically
fluctuating flow conditions include repetit;ve small scale waning flow
sequences (graded bed > planar-> current- > wavey-lamination > mud drape)
[fig. 6.28], stacked current ripples separated by small scale reactivation
surfaces [fig. 6.30], and continuous packages of regularly spaced sand and
mud beds [fig. 6.63]. The ubiquitous presence of black shale interbeds
indicates that large quantities of suspended fines were available for
deposition during intervening quiescent periods.

While many of the structures discussed above indicate the presence
of tidal influences, the thickness of some of these shales (up to 10 ecm),
precludes their deposition during a single low-speed "slack water" period.

Such occurances probably reflect a lack of immediately available coarse
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grain sizes, and suggest that in certain-loc;tions fine grained sands and
silts only entered the system on a longer term basis, possibly during peak
spring tide, or yearly flood and storm events. The rare occurance of
thick packages of upper flat bed sandstone (up to 51 cm thick) and
scattered granules in this otherwise fine grained assemblage, are almost
certainly a reflection of catastrophic flooding or major storm events,
Although unidirectional current rippling and planar lamination are
the dominant forms of stratification in the muddy interbedded facies,
several less common structures provide additional information about its
depositional environment. The rare occurence of thick packages of wave-
and combined-flow-rippled sandstones [fig. 6.33] indicate that certain
areas of this mud £flat environment were dominated by wave orbital
currents. These deposits show alternating bands of dominantly sandy or
muddy composition and are extremely similar to the estuarine "muddy point
bar" sediments described by Rahmani (1988, his figure 21) at Drumheller,
Alberta. Gonvoluted bedding is also common [fig. 6.35], and reflects an
environment dominated by the episodic deposition of sand, rapidly emplaced
above previously deposited shale-draped, water-saturated beds. Synaeresis
cracks, frequently found within the muddy interbedded facies [fig. 6.34],
are indicative of a subaquatic enviromment with fluctuating salinities
{Donovan and Foster,‘1972) (Van Straaten, 1954), Perhaps the greatest
environmental insights however, are gained by examination of the pristine
biogenic structures present in both the sandy and muddy interbedded
facies.
The common style of burrowing in facies assoclation 3 indicates an
environment dominated by short-lived, episodic depositional events,'very

similar in concept to those recorded in turbidity deposits (Ekdale,
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Bromley and Pembertén, 1984). Pre-depositional opén burrows formed prior
to a high energy sedimentation event are cast by sediment from overlying
deposits ([fig. 6.64], and burrowing along the tops of the stacked
parallel-laminated packages records post-depositional recolonization by
pioneering infaunal organisms [fig. 6.67]. MNumerous post-depositional
escape traces [fig. 6.65], identified by théir uniformly-dipping laminae,
also contribute to the picture of an environment in which daily or
seasonally high flow regimes cause sporadic movement of bedforms in an
otherwise gquiet enwvironment.

The abundant vertical and U-shaped burrows within this facies would
have provided a distinct advantage to organisms that were frequently
covered by sediment (S8.G.Pemberton, pers. comm., 1989), and the close
juxtaposition of dwelling and feeding burrows 1s a feature commonly
encountered In modern tidal flat environments (Tillman, 1975). Common -
tidal flat trace-makers along the Atlantic and Pacific coasts of North

America include amphipods (eg., Corophium wolutator, which produces a

vertical U-shaped spreiten burrow), polychaetes (eg., Arenicola marina,

Scoloplos armiger, Nereis diversicolor, Onuphis, Diopatra, which produce

a variety of feeding and dwelling burrows), crustaceans (eg., Callianassa

sp., Gallianassa californiensis, Upogebia pugettensis), which produce a

branching system of dwelling burrows), numerous trail making gastropods

(eg., GCerithium sterusmuscarum, 0livella damae, Natica chemmitzii) and

bivalves (eg., Macoma baltica, Mya arenaria, Cardium edule)(Ekdale et al,

1984).
Other ichnologic characteristics observed, such as low diversity and
small numbers of relatively large burrows are consistant with the biogenic

structures one would expect in a relatively stressed environnment
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dominated by episodic deposition and salinity fluctuations (M.J. Risk,
pers. comm., 1989).‘ According to Dorjes and Howard, (1975) brackish
waters generally are reduced in species numbers with respect to both fresh
water and fully saline water, and are characterized by limited
opportunistic euryhaline species (Perkins, 1974). Many marine species
also display a size reduction of individuals with decreasing salinity
(Milne, 1940), however a reversed trend of increased burrow size may not
wnusual, This trend may be response to factors such as:
1) limited competition.
2) osmo-regulation and ionic-regulation (limiting surface area to
volume) .
3) inability of smaller organisms to withstand fluctuating
salinity and energy conditions and frequent burial,

Within the interbedded facies association at Willesden Green, there
is also a trend towards progressively Increasing burrowing away from the
main sand axis (sandy interbedded facies --> muddy interbedded facies).
This biogenic gradient undoubtedly reflects specific environmental factors
at the time of deposition. Lower sedimentation rates, reduced energy
conditions, and a higher organic mud:sand ratio, are all fact;_ors which m;y
have contributed to greater degree of biogenic reworking in this upper mud
flat region. Similar conditions and responses have been well documented
for both modern and ancient tidal flat environments (Weimer et al, 1982;
Reineck and Singh, 1973).

The problem of whether the muddy interbedded facies records sub- or
inter-tidal sedimentation is mot easily answered. According to Terwindt
(1%88) it is often wvery difficult to distinguish the two deposits in the

fossil record. Most of the characteristics thought to be indicative of



the intertidal zone can alsc occur in the shallow subtidal zomne, and no
one feature is absolutely diagnostic. A lack of identifiable root traces,
and the presence of synaeresis cracks suggest that at least portions of
this environment were probably subaquatic, however these characteristics
in no way discount the fact that both environments may be represented at

Willesden Green.

Overview - Modern Estuarine Sequences

In macrotidal, sand-dominated coastal areas such as the German Bight
[£ig. 6.68c], the Aquitaine Coast [fig. 6.68d], and Bay of Fundy, the
estuarine subtidal zone includes a complex of channels, bars, and shoals
(Elliot, 1986). The channels are deep, funnel-shaped extensioﬁs of
estuaries with characteristic sandwave, dune and ripple bedforms (Reineck
and Singh, 1973), and sand shoals exist both at the mouths of the channels
and in the inter-channel areas. Medium- and large-scale cross-bedding are
common features of the channel facies, whereas the shoals and bars are
characterized by finer-grained sands dominated by ripple lamination and
wave-produced flat lamination. While sand is concentrated in central
parts of the estuary, silt and mud eccur in a continuous fringe of inter-
and supra-tidal flats along the margins (Nichols and Biggs, 1985).

Dalrymple et al (1975, 1978) described intertidal and subtidal sand
bodies from the Bay of Fundy up to 1 km wide and several kms In length,
which form parallel to tidal currents, and which separate major tidal
channels. Tidal channel deposits merge laterally into finer-grained tidal
flat sediments or barrier island beaches.

Subtidal estuarine facies in the Haringvliet estuary in Holland were

described by Terwindt (1971), and were found to be made up of three
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distinct facies:

1) Coarse-grained sand with opposed sets of large-scale, trough
or planar cross-beds in which the foresets occasionally are
draped with thin silt layers

2) Medium-grained to fine-grained sand exhibiting flat lamination,
ripple lamination and flaser bedding

3) Fine-grained sand and clay with lenticular bedding produced by
rippled and parallel-laminated sand beds that are draped with
thin mud layers

Clearly, the close lateral relationship ©between the facies

associations of Member ¢ are compatable with a complex channel-estuarine
depositional setting [figs. 6.68a, 6.68b]. In the deepest part of a
modern tidal channei, high flow periods result in the migration of two
and three dimensional bedforms. These structures are reflected in the
prominent cross-bedded sandstones and conglomerates of facies association
2 [fig. 6.69]. Shallower water depths associated with interchannel sand
bars maximize peak flow velocities to produce thin packages of sharp-
based, planar-laminated sandstones, such as those defining the sandy
interbedded facies. Intervening slack water periods are reflected in the
rippled, burrowed and mud-draped intervals at the top of each parallel-
laminated package. Across the broad, gently inclined interchannel and
estuarine margin areas, dampening of the wave and current effects results
in the deposition of only wvery fine grained sandstones and clays in the
form of flaser and linsen bedding; the main constituent of the muddy
interbedded facies. Only under extreme rare event flocod or storm
conditions are units of parallel-laminated sandstone and scattered

granules from the laterally adjacent channel brought into this relatively
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quiet environment. The biogenically stressful conditions present in
modern brackish estuarine settings are dramatically reflected in the

unique assemblage of trace fossils characteristic of Member C.

Interpretation - Contackts

A good channel morphology, 1l m of focussed relief, and the
erosive truncation of underlying bentonitic markers all suggest that the
VEZ wvalley incision was produced through a mechanism of subaerial or
shallow marine channelized erosion. By definition, estuarine deposition
requires that a fluvial wvalley be present to focus ﬁidal currents and
supply a fresh water inlet, and in the case of the Willesden Green estuary
this was undoubtedly the case. Initial fluvial incision however, was
apparently overprinted by later shallow marine processes. The presence
of marine, sand-filled burrows along the‘base of the VEZ contact, as well
as in the overlying sands indicates that subsequent scouring and infilling
of the wvalley occurred entirely under marine to brackish conditions.

The fact that these burrows are filled with the overlying sands and
pebbles indicates that, at the time of cutting of the VEZ surface, and
during subsequent emplacement of the coarse-grained sediments, the
underlying open marine siltstones were at least partially consolidated.
Since these regional siltstones were probably deposited as a rather soupy
substrate (thoroughly churned, indistinct and "fﬁzzy“ burrow walls,
distorted traces (G. Pemberton, pers. comm., 1989)), some method of
consolidation must have occured between the time of deposition and
subsquent burrowing at the base of Member ¢, The simplest and most
probable mechanism would Involve some type of dewatering and compaction

caused by the weight of overlying sediments. This partially consolidated
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horizon could then easily be exhumed, leawving a cohesive but non-
lithified substrate, or "firmground". Such a mechanism is highly
compatable with the hypothesis of a major drop in sea level and subaerial

or shallow marine scouring of the VE2 surface.

Palaeogepgraphy

The extensive preservation of incised wvalleys, and the great areal
extent of correlative lowstand sand bodies at the VE2 stratigraphic
horizon, suggests that this was the most substantial lowering of sea level
recorded during Viking times. Lowstand shorefaces advanced at least as
far mnortheast as the Gilby-Joffre trend (Downing and Walker, 1988;
Raddysh, 1988), and possibly much further into the basin. It was almost
certainly a eustatically controlled event, and probably correlates to a
major sea level drop that occurred approximately 97 million years ago
(Vail et al, 1977; Haq et al, 1987; Kauffman, 1984). Evidence from
Willesden Green, when viewed in conjunction with data from other known
Viking channels at Crystal (Reinson et al, 1988; S.A.J. Pattison, pers.
comm., 1989) , Cyu Pem, Edson and Sundance, strongly suggests that during
the first Viking lowstand, the drainage system radiated from southwest to
northeast, with the primary sediment source in the southwest [fig. 6.70].
Correlatable upper shoreface sediments in the Caroline area (S.W. Hadley,
pers. comm., 1989) contribute to the hypothesis that by this time the main
depositional source had shifted from the vieinity of the Peace River Arch
to points southwest, although much of the Peace River area was probably
subaerially exposed at this time. While the lowering of sea level was
undoubtedly eustatically controlled, the southward shift of depositiomal

source can only be attributed to the effect of renewed tectonic thrusting:
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in the southwest. During subsequent sea level rise the Willesden Green
incised valley became estuarine and progressively filled wunder
transgressive conditions [fig. 6.71].

While the erosion surface at the base of Member C (VE2) represents
initial scouring predating deposition of the Willesden Green estuarine
complex, the VE3 surface which truncates its top represents a ravinement
surface marking the final flooding of the estuary, renewed transgression,
and the end of the first Viking lowstand [fig. 6.72]. This surface can
be traced across the entire study area and erosively truncates both the
underlying deposits of the basal siltstone assemblage, as well as the
estnarine-fill sediments of Member €. The lack of subaerial deposits
associated with the Willesden Green estuary are attributed to erosive
removal during this ensuing transgression. The VE3 contact defines a
rather flat topography, and is mantled by a thin muddy conglomerate or

granule layer (1-10 cm thick). Both sand-filled Arenicolites and

Skolithos burrows commonly occur along this surface, as well as a large
sand-filled synaeresis cracks. The lower shoreface and offshore

transitional sediments of Member D abruptly overlie the VE3 surface.

Tripartite Estuarine Model

Figure 6.60a, a log strike section down the interpreted axis of the
southern Willesden Green tidal channel, indicates a rapid facies
transition from cross-bedded and conglomeratic sandstone to dominantly
bioturbated muddy silts and sands over a relatively short distance (<lkm).
These deposits jointly iInfill a scour over ? m deep in the main "channel
axis™ trend. These two styles of deposition would appear to reflect

widely wvarying processes and enviromments of sedimentation, and any
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Figure 6.70 - Interpreted palaeogeography during the first Viking lowstand

- ({incision of the VE2Z surface), Viking sand bodies indicated include:
ED = Edson, SD = Sundance, CR = Crystal, WG = Willesden Green, G -
Gilby, J = Joffre. Dashed line indicates interpreted shoreline

positiomn.
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attempt to interpret their relationship must account for these variations.
The most convincing explanation of the anomalous relationship of thick
mudstones and conglomeratic sandstones may be provided by the tripartite
estuarine model (Dyer, 1986). Simply stated, the lower reaches of tidal
estuaries are sand-filled to a certain point upstream. Beyond that point
is an area with mud deposits of certain width, followed wupstream by
another (fluviatile) sand filled channel (Rahmani, 1988). Modern éxamples
of this zonation include the Gironde estuary of France, and Haringvliet
estuary of the Netherlands [fig. 6.60c].

The estuarine depositional system can generally be divided into
three zones (Nichols and Biggs, 1985): estuarine fluvial, estuary, and
estuarine marine [fig. 6.60b]. The estuarine marine zone occurs at the
most seaward end of the estuary, and includes shallow elongate subtidal
to Intertidal sandbars. This area can be considered similar to the ebb-
tidal delta portion of micro to mesotidal estuaries, and is generally
characterized by cross-bedded coarse-grained sand (Hayes, 1975). In this
zone, sediments brought in by flooding tides from the nearshore are
progressively moved upstream. In the Willesden Green example this zone
appears to extend approximately 3 to 5 km in length.

The estuary zone is the central, muddy part of the depositional
system. At this polint, a zone of turbidity maximum occurs due to the
interaction of saline tidal waters and fresh fluvial waters, resulting in
salt wedge formation and two-layered circulation patterns. This zone is
characterized by multiple channels bifurcating around f£fine-grained
sandbars. The area is fringed with muddy to mixed sand and mud tidal
flats (Hayes, 1975; Zaitlin, 1987). The primary mode of deposition is

from suspension, resulting in sediments dominated by rippled and laminated
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clays and silts, interbedded with rare sand lenses (Nichols and Biggs,
1985).

The estuarine fluvial zone occurs upstream of the mud zone and is
dominated by river-derived coarse clastics. This area 1s generally
characterized by a single confined asymmetric channel boxrdered by salt
marsh, and consists of fining up laterally accreted channel deposits
(pointbars). The estuarine fluvial zone was not detected in the Willesden
Green area either due to its erosive removal during subsequent
transgression, or alternatively, due to insufficient drilling density away
from the main estuarine marine sands.

By using the tripartite estuarine model in conjunction with obsexrved
facies associations and unit thickness maps, it 1s pessible to roughly
determine the palaeoflow direction at the time the estuary was infilling;

approximately W-SW to E-NE.

Estuarine Fill Model

As was stated earlier, the Willesden Greem southern channel appears
to reflect two separate stages of channel infill. Stage one consists
primarily cf cross-bedded fine- to medium-grained sandstones; stage two
is moticably coarser and is characterized by interbedded sandstones and
conglomerates. Clifton's (1982) estuarine infill model suggests that
estuarine deposits such as these may accumulate as a series of stacked
"stillstand units” through sequential stages of sea level rise. The
nature of the Willesden Green fill however, may indicate a much simpler
continuous two stage fi1lling process.

At Willesden Green, the first fine-grained stage of infill records

an initial balance created between sediment influx and a rising sea level.
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Although some iare scattered pebbles are present within this package, fine
and medium grained sand was by far the dominant sediment being
transported, primarily in two and three dimensional bedforms. The second
coarser-grained stage of chamnel £ill on the other hand comprises a high
percentage of pebbly sandstones and conglomerates. This apparently abrupt
switch in sediment supply during the final stages of infill almost
certainly reflects a late stage influx of ‘winnowed’ shallow marine
sediment.

This coarse-grained ‘cap’ would appear to be a natural consequence
of the fractionating effect of the mearshore environment. During initial
infilling, mixed sediments deposited in the estuarine marine zone would
begin to migrate shorewaxd [fig. 6.73]. The episodic upstream transport
of sediment by strong flood tides would cause the segregation of
individual grain sizes, and result in the preferred landward migration of
the lightest sand fractions. Continued transgression would cause the
residual sediment at the mouth of the estuary to be increasingly depleted
in sand. As conditions at the mouth of the estuary became subject to
increasingly higher energies, eventually the coarser-grained 'lag’ would
also begin to migrate landward. The fine-grained (sand) fraction would
outpace the coarser-grained lag, resulting in a distinctive two-stage
fill. By this simple mechanism, the coarsest-grained sediments would be
the last to be funneled into the main axis of .the channel. In the
Willesden Green estuary, this final stage of fill preceeded flooding of
the entire estuarine complex in which most of the sub-aerial and inter-
tidal deposits were transgressively removed.

Although it is possible that the Willesden Green estuarine complex was

filled during separate stillstand events, or during fluvial reactivation,
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Figure 6.73 - SCHEMATIC MODEL OF TRANSGRESSIVE ESTUARINE INFILL.

Tl - Coarse- and fine-grained marine sediments are perched at the estuary
marine zone in inter- and sub-tidal sand bars. 8ilt and clay sediment is
deposited in the estuarine zone, and is fluvially dexived.

T2 - An increasing sea level results in intensification of flood tides
within the estuary, and increased shallow marine reworking at the
estuarine mouth. Estuarine marine sediments are selectively winnowed,
and the fine-grained fraction (sand) progrades into the estuary zone.

T3 - Transgression continues, maximum flood tides occur, and the coarse-
grained {(conglomeratic) marine lag 1is funneled into the estuary zone.
These coarse sediments overlie the slightly earlier emplaced sandstomnes,
resulting in an apparent 2 stage fill.

T4 - Estuarine complex is totally breached and non-marine sediments are
removed during subsequent erosive shoreface retreat.

MODEL FOR ESTUARINE FILL AT WILLESDEN GREEN
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the geologically instantaneous rates of estuarine infill recorded in
modern estuaries (eg. Van den Berg, 1982), suggests that a continuous two-
stage event may be a more probable mechanism. From the apparent
superposition of these infill units, and the almost vertical stacking of
facies, one can speculate that during the time of deposition, there was

very little movement of the mouth of the estuary.

Controls on Estuarine Emplacement

One major gquestion that remains concerns the location of the
Willesden Green estuary. Several similar incised walleys in the
Cretaceous Western Interior are proven hydrocarbon reservoirs, and
resolving the patterns and features common to all of these isolated sand
bodies is mnecessary to define future exploration targets. Specific
analysis of the factors responsible for initial drainmage patterns,; and
determination of the conditions necessary for preservation are essential.
In the case of the Willesden Green estuary, it appears the answer may be
related to undérlying palaeotopographic controls.

As discussed in chapter 5, thicknesses of the basal siltstone cycles
underlying the Willesden Green estuarine complex appear to indicate the
presence of a broad structural low in this area. During the earliest
Viking time apparent subsidence or compaction along this trough provided
the additional accomodation space necessary to cause a mnoticable
thickening of the regional sediment sequences. The Willesden Green
estuarine complex directly overlies these basal c¢ycle thicks, and
erosively truncates the uppermest cycle.

Analysis of underlying Mannville palaeotopography in this area also
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reveals the presence of an elongate north-south trending scarp running the
length of the study area at rg 8 [fig. 6.74, 6.75]. The Member C valley
incision appears to directly overlie the foot of this bevel, which may
indicate an important genetic link between Mannville palaeotopography and
Viking valley location.

According to Weimer (1984), one of the most important premises in
control on sedimentation is that underlying structural wvariations can
determine topography and bathymetry. He goes on to state the following
generalities;

1) Depending upon sediment supply, topographically low areas will
be associated with river drainage, deltas, estuaries and
turbidite sequences whereas topographically high areas will
tend to be related to ianterchannel, interdeltaie, shoal and
reef areas (Weimer, 1984).

2) Palaeotopography will also cause thickness wariations in units
deposited. In general thick units will accumulate in low areas,
whereas, thin units will be depﬁsited over high areas (Weimer,
1984).

Although the evidence is subtle, the Willesden Green estuarine sands
appear to fulfil both of these criterion. Preserved estuarine deposits
clearly overlie an area characterized by anomously thick cyclical deposits
of the basal siltstone assemblage, which in turn may be related a
palaeotopographic low on an underlying unit. This association suggests
that thickening of the regional sequences and in turn, location of the
overlying Willesden Green chammel, may have been related to the original
scarp-like Mannville palaeotopography.

Mapping of regional cycle thicknesses and Mannville
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palaeotopography around other Viking channels should be carried out in
order to determine If a similar pattern is present In those areas, and
ultimately to prove or disprove the hypothesis. 1In an effort to tie the
topography of the Mannville to possible underlying structural controls at
Willesden Green, an analysis of structure contour and first order residual
of the top of the Palaeozolc were carried out, however no correlation was

found to be present.

6.9 Reservoir Properties

Detailed analysis of the distribution of hydrocarbon producing sands
shows that there is a strong depositional facies contrel on reservoir
quality. Hydrocarbon production from the two main pools of the Willesden
Green field (W.G. Viking A; W.G. Viking H) is strictly confined to the
sands of the cross-bedded and interbedded facies associations. Production
records also reveal that the best producing wells consistantly lie within
wells of the cross-bedded (tidal channel) facies. The sandy interbedded
facies (estuarine sand flat) generally has slightly lower production
figures, and the muddy interbedded facies (estuarine mud flat) is
consistantly tight. The coarse-grained, conglomeratic nature of the
cross-bedded facies association generally offers both high porosity and
permeability, while the abundant mud drapes present in the laterally
adjacent sandy interbedded facies effectively limit permeability. Total
disconnection of saﬁd lenses within the muddier portions of the
interbedded facies precludes hydrocarbon production from this facies.
Preliminary petrographic analysis indicates that diagenetlc overprinting
of these deposits, mainly in the form of quartz overgrowth cement and

authigenic kaolinite locally reduces porosity and permeability, however
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the primary control of reservolr quality is undoubtedly depositional in
‘nature.

Deposits of Member E, which postdate and erosively scour into the
sands of the southern Willesden Green channel, form a continuous part of
Willesden Green Viking Pool A, and make up the elongate east-west oriented
part of the reservoir. The relationship and characteristics of these

sands follows in chapter 8.
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CHAPTER 7 : FAGIES ASSOCTATION 4
(HUMMOCKY-CROSE-STRATIFIED SANDSTONE ASSOCTATION)

MEMBER D

7.1 Introduction

Member D is characterized by a coarsening-upward seguence consisting
of interbedded wave-rippled silty sandstomnes, bioturbated shales, and
hummocky-cross-stratified sandstones. This sequence is equivalent to the
"Yiking regressive facles" of Leckie (1986), and the "fine-grained
sandstone association" of Hein et al (1986). Member D is best developed
in the southerm one third of the study area (Ferrier), although thin

patchy occurrences can also found In more northerly locations.

7.2 Facies DPescriptions

Burrowed/laminated Sandstomnes-Mudstones

This facies consists of cm-scale interlaminated shales, and wvery-
fine- to fine-grained sandstones and siltstones (in almost equal amounts)
[figs.7.1, 7.2]. The black shales may be either non-biocturbated, or
weakly to highly burrowed. The physical structures present within the
sandy beds of this facies Include low angle, symmetrical wave cross-
lamination, wundulatory laminations, and combined-flow cross-lamination.
Individual sand beds vary between 0.5 and 5 em thick, and have either
parallel upper and lower contacts, or are lenticular in shape. Most beds
have a sharp base, internal laminations, normal grading, and a mud-draped
top. Some beds also display burrowing which can totally disrupt all
physical structures, although the intensity of burrowing may vary

immensely. Trace fossils include Planolites, Terebellina, and Zoophycos.
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In the Ferrier area this facies displays, on average, the least amount
of burrowing, and has a relatively high percentage of normally-graded very
fine sand to silt beds. These beds display faint parallel laminatiomns,
or lack internal structures all together. Often, individual sand beds
have a distinct undulatory upper contact, or less commonly, gradatiomally
diminish upward into black non-burrowed shales up to 8 cm thick. These
shales may be entirely made up of fissile, black mudstone, or commonly
contain thin whisps of discontinuous silt laminae usually less than 5> mm
thick. The shales are in turn sharply overlain by the next graded bed.

The interlaminated sandstone and mudstone facjes generally has a
sandying-upward trend, and in the southernmost portion of the study area
grades upward into hummocky-cross-stratified sandstomes.

Hummocky-cross-stratified Sandstone

This facies gradationally overlies the burrowed/laminated sandstone-
mudstone facies, and is characterized by interbedded black shales, and
fine grained sandstones with parallel-laminated to low-angle inclined
stratification. Individual sandstone beds consistantly have sharp bases
and often display scour or load features, Internal stratification
consists of parazllel inclined lamination with low angle diwvergences and
intersection angles consistantly less than 12° [fig. 7.4]. Commonly,
laminations are gently curved, and individual sandstone beds occasionally
display wave-rippled tops. Individual sandstone beds range in thickness
from 5 to 44 ¢m, and tend to show a thickening upward trend through the
sequence. Convoluted beds and slump structures frequently occur within
these sandstones [fig. 7.3], and sideritized intervals are common. The
H.C.S. sandstones are consistantly very well sorted; however, well

rounded, sideritized mud rip up clasts, and chert pebble clasts up to 2.2
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cm in diameter, are locally present at the base of some beds. The H.C.S.
sandstone beds generally lack bioturbators,

Interbedded silty shales generally range in thickness from 1 to 15
cm and consist of black mudstone drapes or interlaminated silty sandstones
and mudstones similar to theose of the burrowed/laminated sandstone-
mudstone facies described above. Individual silty beds have sharp bases,
are usually normally graded, and are dominated by wavey- and parallel- to
undulatory-laminations. Bioturbation is generally quite sparse, and tends
to decrease upwards through the sequence. As mentioned, burrowers consist

of shallow marine forms such as Planolites, Terebellina, and Zoophvcos.

7.3 Vertical Sequence

Member D is characterized by a sharp base and top, and a distinct
coarsening-upward sequence which grades from burrowed/laminated sandstones
and mudstones upward into hummocky-cross-stratified sandstones [fig. 7.5].
This package reaches a maximum thickness of 13 m in the southernmost end
of the study area. The thickness of individual H.C.S. beds tends to
increase upwards through the sequence, as does the overall percentage of
sand to mud in the interbeds. Although bioturbation is rather patchy
throughout, a noticable decrease can sometimes be detected upward through
the sequence. The base of this package scours into the underlying basal
siltstone assemblage (Member B), and also into the Willesden Green
estuarine-fill sediments (Member C). It is abruptly overlain by the muddy

sandstones and conglomerates of Member E.

7.4 Contacts

The basal contact of Member D (VE3) can be traced across the entire



126

FACIES ASSOCIATION 4

— | 2860

—— - RESISTIVITY
e d

—t

—_ 2560 -

VE4 scoscacsaash

VE3 - T-FE s SN 1

RO 14-22-39-8 WS

Figure 7.5 - TFacles Assoclation 4 - Reference Well 14-22-39-8WsS:

illuscrating vertical facies relationships and correlatable log and core
markers. '



127

study area and erosively truncates both the underlying deposits of the
basal siltstone assemblage (Member B), and the Willesden Green estuarine-
fill sediments (Member C). Topographically, the VE3 contact defines a
rather flat surface which is mantled by a thin muddy conglomerate or
granule 1layer (1-10 ecm thiek). Both sand-filled Arenicolites and
Skolithos burrows commonly occur along this surface [figs. 7.6, 7.7, 7.8,
7.9]1, as well as a large (4 cm deep) sand-filled synaeresis crack at 12-
16-40-5W5 [figs. 7.11, 7.12]. As mnoted, the burrowed/laminated
sandstones-mudstones, and H.C.S. sandstones of Member D rest on the VE3
surface,

The top of the hummocky sandstone association is in turn erosively
truncated by an upper contact (VE4). This contact is knife sharp,
consistantly blanketed by a thin veneer of mainly clast supported pebbly
mudstone, and once again, marks a distinctive change in depositional style
[fig. 7.10]. The VE4 surface has a unique topography which progressively
rises in a step-like fashion towards the south [fig. §.11]. This surface
is the sedimenteclogical expfession of the final sea level rise in Viking
times, and marks the transition zone between the Viking sandstones and
Lower Colorado shales. A more detailed examination of the VE4 surface and

overlying sediments follows in Chapter 8.

7.5 Facies Distributjon
Member D ranges in thickness from 0 m to 13 m in the study area,
and displays a progressive thickening and sandying towards the south
{Ferrier) [fig. 7.13]. H.C.S. preservation is confined to wells only as
far north as Twp 39 (Ferrier). Beyond this point only burrowed/laminated

sandstones-mudstones can be found. These sediments are present in patchy
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distributions throughout the northerly portion of the study area, but
rarely exceed a maximum thickness of 2 m. Figures 7.14, 7.15 and 7.18
illustrate the substantial variation in thickness of this package across

the study area.

7.6 Interpretation

The dominance of erosive-based, fine- to medium-grained sandstone
beds, wavey laminations, and low-angle Iinclined stratification in an
overall coarsening-upward sequence suggests deposition in a
prog;adational, wave-dominated offshore transitional to lower shoreface
environment.

Hummocky cross—stratificafion is the most diagnostic feature of the
thick, erosively-based sandstones of Member D. This structure has been
shown by Harms et al (1975) to be characteristic of storm wave activity
below fair-weather wave base (usually about 10 m). The base of these beds
are sharp, often scoured and contain mud rip-up clasts indicative of
rapidly emplaced sediment under strong flow conditions. The low angle
stratification which reflects storm wave deposition, merges upward into
parallel lamination and wave- to combined-flow ripple cross-
stratification, representative of deposition by lower energy, short period
waves probably under waning-storm conditions.

Intervening mudstones contain sharp-based, undulatory, rippled and
parallel-laminated silty lenses which are often moderately burrowed.
These delicate structures and fine-grain sizes indicate deposition by weak
episodic currents, probably at depths well below fair weather wave base.
The high percentage of mudstone In this facies (>50 %) is iIndicative of

an environment in which large amounts of suspended sediment was present.
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Bioturbators, which are most commonly associlated with the coarser
sandstone lenses, were probably brought in with the sandstone during
individual storm events smaller than those responsible forvthe deposition
of the major H.C.S. beds. The relatlve lack of burrowers in the
interbedded mudstones and finer-grained silt beds suggest that under
fairweather conditions the high percentage of suspended sediment in the
water column may have inhibited colonization by marine fauna. This unit
can be traced back to the Caroline and Harmattan areas where the H.C.S.
beds become thicker and pass vertically wupward into swaley-cross-
stratified sandstones, horizontal-laminated sandstones, and finally
paleosols and rooted horizons (S.D. Davies, pers. comm., 1989) (S.W.
Hadley, pers. comm., 1989), The overall thinning and muddying of Member
D towards the north probably largely reflects depositional factors,
however the preserved patchy distribution and dramatic thickening south
of Twp 39 may also be a function of erosive scouring during subsequent
transgressive reworking. This hypothesis is explored in more detail in
chapter 8.

The presence of sand £illed Skolithos and Arenicolites burrows along
the VE3 contact suggests that a major pause in deposition occured at this
time which enabled both partial compaction and colonization of the
sediment. A large (4 cm deep) sand-filled synaeresis crack in the VE3T
surface at 12-16-40-5W5 [figs. 7.11, 7.12], also suggests that major
salinity fluctuations may have accompanied the distinctive changes in
depositional style above and below this marker. The fact that the pebble-
mantled VE3 surface marks a sharp boundary separating the transgressively
deposited estuarine sediments of Member C and the overlying progradational

lower shoreface/offshore transitional deposits of Member D [fig. 7.15],
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suggests that it iIs in fact a ravinement surface marking the end of the
first Viking lowstand. The progradational nature of the overlying (Member
D} shoreface deposits indicates that a second Viking lowstand must have
occured as the Caroline sediment wedge advanced northward [fig. 7.17].
The subsequent erosive truncation of this package by another ravinement

surface (VE4) signaled the final sea level rise in the Viking.

7.7 Reservoir Properties

The hummocky-cross-stratifled sandstone assemblage (Member D) has
no commercial use as a hydrocarbon reservoir. The fine-grained nature of
the sediment offers inadequate porosity and permeability, and the
occurance of mud interbeds are incompatable with fluid migration. The
presence of rare conglomeratic stringers within this facies however,
suggests that the location of pebble-rich feeder channels across this
prograding shoreface may have influenced the location of winnowed,
hydrocarbon-bearing coarse-grained sediment ‘thicks*® in the overlying
transgressive shelf package. With this in mind, a detailed
palaeogeographic reconstruction of the prograding shoreface package, such
as that carried out by $.D. Davies (pers. comm., 1989) and S.W. Hadley
(pers. comm., 1989), could prove invaluable in determining future

exploration targets.
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Figure 7.17 - Interpreted palaeogeography during the second Viking
lowstand (deposition of prograding shoreface Member D).
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CHAFTER 8 : FACIES ASSOCIATION 5
(SHALE, CONGLOMERATE, AND CROSS-STRATIFIED SANDSTONE ASSOCIATION)

MEMBER E

8.1 Introduction

Facies association 5 occurs exclusively above erosive marker VE4,
and comprises an interbedded assemblage of cross-stratified coarse pebbly
sandstones, conglomerates and black mudstones. These deposits are
equivalent to the "transgressive shelf complex" of Leckie {1986), and the
"chert-pebble conglomerate and pebbly sandstones” of Hein et al (1986).
The Member E coarse-grained assemblage is mappable throughout the study

area, and grades conformably upward into the overlying Cclorado Shale.

8.2 Facies Descriptions

Facies association 5 is characterized by discretely interbedded
packages of pebbly mudstone, cross-stratified sandstone, bioturbated
gritty muddy sandstone, and clast-supported conglomerate encased in black
shales. Over most of the study area the coarse-sediment package consists
of a sheet-like deposit of muddy conglomerate less than .5 m thick which
blankets the VE4 surface. Thicker accumulations however, also occur in
the form of elongate E-W trending sand and conglomerate bodies up to 2.9
m thick, which display a variety of cross-stratification types.

Silty Shale

The silty shale facies consists of black, fissile mudstone, with
irregularly interspersed thin, greyish-white, laminated silt beds. Sand-
size material and biogenic structures are extremely rare, however fish

scales are found throughout. Physical structures Include deliicate "pin-
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stripe" silt laminae within the mudstone [fig. 8.1], and slightly thicker
lenticular silt beds (.5-5 em thick) that display sharp bases and
parallel-, combined-flow or wavey laminaticn. Very rarely, sideritized
mudstone beds, often associated with a thin (1-10 cm) sand or pebble
stringer, occur at widely spaced intervals within this facies.
Pebbly Mudstone

The pebbly mudstone facies 1s characterized by poorly sorted beds
of pebbles and granules in a dark biack shale matrix [fig. 8.2]. The
pebbles are generally well rounded and oblong in shape and reach maximum
diameters of 2.6 cm (avg. 10 largest, long axis). They may be chaotically
oriented with an apparently random fabric, or occaéionally are massively
bedded with weak imbrication or cross-bedding. Clasts are commonly
matrix-suppported, although clast supported intervals are also present.
The top of this facies often has pebbles protruding at high angles into
overlying black mudstones. Thin silt laminae may also drape the upper
contact, Individual beds range from 2 to 12 cm in thickness and tend to
occcur throughout Member E.

Bioturbated Gritty Mudstone

The bioturbated gritty mudstone facles is a biogenically churned
mixture of black mudstone, medium to c¢oarse grained sandstone, and
scattered pebbles [figs. 8.3, 8.4]. The polymict nature of the sediment
and the high degree of bioturbation in this facies often makes individual
traces difficult to identify. Those most commonly present include

Arenicolites, Skolithos, Terebellina, Palaeophyecus, and ZPlanolites.

Individual bioturbated beds occur randomly interbedded with all other
facies of Member E, and often occur at the base of the individual cross-

bedded packages. The intense burrowing in this facies occurs in sharp
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contrast to the unburrowed black mudstones with which it is also commonly
associated,
Cross-stratified Sandstone

The cross-stratified sandstones are composed of medium to coarse
grained salt-and-pepper sandstone [fig. 8.5, 8.6]. Cross-bedding is
generally well defined and occurs in sets up to 46 cm thick. The
crossbeds may be continuously stacked or can altermate with biloturbarted
gritty mudstones, and pebbly mudstones. Mudstone partings up to 10 cm
thick often separate individual beds. Sideritized angular mud rip-ups
commonly occur at the bases and along the foresets of individual cross-
bed sets. Coarser clast sizes within the sandstones (granules and pebbles
up to 1.2 cm in diameter) also tend to define individual foresets.

Stratification within this facies varies considerably, and both
trough and planar-cross-bedding may co-exist. Cross-bed foresets usually
display high angle bedding up to 287, although bed angles may occasionally
be as low as 17°. Reactivation surfaces or black mud partings separate
individual cross-bed sets. Often thin lenticular sand beds up to 4 cm
thick may be interbedded with the cross-bedded sandstones, and tend to
have ; cross-stratified or massive appearance.

One diagnostic feature of this facies is the occurance of compound
cross-bedding [£ig.8.7, 8.8]. This distinctive stratification type is
characterized by two scales of cross-bedding. Small high-angle sets with
dips of 18 to 25 degrees are regularly bounded by lower angle surfaces
dipping between 4 and 7 degrees. The high-angle sets appear to "down-
climb™ on the lower angle surfaces (master bedding surfaces) and may be
found in stacked successions up to four sets high. Individual high angle

sets have an average thickness of 4 to 7 cm. Laminatjons are generally
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defined by segregation of grain sizes and heavy minerals, althoﬁgh thin
mud drapes may also occur along the lower angle surfaces. In several
instances compound sets are not clearly defined, but explicit evidence of
heirarchical ©bedform development occurs in the form of isclated
anomalously high angle sets within regularly cross-stratified packages,
often with an associated change in grain size [fig. 8.5]. The compound
cross-bedded sandstone sets may be interbedded with all other facies in

member E.

8.3 Vertical Sequence

The coarse sediment package of Facies association 5 varies from 0.2
to 2.9 m thick in the study area. The base of this sequence is
consistantly marked by, and may be made up entirely of a thin muddy
conglomerate bed (VE4) (2 to 12 cm thick) which erosively truncates
underlying strata. In specific areas however this coarse-grained package
thickens up to 2.9 m, and forms large elongate linear sand and
conglomerate bodies. Within these thickened packages, basal contacts of
individual beds are usually sharp and often scour into underlying sands
and shales. Bed tops are commonly mud-draped. Although these muddy
sandstones and conglomerates of Member E often appear to be rather
randomly Iinterbedded, in a few cores of the Willesden Green South field
a general facies sequence does appear to reoccur [fig. 8.9, B8.10].

The thin muddy pebble lag (VE4) is overlain either directly by the
main body of the coarse sand package, or by a thin layer of black mudstone
(up to 16 cm thick) which separates the two packages. The mudstone is
generally non-bicturbated and fissile with minor fine silt laminations.

Where the base of the main coarse-sediment package is not congruent with
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the VE4 surface, it is commonly defined by a bicturbated gritty sandstone,
often with large sand filled Skolithos and Arenicolites burr§WS which
protrude down into the underlying mudstone [fig. 8.4]. The gritty
bioturbated interval may occur up to 50 cm thick. This thoroughly churned
interval 1is wusually overlain by an interbedded assemblage of cross-
stratified sandstones with mud drapes, pebbly mudstones and occasional
bioturbated interbeds. An overall coarsening upward pattern is often
noted within the sandy package, with a notable increase in the percentage
of granular, and pebbly sandstones near the top of the sequence. The
uppermost coﬁtact is commonly draped by mudstones of the overlying
Colorado Formationm. A few thin sand or pebble stringers may occur
slightly above the main body of the sandstone package, before passing

upward into a thick sequence of black Colorade Shales.

8.4 Contacts

The basal contact of facies association 5 (VE4) erosively truncates
the uﬁderlying sandstones and shales of the hummocky sandstone
association. This contact thas a distinetive topography which
progressively rises in a step-like fashion towards the south [figs. 8.11,
8.12]. As noted, it 1is consistantly blanketed by a thin veneer of mainly
clast supported pebbly mudstone which locally thickens to form the
isolated elongate sand and conglomerate bodies of Member E.

The top of facies association 53 is conformable with the overlying
Colorado Shales. In allostratigraphic terms the uppermost bounding
discontinuity of Member E is in fact the Base of Fish Scales marker. The
top of the Viking is arbitrarily marked by the uppermost thin conglomerate

lens which 1is present throughout the study area (LM2). Detailed
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correlations indicate that this lens is contiguous with the main FAS

coarse sediment package in the vicinity of Ferrier (twp 39; rg 85.

8.5 Facies Distribution

The coarse sediment of facies associlation 5 cccurs as a thin veneer
across the entire field area. Throughout much of this area it is
characterized only by a thin pebble ‘'lag’ deposit, usually less than .3
m thick, and often only as a few scattered pebbles or granules. The major
areas of thickening occur in three elongate E-W trends in the viecinity of
Willesden Green north (twp 42; rg 5-6), Willesden Green south (twp 40; rg
4-7), and in the Ferriler area (twp 39; rg 7-8). Cross-sections hung on
an upper datum (Marker A) reveal that these coarse sediment thicks occur
as positive features.

The Willesden Green north FA5 sediment thick, ranges from .5 to t
m thick [£fig. 8.13]. In Ferrier, similar deposits reach a maximum
thickness of 1.2 m (except 1 well), while the deposit at Willesden Green
south is the most substantial of the three, and reaches a maximum
thickness of 2.9 m. Willesden Green south also displays a relatively high
abundance of coarse-grained cross-stratified sandstone, and extremely good
compound cross-stratification in some locations. The thinner deposits at
Ferrier and Willesden Green north on the other hand are made up almost
entirely of conglomerate and pebbly mudstone, and appear to be more of a
thick winnowed lag deposit. Dimensions of the main sand body at Willesden

Green south are approximately 3 km x 0.7 ktm x 2.9 m.

8.6 Interpretation

The unique assemblage of physical and blogenic features present in
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Member E indicate deposition in an open marine environment, characterized
by alternating periods of rapid coarse-sediment deposition and quiet
periods of muddy sedimentation from suspension. These deposits are
interpreted to represent open marine transgressive lag and tidally
influenced sand ridge sediments, deposited during the final sea level rise
of the upper Albian.

The presence of cross-bedded sandstones and imbricated pebble beds
refleets sediment transport by strong unidirectional traction currents
capable of moving clasts up to 2.6 cm. Scoured bases and mud rip clasts
also attest to the strength of these currents. The common occurence of
several orders of reactivation surfaces, and mud draped pause planes
throughout the cross-bedded sandstones also suggests an environment with
a regularly fluctuating flow pattern. Short term, regular interruption
to bedform migration is implied by the presence of shale partings which
drape individual sand or pebble beds. These mud drapes are significant
in the fact that they highlight what must have heen substantial shifts in
flow wvelocity, in an enviromment in which significant quantities of
suspended sediment could be delivered from a sediment choked water column
during intervening periods of quiescence.

Distinctive laterally extensive erosion surfaces and mud drapes are
often associated with inferred tidal shelf deposits (Levell, 1980; Allen,
J.,1980). MaCave (1970) suggests that mud drapes in open shelf settings
may not necessarily reflect tidal periodicities but are more likely to be
produced by high suspended sediment concentrations, low current
velocities, and low wave intensities over a longer period. According to
Leckie (1986) they may reflect a response to seasonal fluctuations in flow

conditions (storms in winter take fines iInto suspension; quiet summer
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allowé.redeposiﬁion). Lithologically, the interbeddéd black shales are
identical to the shales of the Colorado Formation. Ichnofossils and fish
scales associated with these mud drapes locate the Member E deposits on
the open shelf, and iIndicate deposition wunder qulet water
conditions.

Within the deposits of Member E, the presence of both tangential
and planar-tabular cross-bedding Indicate the palaeo-migration of 2-
dimensional straight crested and 3-dimensional sinuous crested bedforms.
Although most of the sets are truncated by overlying reactivation
surfaces, the scale of the largest preserved sets (up to 46 cm) [fig.
B.14] indicates potential Initial bedform heights of at least 1 to 1.5 m.
According to Johnson and Baldwin (1986) the most distinctive property of
offshore tidal deposits is the extensive range of cross-stratification,
and the large size of the sedimentary structures (set size approx. 1-10
m thick). The Lower Greensaﬁd in England, an established tidal deposit,
contains individual cross-bed sets up to 4 or 5 m thick (de Raaf and
Boersma, 1971).

Within Member E, the most definitive indicator of open shelf tidal
conditions is the presence of sy;tematically dipping compound cross-
stratification. This unigque bedding style 1s interpreted to represent
the regular migration of small-scale bedforms (sinuous crested
megaripples) down the lee face of a larger bedform (sandwave). A similar
interpretation was offered by Leckie (1986) for correlative deposits in
the Viking Caroline field. Although modern tidal sand ridges and sand
waves have not been cored systematically, work by Houbolt (1968) suggests
that their internal structure might be characterized by such low angle

surfaces (5-6%), with smaller sets of cross-bedding dipping down or up the
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"master hedding surfaces" (Walker, 1984). The internal structures of
several inferred ancient tidal sand wave deposits (Levell, 1980; Hein,
1982; Anderton, 1976) typically comprise a variety of large-scale cross-
bedding, iIncluding simple avalanche foresets, and complex compound sets
made up of large low-angle surfaces separated by smaller scale, mainly
downslope dipping, cross-bedding (Johnson and Baldwin, 1986).

Similar compound cross-bedding sets from the late Precambrian in
Norway (Levell, 1980) are interpreted to represent " either a large bed-
form with megaripples superimposed on its lee face... or a lirge bedform
with extremely closely spaced, periodic, reactivation surfaces formed by
reworking of a single angle-of-repose lee face". J.R.L. Allen’s (1930)
widely accepted model of sandwave migration wunder fluctuating
unidirectional flows, produces a sequence remarkably similar to those seen
in Member E [fig. 8.15]. In his model, wvariations in sand wawve lee-slope
inclinations are primarily governed by the time velocity asymmetry of the
tidal currents.

The ichnofossils present in Member E are representative of a shallow
marine fauna typical of both the Skolithos and Cruziana Iichnofacies.
Their patchy occurence in some muddy intervals and not cothers indicates
that conditions for colonization were not always optimal, possibly due to
the fluctuating current regime or major changes in substrate and water
column characteristics. Even their limited presence within the coarser-
grained facies is significant however, since the overlying Colorado Shales
and many of the interbedded shale beds are virtually free of biogenic
traces. This suggests that the success and occurence of these marine
organisms was closely tled to the presence of the specific coarse-grained

substrate and dynamic conditions present in this unique environment. The



168

INTERNAL STRUCTURE OF SANDWAVES -

COMPOUND-CROSS-STRATIFICATION

MASTER BEDDING SURFACE \\

N
N

HIGH-ANGLE CROSS-STRATIFICATION

i

f

I
f

[
DOWN TRANSPORT PATH ————'—"'l_ l
! Rippled or smaooth
| bottoms

l
I
I
|

|

i

|
|
|

|

1

Sond ribbons Scotterad Tida! current ridges
Bare rock dunes with dunes

|

Gravels ond
coarse sands

Cross-bedded sand
and shelly sands

Muds ond sands

Figure 8.15 - Theoretical model to explain internal structures of sand-

waves formed by reversing currents (modified from Walker, 1984; after
Allen, 1970).




159

anomalous coexistance of relatively high energy traces such as Skolithos

and Arenicclités alternating with black non-hurrowed shales apparently.of
relatively deep water origin, points to an open marine setting
periodically affected by extremely high flow conditiéns. The preferential
occurence of the bicturbated muddy sandstones at the base of the coarse-
grained sediment package, suggests that a ‘fringe’ of bioturbated sand
probably advanced in front of the main sand body migrating on the open
shelf, and that the optimal environmental niche existed in areas
peripheral te the main sediment thicks.

The location of these elongate sediment thicks does not appear to
be entirely random. The fact that the westernmost edge of the two most
northerly linear sandbodies erosively scour into underlying (Member C)
sandy estuarine deposits at both Willesden Green north and Willesden Green
south suggests that reworking of these earlier sand and conglomerate
deposits may have contributed a considerable quantity of palimpsest
coarse-clastic material to rldge formation. One can not dispute however,
that a substantial amount of sediment was wundoubtedly supplied Irom
transgressive winnowing of the shoreface deposits of Member D.

The common occurance of pebbles stringers and granules within the
upper shoreface sediments of Member D in the Caroline and Harmattan areas,
suggests that the location of coarse sediment thicks on the VE4 surface
may be closely related to the original position of conglomerate in the
underlying package. Documentation of pebble-rich channel deposits which
incise the top of the Caroline shoreface sequence (S.W. Hadley, pers.
comm., 1989; S$.D. Davies, pers. comm., 1989) adds to the possibility that
the location of overlying transgressive lag deposits of Member E may be

a reflection of these lowstand feeder systems. An unusually thick (3.5
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m) accumulation of conglomerate which mantles the VE4 surface in a single
well at Ferrier (11-17-39-8W5), may iIn fact be the transgressive
expression of one of these conglomerate-rich incised drainages. This
interpretation remains highly speculative however, since attempts to core
this interval were unsuccessful. A similar 8 m thick water wet
conglomerate unit at 10-34-36-9W5 [fig. 8.16], is almost certainly another
example of this association. During the transgressive retreat of the
Caroline shoreface, short term influxes of sediment through these lowstand
feeder systems may also be reflected in the terrace and bevel topography
and linear sand bodies recorded on the VE4 surface.

The occurance of the elongate Willesden Green south deposit at the
base of a major ‘step-up’ in the VE4 surface, may imdicate that sporadic
influxes of sediment from the Harmattan (Ferrier) shoreface, may have
supplied subtantial amounts of sedimeﬁt to the transgressive Viking basin.
Swift et al (1984) suggest that through the counterbalancing effect of
high sediment input and a rising sea level, erosive shoreface retreat will
create a distinctive scarp topography and may result in the preservation
of a thick nearshore sediment package [fig. 8.17]. Debate on whether such
a mechanism is fralid over the time periods required for eustatic sea level
rises is ongoing (Rampino and Sanders, 1981; Swift and Moslow, 1982;
Leatherman, 1983), however many believe that the effect of regicnal
tectonic Influences could mske such a mechanism viable. Erosive shoreface
retreat has been called upon to explain several incised shoreface deposits
throughout the Cretaceous of the Western Interior Basin (Plint et al,
1988: Downing and Walker, 1988; Pattison, 1988), and also to describe the
evolution of modern barrier bar deposits off the east ceast of North

America (Sanders and Kumar, 1975; Panageotou and Leatherman, 1986).
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Such a mechanism could potentially account not only for the ‘scarp-
like’ topography seen on transgressive VE4 surface in Twp 39, but also for
the location of the coarse sediment thick deposited along the base of this
‘step’ at Willesden Green south. Continued transgression and subsequent
reworking of these thin stillstand deposits by open shelf tidal and storm
currents, would overprint thelr original shoreface signature, leaving them
in their present day configuratiom. A combination of strong storm and
tidal currents would modify the original shape of the sand bodies, cause
their migration away from the erosional scarp, and act to redistribute
much of the sediment across the broad shelf as a thin sheet-like sand or
pebble horizon. These sediments would be continuous with the main
sediment thick, and progressively thin and fine laterally. The nature of
the coarse sand package at Willesden Greem south, ;nd the onlapping VE4
lag at Ferrier appear to follow precisely this pattern.

The elongate sand package which sits on the base of the main scarp
(VE4) at Willesden Green south, progressively thins from 2.9 m to a thin
pebble lag only a few cms thick, in both strike and dip directions. A
similar trend occurs in the Member E conglomeratic sands which make up
the main reservéir at Ferrier. This sediment package rests om top of the
terrace above the Willesden Green scarp. A thin stringer of pebbles and
sand omlaps the terrace, and is continuous with VE4 at that point
[£ig.8.12]. Examination in core shows that just like the Willesden Green
tidal package, this onlapping bed thins and fines in a northerly
direction, away from the main sediment accumulation. The presence of
scattered pebbles and sideritized mud makes this horizon a distinctive
marker in core, which can be traced across the entire study area [fig.

B.18]. Synaeresis cracks in some of the finer-grained beds [fig. 8.19]
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suggests that sediment input and redistribution was also accompanied by
fluctuations in water salinity. This association is entirely consistant
with a temporary influx of sediment charged fresh water inte the basin.
As the sediment input decreased and transgression renewed, deepening
conditions resulted in burial of the coarse sediments of FAS under thick
black shales of the Coloradc Formation [8.20]. Later still-stands,
further to the south would carve similar ‘steps’ in the wunderlying
shoreface sands in the Caroline and Harmattan areas (S. Davies, pers.

comm., 1989; S. Hadley, pers. comm., 1989).

8.7 Reservoir Properties

Three main pools occur within the sandstones and conglomerates of
FA5: Willesden Green Viking ‘A’, Ferrier Viking ‘A’, and Gilby Viking ‘B’.
As was noted in chapter &, sands of the Willesden Green estuarine complex
and the Willesden Green tidal sands mutually form the W.G. Viking ‘A’
pool. Within these Member E pools depositionally related thickness of the
coarse sediment package appears to be the main factor dictating reservoir
potential. Where the cross-bedded and conglomeratic facies are the best
developed (3 ﬁ), production figures peak, with a relatively constant drop
in production as the sands thin laterally. As in the underlying Member
C sediments, increased prominance of shale interbeds, and associated
segregation of sand units laterally appear to be the dominant factor in

defining reservoir boundaries.
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CHAPTER 9 - SUMMARY, INTERPRETATIONS AND CONCLUSICHS

9.1 Introduction

Within the Willesden Green study area there are 4 distinct sediment
packages separated by 3 major discontinuity planes. FEach facies
association is distinguished by a unique set of physical and biological
structures as well as distinctive grain size trends and wvertical and
lateral facies sequences. The 3 erosional surfaces are each mantled by
unusually coarse sediment, and each is morphologically distinctive.

Analysis of these features was directed towards determining the
sedimentology and depositional environments of the individual packages in
the Willesden Green area (previous chapters), as well as the relationship
of each package to the next. Through the determination of these complex
relationships, a history of the dynamic changes occuring throughout the
time of Viking deposition might be interpreted. A discussion of the
evolution of depositional environments and sequence of sea level
variations ultimately responsible for these changes follows.

The erosion surfaces and facies associations documented in earlier
chapters are here summarized and discussed in stratigraphic order,
starting at the package initially deposited during the earliest Viking
time, and continuing upward through the succession. In this manner an
internal stratigraphy and depositional history for the Viking Formation

is establlished [figs. 9.1, 9.2, 9.3].

9.2 MEMBERS A-B (REGTCNAT. SHELF SEQUENCES)

The Viking regional shelf cycles sharply overlie the dark shales of

the Joli Fou Formation and represent initial deposition in the Viking.
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These deposits occur across the study area‘énd consist of a gradationally
interbedded succession of three small-scale coarsening upward bloturbated
mudstone and siltstone sequences up to 19 m thick. The sequences are
thoroughly churned by organisms Indicative of both the Zoophycos and
Cruziana Iichnofacies, and are dominated by very fine grain sizes, fhey
are interprated to represent offshore shelf deposits cyclically deposited
during miner fluctuations in relative sea level, and are equivalent to the
"reglonal shelf-shoreface facies” of Reinson et al (1988), and the "basal
siltstone association” of Downing and Walker (1988). The regional shelf
cycles are correlatable throughout much of mnorth-central and south-
central Alberta.

Lithologic evidence and isopach maps from the study area indicate
that the basal siltstone cycles become progressively thicker and sandier
to the north-northwest. Correlation into the Crystal field (TP46-R3W5)
confirms this fact (S.A.J. Pattison, pers comm, 1989). Such observations
support the hypothesis that during the earliest Viking time the primary
sediment source area was to the northwest, possibly in the wvicinity of the
Peace River Arch (Stelk, 1975; Amajor, 1980). A subtle thickening of the
two lowermost cycles (A and Bl) aléng a trough-like extension running
approximately N-S, from TP43 - R7 to TP40 -RG, suggests that at the time
of deposition this area may have been undergoing active subsidence
relative to surrounding areas.

The top of the regional shelf assemblage is abruptly truncated by
a thin veneer of coarse-grained sandstone and pebbly mudstone over much
of the area. The maximum erosive truncation on this surface occurs in
the northwest, in the wvicinity of the coarsest-grained and, what are

interpreted to be the most shore-proximal sediments. The removal of these
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sediments is almost certainly related to a relative drop in sea level
which followed deposition of members A and B. Locally, this truncating
surface appears to split into up to three wvertically distinct pebble
covered horizons. The stratigraphically lowest of these, and therefore

the earliest, is the VE2 contact below Member C.

9.3 VE2 \ MEMBER C (CBANNEL-ESTUARTNE COMPLEX})

Viking erosion surface VE2 is found only in the west-central portion
of the study area and defines a broad funnel-shaped, unconformable wvalley
consisting of 2 intercomnected, elongate scours up to 11 m in depth. In
the deepest parts of the scour, VE2 is mantled by a thick conglomerate lag
which thins and fines laterally. Bentonitic markers in the underlying
basal siltstone assemblage are erosively truncated by this surface, and
there is a sharp contrast in depositional style above and below the
contact. Sedimentological evidence discussed previocusly {chapter 6),
indicates that the sandstones and mudstones which infill the VE2 valley
comprise a tidally influenced, channel-estuarine complex.

The VE2 wvalley incisement at Willesden Green 1is undoubtedly time
equivalent to other Viking incised channels present in the Crystal
(Reinson, 1988), Edson, Sundance and Cyn Pem field areas, and Weimer
(1983) documented similar transgressively-filled wvalleys in the time
equivalent Newcastle Formation in the Demver Basin. -Research carried out
by the author also indicates that coarse grained Viking deposits preserved
at Gilby A were emplaced at this time, and probably represent
transgressively reworked shoreface deposits.

Although the initial Willesden Green valley incisement undoubtedly

occurred subaerially, the presence of marine, sand-filled burrows
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(Ophiomorpha, Skolithos, and Planolites) along the basal VE2 contact, as
well as In the overlying sands indicates that Infilling of the valley ﬁook
place entirely under marine to brackish conditions. The wmulti-stage
nature of the channel f£ill and aggradational stacking of facies, suggests
that the main channel axls probably remained relatively stationary during
deposition. Anomolously thickened sediments beneath the Willesden Green
valley (cross section E-E') indicate that its location may have been
influenced by underlying palaeotopographic controls on the top of the
Mannville,

Several Indicators at Willesden Green, Crystal, and Gilby suggest
that meso- to macro-tidal conditions may have existed in the Viking basin
at this time. Diagnostic characteristics such as abundant réactivation
surfaces, rapid facles changes, small scale fining- and coarsening-upward
sequences, abundant mud drapes, mud couplets, and flaser and linsen
bedding all indicate deposition under fluctuating currents, possibly tidal
conditions (Terwinde, 1971-88; <Clifton, 1%983; Blatt, Middleton, and
Murray, 1980; Visser, 1980; Dalrymple et al 1975-78; Elliot, 1986; De
Rzaf and Boersma, 1971; Driese et al 1981l; Bosence, 1973; Allen, 1984;
Rahmani, 1988: Baldwin and Johmson, 1577; Mazullo, 1978). The extensive
preservation of Incised valleys, and the great areal extent of correlative
lowstand sand bodies at the VE2 stratigraphic horizon, suggests that this
was the most substantial lowering of sea level recorded during Viking
times. Lowstand shorefaces advanced at least as far northeast as the
Gilby-Joffre trend (Downing, 1988; Raddysh, 1988), and possibly much
further into the basin. It was almost certainly a eustatically controlled
event, and probably correlates to a major sea level drop that occurred

approximately 97 million years ago (Vail et al, 1977; Haq et al, 1987;
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Kauffman, 1984). °

Evidence from Willesden Green, when viewed iIn conjunction with data
from other known Viking channels at Crystal, Cyn Pem, Edson, and Sundance,
strongly suggests that during the first Viking lowstand the drainage
system radiated from southwest to northeast, and that the main source of
sediment was somewhere in the southwest [fig. 9.1]. Correlatable thick
upper shoreface sediments in the Caroline area (5.Hadley, pers. comm.,
1589) contribute to the hypothesis that by this time the main depositional
gource had shifted from the vicinity of the Peace River Arch to points
southwest, although much of the Peace River area was probably subaerially
exposed at this time. While the lowering of sea level was probably
eustatically controlled, the southward shift of depositional source can
only be attributed to the effect of renewed tectonic thrusting in the

southwest.

9.4 VE3 \ MEMBER D (PROGRADING SHOREFACE)

The top of the Member C estuarine complex is abruptly planed by
a second pebble mantled surface : VE3. The VE3 contact can be traced
throughout the study area, and can also be found north at Crystal (S.A.J.
Pattison, pers. comm., 1989), east at Gilby and Joffre (Downing and
Walker, 1988), and as far south as Harmattan (S.W. Hadley, pers. comm.,
1989). It locally truncates the top of the Willesden Green estuarine
complex ({Member C), and regionally scours into the wunderlying basal
siltstone assemblage. The fact that the VE3 surface separates the
" underlying transgressively filled estuarine sediments of Member C from
overlying progradational shoreface sediments of Member D, indicates that.

it must represent a major transgressive ravinement surface. This pebble
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mantled horizon is the sedimentological expression of a major regicnal
sea level rise which marked the end of the f£irst Viking progradational
event,

In the Willesden Green area this surface is both overlain and
underlain by marine to marginal marine sediments, which suggests that any
non-marine deposits and possibly a substantial amount of inter- to
subtidal deposits associated with the Willesden Green channel-estuarine
complex were removed during the subéequent transgression. The VE3 surface
defines a rather flat, gently undulating topography with broad localized
areas of shallow scour. This surface can easily be traced southward as
far as Caroline (5.D. Davies, pers. comm., 1989) and Harmattan (S5.WV.
Hadley, pers. comm., 1989), which suggests that during this period the
Late Albian sea had transgressed a large part of central and south-
central Alberta. Renewed progradation subsequently blanketed the VE3
surface with the shoreface sediments of Member D.

Member D marks the second regional drop in sea level recorded in
the Viking Formation. This unit consists of an upward-coarsening sequence
of interbedded wave-rippled sands and muds, and hummocky cross
stratification, indicative of a wave-dominated prograding shoreface
environment (Walker, 1984; Leckie, 1986; Hein et al, 1986). The
shallowest water sediments preserved in the Willesden Green and Ferrier
area are offshore transitional to lower-shoreface in origin. Patchy
occurances of these sediments can be found as far north as Crystal (S.A.J.
Pattison, pers. comm., 1989), and as far east as Joffre (Downing and
Walker, 1989); attesting to the extent of the progradation.

The faet that lower shoreface to offshore transitional sediments of

Member D abruptly overlie both the Willesden Green estuarine deposits
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(Hember C), and also the Crystal chammel (S.A.J. Pattison, pers. comm.,
1989) shows conclusively that the shoreface progradation was a separate,
later event, and not penecontemporaneous with channel-fill as was
previously suggested for the Viking Crystal reservoir (Leckie and Reinsonm,
1989). This package can be correlated back to, and is continuous with,
thick upper shoreface, beach and non-marine sediments in the Caroline area
(8.D. Davies, pers. comm., 1989) [fig. 9.2].

The dramatic southerly thickening of the Member D package supgests
that at the time of deposition, the primary depositional source within
the Viking had shifted completely to the socuthwest, and the Peace River
Arch had essentially ceased to supply sediment to the eastern basin.
Conditions had become primarily storm-dominated, and the effective tidal
resonance which had substantially imprinted earlier deposits, was
temporarily dampened under a changing basin configuration. Leckie (1986)
concluded that the major cause of the shoreline progradation may have been
a regional drop in sea level, or a high rate of sediment input into the
basin during a tectonically influenced stillstand. Both mechanisms appear
plausible. Gravel stringers and shallow fluvial incisions associated with
these shoreface sands in the Caroline and Harmattan areas (S.W. Hadley,
pers. comm., 1989) indicate that both coarse sand and gravel were supplied
to the basin during this lowstand, As previously noted, Member D becomes
substantially thicker and sandier towards the south. This trend is
interpreted té be a function of not only depositional thickening, but also
subsequent step-wise erosive shoreface retreat caused by the final sea
level rise of the Lower Albian. This transgressive event is recorded by

the VE4 ravinement surface and the coarse-grained deposits of Member E.
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9.5 VE4 \ MEMBER E _(TIDAT SAND RIDGES)

VE4, the stratigraphically highest contact, can be traced throughout
the Viking basin. It erasively truncates the underlying sandstones and
shales of the hummocky sandstone association and in places erosively
removes all earlier Viking erosion surfaces. It is consistantly blanketed
by a thin veneer of mainly clast supported pebbly mudstone, and locally
thickens to form the elongate, mud draped, sand and conglomerate bodies
of Member E (up to 3 km long, .7 km wide and 2.9 m thick). These deposits
are Interpreted to represent opemn marine transgressive lag and tidally
influenced sand ridge deposits (chapter 8).

The Intersection of VE4 with the underlying shoreface sands of
Member D has a distinctive topography which rises in a progressive, ‘step-
like’ fashion towards the south [fig. 9.2]. This surface morphology is
thought to represent shifts in base level caused by a series of minor
stillstands during the final southward transgressive and erosive shoreface
retreat of the Viking sea.

The thickest elongate sediment packages consistently occur at the
base of each scarp in the VE4 surface (5.W. Hadley, pers. comm., 1989;
S.H. Davies, pers. comm., 1989), suggesting that during the transgression,
episodic sediment influxes may have Initiated stillstand conditions, and
resulted in scarp-forming base level increases (Swift et al, 1984).
Subsequent reworking of these ‘shoreface’ sediments by strong shelf
currents would have eliminated the nearshore signature of the deposits and
caused redistribution of the sediment. Many of the coarse grained
packages laterally thin to form extensive onlapping shale encased pebble
horizons, which are tracable throughout the basin. The association of

scattered pebbles and synaeresis cracks with these markers reinforces the
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hypothesis that fresh water influx (Van Straaten, 1954) and a short term
increase in sediment supply accompanied each of the scarp-forming
-stillstand events. Palimpsest reworking of underlying sandy estuarine
sediments of Member C, and transgressive winnowing of Member D shoreface
(and incised drainage) deposits probably contributed an additional source
of coarse clastic material to the Member E transgressive sand bodies.

Within the Member E coarse sediment package, the presence of
interbedded shale and conglomeratic sediments, rip up clasts, reactivation
surfaces, mud drapes, large scale cross-bedding, and compound cross-
stratified sandstones, all indicate that meso- to macro-tidal conditions
had returned to the Viking basin during this f£inal transgression (Reineck,
1963; Houbolt, 1968; Levell, 1980; Allen, J., 1980; Walker, 1984; Leckie,
1986). Strong tidal currents apparently acted to mold and rework both
newly introduced stillstand sediments, and the wunderlying deposits of
members C and D into elongate bars, and to sweep a thin wveneer of coarse
sediment Into the basin.

Member E conformably grades into the overlying Colorado Shazles. The
uppermost Member E allostratigraphic bounding discontinuity is the Base
of Fish Scales marker. The top of the Viking Formation is arbitrarily
marked by the uppermost thin conglomerate horizon present throughout the
study area (LM2). Detailed correlations indicate that this lens is
contiguous with the main FA5 coarse sand package in the vicinity of
Ferrier (twp 39; rg 8), and that it can be traced at least as far east as
Joffre and as far north as Crystal. The VE4 boundary is significant in
that it marks the end of the second major Viking progradational event, and

records the first major inundation of the Lower Colorado Sea.
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9.6 CONCLUSTO

1. In the Willesden Green study area the Viking Formation is made up of

of 4 distinct packages of sediment separated by 3 major stratigraphic

breaks.

2. Deposition of the Viking Formation in the Willesden Green area was the

result of two major regressive events In the Late Albian.

3. Initial sedimentation in the Viking was supplied from the vieinity of
the Peace River Arch, and resulted in the deposition of three coarsening
upward cyclic offshore mudstone/siltstone sequences in the Willesden Green

area (Member A and Member B [B1l,B2]).

4. The first Viking lowstand resulted in incisement of a major valley at
Willesden Green (VEZ). This wvalley was part of a much larger drainage
system which transported sediment northeastward from a tectonically active
source area in the southwest. During a stillstand in the subsequent
regional transgression, the Willesden CGreen valley infilled with tidally-
influenced channel-estuarine sediments (Member C). Continued
transgression eventually caused the inundation of much of central and
south~-central Alberta, and created a ravinement surface (VE3) that

truncates the underlying sediments of Member B and Member C,
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5. A second Viking progradational event was supplied from the southwest,
and resulted in the deposition of a thick sequence of wave-dominated lower
shoreface to transitional offshore sediments (Member D) In the Willesden
Green study area. These deposits are correlatable with the Caroline and

Harmattan upper shoreface and non-marine sediments in the south.

6. The final event in the Viking was the transgressive flooding of the
basin which caused the erosive stepwise retreat of the Harmattan-Caroline
shoreface, and the development of a coarse-grained lag surface (VE4), and
the deposition of mud-draped tidally influenced sand ridges on the broad
Viking shelf (Member E). These sediments were subsequently buried by

deeper water shales of the Colorado Group.
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Figure 9.3 - Schematic development and interpretation of Viking
allostratigraphy in the Willesden Green area.

VIKING FORMATION

DEPOSITIONAL HISTORY
AT WILLESDEN GREEN



Tt CYCLIC SHELF

SHOREFACE DEPOSITION

ALBERTA

- ":NE:“EC""‘
N
MEMBERS A-B Lol e
- -
OPEN MARINE /;’ i TECTONICALLY
: Vi N ACTIVE ARCH
// rs

Fs

4
! \ Oromonron

STUDY AmrA

Orcacanay

T2 W.G. YALLEY INCISION -

EUSTATIC
SEA LEVEL
FALL

VE2 INCISION

) \\f Oecuonton

v
5'7:.\
N

3
0N
35

Oeacasny

T3 W.G. TRANSGRESSIVE i‘*éj
("»;(7
ESTUARINE INFILL %

ALBERTA

PULTATIC
SEA LEVEL AI13E

MEMBER C
ESTUARINE INFILL

TIDE DOMNATED

— ¥
-"-._\‘ Cluononron
e
2
=l
\‘\r

O cacaany
.

ALBEARTA

EUSTATIC
SEA LEVEL AISE

THOE DOMINATED

VE3 RAVINEMENT

Depugnron

Qcamanr
\\‘
S
N

T




75 CAROLINE SHOREFACE PROGRADATION
‘ ALBERTA

MEMBER D
. SHOREFAGE

g> ‘ SL FA.LL —-

SNORELINE
FROGNADA TION

STOMM DOMINATED

Té BASIN WIDE TRANSGRESSION AND
DEPOSITION OF SHELF SAND RIDGES

ALBERTA

DECAZASED THRUITING
RENEwWED TRANSORESION

VE4 RAVINEMENT
AND
MEMBER E
TIDAL SANDS

TION OCmmearEn

T7 DEEP BURIAL

T
@ A DATUM = u.!: CORE CROSS-SECTION A-A’ A’ @

7-10-42-sWs

H22-TR-AWE 10.30-29-7wd 14+20-40-6WE 33 1-40-0Wg 14-1-41-0 W5

VE4 L

ooy
HHHH

VE3

VE4
B vE}

FERRIER WILLESDEN GREEN GiLBY B



REFERENCES

Allen, G.P., 1984, Tidal processes in estuaries: A key to
interpreting fluvial-tidal facies transition (abstr.):
International Association of Sedimentologists 5th
.European regional meeting, Marsille, p.23-24

Allen, J.R.L., 1980, Sand Waves: a model of origin and
internal structure: Sedimentary Geology, v.26,
p.281-328

Allen, P.A., and Homewood, P., 1984, Evolution and mechanics
of a Miccene tidal sand wave: Sedimentology, v.31,
p.63-81

Amajor, L.C., 1980, Chronostratigraphy, depositional patterns
and environmental analysis of sub-surface Lower
Cretaceous (Albian) Viking reservoir sandstones in
central Alberta and part of southwestern Saskatchewan:
Unpublished Ph.D. Thesis, University of Alberta,
Edmonton, 596 p.

Anderton, R., 1976, Tidal shelf sedimentation: an example from
the Scottish Dalradian: Sedimentology, v.23, p.429-458

Baldwin, C.7T., and Johnson, H.D., 1977, Sandstone mounds and
associated facies sequences in some late Precambrian and
Cambro-Ordovician inshore tidal flat/lagoonal deposits:
Sedimentology, v. 24, p.801-818

Beach, F.X., 1956, Viking and Gardium not turbidity current
deposits, by J.E.F. DeWiel, and reply by F.K. Beach:
Journal of Alberta Society ef Petroleum Geologists, v.4
p.173-177

Beaumont, E. A., 1984, Retrogradational shelf sedimentation
Lower Cretaceous Viking Formation, Central Alberta: in
Tillman, R.W. and Seimers, G.T. (eds.), Siliciclastic
Shelf Sediments: Soclety of Economic Palecntologists
and Mineralogists, Tulsa, Qklahoma, Special Publication
No. 34, p.163-177

Blatt, H., Middleton, G.V., and Murray, R.G., 1980, Origin of
sedimentary rocks : Englewood Cliffs, New Jersey,
Prentice-Hall, 634 p.

Boethling, ¥.C., 1977a, Increase in gas prices rekindles
Viking-Sandstone interest: 0il and Gas Journal, v.75,
p.196-200

Boethling, F.C., 1977b, Typical Viking sequence: A marine sand
enclosed with marine shales: 01l and Gas Journal, v.75,
p.172-176

181



182

Bosence, D.W.J., 1973, Facies relationships in a tidally
influenced environment: A study from the Eocene of the
London Basin, Geol. Mijnb., v.52, p.63-67

Caldwell, W.G.E., 1984, Early Cretaceous transgressions and
regressions in the southern interior plains : Canadian
Society or Petroleum Geologists Memoir 9, p.173-203

Caldwell, W.G.E., North, B.R., Stelek, C.R., and Wall, J.H.,
1978, A foraminiferal zonal scheme for the Cretaceous
System in the Interior Plains of Canada, in Stelck, G.R.
and Chatterton, B.D.E. (eds.), Westernm and Arctic
Canadian Biostratigraphy: Geological Association of
Canada, SpecialPaper No. 18, p.495-595

Carter, C.H., 1978, A regressive barrier and barrier-protected
deposit: Depositional environment and geographic setting
of the Late Tertiary Cohansey Sand : Journal of
Sedimentary Petrology, v.48, p.933-950

Clifton, H.E., 1982, Estuarine deposits, in Scholle, P.A. and
Spearing, D., (eds.), Sandstone depositional
environments: American Association of Petroleum
Geologists Memolr 31, p.179-189 ‘

Clifton, H.E., 1983, Discrimination between subtidal and
intertidal facies in Pleistocene deposits, Willapa Bay,
Washington: Journal of Sedimentary Petrology, v.51,
p.353-369

Dalrymple, R.W., Knight, R.J., and Middleton, G.V.M., 1975,
Intertidal sand bodies in Cobequid Bay (Bay of Fundy),
in Cronin, L.E., (ed.) Esturarine research, v.2, Geology
and Engineering, p.293-309

Dalrymple, R.W., Knight, R.J., and Lambiase, J.J., 1978,
Bedforms and their hydraulic stability relationships in
a tidal environment, Bay of Fundy, Canada: Nature, v.275,
p.100-104

de Boer, P.L., van Gelder, A., and Nio, S.D., 1988, Tide-
influenced sedimentary environments and facies, D.Reidel
Publishing Company, Dordrecht, 530 p.

de Raaf, J.F.M., and Boersma, J.R., 1971, Tidal deposits and
their sedimentary structures, Gecl. Mijnb., .50,
P.479-504

DeWiel, J.E.F., 1956, Viking and Cardium not turbidity current
deposits: Bulletin of the Alberta Soclety of Petroleum
Geologists, v.4, p.173-174



Donovan, R.N., and Foster, R.J., 1972, Subaqueous shrinkage
cracks from the Caithness Flagstone series (Middle
Devonian) of northeast Scotland: Jourmal of Sedimentary
Petrology, v.42, p.309-317

Dorjes, J., and Howard, J.D., 1975, Fluvial-marine transition
indicators in an estuarine environment, Ogeechee River-
Ossabaw Sound: Senckenberg. Marit., v.7, p.137-179

Downing, K.P., and Walker, R.G., 1988, Viking Formation,
Joffre Field, Alberta: Shoreface origin of long, narrow
sand body encased in marine mudstones: The American
Association of Petroleum Geologists Bulletin, v.72,
No.10, p.1212-1228

Driese, S.G., Byers, C.W., and Dott, R.H., 1981, Tidal
deposition in the basal Upper-Cambrian Mt. Simon
Formation in Wisconsin: Journal of Sedimentary Petrology,
v.51, No.2, p.367-381

Dyer, D.R., 1986, Coastal estuarine sediment dynamics: Wiley,
342 p.

Ekdale, A.A., Bromley, R.G., and Pemberton, S.G., 1984,
Ichnology - trace fossils in sedimentology and
stratigraphy: Society of Economic Paleontologists and
Mineralogists Short Course No.l15, 317p.

Elliot, T., 1986, Siliciclastic Shorelines, in Reading, H.G.
(ed.), Sedimentary Environments and Facies, p.155-188

Energy Resources Conservation Board, 1986, Alberta’s reserves
of crude oil, oilsands, gas, natural gas liquids, and
sulphur: E.R.C.B. paper ST 87-18

Evans, W.E., 1970, Imbricate linear sandstone bodies of Viking
Formation in the Dodsland-Hoosier area of southwestern
Saskatchewan, Canada; Bulletin of the American
Association of Petroleum Geologists, v.54, p.469-486

Frey, R.W., and Mayou, T.V., 1971, Decapod burrows in Holocene
barrier island beaches and washover fans: Senckenberg.
Marit., +v.3, p.53-77

Gammell, H.G., 1955, The Viking Member in central Alberta:
Journal of Alberta Society of Petroleum Geclogists, v.3,
p.63-69

Glaister, R.P., 1959, Lower Cretaceous of southern Alberta and
adjoining areas: Bulletin of the American Association of
Petroleum Geologists, v.43, p.590-640, Geological Survey
of Canada, 1981, Cil and Gas pools of Western Canada,
Maps 15594 and 1558A Scale 1:1, "OB, 760: Department of
Energy Mines and Resources

183



Haq, B.U., Hardembol, J., and Vail, P.R., 1987, Chronology of
fluctuating sea levels since the Triassic : Science,
v.235, p.1156-1166

Harms, J.C., Southard, J.B., Spearing, D.R., and Walker, R.G.,
1975, Depositional environments as interpreted from
primary sedimentary structures and stratification
sequences: Society of Economic Paleontologists and
Mineralogists, Short Course 2, 161.p.

Hayes, M.0., 1975, Morphology of sand accumulation in
estuaries: An introduction to the symposium, in Cronin,
L.E., (ed.), Estuarine research, v.2, Geology and
Engineering, Academic press, London, p.3-22

Hein, F.J., 1982, Slope to shelf transition: Precambrian
Miette Group to Lower Cambrian Gog Group, Kicking Horse
Pass/Spiral Tunnels, B.C.and Alberta, in Walker, R.G.,
(ed.), Clastic units of the Front Ranges, Foothills and
Plains in the area betwesen Field, B.C. and Drumheller,
Alberta: Intermational Association of Sedimentologists,
11th International Congress on Sedimentology (Hamilton,
Canada), Guidebook to Excursion 21A, p.l1l17-136

Hein, F.J., Dean, M.E., DeIure, A.M., Grant, S$.K., Robb, G.A.,
and Longstaffe, F.J., 1986, The Viking Formation in the
Caroline, Garrington and Garmattan East Fields, western
south-central Alberta Sedimentology and Paleogeography:
Bulletin of Canmadian Petroleum Geology, v.34, p.91-110

Houbolt, J.J.H.C., 1968, Recent sediments in the southerm
bight of the North Sea: Geclogie en Mijnbhouw, v.47,
p-245-273

Johnson, H.D., and Baldwin, C.T., 1986, Shallow silicieclastic
seas, in Reading, H.G. (ed.), Sedimentary environments
and facies, Blackwell Scientific Publications, Oxford,
p.229-282

Kauffman, E.G., 1984, Paleobiogeography and evolutionary
response dynamic in the Cretaceous Western Interior
Seaway of North America : Geological Association of
Canada, Special Paper
27, p.272-306

Koldijk, W.S8., 1978, Gilby Viking "B": A storm deposit: in
Lerand, M.M., (Ed.), The Sedimentology of Selected GClastic
0il and Gas Reservoirs In Alberta: Canadian Society of
Petroleum Geologists, p.62-77

Leatherman, S.P., 1983, Barrier island evolution in response
to sea level rise: a discussion: Journal of Sedimentary
Petrology, v..53, p.1026-1031

184



185

Leckie, D.A., 1986, Tidally influenced, transgressive shelf
sediments in the Viking Formation, Caroline, Alberta:
Bulletin of Canadian Petroleum Geology, v.34, p.111-125

Leckie, D.A., and Reinson, G.E., In press, Effects of Middle
to Late Albian seal level fluctuations in the Cretaceous
Interior Seaway, western Canada, in Caldwell, W.G.E., and
Kauffmann, E. (Eds.), Evolution of the Western Interior
Basin: Geological Association of Canada Special Paper

Levell, B.K., 1980, A late Precambrian tidal shelf deposit,
the Lower Sandfjord Formation, Finnmark, North Norway:
Sedimentology, v.27, p.539-557

Mazgzullo, S.J., 1978, Early Ordovician tidal flat
sedimentation, Western margin of proto-atlantic ocean:
Journal of Sedimentary Petrology, v.48, p.44-62

McCave, I.N., 1970, Deposition of fine-grained suspended
sediment from tidal currents: Journal of Geophysical
Research, v.75, p.4151-4159

McGookey, D.P., Haun, J.D., Hale, L.A., Goodell, H.G.,
McCubbin, D.G., Weimer, R.J., Wulf, G.R., 1972,
Cretaceous System, in Mallory, W.W. (Ed.), Geologic Atlas
of the Rocky Mountain Region, United States of Ameriea:
Rocky Mountain Association of Geologists, Denver,
Colorado, p.190-228

Milne, A., 1940, The ecology of the Tamar Estuary, IV, The
distribution of the fauna and flora on buoys: Jour. Mar.
Biocl. Assoc. U.K., v.24, p.69-87

Nichols, M.N., and Biggs, R.B., 1985, Estuaries, in Davis,
R.A. (ed.), Coastal sedimentary emnvironments, p.77-173

North American Commission on Stratigraphic Nomenclature, 1983,
North American Stratigraphic Code: American Association
of Petroleum Geologists, Bulletin, v.67, p.841-875

Oliver, T.A., 1960, The Viking - Cadotte relationship: Journal
of the Alberta Society of Petroleum Geologists, v.8,
p.247-253

Panageotou, W., and Leatherman, S.P., 1986, Holocene- Pleistocene
stratigraphy of the inner shelf off Fire Island, New York:
Implications for barrier-island migration: Journal of
Sedimentary Petrology, v.56, No.4, p.528-537



186

Pattison, S5.A.J., 1988, Transgressive, incised shoreface
deposits of the Burnstick Member {(Cardium "B" Sandstone)
at Caroline, Crossfield, Garrington and Lochend;
Cretaceous Western Interior Seaway, Alberta, Canada, in
James, D.P., and Leckle, D.A., (eds.), Sequences,
Stratigraphy, Sedimentology: Surface and Subsurface:
Canadian Society of Petroleum Geologists, Memoir 15,
p.155-1646

Perkins, E.J., 1974, The biology of estuaries and coastal
waters: Academic Press, London, 678 p.

Piint, A.G., Walker, R.G., and Duke, W.L., 1988, An outcrop
to subsurface correlation of the Cardium Formation in
Alberta, in James, D.P., and Leckie, D.A. (eds.),
Sequences, Stratigraphy, Sedimentology: Surface and
Subsurface: Canadian Society of Petroleum Geologists,
Memoir 15, p.167-184

Power, B.A., 1988, Coarsening-upward shoreface and shelf
sequences: examples from the Lower Cretaceous Viking
Formation at Joarcam, Alberta, Canada, in James, D.P. and
Leckie, D.A. (Eds.), Sequences, Stratigraphy,
Sedimentology: Surface and Subsurface, Canadian Society
of Petroleum Geologists, Memoir 15, p.417-430

Pozzobon, J.G., 1987, Sedimentology and stratigraphy of the
Viking Formation, Eureka Field, southwestern
Saskatchewan: M.Sc.Thesis, McMaster University, Hamilton,
Ontario, p.1-103

Raddysh, H.K., 1986, Seimentology of the Lower Cretaceous
Viking Formation, Gilby A and B Fields, Alberta,
unpublished B.Sc. thesis, McMaster University, 134p.

Raddysh, H.K., 1988, Sedimentology and "Geometry" of the Lower
Cretaceous Viking Formation, Gilby A and B Fields,
Alberta, in James, D.P. and Leckie, D.A. (Eds.),
Sequences, Stratigraphy, Sedimentology: Surface and
Subsurface, Canadian Society of Petroleum Geologists,
Memoir 15, p.417-430

Rahmani, R.A., 1988, Estuarine tidal channel and nearshore
sedimentation of a late cretaceous epicontinental sea,
Drumheller, Alberta, Canada, in de Boer, P.L.,
van Gelder, A., and Nio, §.D., (eds.), Tide-influenced
sedimentary environments and facies, p.433-471

Rampino, M.R., and Sanders, J.E., 1980, Holocene transgression
in south-central Long Island, New York: .Journal of
Sedimentary Petrology, v.50, No.4, p.1063-1080



Raychaudhuri, I., 1989, Sedimentology and Stratigraphy of the
Lower Cretaceous Viking Formation, Chigwell £ield,
Alberta, Canada: unpublished B.Sc. thesis, McMaster
University.

Reading, H.G., 1986, Sedimentary enviromnments and facies,
Oxford, Blackwell Scientific Publications, 615p.

Reineck, H.E., and Singh, I.B., 1973, Depositional sedimentary
environments - with reference to terrigenous clastics,
Springer-Verlag, Berlin, 439 p.

Reinson, G.E., CGlark, J.E., and Foscolos, A.E., 1988,
Reservoir Geology of Crystal Viking Field, Lower
Cretaceous estuarine tidal channel-bay complex, scuth-
central Alberta: The American Association of Petroleum
Geologists Bulletin, v.72, No.1l0, p.1270-1294

Roessingh, H.K., 1959, Viking deposition in the southerm
Alberta Plains: Alberta Society of Petroleum Geologists,
Ninth Annual Field Conference, p.130-137

Rudkin, R.A., 1964, Chapter II - Lower Cretaceous, in
McCrossan, R.G., and Glaister, P.R. (Eds.), Geological
History of Western Canada: Canadian Society of Petroleum
Geologists, Calgary, p.l156-168

Sanders, J.E., and Kumar, N., 1975, Evidence of shoreface
retreat and in place "drowning” during Holocene

submergence of barriers, shelf off Fire Island, New York:

Geological Society of America Bulletin, v.86, p.65-76

Scholle, A., and Schluger, P.R., eds., 1979, Aspects of
diagenesis: Society of Economic Paleontologists and
Mineralogists, Special Publication 26, 443 p.

Shelton, J.W., 1973, Models of sand and sandstone deposits:
A methodology for determining sand genesis and trend:
Viking Sandstone, Cretaceous, Joffre Field, Alberta:
Bulletin of the Oklahoma Geological Survey, v.1l18,
P.91-94

Simpson, ¥., 1879, Marine lithofacies and Biofacies of the
Colorado Group (Middle Albian to Santonian) in
Saskatchewan, in Caldwell, W.G.E. (ed.), The Cretaceous
system in the Western Interior of North America:
Geological Association of Canada, Special Paper No. 13,
p.553-587

Slipper, S.E., 1918, Viking gas field, structure of area:
Geological Survey of Canada, Summary Report, 1917,
Part C,p.8-11

187



188

Stelck, C.R., 1958, Stratigraphic position of the Viking sand:
Bulletin of the Alberta Society of Petroleum Geologists,

v.6, p.2-7

Stelck, C.R., 1975, The Upper Albian Miliammina manitobensis
zone in northeastern British Columbia: In Caldwell,
W.G.E., (ed.), The Cretaceous system in the Western
Interior of North America: Geological Association of
Canada, Special Paper No. 13, p.253-275

Stelck, C.R., and Armstrong,‘J., 1981, Neogastroplites from
southern Alberta: Bulletin of Canadian Petroleum Geology,
v.29, p.399-407

Stelck, C.R., and Koke, D.R., 1987, Foraminiferal zomation of
the Viking interwval in the Hasler Shale (Albian),
northeastern British Columbia: Canadian Journal of Earth
Sciences, v.24, p.2254-2278

Stott, D.F., 1984, Gretaceous sequences of the foothills of
the Canadian Rocky Mountains: in Stott, D.F., and Glass,
D.J., (eds.), The Mesozoic of Middle North America:
Canadian Society of Petroleum Geologists Memoir 9,
p.85-107

Stubblefield, W.L., McGrail, D.W., and Kersey, D.C., 1984,
Recognition of transgressive and post-transgressive sand
ridges in the New Jersey continental shelf, in Siemers,
C.T., and Tiliman, R.W., (eds.), Ancient shelf
sedimentary sequences: Society of Economic
Paleontologists and Mineralogists Special Publication
No.34, p.1-24

Swift, D.P., and Moslow, T.F., 1982, Holocene transgression
in south-central Long Island, New York - discussion:
Journal of Sedimentary Petrology, v.52, p.l0l4-1019

Swift, D.J., McKinney, T.F., and Stahl, L., 1984, Recognition
of transgressive and post-transgressive sand ridges on
the New Jersey continental shelf: Discussion: Society of
Economic Paleontologists and Mineralogists Special
Publication No.34, p.25-36

Terwindt, J.H.J,, 1971, Litho-facies of inshore estuarine and
tidal-inlet deposits: Geol. en Mijnbouw, v.50, p.515-526

Terwindt, J.H.J., 1988, Palaeo-tidal reconstructions of
inshore tidal depositional environments, in de Boer,
P.L., wvan Gelder, A., and Nio, S8.D., (eds.), Tide-
influenced sedimentary enviromnments and facies,
p.233-2613



Tillman, R.W., 1975, Trace fossils of the Muddy Sandstone,
Wyoming and Montana as aids in paleogeographic
reconstruction: American Association of Petroleum
Geologists (abstr.), 1975 Annual Meeting, Dallas, Texas,
p.74

Tizzard, P.G., and Lerbekmo, J.G., 1975, Depositional history
of the Viking Formation, Suffield area, Alberta, Canada:
Bulletin of the Canadian Society of Petroleum Geclogists,
v.23, p.715-752

Vail, P.R., Mitchum, R.M., and Thompson, S., 1977, Seismic
stratigraphy and global changes of sea level, in Payton,
C.E., (ed.) Seismic Stratigraphy - Applications of
Hydrocarbon Exploration: American Association of
Petroleum Geologists, Memoir 26, p.83-87

Van den Berg, J.H., 1982, Migration of large-scale bedforms
and preservation of crossbedded sets Iin highly
accretional parts of tidal channels In the Oosterschelde,
southwest Netherlands. Geol. Mijnb. 61, p.253-263

van Straaten, L.M.J.U., 1954, Composition and structure of
recent marine sediments in teh Netherlands: Leidse Geol.
Med. v.19, 110 p.

Visser, M.J., 1980, Neap-spring cycles reflected in Holocene
subtidal large scale bedform deposits: a preliminary
note: Geology, v.8, p.543-546

Vuke, S.M., 1984, Depositional environments of the Early
Cretaceous Western Interior Seaway in southwestern
Montana and the northern United States: in Stott, D.F.,
and Glass, D.J. (eds.), The Mesozoic of Middle North
‘America: Canadian Society of Petroleum Geologists,
Memoir 9, p.85-107

Walker, R.G., 1984, Shelf and shallow marine sands, in R.G.
Walker (ed.), Facies Models: Geoscience Canada, Reprint
Series 1, p.141-170

Weimer, R.J., 1978, Influence of Transcontinental Arch on
Cretaceous marine sedimentation: a preliminary report:
Rocky Mountain Associaiton of Geologists - 1978
symposium, p.98-108

Weimer, R.J., 1983, Relationships of unconformities, tectomnics
and sea level changes, Cretaceous of the Denver Basin and
adjacent areas, in Reynolds, M.W., and Dolly, E.D.,
(eds.) Mesozoic Paleogeography of west-central United
States: Soclety of Economic Paleontologists and
Mineralogists, Denver, Colorado, p.359-376

189



190

Weimer, R.J., 1984, Relation of unconformities, tectonics, and
sea lewvel changes, Cretaceocus of Western Interior,
U.S.A.: American Association of Petroleum Geologists
Memoir 36, p.7-35

Weimer, R.J., Howard, J.D., and Lindsay, D.R., 1982, Tidal
flats, in Scholle, P.A., and Spearing, D. (eds.)
Sandstone depositional environments: American Association
of Petroleum Geologists, Memoir 31, p.191-245

Zaitlin, B.A., 1987, Sedimentology of the Cobequid Bay-Salmon
River Estuary, Bay of Fundy, Canada: unpublished Fh.D,
Thesis, Queen’s University, Kingston, Ontario, 404 p.



