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ABSTRACT

The Upper Devonian-Lower Mississippian Bakken Formation of west-central Saskatchewan

comprises three members: the lower black shale member (LASH), the middle sandstone

member and the upper black shale member (UBSH). Seven different facies have been

defined in the middle sandstone member: 1) oolitic bioclastic grainstone facies (OBG); 2)

lower bioturbated siltstone facies (LBS); 3) thinly-bedded bioturbated sandstone facies

(TEBS); 4) thinly-bedded sandstone facies (TBS); 5) interbedded sandstone-siltstone-shale

facies; 6) upper bioturbated siltstone facies (UBS); 7) transitional facies (CSST). The upper

black shale member (UBSH) shows facies relationships with facies 6 and 7 in the middle

member. During the early stages of deposition of the Bakken Formation, the basin waters

were relatively deep and the lower Bakken shale member (LASH) was deposited below storm

wave-base under anoxic conditions. Shallowing before, or at, the beginning ofmiddle Bakken

deposition resulted in the development of oolitic shoals (OBG) in a shallow, open marine

setting and fine-grained siliciclastic sediments (LBS) accumulated basinward of the shoals.

Subsequent deepening ofthe basin waters was accompanied by progradation of terrigenous

sediments. These were distributed and reworked by storms and tidal currents (TBS, TBBS

and 1SSS), ultimately burying the oolitic shoals. Late middle Bakken deposition was marked

by continued basin deepening with possible localized brackish or lagoonal conditions (CSST)

and open marine offshore shelf conditions (UBS). Subsequent with basin deepening,

sediment supply was reduced (possibly from a distal source, or areas of reduced sediment

shedding) and contained within flooded river-valley systems. The upper Bakken shale member

represents basin deepening coincidental with transgression, sediment starvation and a return

to anoxic marine conditions (UBSH) that were similar to, but less widespread than those of



the lower Bakken shale.

Penecontemporaneous and burial processes resulted in a diagenetic signature, both facies

specific and general, that was significant for oil migration and entrapment within the Bakken

Formation. Early phases include pYrite, calcite and silica cements and micritization. Silica

dissolution and reprecipitation continued for some time during early compaction stages. Later

events include microdolomitization and clay mineralization. Secondary porosity development

associated with the subcrop edge provides reservoir space for migrating BakkenlExshaw

sourced oils that were subsequently biodegraded by oxidizing meteoric waters.



TABLE OF CONTENTS

Page

CHAPTER 1: GENERAL REMARKS 1

1.1 GENERAL INTRODUCTION 1

1.1.1 Introductory Remarks 1

1.1.2 Objectives of Study 9

1.1.3 Study Area Location 10

1.1.4 Methods of Study 12

1.1.5 North American Paleogeography (Late Devonian - 15
Early Mississippian)

1.2 PREVIOUS WORK

1.2.1 General Information

18

18

1.2.2 History ofBakken Formation Research 20

1.2.2.1 Introduction 20

1.2.2.2 Hydrocarbon and source-rock potential 21

1.2.2.3 Stratigraphy 23

1.2.2.4 Sedimentology 25

1.2.2.5 Depositional models 27

1.2.2.6 Diagenesis 31

CHAPTER 2: DESCRIPTION AND INTERPRETATION
OF LITHOFACIES

32

2.1 INTRODUCTION 32



2.2 DESCRIPTION AND INTERPRETATION 33

LO~RBAKKENNffiMffiER 33

2.2.1 LO~RBLACKSHALEMEMffiER 33

2.2.1.1 Interpretation: Lower Black Shale (LBSH) 37

MIDDLE BAKKEN MEMBER 37

2.2.2 OOLITHIC BIOCLASTIC GRAINSTONE 37
FACIES

2.2.2. 1 Interpretation: Oolithic Bioclastic 46
Grainstone (OBG)

2.2.3 LOWER BIOTURBATED SILTSTONE FACIES 49

2.2.3.1 Interpretation: Lower Bioturbated Siltstone 49
(LBS)

2.2.4 THINLY- BEDDED BIOTURBATED 52
SANDSTONE FACIES

2.2.4.1 Interpretation: Thinly-Bedded Bioturbated 53
Sandstone (TBBS)

2.2.5 THINLY~EDDEDSANDSTONEFACIES 56

2.2.5.1 Interpretation: Thinly-Bedded Sandstone 65
(TBS)

2.2.6 INTERBEDDED SANDSTONE-SILTSTONE- 66
SHALE FACIES

2.2.6.1 Interpretation: Interbedded Sandstone- 71
Siltstone-Shale (ISSS)

2.2.7 CALCAREOUS SANDSTONE FACIES 72

2.2.7.1 Interpretation: Calcareous Sandstone 73
(CSST)

2.2.8 UPPER BIOTURBATED SILTSTONE FACIES 78



2.2.8.1 Interpretation: Upper Bioturbated Siltstone 78
CUBS)

UPPER (BAKKEN MEMBER) BLACK SHALE MEMBER 81

2.2.9 UPPER BLACK SHALE FACIES CUBSH) 81

2.2.9.1 Interpretation: Upper Black Shale (UBSH) 84

CHAPTER 3: STRATIGRAPHIC SUCCESSIONS OF THE
BAKKEN FORMATION

85

3.1 VERTICAL SUCCESSIONS AND THEIR
INTERPRETATIONS

INTRODUCTION

3.1.1 SOUTHSECTOR

Coleville Subsector

DI-36-31-24W3

A11-04-31-23W3

BI3-16-31-23W3

B8-23-31-24W3

16-10-31-23W3

D12-17-31-23W3

Coleville Subsector Depositional Summary

Hoosier Subsector

AI-7-31-27W3

14-34-31-27W3

10-3-30-29W3

85

88

88

88

90

92

94

94

97

97

112

116

116

119



11-7-30-29W3 120

3-31-30-25W3 & 6-3-31-27W3 121

Hoosier Subsector Depositional Summary 121

3.1.2 NORTH SECTOR 125

Court and North Court Subsectors 125

6-31-33-27W3 126

6-25-33-28W3 126

14-25-33-28W3 129

A2-18-35-27W3 129

Court and North Court Depositional Summary 132

Plover Lake Subsector 133

15-5-35-26W3 & 7-5-36-25W3 133

8-6-35-26W3 133

Plover Lake Depositional Summary 133

Luseland Subsector 137

10-18-36-25W3 137

North Sector Depositional Summary 139

3.1.3 OVERALL DEPOSITIONAL SUMMARY 140
(NORTH AND SOUTH SECTORS)

CHAPTER 4: REGIONAL STRATIGRAPHY AND
NOMENCLATURE

143

4.1 STRATIGRAPHIC CONSIDERATIONS; General Stratigraphy 143

4.1.1 The Study Area, Williston Basin and Beyond: Contacts 143
and Age Relationships



4.1.2 A Stratigraphic Comparison: this Study? the Williston 150
Basin and the Moose Mountain Area

4.1.2.1 Williston Basin 153

4.1.2.2 Moose Mountain Section 154

4.1.2.3 This Study 156

CHAPTERS: PETROGRAPHY AND DIAGENESIS OF 159
THE MIDDLE MEMBER OF THE BAKKEN
FORMATION: AN OVERVIEW

5.1 INTRODUCTION 159

5.2 PETROGRAPHY OF THE MIDDLE BAKKEN MEMBER 160

5.2.1 OBG: Oolithic Bioclastic Grainstone 160

5.2.2 LBS: Lower Bioturbated Siltstone 170

5.2.3 TBBS: Thinly-Bedded Bioturbated Sandstone 171

5.2.4 TBS: Thinly-Bedded Sandstone 174

5.2.5 ISSS: Interbedded Sandstone-Siltstone-Shale 185

5.2.6 CSST: Calcareous Sandstone 185

5.2.7 UBS: Upper Bioturbated Siltstone 192

5.3 INTERPRETATION OF CEMENT AND OTHER DIAGENETIC 195
FEATURES

5.3.1 Calcite Cements: 195

5.3.1.1 Micrite Envelopes and Micritization: 197

5.3.2 Pyritization: 198

5.3.3 Silica Cements: 199

5.3.4 Dolomitization: 201



5.3.5 Authigenic Clays:

5.4 A PRELIMINARY DIAGENETIC INTERPRETATION:

5.4.1 Paragenesis:

5.4.2 Reservoir Quality:

203

203

207

208

CHAPTER 6: CONCLUDING COMMENTS

REFERENCES

APPENDIX 1:

APPENDIX 2:

APPENDIX 3:

210

214

225

276

284



Figure

1

2

3

4

5

6

7

8

9

10

LIST OF FIGURES

Location map showing the Williston Basin and the lateral
extent ofBakken sediments (stippled area that falls within the
Williston Basin outline-that area encircled by dashed line).
Included also are areas and names of lithologically equivalent
strata.

Type section for the Bakken Formation modified from
Nordquist (1953). GR: Gamma Ray log, units in API~ NEU:
Neutron log, units in counts per second. Dashed units
represent the black shales, with a strong GR response.

Location ofStudy area in relationship to the Bakken subcrop.
Study area is crosshatched box on western boarder of
Saskatchewan.

Map ofthe study area showing field outlines, data points (core)
used in this study, and the Bakken subcrop edge (simplified).

The principal tectonic features in North America during the
Late Devonian, including basins, arches and orogenic fronts,
compiled from Ziegler (1988). Basins are numbered: 1) Elk
Point Basin~ 2) Williston Basin~ 3) Antler Foreland.Basin~4)
Ouichita Basin~ 5) Marathon Basin~ 6) Illinois Basin~ 7)
Michigan Basin; 8) Appalachian Foreland Basin.

Devonian-Mississippian black shale depositional model
according to Ettensohn and Baron (1981).

Black shale depositional model for an expanding basin or
transgressive system. From Wignall (1991).

Facies legend for figures 10-37.

A map of the study area showing the various subdivisions.
Also shown are all core locations and their corresponding
figure numbers.

Vertical profile of core from DI-36-31-24W3. Units and
facies contained within this section include LBSH, ISSS, UBS
andUBSH.

Page

2

3

11

14

19

30

30

.86

87

89



11

12

13

14

15

16

17

18

19

20

21

22

23

24

Vertical profile of core from Al1-4-31-23W3. Units and
facies included are the LBSH, OBG, TBS and ISSS.

Vertical core section through LBSH, OBG, TBS, OBG, ISSS
UBS and UBSH in well B13-16-31-23W3. The LBSH and
top of UBSH are interpreted from geophysical logs.

Vertical core section including TBS and ISSS facies in well
B8-23-31-24W3.

Vertical core section including LBSH, OBG, TBS, ISSS,
TBS, UBS and UBSH facies in well 16-10-31-23W3.

Core log ofLBSH, OBG, TBS UBS and UBSH in well D12
17-31-23W3. Samples from this well were analyzed for spore
and pollen. Results are listed to the right of the section

Vertical core section including LBSH, OBG, TBS, ISSS,
CSST and UBS facies in well A3-24-32-25W3.

Core log of OBG, TBS, ISSS and UBS in well 4-14-31
23W3.

Vertical core section including OBG, TBS, ISSS, CSST, UBS
and UBSH in well DI0-18-31-23W3.

OBG, TBS, ISSS, UBS and UBSH in vertical core section
from well B3-24T-31-24W3.

Map of study area showing northeast-southwest trend that the
thickest portion of the middle Bakken member represents
(mainly TBS). Stippled areas are greater that 15 metres of
middle Bakken (undifferentiated) sediments.

Core log ofB4T-I9-31-23W3, including TBS, ISSS, CSST,
UBS and UBSH facies.

Vertical core section through LBSH, TBBS, UBS and UBSH
in well IO-33-30-24W3. The LBSH and top ofUBSH are
interpreted from geophysical logs.

Core log of 6-3-31-27W3 including TBS and ISSS facies.

Vertical core section through LBSH, LBS TBBS, TBS, UBS
and UBSH in well 10-3-30-29W3. The LBSH and top of
UBSH are interpreted from geophysical logs.

91

93

95

96

98

101

102

103

104

107

108

111

113

114



25

26

27

28

29

30

31

32

33

34

35

36

Core log showing the crystal limestone of the Big Valley
Formation, the LBSH, LBS and TBBS of the lower and lower
middle Bakken Formation in well 11-7-30-27W3.

Vertical core section through TBBS, ISSS, TBS, ISSS, UBS,
UBSH and the Lodgepole sediments in AI-7-31-27W3.

Core log showing OBG, ISSS and TBS facies in well 14-34
31-27W3.

Vertical section through TBS strata of the Bakken Formation
that are directly overlain by Lodgepole limestone in well 3-31
30-25W3.

Core log showing Big Valley limestones and Success
Formation cemented rubble separated by the Bakken
Formation in well 6-31-33-27W3. Bakken units include
LBSH, LBS, TBS and UBSH.

Vertical section through LBSH, ISSS, TBS and UBSH of the
Bakken formation in well 6-25-33-28W3. The Bakken is
overlain by a thin section of Lodgepole Formation which is
overlain by the Success Formation.

Vertical section through ISSS and TBS facies of the middle
Bakken in well 14-25-33-25W3.

Core log showing Big Valley sediments that are overlain by
LBSH, TBS, ISSS and UBSH units of the Bakken Formation
in well A2-18-35-27W3.

Vertical section through LBSH, ISSS, TBS and UBSH units
of the Bakken Formation in well 15-5-35-26W3. Bakken
strata are overlain by Lodgepole limestones and shales.

Core log ofCSST and UBSH in well 7-5-36-25W3. Green
shale ofthe upper Bakken member are overlain by Lodgepole
limestone.

Vertical section showing interbedded ISSS and TBS facies in
well 8-6-35-26W3.

Core log illustrating LBSH ofthe lower Bakken overlying the
Big Valley Formation. ISSS, TBS and CSST facies underlie
the Lodgepole Formation in welll0-18-36-25W3.

I] 5

117

118

122

127

128

]30

131

134

135

136

138



37

38

Eight stratigraphic sections from Chapter 3 are illustrated to
demonstrate the variability in facies stacking patterns found in
the study area. The inset map shows the locations.

Approximate timing of authegenic cements in the Bakken
Formation. Included, also, are the approximate timings of
porosity development and oil migration.

149

206



Table

1

2

3

4

LIST OF TABLES

Stratigraphic relationships of the Bakken Formation and
enclosing strata in different parts of the northern United States
and western Canada.

The major orogenic events that affected North America during
the Paleozoic showing the corresponding stratigraphic
correlation for southwest Saskatchewan.

Lithofacies correlations for the middle member of the Bakken
formation in Manitoba, Saskatchewan and Alberta~

stratigraphic chart compilations are from Lefever et al. (1991)
(A), and Mundy et al. (1992) (B). S.W.B. stands for storm
wave base.

Lithostratigraphic correlations are shown for comparison from
different areas ofthe craton: A) illustrates how LeFever et al.
(1991) related Bakken strata from different parts of the
Williston Basin (SK-Saskatchewan, ND-North Dakota, MB
Manitoba). Included also are units from this study and that of
Mundy et al. (1992). The stratigraphic relationships shown
here for this study and that ofMundy et al. (1992) are based
purely on speculatio~ B) is a stratigraphic section taken from
Mundy et al. (1992) and illustrates the Exshaw and Banff
formations at Moose Mountain, Alberta, C) is a schematic
section of typical stacking patterns seen in this study.

Page

7

17

26

152



Plate

1

2

3

4

5

6

7

8

9

LIST OF PLATES

Type section ofthe Exshaw Fonnation at Jura Creek, Alberta.
The uppennost part shows the BanffFonnation (a) in sharp
contact with the less indurated Exshaw Fonnation below. The
bottom part of the photo, where the water is flowing, is the
Wabamun Fonnation (b), or Big Valley Fonnation equivalent;
this contact is also sharp.

Lower black shale member ofthe Bakken Formation (LBSH)

The oolitic bioclastic grainstone facies (OBG) of the middle
member of the Bakken Formation. Two subdivisions are
found; one is primarily bioclastic, and the other mainly oolitic,
though an even mixture between the two components is
common.

Examples ofcoarse oolitic bioclastic grainstone (OBG) facies,
such as these, are locally common though usually restricted to
the lowermost part of the facies.

Ooids commonly dominate the upper, finer-grained parts of
the oolitic bioclastic grainstone (OBG) facies. They are
commonly micritized though cortical fabric can be observed in
some examples.

The lower bioturbated siltstone facies (LBS) of the middle
Bakken member is characterized by bioturbation and common
skeletal allochems.

The thinly-bedded bioturbated sandstone (TBBS) is an
intensely bioturbated sandstone that contains components
similar to those found in the oolitic bioclastic grainstone in
addition to the more abundant clastic component that makes up
the majority of the facies.

The thinly-bedded sandstone facies (TBS) in the most
common facies found in the middle sandstone member of the
Bakken Formation. It is also the primary reservoir in the
Bakken of the study area.

The thinly-bedded sandstone facies (TBS) in the most
common facies found in the middle sandstone member of the

Page

5

36

40

43

45

51

55

58

60



10

11

12

13

14

15

16

17

18

Bakken Formation. Even though it is the primary reservoir in
the Bakken of the study area, cements and matrix can be
common.

Cement can be lacking in the reservoir rock of the thinly
bedded sandstone (TBS)~ oil does not hold the sediment
together and the result is rubble. Where some cement remains
sedimentary structures are commonly well preserved and easily
seen.

Where some percentage of cement remains sedimentary
structures are commonly well preserved and easily seen in the
thinly-bedded sandstone (TBS).

The interbedded sandstone-siltstone-shale (ISSS) facies
contains many interesting, and highly visible sedimentary
structures. They are easily seen because of the contrast
between the grain-sizes and bedding.

There is a common association between the interbedded
sandstone-siltstone-shale (ISSS) and the thinly-bedded
sandstone (TBS) facies in the middle member of the Bakken
Formation.

The calcareous sandstone facies (CSST) is local to the
northern part ofthe study area. It occupies a stratigraphic level
where it displays facies relationships with the upper black shale
member and the upper bioturbated siltstone (UBS) facies of
the middle sandstone member of the Bakken Formation. In
the 10-18-36-25W3 well there is no upper black shale~ only
CSST directly underlies the Lodgepole Formation.

The calcareous sandstone is commonly intensely bioturbated
and this is the basis for recognition ofthe facies. It is localized
in the northern part of the study area.

The upper bioturbated siltstone (UBS) commonly overlays
other facies ofthe middle member and appears to be a facies
of the upper black shale member (UBSH).

The upper black shale (UBSH) is recognized informally as the
upper member of the Bakken Formation. This study has
revealed that this facies also displays lateral relationships with
the CSST and the UBS in the northern part of the study area.

The oolitic bioclastic grainstone is a cemented carbonate

62

64

68

70

75

77

80

83

162



19

20

21

22

23

24

25

26

27

28

29

grainstone (OBG) at the base of the middle member of the
Bakken Formation.

Oolitic bioclastic grainstone (OBG) contains several cement
types; cement stratigraphy allows for the identification of
relative timing of different cementation phases.

The oolitic bioclastic grainstone (OBG) is by far the most
colourful unit when observed in thin-section. This is because
of the various types of grains and cements found.

Grain-size varies greatly within the oolitic bioclastic grainstone
(OBG). Cements tyPes observed within the OBG are the most
variable seen in all of the Middle Bakken.

The thinly-bedded bioturbated sandstone (TBBS) appears in
thin-section much like the thinly-bedded sandstone. The
difference isin the amount and presence ofbioturbation, that
cannot always readily be observed from thin-section.

The thinly-bedded sandstone (TBS) is a quartzose sandstone
with variable amounts of cements and hydrocarbons filling
pore spaces.

The thinly-bedded sandstone is commonly partially cemented,
and in places the cement appears as uneven fronts.

The thinly-bedded sandstone contains minor amounts of
minerals other than quartz, the main detrital component.
Where cement does not fill the pore space, the reservoir rock
is saturated with hydrocarbons.

The thinly-bedded sandstone is commonly partially cemented,
and in places the cement appears as uneven fronts.

The thinly-bedded sandstone locally contains carbonate grains
likely derived from OBG shoals. Pyrite is a common
component in all facies of the middle member of the Bakken
Formation.

The interbedded sandstone-siltstone-shale (ISSS) facies
contains coarser-grained interbeds that resemble TBS grains
and finer-grained interbeds.

The calcareous cemented sandstone (CSST) contains various
types ofcements including microdolomite and ferroan calcite.

164

166

168

173

176

178

180

182

184

187

189



30

31

The calcareous sandstone (CSST) contains detrital quartz
grains and phosphate grains. Carbonate cement types are
variable.

The upper bioturbated siltstone (UBS) is fine-grained,
cemented with calcite and more commonly microdolomite, and
contains skeletal allochems.

191

194



CHAPTER 1:

GENERAL REl\IARKS

1.1 GENERAL INTRODUCTION

1.1.1 Introductory remarks

The Devonian-Mississippian Bakken Formation~ a thin but widespread subsurface unit, is

contained within the Williston Basin. The areal extent ofthe formation includes southwestern

Manitoba~ North Dakota, northeastern Montana~ a portion of the southern half of

Saskatchewan~ and southeastern Alberta (Figure 1). The type section for the Bakken

Formation (Nordquist~ 1953) is Amerada Petroleum Corporation H. O. Bakken No.1 deep

test, C SW NW sec. 12, T. 157N~ R. 95W, Williams County, North Dakota. Nordquist

(1953) divided the unit into three informal members: the upper and lower fissile~ slightly

calcareous~ black shale members are separated by a middle member of light grey-brown~ very

fine-grained~ calcareous sandstone~ interbedded with thin lenses of grey-brown

cryptocrystalline limestone (Figure 2). All three members are recognizable in the subsurface

throughout the Williston Basin except in Manitoba~ where the lower shale member has been

removed by erosion, and in parts of west-central Saskatchewan, where parts~ or all of the

formation has been eroded.

The Exsha\v Formation at Jura Creek Alberta (Plate 1) is lithologically equivalent~ in part~ to

1
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FIGURE 1: Location map showing the Williston Basin and the
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FIGURE 2: Type section for the Bakken Formation modified from
Nordquist (1953). GR: Gamma Ray log, units in API;
NEU: Neutron log, units in counts per second. Cross
hatched units represent the black shales, with a strong
GR response.
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PLATE 1

Type section of the Exshaw Formation at Jura Creek, Alberta. The uppermost part shows
the BanffFormation (a) in sharp contact with the less indurated Exshaw Formation below.
The bottom part ofthe photo, where the water is flowing, is the Wabamun Formation (b), or
Big Valley Formation equivalent; this contact is also sharp.
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TABLE 1

Stratigraphic relationships ofthe Bakken Fonnation and enclosing strata in different parts of
the northern United States and western Canada.
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the Bakken Fonnation of Saskatchewan, and is one of the few good sections where the two

fonnations can be compared. A section ofExshaw at Moose Mountain, Alber-..a, also provides

good exposure \vithin a surprisingly similar suite of rocks (Mundy et a!., 1992) to the Bakken

Formation in the study area.

The Bakken Formation reaches a maximum thick.ness of 44 metres in North Dakota and

Montana and thins to its denositional edQ"e on the eastern flanks of the Williston Basin in:.J. -.. - - - -- -.1.- -- - - - - - -4..tJ - ... - - - .. --

North Dakota. In Manitoba and Sa~katchewan;the edge ofthe Rakkenstrata coincides with

the erosional pre-Cretaceous~ or post-Mississippian~unconformity. Webster (1984) and

MeIssner (1978) have shown that the three members of the Bakken Formation exhibit an

onlapping relationship to the east in North Dakota. A similar relationship in Saskatchewan and

Ivlanitoba is in part a result ofpost lower-Bakken erosion (Christopher, 1961), and also of iater

expansion ofthe area covered by water and more widespread deposition during the ensuing

lniddle and Late Bakken times.

To the west, in southeastern Alberta, the Bakken Formation prevails as a tripartite unit. An

arbitrary line marks a change in nomenclature from Bakken Formation to Exshaw Formation.

This line is detennined by extending the axis ofan Early Mississippian arch, that separates the

Exshaw and Bak..ken in northern Montana, northward into southeastern Alberta (Penner, 1958)

(Figure 1 and Table 1). To the south-southwest in Montana, Penner (1958) separated the

Bakken Formation into four lithologic units: black shale beds at the base and top of the

formation, which are readily identified by their gamma-ray signature, a middle sand between
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the shales, and a characteristic dolomitic siltstone that overlies the basal black shale at many

locations.

1.1.2 Objectives of tbis study

Edwards (1992) described the composition and diagenesis of the Bakken Formation at the

Daly Field, Manitoba, and determined the importance of lithofacies control on diagenesis and

hydrocarbon migration. This study is similar to that of Edwards, but with emphasis on

sedimentological and stratigraphic aspects rather than on post-depositional changes, as the

former must precede the latter.

Sedimentologically, the Bakken Formation is highly diverse. An objective of this study was

to subdivide the middle Bakken member into distinct facies, and determine under what

depostional conditions they were developed.

Variability in stacking patterns of the different facies and unrelated units can only be

demonstrated by including many examples ofthe various stratigraphic sections compiled from

cores logged. Interpretations of the different stacking patterns and their significance to the

overall depositional story constitutes another main goal of this work.

Hydrocarbon reserves are known to be facies specific in the middle member of the Bakken

Formation in west-central Saskatchewan. A prime objective of this study is to develop a

9



means ofpredicting facies distribution for exploration PUl poses. ~1odclling facies distribuiion

facies relationships and distribution \vithin the Bakken Formation elsev;here. This also applies

to diagenetic processes and their affects on hydrocarbon migration and entrapment: Thus, an

Comhlned results from analvsls of the sedlmentoloQY stratiQTanhv and nost-denositlonal- -------~--~ "-_.--.- --------- -~-----..I-._- - - ----- _._.. - -- -U.lJ - - - U 1.- .I -- - I.~ - - - -1.- - - -

alterations are then used to portray the depositional setting of the Bakken Formation in west-

central Saskatchewan during the Late Devonian and Early Mississippian, and to outline the

changes that affected the strata after deposition and buria1. This study is an attempt to

estabiish a better understanding of the depositional history, and post-depositional changes, of

the Bakken Formation in west-central Saskatchewan. The study, thus, has both positive

academic and economic implications.

1.1.3 Study Area Location

the interiors of all cratons. Such basins exhibit several common characteristics: (1) they

overlie and are sUIToll..flded by basement that is continental cr1J.st~ (2) they typically have lo\v

subsidence rates (Williston and Michigan Basins) and depostional conditions near base-level

10
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FIGURE 3: Location of Study area in relationship to the Bakken
subcrop. Study area is crosshatched box on western
boarder of Saskatchewan.
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prevail for the duration of sediment accumulation (i.e., commonly these basins contain very

fine-grained sediments generally reflecting a low-lying source area)~ (3) their subsidence

history is of an episodic nature and occurs over periods of 10-100 m.y.

1.1.4 Methods of study

The first part of the thesis deals \vith the detailed description of the rocks, definition and

interpretation offacies, and interpretation ofdepositional settings of the Bakken Formation.

Core data are plentiful in the study area, and approximately 700 metres of core from 50-60

wells have been examined for lithologic and diagenetic features. Complete geophysical well

log suites and other well-file information, including core analyses and maps, were obtained

from the Saskatchewan Energy and Mines Geodata Centre in Regina. Other unpublished

maps were obtained from Esso and Saskoil.

Ofthe many cores reviewed initially, many were poorly preserved so that the study was mainly

based on detailed analysis of 500 metres ofsection from 37 well-preserved cores. Some cores

were re-examined in greater detail to delineate significant depositional and diagenetic features

for ensuing interpretation. Many cores were photographed completely or in part, and selected

examples are illustrated in this thesis. Core samples of different facies and stratigraphic

contacts were extracted for thin..section preparation and additional rock descriptions. Core

descriptions are compiled in Appendix 1, and sample locations and depths in Appendix 2.
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Samples and cores were described both from macroscopic observation and thin-section

analysis for sedimentary structures, composition, cements, etc. Palynological preparations for

samples from three wells were completed to determine the pollen and spore content for

corroboration ofevidence used for depositional interpretations. Trace-fossil assemblages were

carefully identified to aid in depositional interpretation.

The Bakken Formation has no outcrop and consequently this study is based solely on

subsurface data. The study area includes 11 fields - Coleville, Buffalo Coulee, Hoosier,

Fusilier, N. Hoosier, Court, N. Court, Plover Lake, Luseland and Hearts Hill. The locations

ofthese fields and cores used in this study are illustrated in Figure 4 together with the subcrop

edge. Figure 4 also shows Cactus Lake fielcL which was not included in this study because it

was previously examined by Ducharme and Murray (1980). Their Cactus Lake study will be

referenced to help corroborate a number of the conclusions drawn in this thesis. The 49

Township area has been further subdivided into smaller area - the Coleville, Hoosier, Court,

Plover Lake, and Luseland regions. Vertical sections, based on initial core descriptions, have

been compiled and interpreted. Stratigraphic cross-sections ,vere completed and interpreted

for each field or area; fields were then compared and contrasted based on their local facies

successions (see Chapter 3). Appendix 3 includes stratigraphic sections used in this study, that

are not directly referred to anywhere in this work. A discussion of the Bakken Formation of

,vest-central Saskatchewan from a regional perspective is outlined in Chapter 5.

Approximately 70 thin sections were cut from core samples. Small slabs cut from se.le.~te.d
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points (core) used in this study, and the Bakken
subcrop edge (simplified).
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core samples were impregnaTed \\lith epoxy, polished, and the polished surface was glued to

a standard petrographic glass slide with epoxy. It is important to note some of the limitations

in the deductions and reconstructions presented in the thesis, that result from the nature of the

data available. Within the study area, cores are primarily confined to producing fields. Sites

'where core is available behveen fields are relatively scarce. Many cores are of very poor

quality, further limiting interpretations \vithin and benveen fields. Facies identification from

geophysical logs is impractical because so many of the facies recognized are based on

sedimentological characteristics that ca.1l..'1ot be identified on logs. This ~lso limits r0!Tel~tion

of facies hoth within and hetween fields.

1.1.5 North American Paleogeography (Late Devonian - Early Mississippian)

Late Devonian times were characterized by tectonic instability on the North American Craton

(Sioss 1963). Orogenesis, in various stages was affecting the North American continentai edge

from every direction. Table 2 summarizes the geographic location, and duration of the

orogenic phases taking place in North America during the Phanerozoic. Orogenic activity was

intense before, during, and following Bakken deposition. The Ellesmerian Orogeny occurred

in northern Canada, the early stages ofthe ..Antler and Cariboo orogenies were taking place in

the western United States and southwestern Canada, while the Ouachita Orogeny prevailed

in the south.eCentral United States and late stage Acadian deformation occurred on the eastern

border of the continent (Table 2).
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TABLE 2

The major orogenic events that affected North America during the Paleozoic showing the
corresponding stratigraphic correlation for southwest Saskatchewan.
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A series ofbasins, arches and domes influenced depositional patterns on the North American

Craton during the Late Devonian-Early 1vlississippian (Figure 5). The Michigan, Illinois,

Appalachian, Arbuckle, Williston and Western Canada sedimentary basins were accumulating

sediments from the Appalachian geosyncline, Canadian shield and embryonic Antler and

Cariboo orogenies, resPectively. The Transcontinental Arch divided southeast and southwest

North America. Sediments shed from the Appalachians \vere more or less confined to

depositional sites on the eastern side of the Arch, ,,,here sedimentation was further influenced

by smaller arches, troughs, basins, and by the Ozark Dome. West of the Transcontinental

Arch, the craton accommodated two basins, two notable arches, one trough, and the Montana

Dome (Figure 5). An arbitrary north-south line west ·of the Montana Dome separated

miogeoclinal sediments to the west from epicontinental shelf to the east.

1.2 PREVIOUS WORK

1.2.1 General Information

On August 15th, 1951, the Coleville #1 gas strike was made in the Bakken Formation ofwest

central Saskatchewan and was closely followed by the low gravity oil strike on August 23rd.

Bakken terminology was first introduced by the Williston Basin Correlation Committee

(LeFever, 1991). The name Bakken Formation was proposed by the Williston Basin

Stratigraphic Nonlenclature COlnmittee in 1953. Nordquist (1953) referred to the tripartite

sequence, black shale - siltstone and sandstone - black shale, as it occurs in the Amerada
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FIGURE 5: The principle tectonic features in North America during the Late
Devonian, including basins, arches and orogenic fronts, compiled
from Ziegler (1988). Basins are numbered: 1) Elk Point Basin; 2)
Williston Basin; 3) Antler Foreland Basin; 4) Ouichita Basin; 5)
Marathon Basin; 6) Illinois Basin; 7) Michigan Basin; 8)
Appalachian Basin.
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Petroleum Corporation H.G. Bakken No.1 well in Williams County, North Dakota (Figure

2). Since then, the Bakken Formation in Saskatchewan, Manitoba and l..Jorth Dakota has been

a lnajor producer ofboth light and heavy crude oil, and natural gas. The Bakken has been a

unit of interest both for its hydrocarbon potential (the middle member, and more recently the

black shales) have been targets for primary production utilizing horizontal drilling technology

and for its capacity as a source rock. The upper and lo\ver Bakken shales, and equivalent

strata have been and continue to be used as subsurface markers because of their

characteristically high gamma-ray log signature. Depositional models for Late Devonian 

Early Mississippian strata on the North American craton - a primarily clastic succession

between two major sections of carbonate rocks - have been a source of interest since the

Bakken Formation was recognized as an economically important horizon. Controversy over

the age of formation and determining the location of the Devonian-Mississippian boundary

became the focus ofabundant biostratigraphic analysis (Hamilton, 1952~ Reasoner and Hunt,

1954~ Penner, 1958; Nordquist, 1953; Fuller, 1956; Kents, 1959; McCabe, 1959; Leenheer,

1984; Playford and McGregor, 1993).

1.2.2 History of Bakken Formation Research

1.2.2.1 Introduction

Prior to the early 1950's, frontier explorers were active in Saskatchewan (Halabura, 1987).

Originally, the Bakken Formation was of interest solely as an exploration target. Since the

days ofearly exploration, during which the Bakken played a significant role, interest has been
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diverted to stratigraphic, sedimentological, depositional and diagenetic investigations.

1.2.2.2 Hydrocarbon and source rock potential

In southwest Saskatchewan, drilling commenced in 1916. Even though general exploration

persisted, the Bakken discovery at Buffalo Coulee/Coleville \-vas not made until 1951.

Intellectual interest ,vas sparked by the activities of the petroleum industry during the period

that follow the initial discovery of low gravity oil at Coleville. Early literature concentrated on

the general geology ofthe formation and stratigraphic relationships with enclosing and laterally

equivalent horizons. Hamilton (1952) described the geology of the Coleville field after the

discovery ofBakken oil and gas was made in the area. According to Hamilton, the two-zone

discovery indicated that sedimentation was controlled by structure and topography. Further

early work focussed on stratigraphic correlation of the Bakken in Montana, North Dakota and

southern Saskatchewan, and on the age ofthe formation and its correlatives in the Northern

Great Plains. Reasoner and Hunt (1954) commented on the relationship of hydrocarbon

trapping mechanisms to leaching of a thick Upper Devonian anhydrite, with collapse of

overlying beds in the Coleville-Buffalo Coulee area. More specific research followed initial

efforts to describe the Bakken Formation and included its capacity as an oil producer and

source rock.

Bakken shales were identified as potential source rocks by Murray (1968) and Dow (1974).

Meissner (1978) evaluated the petroleum geology of the Bakken in the Williston Basin of
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North Dakota and Montana. Petrographic study ofthe upPer and lower black shales revealed

that the composition was primarily indistinct organic material with lesser amounts of clay

minerals, silt and dolomite grains. Webster (1984), using X-ray diffraction analysis,

determined that quartz was the dominant mineral in the shales in North Dakota. Webster

(1987) reported that organic geochemical analyses revealed that Bakken shales averaged 11.33

wt % organic (sapropelic) carbon in North Dakota.

In 1987, interest in the Bakken Formation of1'~orth Dakota 'was renewed with the drilling and

completion of the first horizontal well By Meridian Oil Incorporated (LeFever, 1991).

A.ccording to LeFever (1991), the Bakken has produced in 50 fields in North Dakota and of

those, 34 vvere still producing. l\ guidebook on the geology and horizontal drilling of the

Bakken Fonnation was published in 1991 in response to interest generated by overpressured

production from Bakken shales using horizontal drilling techniques (Hansen, 1991). The

volume dealt with aSPects ofBakken Petroleum geology, petroleum potential and production

in the Williston Basin (Meissner 1991; Martiniuk 1991; Hansen and Long 1991).

Osadetz et al. (1992) described four petrographically and compositionally distinctive source

rocks in southeastern Saskatchewan and southwestern Manitoba among which Family B,

Bakken-sourced oil, figures prominently. Osadetz et al. (1994) found two oil families in

UpperDevonian-MississippianBakken to Lower Cretaceous Mannville Group reservoirs, both

ofwhich are thought to have a Palaeozoic marine source according to biomarker composition.

Family C oils, which have their source in the Ivlississippian Lodgepole Fornlation, and
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reservoirs in lvlississippian, Jurassic and Lower Cretaceous rocks of southwest Saskatchewan,

are the same composition as those within oil pools in the Mississippian subcrop plays of

eastern Williston Basin. Oil pools containing Family E oils have slight, but recurring,

biomarker compositional differences from both C and B (Bakken) oil families that originate

in the Williston Basin. Osadetz et al. (1994) suggested that composition and stratigraphic

placement of the Family E oil indicates a source in the Bakken Formation.

Stasiuk (1994) examined the Bakken Formation in southeastern Saskatchewan to assess

thermal maturity levels with respect to petroleum generation. Price and LeFever (1994)

analyzed 15 oils from fractured shales of the Bakken Formation from the Williston Basin in

the United States to compare with 18 Williston Basin oils produced from reservoirs of the

Lower and UPPer Mississippian Madison Group. They found Bakken and mid-Madison oils

to derive from different source rocks, which agrees with the findings ofOsadetz et al. (1992).

Fox and Martiniuk (1994) discussed reservoir rock and fluid properties, porosity and water

saturation determinations, production characteristics, and exploration and development

prospects, in and around the Daly field area of southwestern Manitoba.

1.2.2.3 Stratigraphy

Early stratigraphic studies identified the ExshawlBakken interval as Mississippian (Hamilton,

1952; Reasoner and Hunt, 1954; Penner, 1958; Nordquist, 1953; Fuller, 1956; Kents, 1959;

1'.1cCabe, 1959). As late as 1984 (Leenheer, 1984) \vorkers have cited the Bakken as of
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Mississippian age even though Sandberg and Hammond (1958) suggested the Bakken was not

entirely Mississippian. All early workers recognized the tripartite division of the Bakken

Formation. Harker and McLaren (1958) found that the Exshaw Fonnation corresponded

lithologically with the lower two members ofthe Bakken Formation; a similar correspondence

"vas found benveen the Exshaw and the Sappington formations. Harker and McLaren (1958),

suggested that the Devonian-Mississippian boundary should be placed at the base of the

Exshaw Formation in the Alberta Rocky Mountains. Christopher (1961) identified the

Devonian-Mississippian boundaty within the Bakken, and based on physical evidence in core

(an abrupt contact over which an abrupt change in lithology is present) he placed the system

boundary at the base of the middle sandstone member in Saskatchewan. The use of

conodonts and conodont biozonation, together with other biostratigraphic, macrofossil and

microfossil, evidence has made it possible to pinpoint the Devonian-Mississippian boundary

at the base of unit 2 in the middle sandstone member in North Dakota (Thrasher, 1987).

Playford and McGregor (1993) identified diverse and well preserved palynofloras from the

Bakken Formation. Johnston and Meijer Drees (1993) discuss upper Devonian conodonts in

west central Alberta and adjacent British Columbia. They surmised, based mainly on

conodonts, that the lower member is of Late Devonian (Famennian) age and the upper

member ofEarly Carboniferous (Toumaisian) age; the Devonian-Carboniferous boundary

is inferred to lie \vithin the conodont-scarce middle member. Fox and Martiniuk (1994)

outline general stratigraphy and lithology ofthe Bakken Formation in south,vestem Manitoba.

Table 1 summarizes the different stratigraphic divisions in each geographic area.
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1.2.2.4 Sedimentology

Sedimentological studies of the Bakken Fonnation are relatively scarce and incotnplete~ most

early work on the formation related to regional stratigraphy. The little research directed to

sedimentological aspects has failed to combine all available resources for a complete

interpretation of the sedimentological and depositional setting. Christopher (1961) briefly

discussed sedimentary structures found in the Bakken Formation and their possible origins.

His study area covered the east and southeastern part of the province. His interpretation of

the depositional environment for the black shale and the middle sandstone member was that

of a very shallow swamo-like_IaQ:oonal and shallow marine area. Ducharme and Murrav
.,I ..I. J '-'. J

(1980) discussed a tidally-related origin ofthe middle Bakken using data from the Cactus Lake

Field and divided the member into two facies: 1) tidal flat facies, and 2) tidal sand-ridge facies.

According to Kent (1984), Bakken sedimentation represents a transitionaltnterval that resulted

from a change in structural configuration of the Williston Basin over Upper Devonian to

Mississippian time. LeFever et al. (1991) identified 5 lithofacies within the middle Bakken in

Saskatchewan, North Dakota and Manitoba (Table 3); these may correlate with the facies

identified in this study. Comparisons of stratigraphic summaries by Thrasher (1985), Karma

and Parslow (1989), and Christopher (1961), indicate that the Bakken Fonnation is

remarkably sinlilar over vast distances (Table 3). Last and Edwards (1991), working the Daly

field area of southwestern Manitoba, divided the Bakken into 5 lithofacies based on lithology,

sedimentary structures ~'1d fossil content. Their depositional summary includes quiet \vater,

relatively deep basin, marine anaerobic sedimentation (lo\ver Bakken deposition), and a history
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(A) LITHOFACIES

UPPER MEMBER SK ND MB SK,ND SK

SILTSTONE, MASSIVE, DENSE, MOTILED, DOLOMITIC; ARGILLACEOUS,
4GREY·GREEN; FOSSILIFEROUS; DISSEMINATED PYRITE; RHYTHMITES UP TO C 7 3 8415em THICK IN LOWER HALF OF SECTION (OCCASIONALLY FOSSIL·RICH); 3

SLIGHTLY BIOTURBATED; CONTACT WITH UPPER MEMBER SHARP.

PARALLEL INTERBEDS OF DARK GREY SHAL.E AND BUFF SIL.TV SANDSTONE
MODERATELY BIOTURBATED, VERTICAL BURROWS, CALCAREOUS, DISSEMINATE
PYRITE; OVERALL COARSENING·UPWARD; FLAME AND LOAD STRUCTURES AT B3

6 B3
BASE OF COARSE LAMINAE; RHYTHMITES UP TO 10 em THICK; UPPER HALF 5
MAY DISPLAY TROUGH CROSS·BEDDED SANDSTONE BEDS; GRADATIONAL
LOWER CONTACT WITH UNDERLYING UNIT.

SANDSTONE, TRIPARTITE DIVISION WITH UPPER AND LOWER THIRD WAVY
AND FLASER BEDDED SILTY SANDSTONE; GRADATIONAL TO AND FROM THE
MIDDLE COARSE·GRAINED SANDSTONE. WHICH MAY BE MASSIVE AND/OR
BEDDED (TROUGH AND TABULAR CROSS·BEDDING,INCLINED AND HORIZONTAL
LAMINAE, AND SWASH CROSS·STRATIFICATION) WITH PEBBLE AND FOSSIL·

B2
4 2 2 B2

RICH LAGS (SHALE CLASTS UP T04 em DIAMETER WHERE B2 OVERLIES THE 3 1
LOWER MEMBER, AND FELDSPAR CLASTS); MAINLY OUARTZOSE WITH MINOR
FELDSPAR AND HEAVY MINERALS, DIASTEMS. RHYTHMITES. FEW BRACHIOPODS,
DISSEMINATED PYRITE; BUFF TO GREEN, CALCAREOUS; SLIGHT TO NO
BIOTURBATION.

PARALLEL INTERBEDS OF DARK GREY SHAL.E AND BUFF SILTY SANDSTONE,
MODERATE TO VERY STRONG BIOTURBATION DISRUPTING LAMINAE, DOLOMITIC
BECOMING CALCAREOUS WITH DEPTH; DISSEMINATED PYRITE. FOSSILIFEROUS; B1 2 B1
LOWER CONTACT GRADATIONAL; UPPER CONTACT GRADATIONAL OR EROSIVE
WHERE CHANNELLING; GREY·GREEN.

SlLTSTONE, MASSIVE, DENSE, MOTILED. VERY CALCAREOUS. ARGILLACEOUS.
GREY·GREEN. HIGHLY FOSSILIFEROUS; RANDOM ORIENTATION OF FOSSILS;
DISSEMINATED PYRITE; LOWER CONTACT MAY BE EITHER GRADATIONAL A A
OVER SEVERAL CENTIMETERS OR EROSIVE.

LOWER MEMBER

€

(B)
~~1t?

DEEPWATER
BASIN

CARBONATE
·SHOAL·

·SANDY" SHELF
(WITHIN S.W.B.)

·MUDDY·
OUTER SHELF

(BELOW S.W.B.)

TABLE 3: Lithofacies correlations
for the middle member of
the Bakken Formation in
Manitoba, Saskatchewan
and Alberta; strat chart
compilations are from
Lefever et al. (1991) (A),
and Mundy et al. (B).
S.W.B. stands for storm
wave base.
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ofregression and renewed transgression, that resulted in a fining-up succession in the middle

and upper Bakken units. Kasper et al. (1995) describes the stratigraphy (many of the ideas

described in this thesis are included) of the Bakken Formation in west-central Saskatchewan.

1.2.2.5 Depositionall\lodels

Some authors have subscribed to a shallo\v-\vater depositional model for the Bakken

Formation (Fu!!er, 1956; Christopher 1961; Macqueen and Sandberg, 1970; Kasper et a!.,

1995). Widespread, stagnant braclejsh to marine lagoO!lS were the favoured environInent. This

type of setting would be incapable ofaccolmting for the widespread and continuous character

ofthese shales. The lack ofevidence for paleosol development, coarser detritus, plant remains

(coals) and products oferosion indicate a swamp that would have covered two thirds ofNorth

America. This is an impractical model for this type ofblack shale development. Conodonts,

which are pelagic marine derived microfossils, are abundant in the Bakken black shales, and

clearly indicate their marine origin.

wrore recent ideas for the black shales ofthe Bakken Formation and equivalents involve deep

water deposition and depend on a stratified water column (Figure 6), anoxic bottom

conditions, sediment starvation, and relatively (>200 m) deep water (Byers, 1977; Ettensohn

and Barron, 1981; Lineback and Davidson, 1982). This type of model 'was based on studies

ofthe Illinois Basin and the Black Sea, one ofthe fe,v modem depositional environments that
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has, produced sediments analogous to Bakken black shales. However, the Black Sea is a

poor analog as the adjacent facies and geomorphological settings differ from those during

Bakken deposition, and it is no longer producing black, organic-rich shales. The Arafura Sea

(part of the South Pacific Ocean, between Australia and New Guinea) is perhaps the only

modern analog that remotely resembles the setting that existed during Bakken deposition

(Kohlberger, 1983). It is not often used as a model because ofa lack ofresearch and does not

contain black muds. There are no known modem analogs for the Bakken Formation, a factor

which complicates the formulation of models for deposition.

An alternative model for the formation of transgressive black shales (Figure 7) was suggested

by Wignall (1991). Rising sea-level leads to marine-sediment starvation due to sediment

entrapment in flooded river valleys. Subsidence, sea-level rise, and decreased sediment supply

during early transgression may lead to rapid deepening that allows for water column

stratification, which in tum results in oxygen starvation in the lower part ofthe water column

and black shale deposition in previously shallow-water areas. In this model black shales rest

on condensed basal transgressive lags or unconformities that rest on shallow-water facies.

Bakken black shales, according to Wignall (1991) are identified as a condensed section;

deposition took place under sediment starved conditions. Black shale was deposited over

earlier shallow-water sediments (Big Valley shales and Crystal Limestone of the Big Valley

Formation). A condensed basal lag or transgressive lag has been observed from the This

model accords well with Bakken black shales because many criteria are met.
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FIGURE 6

Devonian-Mississippian black shale depositional model according to Ettensohn and Baron
(1981).

FIGURE 7

Black shale depositional model for an expanding basin or transgressive system. From Wignall
(1991 ).
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1.2.2.6 Diagenesis

Research on Bakken diagenesis is sparse. Ducharme and Murray (1980) briefly examine

diagenetic aSPects ofthe middle Bakken, or Coleville sandstone member, at Cactus Lake field

in west-central Saskatchewan. They postulated that porosity is secondary, but give little

supporting evidence. Edwards (1992) described the composition and diagenesis ofthe Bakken

Formation at the Daly Field, Manitoba, and determined the importance of facies control of

diagenesis and hydrocarbon migration.
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CHAPTER 2:

FACIES DESCRIPTIONS AND THEIR INTERPRETATION

2.1 INTRODUCTION

In west-central Saskatchewan, the tripartite division of the Bakken Formation is easily

recognized on geophysical logs (Figure 2). This three-fold division is identified and further

subdivided within the study area. Nine units have been defined. The lower shale Inenlber of

the Bakken Formation is considered as a member and not a facies as it does not display facies

relationships \vith any ofthe facies from the overlying middle member. The upper black shale

member has been sho\vn to exhibit facies relationships \vith facies of the middle member.

They are referred to here as the upper black shale facies or upper black shale member

(abbreviated to UBSH), and the lower black shale member (LBSH). The remaining facies are

from the middle sandstone member ofthe Bakken Formation. They are the lower bioturbated

siltstone (LBS), the oolitic-bioclastic grainstone (OBG), the thinly-bedded bioturbated

sandstone (TBBS), the thinly bedded sandstone (TBS), the interbedded sandstone-siltstone

shale (ISSS), the calcareous sandstone (CSST) and the upper bioturbated siltstone (UBS).

Descriptions for each unit, which are based on all physical attributes, are followed by

interpretations.
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2.2 DESCRIPTIONS AND INTERPRETATION

LOWER BAKKEN MEMBER

2.2.1 LOW'ER BLACK SHALE MEMBER

The range ofthickness for the LBSH in the study area is 1.8-7.7 m. Maximum thickness is

present in the south and southeast parts of the study area.

Generally, the shales of the LBSH are dark grey to black and, rarely, green. They are

composed ofdetrital clay and silt; particle size is commonly clay « 2flm) with silt~sized quartz

grains and organic remains such as spore cases in places. Karma (1991) described the upper

and lower Bakken Formation shales as containing silica and clay minerals (formerly glauconite

now altered to illite), organic matter, sulfides and carbonates. The shales of the LBSH are

homogeneous, fissile to well indurated, waxy, non-calcareous to slightly calcareous,

pyritiferous, and uraniferous. A uraniferous shale is one that contains> 20 ppm uranium

according to Swanson (1960) and> 50 ppm according to Young (1984). Karma (1991)

reported that the black shales of the Bakken Formation (both LBSH and UBSH) contain

0.001 to 0.16 wt % U2 0-3, The high radioactivity detected on gamma-ray logs (commonly off

scale) is caused primarily by uranium and thorium, with small amounts ofpotassium, derived

mainly from hinterland runoffon a low-lying catchment area (Webster, 1980 and Kents 1959,

p. 18). The uranium in the Bakken shales (as much as 100 ppm according to Webster (1980))
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is contained in organic matter (Stasiuk~ 1992). Karma (1991) found that the average uranium

content of both the upper and lower shales in the study area is ~35-40 ppm.

Amorphous organic material is abundant between clay laminae (Plate 2 A) and very fine

laminations~ approximately 0.2 mm thick, are the only sedimentary structure observed. Pyrite

is common, found locally as spherules and subrounded to irregular shaped nodules that vary

in size from microscopic to a few millimetres in diameter (Plate 2 B). Subangular to

subrounded, equant to elongate, silt-sized monocrystalline quartz grains occur in thin laminae,

or as individual grains scattered randomly in the lower shale.

Recognizable organic remains include flattened spore cases of Tasmanites (Plate 1 C)~

conodonts, Forestia - a pelagic alga, and conchostracans (Thrasher, 1987). Macrofossils

include brachiopods, Lingula and gastropods (Fuller, 1956; Kents 1959; Macqueen and

Sandberg, 1970). No macrofossils have been recognized in the black shales ofthe study area.

The trace fossil, Terebellina, although rarely observed, was found near the base of a 4 m

section ofthe lower shale in well A2-18-35-27W3, and showed slight to moderate compaction.

Terebellina is included in the Cruziana ichnofacies (Pemberton, 1985; Pemberton et aI.,

1992), which is associated with the neritic zone and low current energy.
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PLATE 2

Lower black shale member of the Bakken Formation (LBSH)

4A..) Photomicrograph of lower black shale memper under plane polarized light showing
flattened Tasmanities spore case at the arrow (upper center of photo). Organic matter occurs
in wisps (below spore) surrounding monocrystaliine quartz silt. Location 14-22-34-28W3;

1 1 9 1 ') 1 ~1 ·d h r h h· . 1 0 1ueptn ~~. ~ ffi. 1 ne 'VI t .. or t e p oto IS apprOXImate y . mm.

B) Photolnicrograph ofminute spherules (arrows) lnade up of even sl11aller clustered pyrite
crystals within the lower black shale member. Location IO-3-30-29W3; depth 864 m.

C) Big Valley-Lower Bakken contact~ laminations are visible in hand specimen within the
lower black shale member. The contact between the two formations is uneven and clearly
erosional (arrow). Location A2-18-35-27"V3~depth 851.8 m.
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2.2.1.1 Interpretation: Lower Black Shale (LBSH)

The laminatio~ fine-grained character of the sediment~ abundant organic matter~ trace fossil

evidence~ and the paucity ofsedimentary structures indicate deposition below storm wave-base

in waters of> 40-50 m depth (Elrick and Read, 1991, p. 1216)~ and in a basin where organic

productivity was high and clastic input was low (\Vebster, 1980).

The variation in the colour ofthe LBSa from black to gree~ indicates a decrease in organic

carbon content such as may be expected close to the shoreline~or at shallo\ver depths~ \vhere

increased turbulence would decrease anoxicity and the amount of organic carbon preserved.

These colour variations do not seem to follow a regional trend; within the scope of this study

no regional trends based on colour variations in the LBSH were identified.

MIDDLE BAKKEN MEMBER

2.2.2 OOLITIC BIOCLASTIC GRAINSTONE FACIES

The thickness of the OBG varies from 0-3.5 m, and its distribution is patchy~ being localized

in the southern part of the study area around the Coleville field, to the north-west of the

Coleville field, and in the southwest part of the study area (Figure 4).

The OBG is light grey and~ in generat is composed ofbioclasts including brachiopod shell
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debris~ bryozoans crinoid ossicles and ostracods shells (articulated, disarticulated, fragmented

and rounded), ooids, phosphatic particles, some ofwhich are recognizable as fish detritus~ and

cement (PLATES 3-5). The OBG commonly appears a massive unit, although small ripples

or high-angle cross bedding have been observed. Thicknesses of ripple bedding and cross

bedding, where measurable, is from ems to ~50 cm respectively.

Both whole and broken grains observed from bioclast-rich intervals of the OBG are as large

as 1-2 cm, but the average size is 4-5 mm. Large shells are oriented parallel to bedding,

convex upward in the most stable position. Within the bioclastic sub-unit~ ooids make up <

30% ofthe component grains. Small lime mud lumps are present, though rare, in protected

spots such as the undersides ofshells. Porosity, within both the bioclastic and ooid dominated

subunits, is almost completely occluded by calcite cement (PLATES 3-5).

The OBO facies can be divided into two sub-units, bioclastic and oolitic (PLATES 3-5).

Commonly the bioclast-dominated sub-unit underlies the oolite-dominated sub-unit, except in

the 4-14-31-23W3 well. In the 4-14 well (not cored to the base of the unit) the uppermost

interval of OBG is composed of coarse bioclastic debris. The bioclast-rich interval is not

found everywhere that the OBG has been identified; it appears to be of patchy distribution

within the facies. The OBO was identified in core from nine wells (A11-04-31-23W3, 4-14

31-23W3, B13-16-31-23W3, DI2-17-31-23W3, DI0-18-31-23W3, B3-24T-31-24W3, 14

34~31-27W3 and A3-24-32-25W3); stratigraphic sections for each well are given in Chapter

3. Ofthese nine \vells, five were cored to the base of the OBG (A11-04-31-23W3, B 13-16-
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31-23W3, D12-17-31-23W3, DIO-18-31-23W3 and A3-24-32-25W3); three of the five

wells (AII-04-31-23W3, B13-16-31-23W3 andA3-24-32-25W3) are found to contain the

coarse bioclastic interval located at the base of the OBG. In B13-16 the bioclast-rich lower

OBG appears to contain interbedded coarser and finer intervals internally. In the three wells

the bioclastic interval is 1 m, 1.2 m, and 0.5 m thick while the oolitic interval is 3 m, 1 m and

0.5 m thick respectively. The contact between bioclast-rich OBG and the overlying oolite-rich

OBG is gradational; the unit exhibits a fining upward character. The two other wells

containing OBG that are cored to the base of the unit (DI2-17-31-23W3 and DIO-18-31

23W3) are ooid dominated; they are 2.7 m and 1.4 m thick respectively.

Ooids are abundant and make up approximately 40-50% ofthe volume and 70% ofthe grains

in the upper part of the OBG (PLATES 5A and 5B). They are small, from 0.2-0.7 mm in

diameter, and are commonly found as broken grains that have been subsequently abraded to

form oval-shaped grains. Thin section observations reveal unbroken ooids that are

sYmmetrical (presumably spherical in three dimensions), aSYmmetrical, or ovoid. Nuclei are

minute and are commonly unidentifiable, although a few are recognizable as broken shell

debris. No quartz nuclei were identified. Cortical fabrics vary from micritized to radial,

concentric and radial-concentric. Some early stage, poorly developed examples are present,

although most ooids are small but appear 'mature' with thicker cortices than the nucleus

(PLATE 5). Thin layers ofconcentrated bioclasts are rare within the ooid dominated subunit.
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PLATE 3

The oolitic bioclastic grainstone facies (OBG) of the middle member of the Bakken
Formation. Two subdivisions are found; one is primarily bioclastic, and the other mainly

oolitic, though an even mixture between the two components is common.

A) Phosphatic fish scales (a) and echinoid spines (b) are less common in a mixed bioclastic
and oolitic rock. Crinoid plates (c) display monocrystalline extinction and are common to the
coarser bioclast-rich part ofthe facies. Ooids (d) are also common in the bioclast-rich subunit
and commonly are micritized. Photo length is 2.3 mm; photo taken under plane polarized
light. Location D12-17-31-23W3; depth 840 ffi.

B) Brachiopod spines (both longitudinal (a) and cross-sectional (b) views), ooids (c) and
crinoid plates (d) in OBG~ brachiopod spine is ~ 1 cm in length. Photo was taken under
plane polarized light. Location D12-17-31-23W3; depth 840 m.
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PLATE 4

Examples of coarse oolitic bioclastic grainstone (OBG) facies, such as these, are locally
common though usually r~stricted to the lowermost part of the facies.

A) Bioclast-dominated OBG tends to be coarse grained. Here, large fenestellid bryozoan
fragments lie at opposing angles to one another; photo length is ~ 1em; photo taken under
plane polarized light. Location A11-4-31-23W3; depth 839.3 m.

B) Coarse crinoid plates (arrow) are very common in the lower parts of the OBG. The
crinoid ossicle is roughly 2.5 mm across. Location 14-22-34-28W3; depth 914.3 m.
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PLATE 5

Ooids conl1110nly dOl11inate the upper, finer-grained parts of the oolitic bioclastic
grainstone (OBG) facies. They are commonly micritized though cortical fabric can be

observed in some examples.

A) Ooid-dominated OBG \rvhere the average size ofthe ooids is 0.15 mm. Cortical fabric is
commonly radial-concentric (a). Many ooids are micritized (b) while nuclei are visible in
others (c) and appear to be fragments of crinoid plates. There is very little grain~on~grain

(arrow) compaction owing to early cementation. Location B 13-16-31-23WIM; depth 821
ffi.

B) A closer look at ooids shows micritization (a), partial replacement by carbonate (b) and
radial concentric cortical fabric (c). The largest ooid (b) is ~.2 mm in diameter. Location
4-14-3]-23WIM~depth 817.8 ffi.
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2.2.2.1 Interpretation: Oolitic Bioclastic Grainstone (OBG)

Bioclastic and oolitic shoal development was controlled by local bathYmetry and hydrography.

The skeletal cOlnPOnents indicate that normallnarine conditions prevailed prior to, and during,

deposition of the OBG. During the initial stage of OBG shoal growth, bioclasts were

transported from the living habitat ofthe fauna to the depositional site to form bioclast-rich

shoals. These developed under wave and current action that was strong enough to abrade and

deposit coarse shell debris, and winnow mud and finer material, except \vhere it was protected

on the underside of shells; bioclast transport resulted in a death assemblage.

Although ooids have been found to form in a number ofdifferent environments (PefYt, 1983;

Davies et aI., 1978), the ooids of the Bakken Formation are clearly of marine origin. The

presence ofassociated allochems, such as brachiopod shells, crinoid ossicles and bryozoans,

clearly indicates a marine depositional setting. Initially strong currents inhibited ooid formation

in areas where bioclastic shoals were developing, although ooid-dominated shoals were

probably growing in deeper, less agitated water contemporaneously with bioclastic-rich shoals,

similar to the oolitic-bioclastic shoal relationships on the Bahama Banks at 10ulter's Cays

(Harris, 1984). Ooid shoals prograded over bioclastic shoals; minor deepening resulted in less

vigourous wave action with little or no transport of coarser-grained bioclasts into the area.

Fine bioclastic debris no longer transported by wave and current action was rolled along the

bottom, and was periodically suspended in the water, providing sites for carbonate

sedimentation and oolite growth. Occasionally, stronger currents, likely storm derived,

deposited coarser bioclastic material in thin beds within an area of predominantly ooid
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deposition. Interfingering of the two shoal types has been observed; up to three fining-up

cycles have been observed where oolite-rich OBG overlies bioclast-rich OBG. Ooids grew

at the bioclastic shoal edge, where slightly deeper water and less vigourous wave action

allowed ooid production. Coarser bioclastic debris from the more dYnamic shoal crest washed

over and buried the finer oolitic material. These cycles appear to be very similar to the stacked

ooid-grainstone cycles found within the ooid shoal facies described by Elrick and Read (1991 )

from Lower Mississippian carbonate deposits of Wyoming and Montana.

Small suspended carbonate grains provided sites where nucleation of carbonate to form

cortical material progressed without severe grain abrasion. The association of radial and

concentric cortical fabrics may indicate a combination of suspension and bedload transport

(Chow and James, 1987) during ooid development. Microborings were identified in micritized

ooids of the OBG. Although the mode of formation of micritic ooid cortexes is not

completely understood, they are thought to be a result ofpost-ooid formation alteration by

boring microorganisms (Peryt, 1983; Tucker and Wright, 1990, p. 9). Shoals developed

where currents were sufficiently strong to suspend and roll silt-size particles and permit cortical

growth. The Late Devonian-Early Mississippian was a time ofcalcite deposition in the oceans

of the world (James and Choquette, 1983; Sandberg, 1983).

Modem ooid precipitation is occurring in ooid-grainstone shoals in many localities, including

for example, Shark Bay (Hagan and Logan, 1974). In the Caicos islands, southeast of the

Great Bahama Bank, ooids are formed in the beach and shoreface zone, and are a product of

wind-generated waves and currents as opposed to tide-generated currents (Lloyd et a!., 1987).
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Modern ooid precipitation is also occurring in shoals and beaches in the Persian Gulf (Loreau

and Purser, 1973) and the Bahamas (Ball 1967~ Harris 1979~ Hine et al., 1981~ Lloyd et al.,

1987). In all the above examples, ooids are fonning in waters less than 5 m deep; similar

water depths are thus suggested for aBa deposition.

According to Elrick and Read (1991), ooid/ooid-skeletal grainstones from the Woodhurst

Member of the Lodgepole Formation from Montana and Wyoming, were deposited in high

energy, fringing and barrier shoal complexes in an inner and outer ramp setting. The

similaritiesbet\veen the aBa and the ooid/ooid-skeletal grainstones of the \Voodhurst

Member may indicate similar modes of formation. The limited data provide fe\v clues as to

the geometry of the aBG bodies. aBa distribution ,¥ithin the study area is limited to the

southeast and south-central parts. Compared to ancient examples from the Jurassic and

Mississippian (Elrick and Read, 1991), the occurrences found within the Bakken fonnation

are relatively small in scale. This may indicate that they were at an early stage ofdevelopment

prior to amalgamation, when their growth ceased, or that they are erosional remnants of

formerly more extensive accumulations. Wilson (1975) described shoal coalescence and

amalgamation to form sheet-like stratigraphic belts up to hundreds of kilometres wide.

Handford (1988) described three examples ofplatform shoal development. Carbonate shoals

of the Bakken Formation fonned within an epeiric sea. It seems unlikely that these shoals

were associated with a prominent shelfedge such as those seen in Bahanlian exal11ples. More

likely, the shoals developed on a ramp or platform where agitation caused by waves contacting

the basin floor set the stage for initial very strong currents and bioclastic buildup, and finally,

slightly less dynamic ooid formation.
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2.2.3 LOWER BIOTURBATED SILTSTONE FACIES

The thickness of the LBS varies from 0-7.6 m; the LBS is limited to the extreme south-west

and south part of the study area (Figure 4).

The LBS is a pyritiferous, intensely bioturbated, grey to greenish-grey silty claystone or clay-

rich, calcite cen1ented siltstone and sandstone (PLAIT 6). It is composed of mixture of silt,

clay and sand sized grains. Primary sedimentary structures arc completely obliterated by the

effects of bioturbation.

shells, and ostracods. These are randomly oriented (Plate 6 A), a result of intense

bioturbation; shells are found both articulated (Plate 6 B) and disarticulated though none are

found in life positions. Articulated shells appear in places to be 'squashed' and elsewhere they

are sand filled, surrounded by a finer-grained sediment Cnsmnrhophe; Scalarituha and

Helminthnpsis (Nereites ichnofacies) are identifiable trace fossils (Plate 6 C).

2.2.3.1 Interpretation: Lower Bioturbated Siltstone (LBS)

A high degree of bioturbation, a normal marine neritic ichnofossil assemblage and skeletal

allochems are all commonly associated with open marine conditions and water depths such as

are found in modem distal shelf to basin settings. The LBS was deposited under oxygenated,

tranquil conditions below fair-weather wave-base. Physical, nonbiogenic sedimentary

structures are virtually obliterated indicating that the sediment was thoroughly mixed by
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The iower bioturbated siltstone facies (LBS) of the middle Bakken member is
characterized by bioturbation and common skeletal allochems.

A) Crinoid ossicles in a bioturbated mudstone; escape structure to the right (arro,v) of more
centred crinoid ossicle. Location 11-7-30-27W3; depth 860.9 m. Scale bar is in centimetres.

B) Brachiopod shells in bioturbated sediments. Pyrite haloes surround and fill some shells,
whereas others are filled with sand, coarser than the surrounding sediment. Location J0-3
30-29W3; depth 890.5 fil. Scale bar is in centillletres.

C) Iiell11iJltJl0psis (a), Cosl11orJlapJ1e (b) and Scalarituba (c) traces are abundant and roughly
follow bedding planes. Location 10-3-30-29W3; depth ~891 m. Scale bar is in centimetres.
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organisms that lived and fed there.

According to Pemberton et al. (1992) the Nereites ichnofacies occurs in bathyal to abyssal

quiet but oxygenated water, commonly affected by turbidity currents. Trace-making

organisms exploiting such environments have two primary concerns: 1) relative scarcity of

food supplies, and 2) periodic disruption by strong currents or actual gravity flows. This trace

fossil suite is characterized by high diversity, low abundance assemblages, complex horizontal

grazing and patterned feeding-dwelling structures, numerous crawling-grazing traces and

faecal castings, and structures produced by deposit feeders, scavengers, or harvesters. The

LBS contains a high diversity, relatively high abundance assemblage; this may be an indication

that there was more food available in a quiet water setting than in the more shallow settings

(i.e., TBS and ISSS).

The presence of allochems that are found in sediments associated with open marine

depositional conditions agrees with the trace fossil evidence.

2.2.4 THINLY-BEDDED BIOTURBATED SANDSTONE FACIES

The thickness ofthe TBBS varies from 0-9.8 m; the distribution ofthe facies is limited to the

extreme south-west of the study area (Figure 4). The unit is composed predominantly of grey

to brown, muddy sandstone. Silt and shale make up less than 30% ofthe unit. Quartz grains

range from 0.06-0.2 tnrn, and are the most abundant grain type of the TBBS. Bed thickness,

where observable, ranges from 1 cm to 5 cm. Petrographic observation revealed broken
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skeletal grains~ peloids and ooids are present locally, and resemble in size and appearance

those found in the OBG.

In general, the unit is tightly cemented by calcium carbonate, although up-section the amount

of cement decreases, and some oil staining is present. Recognition of the TBBS is

accomplished by identification of trace fossils, including abundant Scalarituba, and less

common occurrences ofCosmorhaphe, Chondrites, Terebellina, Asterosoma, and Planolites

(PLATE 7). These forms are included in the Cruziana and Nereites ichnofacies (Pemberton

et aI., 1992) All forms except Chondrites are found together in the lowermost 5 m ofthe unit,

and their abundance and diversity decrease up-section. In the uppermost 3.5 m of the unit,

all trace fossils are absent except Chondrites (Plate 7 C), and remnants oforiginal bedding are

identifiable as fine grained sand, silt and clay interbeds. The last occurrence of Chondrites

marks the top of the TBBS unit and the base of the TBS unit.

2.2.4.1 Interpretation: Thinly-Bedded Bioturbated Sandstone (TBBS)

Remnants offlow-generated bedding structures suggest that deposition took place above storm

wave-base. Intense bioturbation implies relatively stable, well oxygenated conditions allowing

for abundant substrate colonization. Trace fossil representatives from the Nereites and

Cruziana assemblages (pemberton et aI., 1992) indicate a depositional environment between

fair-weather and storm wave-base. Cruziana forms are commonly found in subtidal, poorly

sorted and unconsolidated substrates~ sediment deposition rates can range from nil to more

than nine metres. Deposition ofthe TBBS was likely moderately slow compared to the TBS
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as an abundance of trace fossils suggests. Pemberton et al. (1992) described moderate

energies in shallow waters below fair weather wave base but above storm wave base to low

energy levels in deeper quieter waters. The mixture of the two assemblage types - one a deep

water assemblage (Nereites)~ and the other a shallow to deep water assemblage (Cruziana)

may indicate that the Cruziana assemblage of the TBBS is of the deeper type described by

Pemberton et al. (1992). The decrease in trace fossil diversity and abundance upward (i.e.~

loss of the common forms found lower in the unit and replacement by Chondrites)~ suggest

shallowing and increasing flow-generated disturbance on the basin floor. Chondrites burrows~

from all Phanerozoic descriptions including both terrigenous and carbonate examples~ were

emplaced well below the water-sediment interface (Bromley and Ekdale~ .1984). The presence

ofChondrites alone in the upper Part of the unit may indicate the survival of deep burrowing

organisms in response to increasing substrate mobility~ or show that there was little oxygen

available at the sediment-water interface.

2.2.5 THINLY BEDDED SANDSTONE FACIES

The thinly bedded sandstone is the main reservoir rock in the study area; it is present over

most of the area and its thickness varies from 0-15.7 metres. The unit is commonly medium

to dark brown and or grey~ and is composed of fine to very fine-grained quartz (PLATE 8)

with an average grain size of0.06-0.2 mm (PLATE 9). Detrital feldspar and minor amounts

ofhighly birefringent minerals~ such as detrital zircon~ make up < 10% ofthe grains. Angular

to moderately well-rounded quartz grains exhibit quartz overgrowths that were partially to

wholly replaced by calcite cement (PLATE 9). Clay matrix can be important
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PLATE 7

The thinly-bedded bioturbated sandstone (TBBS) is an intensely bioturbated sandstone
that contains components similar to those found in the oolitic bioclastic grainstone in

addition to the more abundant clastic component that makes up the majority of the facies.

A) Trace fossils are abundant within the TBBS and include Scalarituba (a), Terebellina (b),
Asterosoma and Planolites (d). Location 10-3-30-29W3; depth 884.8 ffi.

B) Cross-section ofcore showing Scalarituba (arrow) roughly parallel to the bedding planes
in the TBBS. Location 10-3-30-29W3; depth ",,885 ffi.

C) Chondrites is the only trace fossil present (arrow) in the upper portions of the TBBS in
the 10-3-30-29W3 well; depth ",,880 ffi.
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PLATE 8

The thinly-bedded sandstone facies (TBS) in the most common facies found in the middle
sandstone member of the Bakken Formation. It is also the primary reservoir in the

Bakken of the study area.

Dark brown, oil-stained TBS. Commonly, as is seen here, oil-staining in core obscures
sedimentary structures (right-hand section of core). Light grey-brown wispy intervals are
commonly composed of finer silt and clay interbeds though as seen here, kaolinization
(arrows) ofslightly finer sand and silt beds make these alteration zones deceiving. A large
pyrite bleb is seen in the lower left-hand comer ofthe photo (a). Location lO-18-36-25W3;
depth from 723.7-735 m.
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PLATE 9

The thinly-bedded sandstone facies (TBS) in the most common facies found in the middle
sandstone member of the Bakken Formation. Even though it is the primary reservoir in

the Bakken of the study area, cements and matrix can be common.

A) Detrital quartz grains may exhibit quartz overgrowths (a); dolomite rhomb (b) and calcite
cements (c) are found between, and replacing (arrow), quartz grains. Large quartz grain at
centre of photo is .1mm in diameter (crossed polarized light). Location B8-23-31-24W3;
depth 831.7 m.

B) Etched quartz grains (by calcite a) partially cemented by pyrite (arrow). Microdololnite
rhombs are commonly seen with dark black centres (b). Clay minerals (c) are found as
interstitial matrix material, their amount commonly varies. Location B8-23-31-24W3; depth
831.7 m.
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PLATE 10

Cement can be lacking in the reservoir rock of the thinly-bedded sandstone (TBS); oil
does not hold the sediment together and the result is rubble. Where some cement remains

sedimentary structures are commonly well preserved and easily seen.

A) Where the TBS reservoir rock is poorly cemented, the only cohesive agent may be oil.
Consequently the core disintegrates, a.nd is virtually useless for logging. Core is 5 m in length
and approximately 8-10 cm in width. Location 4-9-35-26W3; depths from 806-811 m.

B) Wave ripples exhibit undulatory top (a) and basal surfaces (b); light material is a diagenetic
overprint and a large replacement pyrite nodule (arrow) and slightly finer-grained bedding is
kaolinized (c) giving it a lighter, appearance. Core width is 8 cm. Location 10-18-36-25W3;
depth 733 m.

C) Bi-directionally oppose or herringbone cross-bedding is seen in the lower part ofthe photo
(arrow). Location 6-3-31-27W3; depth 898.2 m

D) Herringbone is common in the TBS (arrows). Bedsets are approximately 1 cm thick in
this example. Location 14-34-21-27W3; depth 843.5 m.

E) Relatively coarse layers with sharp bases (arrows) appear to be the bottoms of rippled
beds, likely produced by avalanching of coarser sand grains to the lower parts of foresets.
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PLATE 11

Where some percentage of cement remains sedimentary structures are commonly well
preserved and easily seen in the thinly-bedded sandstone (TBS).

A) Hummocky cross-stratification (arrow at top of hummock) is rarely seen in core. Here
a hummock has truncated a swale (a). core width is 8 cm. Location A3-24-32-25W3; depth
825 m.

B) Large scale cross-bedding or planar bedding (arrow) are hard to distinguish from one
another in core. The grey material is OBG (a) and the brownish-grey sediment above is TBS
mixed with OBG (b). Location A3-24-32-25W3; depth 826 m. Core width is 8 cm.

C) Planar bedding is common in the TBS. Location 14-34-31-27W3; depth 845.8 m.
Photo is 5.5 cm in height.

D) Mud rip-up clasts can be abundant (arrows), oriented randomly or parallel to bedding, in
the TBS. Bedding structures here are not visible because of oil-staining. Location BI3-16
31-23W3; depth 820.5 m. Larger mud clast is ~15 mm.

E) Soft sediment deformation features are associated with finer-grained interbeds in the TBS;
Thalassinoides is visible (arrow) and common at this interval in surrounding wells. Core
width is 8 cm. Location 14-4-31-23W3; depth 818.2 m.
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\vithin the facies, and can make up as much as 400/0 of the rock volume. Where the TBS is

well sorted, the unit is commonly oil saturated giving the rock a rich dark brown colour

(PLATES 8, 9, 10). Calcite and dolomite cements are common, and generally they become

important down-section, occluding porosity, thus good reservoir properties are lost (PLATE

9). In the northern part ofthe study area (i.e., Plover Lake and Luseland fields), the TBS in

core is very rubbly (PLATE 10 A). The absence ofcalcite cement and the presence ofoil give

the sandstone little cohesion.

Sedimentary structures include wave-, and current-ripple bedding, herringbone, hummocky,

and trough cross-bedding and planar bedding (PLATES 10, 11). Locally bedding is slightly

coarser-grained (0.25 mm) than the average (0.15-0.2 mm), displays erosional lower contacts,

some appears graded but this more likely resulted by gradual settling from suspension

produced by avalanching ofrelatively coarse grains to the lower parts of forsets (PLATE 10

E). Mudstone interbeds and mud rip-up clasts make up to 100/0 of the facies, and are of the

same composition as the finer grained interbeds of the ISSS (PLATE 11 D). Sediment .

loading features and convolute bedding are important locally (PLATE 11 E). Trace fossils

from the Cruziana assemblage are rare and localized.

2.2.5.1 Interpretation: Thinly-Bedded Sandstone (TBS)

The presence of wave and current ripples, trough cross-bedding, hummocky cross

stratification (HCS), planar bedding, and the lack of trace fossils are a result of vigorous

agitation of the substrate by waves and currents. Herringbone cross-bedding indicates that

65



bidirectionally opposed currents influenced substrate depositional patterns. Stressed conditions

related to a continually mobile substrate are reflected in the paucity oftrace fossils in the TBS.

Deposition took place above fair-weather wave-base in an environment that was influenced

by normal currents and waves, a tidal component, and periodic storm deposition (cf. Nelson

et aI., 1982). HCS and normally graded beds are produced during stormts and are preserved

above fair-weather wave-base (Swift et al., 1986; Wilson, 1982). Within the TBS a similar

interpretation is likely. Comparable processes were responsible for the deposition of the

hummocky and graded beds, which were preserved above fair-weather wave-base due to the

lack ofreworking and rapid burial. Convolute bedding resulted from (1) local slumping that

may have been caused deposition on an uneven surface, (2) sediment dewatering processes,

or (3) storm surges. Preservation of the rip-up clasts within the TBS indicates erosion of the

ISSS by the processes responsible for deposition of the TBS and rapid burial of the clasts.

The lack ofa well-develoPed channel network and typical tidal flat facies, poor sorting, and

high clay content in some sands, indicate that tidal influence and sediment sorting, were

negligible, as common in a microtidal setting (Walker and Harms, 1975). Modem examples

of microtidal environments include the Gulf Coast (Israel et aI., 1987) and the Bering Sea

(Nelson et aI., 1981), where well developed tidal channels and flats are absent.

2.2.6 INTERBEDDED SANDSTONE SILTSTONE SHALE FACIES

The thickness ofthe ISSS varies from 0-11 meters; the unit is absent in the extreme south

west of the study area. The ISSS consists of interbedded brown sand, brown-grey silt and

greenish-grey shale in varying proportions; sand-to-mud ratios vary from 80:20 to 40:60,
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PLATE 12

The interbedded sandstone-siltstone-shale (ISSS) facies contains many interesting
sedimentary structures. They are easily seen because of the contrast between the grain

sizes and bedding.

A) Bioturbation (arrows) features are associated with clay drapes (a), and wavy (b) and
lenticular bedding (c) in the ISSS. Core width is 8 cm. Location B4T-19-31-23W3~ depth
830.5 m.

B) Soft sediment deformation within the ISSS~ a likely cause for this type of feature (a) is
sediment dewatering~ Thalassinoides (b) burrows follow fine clay interbeds. Core width is
8 cm. Location 4-14-31-23W3~ depth 811.4 m.

C) Brecciation structures are easily seen against the contrast of lighter fine clay and silt (a)
and darker oil-stained sandstone (b) interbeds~ these structures are rare and of unknown
origin. Location A3-24-32-25W3 ~ depth 821.3m.

D) Clay drapes appear white (a) overlying sandy interbeds (b). Location A3-24-32-25W3~

depth 817.5 m.
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PLATE 13

There is a common association between the interbedded sandstone-siltstone-shale (ISSS)
and the thinly-bedded sandstone (TBS) facies in the middle member of the Bakken

Formation.

A) The ISSS (5 m) overlies the TBS (5 m) which is very dark brown because ofoil-staining;
fine scale bedding can just be made out (1). Common are wavy (2) and lenticular (3) types.
The contact between the facies falls at the end or beginning of core boxes. Contact
relationships are difficult to discern because ofheavy oil-staining that obscures structure but
at times can appear sharp. Location B4T-19-31-23W3; depth 826-836 m.

B) Interbedding of the ISSS and TBS. Clay drapes (arrow) are clearly in sharp contact with
the dark brown, oil-stained sandstone. Location B3-24T-31-24W3; depth approximately
824.5-830 m.

C) Interbedded nature ofthe ISSS and TBS showing soft sediment deformation that is shown
close up in Plate 12 B (arrow), and soft sediment deformation and Thalasinoides that is
shown close up in Plate 11 E. Location 4-14-31-23W3; depth approximately 807-813.6 m.

D) Interbedding of ISSS and TBS showing soft sediment deformation (arrow) and
Thalassinoides traces (1) and sharp contacts between the TBS and ISSS (3). Location 16
10-31-23W3; depth ~816.5-822.2 ffi.
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and average 70:30. Bioturbation is slight to moderate, and where burrows are seen, they are

horizontal, following bedding planes in the sandy beds (PLATE 12 A). Where the sand-to

mud ratio is above average, abundant soft-sediment deformation features, such as flame and

ball-and-pillow structures and convolute bedding are preserved (PLATE 12 B). Localized

brecciation features, though present (PLATE 12 C), are rare.

Wavy, lenticular, flaser and rare starved ripple bedding are present; bedding types vary with

the sand to mud ratio (PLATES 13). The predominant sedimentary structures in the coarser

interbeds are current ripples (PLATE 12 A and D). Bedsets are from < 1 and up to 5 cm

thick, rarely exceed 5 cm, and average 1-2 cm. Clay drapes are found on both silt and sand

interbeds (PLATES 12 and 13). Rare graded bedding is seen in the sandstone beds and small

scale (~2 cm thick) hummocky (?) cross-stratification has rarely been observed in siltstone

beds. The TBS and ISSS are contiguous, and the two typically occupy the central part of the

middle sandstone member within the Bakken Formation (PLATE 13). Rare examples

showing the erosional nature ofthe contact between the two units attests to migration ofTBS,

as sand flats or shallow poorly developed tidal channels, over the ISSS (PLATE 13 D).

2.2.6.1 Interpretation: Interbedded Sandstone-Siltstone-Shale (ISSS)

The presence ofmud, silt and sand as discrete interbeds suggests that deposition took place

where fluctuations in the flow allowed for slack water deposition ofmud that alternated with

periods of increased flow when sand was deposited. Flaser, lenticular and wavy bedding are

commonly associated with, and most characteristic of: tidal deposits (Klein, 1971; Middleton,
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1991; Wejmer et aI., 1982), but alone are not diagnostic of tidal sequences. Soft sediment

deformation such as slumping indicates periods ofrapid deposition, where sands are deposited

on poorly consolidated clay. Localized brecciation features (PLATE 12 C) are rare and may

reflect events that occurred long after deposition of the Bakken Formation such as collapse

features related to solution of older evaporite successions (e.g. the Torquay Formation),

although the origin of these features is still questionable. All of these features, considered

collectively, are fairly typical ofestuarine and offshore tidal settings (Clifton, 1982), where

clay is deposited during periods ofslack water, and rippled sands and silts are deposited when

tidal currents are active.

Many ofthe soft sediment deformation features are likely biogenic in origin. The degree of

bioturbation depends on the rate of faunal mixing relative to physical reworking or

accumulation (Clifton, 1982). A rapid sedimentation rate and constant physical reworking

resulted in little biogenic influence in the lower intertidal to subtidal environment.

2.2.7 CALCAREOUS SANDSTONE FACIES

This facies is found locally in the Luseland, Court and Coleville areas, and varies in thickness

from 0-8 m. The CSST consists of a moderately bioturbated, shaly, to slightly calcareous

sandstone (PLATES 14 and 15). The facies contains a shale matrix, fine to very fine-grained

quartz sand and phosphate grains. It is pervasively dolomitized, and patchy calcite cement is

common; both the dolomite and calcite cements are ferroan. The shale is green and appears

to be similar to the green UBS and UBSH (described below); the quartz sand grains resemble
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those found in the TBS, TSSS and the TBBS. Burrows are of moderate density and low

diversity; Teichichnus is the only trace fossil recognized (PLATES 14 C and 15).

2.2.7.1 Interpretation: Calcareous Sandstone (CSST)

Deposition between storm wave-base and fair-weather wave-base is suggested for CSST

deposition. Small-scale sedimentary structures, not unlike those found in the TBS and ISSS,

are visible even though the unit is moderately bioturbated. A moderate density, low diversity

trace-fossil assemblage indicates stressed conditions, and is associated here with tranquil

stressed, or marginal marine brackish conditions. Teichichnus belongs to the Cruziana

ichnofacies (Pemberton et al., 1992) and is commonly found at shallow subtidal depths, but

has been described froll1 lagoonal settings and from the nearshore-offshore zone

(Chamberlain, 1978, p.182-183), intertidal to shoreface and offshore zones (Crimes, 1976,

p.80), intertidal and shallow subtidal flats (Crimes et aI., 1976, p.96) and from deep-sea

~rilling core (Ekdale, 1976, pp. 163-182). Teichichnus has more recently been found to be

diagnostic ofopportunistic assemblages and is abundant in proximal tempestites (Pemberton

et aI., 1992 p. 85-177). A medium density, lo\v diversity trace-fossil suite, of \vhich

Teichichnus is a member in Mannville deposits, is indicative ofbrackish marine conditions

(Pemberton and Wightman, 1992). LA similar interpretation, that ofsalinity stress, is postulated

to explain the low diversity, high density trace-fossil suite of the CSST. Salinity stress

affecting the biological community can be induced by depth variations, circulation restriction,

basin configuration changes, fluvial input or effects ofsea level fluctuations. Fluvial input and

possible deepening affected the sediment infauna of the CSST.
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PLATE 14

The calcareous sandstone facies (CSST) is local to the northern part of the study area. It
occupies a stratigraphic level where it displays facies relationships with the upper black
shale member and the upper bioturbated siltstone (UBS) facies of the middle sandstone
member of the Bakken Formation. In the 10-18-36-25W3 well there is no upper black

shale; only CSST directly underlies the Lodgepole Formation.

A and B) Cored section shows lower contact with the Lodgepole Formation (a), and the top
of the CSST unit ofmiddle Bakken Formation; there is no upper Bakken shale in this well.
The top ofthe core is on the right hand side ofthe plate (A). The base of the cored interval
is on the left hand side ofthe plate (B). The section labelled (b) is a close-up in Plate 14 C.
Location 10-18-36-25W3; depths from 714.5-719.2 m.

C) The CSST is intensely bioturbated; Teichichnus (a) is the only trace fossil recognized in
the facies. Location 10-18-36-25W3; depth 718.1 m from (b) in Plate B.
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PLATE 15

The calcareous sandstone is commonly intensely bioturbated and this is the basis for
recognition of the facies. It is localized in the northern part of the study area.

A) Teichichnus burrows (arrows) are of moderate density in the CSST unit. Core width is
8 cm. Location A3-24-32-25W3; depth 812.8 m.

B) Teichichnus burrows (arrows) are the only trace fossil in this section ofCSST. Location
3-17-36-25W3; depth 721.5 m.
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2.2.8 UPPER BIOTURBATED SILTSTONE FACIES

The UBS ranges from 0-2.7 m thick in the study area~ the unit is absent in the part south-west

of the study area. The UBS occupies the uppermost stratigraphic position within the middle

member of the Bakken Formation (PLATE 16).

Th~ UBS shares many of the same characteristics as the LBS, such as a similar trace fossil

suite, and similar skeletal allochems, but their relative abundances val)'. Generally bioturbation

is more intense, and crinoid ossicles are most abundant with minor brachiopod shell debris in

the UBS. The UBS is a mixture of light green to grey, silt, clay and is in places sandy, and

is pervasively dolomitized (PLATE 16)~ where dolomitization is absent, the UBS contains

calcite cement. Both dolomite and calcite cements are commonly found together~ calcite

cement is found in the basal part of the unit, and dolomite in the upper part. Petrographic

examination revealed that dolomitization may have enhanced the grain-size profile, and that

the original sediment might havebeen composed predominantly clay-sized particals with minor

silt and sand components.

2.2.8.1 Interpretation: Upper Bioturbated Sandstone (UDS)

Skeletal allochems characteristic ofan open marine realm, and intense bioturbation (Nereites

assemblage ofPemberton et a!., 1992) suggest deposition took place below fair-weather wave

base under normal marine conditions. A tranquil depositional setting is envisioned for the

UBS.
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PLATE 16

The upper bioturbated siltstone (UBS) commonly overlays other facies of the middle
member and appears to be a facies of the upper black shale member (UBSH).

(A) Photo shows middle and upper Bakken contact as gradational (arrow)~ the grey black
rock is UBSH (a) and the greenish-grey fine-grained material is UBS (b). Location B4-19T
31-23W3~ depth 823.1 m.

B) Photo shows middle and upper Bakken contact as gradational (arrow)~ the grey black rock
is UBSH (a) and the greenish-grey fine-grained material is UBS (b). Location D10-18-31
23W3~ depth 832 m.

C) Upper black shale of the UBSH and the upper bioturbated siltstone in abrupt contact
(arrow)~ pyrite fills burrows (a) in an intensely burrowed, cemented UBS. Location B13-16
31-23W3; depth 814 m.

D) Oblique section through crinoid columnal (arrow) in silty, dolomitized shale; photo length
is 1 mm. Location 10-3-30-29W3; depth 867.5 m.
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UPPER (BAKKEN MEMBER) BLACK SHALE MEMBER

2.2.9 UPPER BLACK SHALE FACIES

The UBSH varies in thickness from 0-3.6 m; the absence of the unit in the northern part of

study area is due either to erosion related to the pre-Cretaceous unconformity, or to non

deposition (Figure 2). The upper black shale shows many of the same characteristics of the

LBSH, although locally it is slightly coarser grained as a result ofa higher content ofsilt-sized

quartz grains (PLATE 17 F). The upper shale member also contains quartz silt laminae,

visible in hand sPecimen. These laminae are commonly several grains thick and, in places, are

graded (PLATE 17 A). They may have resulted from storm-generated turbidity currents, and

are locally abundant (e.g., the 1-7-31-27W3 well). Some of the coarser laminations form thin

beds up to 2 cm thick; fine sand and silt within the beds are burrowed. In places, basal

contacts are abrupt (PLATE 16 C); no signs oferosion were noted. The upPer contact of the

UBSH is always abrupt and is rarely burrowed (PLATE 17 B), which may be significant.

According to MacEachern et al. (1992) substrate controlled ichnofacies can be used as a

means ofrecognition for mapping stratigraphically important surfaces. The burrows at the top

of the upPer Bakken Shale, as well as a phosphatic bone and glauconite bed (Kents, 1959, p.

21 ) (PLATE 17 C, D and E) at the base of the Lodgepole Formation indicate a Period ofnon

deposition. Fish remains and rare plant fragments from the UBSH have been described by

Thrasher (1987, p.59), but were not observed in the study area.
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PLATE 17

The upper black shale (UBSH) is recognized informally as the upper member of the
Bakken Formation. This study has revealed that this facies also displays lateral
relationships with the CSST and the UBS in the northern part of the study area.

A) Light grey silty, sandy interbeds rarely observed in the UBSH; some of the thicker
interlaminae are burrowed. Location 1-7-31-27W3; depth ~874.5 ffi.

B) Glossifungites trace fossil suite on hardground at top of Bakken Formation (arrow);
burrows extend down into the upper black shale from the basal Lodgepole surface. At the
base ofthe Lodgepole Fonnation (arrow) a phosphate and glauconite bed is evident in many
wells; the horizon is commonly pyrite-rich (a). Black shale of the UBSH shows lamination.
Location B3-24T-31-24W3; depth 819.8 m.

C) Plan view of the basal Lodgepole-upper Bakken surface showing an uneven, pyritized
horizon; green material is glauconite (a) and the brown coloured debris are fish bones (b).
Location 10-33-30-24W3; depth 842.7 m.

D) Thin-section of surface viewed in (C) reveals phosphatic fish bones (a) and glauconite
(arrow). Photo width is approximately 1 mm. Location and depth are as (C).

E) The upper Bakken-Lodgepole surface is very sharp (arrow) and the speckled grey
sediment is littered with fish bones (a) as are seen in the previous 2 plates. Location 16-1 0
31-23W3; depth 813.6 m.

F) In thin section the UBSH appears much as the LBSH. Abundant (opaque) organic matter
(a) and quartz silt (b) are visible as white grains. The width of this photo is approximately
1 mm. Location 10-3-30-29W3; depth 864 ffi.
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2.2.9.1 Interpretation: Upper Black Shale (UBSH)

The UBSH is commonly black, and rarely green. During UBSH sedimentation, conditions

in the basin returned to an environment where high organic productivity (Swanson, 1961),

deePening and reducing conditions allowed for good preservation oforganics and black shale

deposition. Terrigenous clastic sediment input was once more reduced to a minimum as the

paucity of 4°K suggests (Webster, 1980). Green shale is commonly interbedded with the

black shale ofthe UBSH in the study area and indicates slightly less reducing conditions, and

lower organic matter content than the black shale. Where the UBSH is green, it is commonly

found in wells near other wells in which the CSST and UBS are found, which may indicate

a facies change and shallower depths than those that are typical for black shale development.
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CHAPTER 3:

STRATIGRAPHIC SUCCESSIONS OF THE BAKKEN FORMATION

3.1 VERTICAL SUCCESSIONS AND THEIR INTERPRETATION

Stratigraphic sections from ten fields and their surrounding areas are composed from as many

as eight facies and a total of nine different lithological units. Abundant lateral variation in

vertical facies successions of the Bakken Formation are present between core locations in the

study area; Figures 8 and 9 are a legend containing all sYmbols and abbreviations used in the

stratigraphic sections, and a map showing the different subdivisions within the study area with

the locations ofthe cores used with corresponding figure numbers, respectively. Figures 10-36

illustrate key facies succession observed in core; Figure 20 is a map showing a northeast

southwest trend of middle Bakken sand thicknesses. Variations within the Bakken

stratigraphic interval are described most efficiently when the study area is divided into south

and north sectors, and these further subdivided into five subsectors: the Coleville field and

surrounding district and the southwest Hoosier district in the south, the Court field and

surrounding district, the Plover Lake field and surrounding district, and the Luseland field and

surrounding district (Figure 9) in the north.

It is necessary to describe several individual wells in each area to show the wide variation in

facies from place to place. This is particularly true of the South Sector.
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Facies Legend
Lithology

_ Mannville Formation

~ Success Formation

~ Lodgepole Formation

Ei;':;':;'$1 Calcareous Sandstone (CSST)

It~ttt:1 Thinly Bedded Sandstone (TBS)

1:..-::..-:) Interbedded Sst.-Silt-Shale (ISSS)

r::J Bioturbated Silt (BS, [UBS,LBS))

[-:::.'1 Thinly Bedded Bioturbated Sst.

Oolithic-Bioclastic Grainstone

Black Shale

Big Valley Formation

Green Shale of the Big Valley
Formation

Sedimentary Structures

IPKul Pre-Cretaceous unconformity

10lSI Highly oil stained

,...../ Lag material

~ Ooids

1:!i: 1Carbonate cements

ITTI Cone-in-cone structure

Iel Clay clasts

1'-'1 Scoursurtace

[Q] Pyrite

[I] Plant material

[][] Burrows

~ Missing core

~ Unconformity

~
Rippled sand and silt
intercalated with shale

~ Wave and ripple laminae

lRl Wave

@] Current

IT] Fine sand intercalations

[mJ Bioturbation

IMDI Mud drapes

~ Cross bedding

~ Planar bedding

~ Clay interbeds

a Hummocky cross bedding

~ Massive bedding

~ Contorted bedding

a Herring-bone cross bedding

~ Patchy calcite cement

~ Dolomite

101 Fossils

Trace Fossils
[8] Helminthopsis

I§£I Scalarituba

IQhI Condrites

IIEJ Thalassinoides

[EI] Planolites

m Teichichnus

[Q] Cosmorhaphe

EEm Terebel/ina

FIGURE 8: Facies Legend for Figures 10- 37.
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3.1.1 SOUTH SECTOR

Coleville Subsector

Six cores were selected from this subsector to illustrate variations in thickness and facies

stacking patterns within the middle member ofthe Bakken Formation. In this region the upper

and lower black shale members are ubiquitous and each shows negligible changes in thickness.

The middle member ofthe Bakken Formation shows ample variation in facies distribution and

overall thickness.

Dl-36-31-24W3

On the southernmost edge of the Coleville subsector the Bakken is thin (16 m) in the Dl-36

31-24W3 well; Figure 10 illustrates the stratigraphic arrangement offacies: a well developed

section of ISSS is directly overlain by UBS, constituting a relatively thin middle Bakken

interval.

Bioturbation in the ISSS is relatively high and appears more prevalent in the shale interbeds

reflecting substrate stability during slack water intervals. The ISSS unit in the D 1-36 well

exhibits a crude coarsening-up trend with the higher proportion ofsandy interbeds increasing

to the top of the unit.

The ISSS is overlain conformably by the UBS, which is highly bioturbated and moderately
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D1-36-31-24W3

830 ----t--.....

835

840

FI GURE 10: Ve rtical profile of co re fro m D1-36-31-
24W3. Units and facies contained within
this section include LBSH, ISSS, UBS and
UBSH.
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fossiliferous, with scattered randomly oriented brachiopod shells and crinoid ossicles being

most abundant. The contact between the two units is gradational and conformable.

AII-04-3I-23W3

Where the middle member is the thickest, it contains OBG, TBS, ISSS and UBS facies as in

the AII-04-3I-23W3 well (Figure 11).

Middle Bakken sediments in the AII-04 well represent initial intense wave action, little or no

terrigenous input and shallow conditions during deposition ofa carbonate shoal (OBG). The

basal one meter of OBG is primarily composed of coarse bioclastic debris; shells are

specifically oriented convex-up. The upper 3.5 m of shoal exhibits a fining-upward character

with coarser bioclastic fragments and ooids at the base, and ooids and finer skeletal debris in

the upper portion. Fine quartz sand laminae and thin beds are distributed throughout the

section. Carbonate sedimentation was periodically interrupted with clastic inundation.

The basal 3 m ofthe TBS contains planar, wavy and hummocky bedding. In the upper half

ofthe TBS wavy bedding structures become less abundant and small scale (1-5 em), current

generated structures predominate. The ISSS overlies the TBS and sand-to-mud ratios are high

at approximately 75:25.
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A11-04-31-23W3

840

845

RGURE 11: . Vertical profile of core from A11-4-31-23W3. Units
and facies included are the LBSH, OBG, TBS and
ISSS.
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B13-16-31-23W3

In theB13-16-31-23W3 well, a thin middle Bakken member, (8 metres), is composed ofOBG

interbedded with TBS and ISSS, and UBS. A 1.5 m section of OBG overlies the LBSH, and

is overlain by ~1 m of TBS, which is overlain in tum by approximately 1 m of oolite

dominated OBG (Figure 12).

In the B13-16 well, the lowermost section ofOBG is composed of thin layers (> 5 cm) of

oolites that separate thicker bioclastic intervals. Mud rip-up clasts are found at the base ofthe

OBG and shells are oriented convex up. AIm interval ofTBS separates the oolitic OBG

above from the bioclastic OBG below in the B13-16 well. This interval ofTBS contains mud

rip-up clasts near the base and is otherwise massive and apparently unstructured. The

overlying OBG is composed primarily of ooids with interbedded lenses of ISSS that are

roughly 3 cm thick. A 1.8 m section ofISSS overlies the uppermost OBG-ISSS interval in

well B13-16. It is bioturbated, contains soft-sediment deformation features, and sand-to-mud

ratios are low at 40:60 to 30:70. The UBS overlies the ISSS, contains a Nereites trace-fossil

assemblage, and is relatively thick at ~2.5 m. The upper black shale (UBSH) facies overlies

the UBS which also suggests a deePening trend during Late Bakken sedimentation.
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B13-16-31-23W3

810

815

820
~a;;~~08G/JSSS

825

FIGURE 12: Vertical core section through LBSH, OBG, TBS,
08G, ISSS, UBS and UBSH in well 813-16-31
23W3. The LBSH and top of the UBSH are
interpreted from geophysical logs.
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B8-23-31-24W3

Shoal development was patchy on the Bakken open marine shelf as absence of the OBG in

the B8-23-31-24W3 and 16-10-31-23W3 illustrate (Figures 13, 14). In the B8-23 well, the

base of the core, which is the base of the middle member from log interpretations, is

composed of~3 m offossiliferous, terrigenous, bioturbated sediment. The lowermost 5 m of

TBS is calcite cemented; it is a combination of sand and silt with ratios that average 70:30.

At 828 m, ~5 m from the base of core, soft-sediment deformation features or convolute

bedding are prevalent. Wave-ripple-bedding and clay drapes are common in the 17 m section

ofTBS in B8-23; parts ofthe intervals (826- 827 m and 822 m) show ISSS like development.

In the upper 3 m of core, planar bedding is the most abundant sedimentary structure.

16-10-31-23W3

The 16-10 well may contain OBG, but because this interpretation is made from geophysical

logs only (i.e., core did not penetrate to this depth), it is impossible to determine for sure. The

well does contain Thalassinoides burrows at the base of the TBS at 826.5 m (Figure 14). The

TBS occupies the lowermost 6.5 m of core. Above the occurrence of Thalassinoides,

sedimentary structures include cross-bedding and planar bedding. Above the TBS there are

approximately 4.5 m of ISSS containing Thalassinoides burrows, abundant mud drapes,

slumping features or soft-sediment deformation features, and wavy and lenticular bedding.

Sand-to-mud ratios vary from 50:50 to 60:40 and a coarsening-up succession is identified in

94



88-23-31-24W3

815

820~~

825

830-+--

835

Isssrrss

FIGURE 13: Vertical core section including T8S and ISSS
facies in well 88-23-31-24W3.
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16-10-31-23W3

810

815

820

825

83

FIGURE 14: Vertical core section including LBSH, OBG, TBS,
ISSS, TBS, UBS, and UBSH facies in well 16-10
31-23W3.
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the uppermost 2 m of the unit, where it grades into the UBS. Less than a metre of UBS is

represented in this well as it consists ofa bioturbated, dolomitized silty shale that grades up

into the upper black shale member (UBSH).

D12-17-31-23W3

A well develoPed carbonate shoal (OBG) overlain by sands of the TBS includes wave-ripple

and planar bedding structures are found in D12-17 (Figure 15). A lens of concentrated coarse

bioclastic material in the OBG is seen at 839.2 m depth. The lowermost meter ofTBS, which

overlies the OBG, contains scattered ooids, and is calcite cemented. Between 828.7 m and

831.8 m depth, the sand in the core is bioturbated and rarely contains abundant shell debris,

mostly crinoid ossicles. The interval is CSST-like in character and may reflect a lateral facies

change between the TBS and the CSST. The unit is slightly oil-stained which inhibits

identification ofburrow types.

Coleville Subsector Depositional Summary

A series ofgeneral trends are identified within the middle Bakken member in the Coleville

subarea. Initial black shale sedimentation in the LBSH was followed by a shallowing event,

prior to deposition of the OBG, that occurred during the initial stages of middle Bakken

sedimentation. As middle Bakken sedimentation progressed, a fining-up trend represents

another basin-deePening event, until black shale (UBSH) deposition resumed during upper
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D12-17-31-23W3

825

830

835

o

SPORES. SCHELECH AND LEIOSPHERES

50:50 SPORES :SPHERICAL ALGAE

845

FIGURE 15: Core log of LBSH, OBG, TBS, UBS and UBSH in
well D12-17-31-23W3. Samples from this well
were analyzed for spore and pollen. Results are
listed to the right of the section.
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Bakken sedimentation.

Black shale deposition in the Bakken Fonnation is interpreted as a result ofa basin deepening

model(s) described in Chapter 2. To avoid repetition this section will concentrate on

interpretation ofmiddle member deposition, since the upper and lower black shale members

have already been discussed.

Bioclasts ofthe OBG show a high degree ofabrasion, and there is little fine-grained material,

suggesting high flow-rates during deposition. Ooids, commonly found above coarser bioclastic

beds, were the result of a decrease in wave and current intensity following bioclastic shoal

development, and may have been related to bathYmetric changes. Thin beds (10 em or less)

ofcoarse bioclastic material found within ooid dominated sections of the OBG are probably

storm deposits. Planar cross-bedding at the top of the OBG, and large-scale cross-strata,

wave-ripple bedding and hummocky cross-bedding, all identified in the overlying TBS, suggest

deposition ofthe TBS under high flow conditions (i.e., flow conditions similar to shoals, but

with more siliciilastic input) that may have buried growing shoals with siliciclastic material.

Periodically during carbonate shoal development, in the B13-16 well, the environment was

interrupted by sedimentation that was subject to alternating flow patterns like those found in

tidal or estuarine settings. This type oftransition might occur if the shelf were subjected to a

deepening event, or may have been the result of terrigenous clastic progradation over the

shoals, or a combination ofboth.
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Ooid production may have halted due to an increase in water depth. Siliciclastic sediments

were then introduced and unconsolidated ooids reworked to become interbedded with sands

ofthe TBS. (DI2-17) Deposition of the OBG occurred above fair-weather wave-base, and

many attributes of the lower part of the TBS suggest deposition under similar conditions

(Thalassinoides in 16-10 well). In well A3-24-32-25W3 (Figure 16), the top of the OBG

contains planar-tabular cross-bedding. The TBS that overlies the OBG in A3-24 contains

large-scale cross-strata, wave-ripple bedding and hummocky cross-bedding (all bedforms are

from 10 to 30 cm thick). These structures support deposition during high flow conditions that

likely included storms. Several intervals within the TBS in well A3-24 suggest slack-water

deposition that is often associated with tidal deposition. ISSS-like intervals in A3-24 contain

mud drapes; the thickness of these intervals is < 0.5 m. In A3-24 wave and planar bedding

(10 to 20 cm thick) in the lower portion of the TBS, are replaced by current ripples (1 to 5

cm; and commonly 2 cm thick) in the upper part of the TBS. This indicates a change in the

type offlow that influenced deposition from wave-dominated, to current-dominated which

may record a deepening event. Several of cores (AII-4-31-23W3, 4-14-31-23W3, DI0-I8

3I-23W3 andB3-24T-3I-24W3; Figures 11, 17-19) in the Coleville area illustrate this upward

change from larger wave-generated structures, to smaller current ripples.

Palynological preparations were made from sample depths 840.5 m, 837 m, 834.2 m and

828.5 m in the DI2-17 well. Rough counts revealed data that support interpretations based

on sedimentary structures and lithologies, and trace fossil assemblages. At 840.5 m, a ratio

of 50:50 spores to spherical algae was found 0.5 m from the lower-middle Bakken Formation
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A3-24-32-25W3

810

815

825~o::="'t

830

FIGURE 16: Vertical core section including LBSH, OBG, TBS,
ISSS, CSST and UBS facies in well A3-24-32-25W3.
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4-14-31-23W3

FIGURE 17: Core log of OBG, TBS, ISSS, and UBS
in well 4-14-31-23W3.
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FIGURE 18:

D10-18-31-23W3

830

835

840~:;:"'I·

845-r------.

Vertical core section including OBG, TBS, ISSS,
CSST, UBS and UBSH in well D10-18-31-23W3.
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B3-24T-31-24W3
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FIGURE 19: OBG, TBS, ISSS, UBS and UBSH in vertical
core section from well B3-24T-31-24W3.
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contact. The ratio could simply reflect slow rates ofdeposition and mixing ofterrestrial wind

blown spores. At 837 m, 0.5 m above the OBG-TBS contact, spores, scolecodonts and

leiospheres were represented in equal proportions.

While the depositional environment during initial OBG deposition was shallow, an open

marine setting dominated by high wave-energy is suggested by the fossil debris (crinoids,

brachiopods, bYfozoans etc.) and clast size and orientation. As OBG deposition continued,

ooid production indicates that water depths remained relatively shallow, yet wave energy was

slightly less intense. At 834.2 m in the D12-17 well mostly spores were observed suggesting

a terrestrial influence and possibly closer proximity to the shoreline. Many ofthe sedimentary

structures indicate a wave-dominated setting, which may be indicate of shallow, surf zone

conditions. At 828.5 m the ratio was 50:50 spores to acritarchs in a bioturbated fining-up

cycle that also contains remnants of organisms associated with open marine environments.

Based on interpretations made by Williams and Sarjeant (1967) and Upshaw (1964) this type

of ratio might indicate that a terrestrial environment was relatively close at hand.

The TBS is not associated with fluvial or terrestrial sediments - all TBS intervals are enclosed

within other marine rocks. The paucity of trace fossils and clay matrix or interbeds concur

with this idea. Hummocky cross stratification (RCS), though considered by Duke (1985b) to

form primarily on the shelfbelow tidal and fair-weather influence, has been documented from

shallow depths (DeDelles and Ca Vazza, 1991; Greenwood and Sherman, 1986; Bose and

Chaudhuri, 1990) in the surfor intertidal zones, from both modem and ancient examples. A
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prerequisite for preservation ofthe RCS at shallow depths is rapid burial, and the presence of

mud rip-up clasts contained within the TBS attests to the rapid burial scenario. Although an

exact depth determination for the TBS ofthe Bakken Formation is impractical, sedimentary

structures, including HCS, suggest deposition above fair-weather wave-base. Thalassinoides

(16-10 well) is another indication ofthe shoreface to offshore transition (Chamberlain, 1978)

or corresponding shallow depths. General consensus is that HCS is produced by storm

generated flow patterns. Shallow marine sequences form in the presence of storm activity;

RCS beds are most likely deposited in shallow water successions. The most likely reason for

finding more abundant RCS in deeper water deposits is the preservation potential. Bedforms

in the surf and intertidal zones are more likely to be reworked than are offshore, deeper

deposits. The absence of subaerial features, such as mudcracks, paleosols and aeolian

deposits, implies subaerial exposure was not a factor during TBS deposition.

The TBS is the primary reservoir rock in the Bakken Formation and the thickest sections of

the middle member characteristically contain thick segments ofTBS. Northeast-southwest

oriented sand bodies (Figure 20), thick sections primarily composed of TBS in the southeast

and north, and TBBS and TBS in the southwest, are encountered where the middle member

of the Bakken is thickest in the study area.

The ISSS facies is better developed in several wells in the Coleville area (Figures 11, 14, 17,

18,19,21; AII-4-31-23W3, 16-10-31-23W3, 4-14-31-23W3, DI0-18-31-23W3, B3-24T

31-24W3, and B4T-19-31-23W3). The ISSS interval is found above, near the top of, or
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T.36

T.30

30mi

RGURE 20: Map of study area showing northeast
southwest trend that the thickest
portion of the middle Bakken member
represents (mainly TBS). Stippled
areas are greater than 15m of middle
Bakken (undifferentiated) sediments.
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B4T-19-31-23W3

820
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835
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825-+-~~~~

FIGURE 21: Core log of B4T-19-31-23W3, including TBS,
ISSS, CSST, UBS, and UBSH facies.
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interbedded with the TBS facies, and may represent ebb-and-flood tidal deposition that

occurred between, and protected by sand bodies of the TBS (D1-36-31-24W3: Figure 10),

where less powerful wave and current action would aHow for preservation of clay drapes.

Alternatively, nlany of the features so long accepted as characteristic signatures of tides in

peritidal flats can be formed by storm surges as well (Bose and Chaudhuri, 1990); the

question ofston11 influence cannot be ignored. Evidence for erosion of clay and silt drapes

contained in the ISSS is found in localized abundance of rip-up clasts, within the TBS, of the

same composition as the clay and silt interbeds \vithin the ISSS. More intense wave and

current action did not allo\v for abundant silt and clay drapes to be preserved \vithin the TBS,

and remnants of these finer interbeds are preserved as rip-up clasts and sporadic clay

laminations. The survival of these relatively fragile clasts within the sand bodies signifies

limited reworking of the facies and relatively rapid burial. The rip-up clasts appear to be

scattered within the TBS and are not commonlv related to anv surfaces that would su{!{!est of
J J ~

channel deposition. The evident lack oftrace fossils indicate a continually mobile substrate.

Ifstorms were strictly responsible tor TBS sedimentation, it is logical to expect some evidence

of fair-weather deposition or inter-storm deposits that characteristically contain trace fossils

and fine-grained interbeds.

Overlying the TBS, the burrowed CSST was deposited where wave and current activity were

negligible. The trace fossil assemblage in A3-24 (Figure 16) is of low diversity, nlediunl

density; Teichichnus is the most abundant component, and is interpreted as a sign ofbrackish

water influence (Pemberton and Wightman, 1992). Lack ofreworking by \vaves and currents,
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and the type and numbers of trace fossils present suggest brackish water deposition in a

protected bay, back barrier or outer estuary setting. Alternatively, basin deepening would

effectively retard the outflow of rivers slowing the mixing of marine with fresh water, and

would create a niche where opportunistic, low diversity, moderate density colonization could

take place.

The DBS is found throughout the Coleville area, and is an indication of further basin

deepening. It overlies the CSST in some wells, and the TBS in others, \\t1th no indication of

a depositional break or erosion. Fine silt and shale, deep water trace fossils, skeletal

allochems and bioturbation indicate distal, normal marine deposition. The UBS grades

upward into the UBSH over 10 cm or less. UBSH deposition is interpreted as another

expansion of the anoxia in the basin (cf. Wignall, 1991) associated with transgression and

deepening, as in the case of deposition of the LBSH discussed above.

We1110-33-30-24W3 (Figure 22) is interpreted to be distal to the shallower more dynamic

sand-body development at Coleville. The vertical facies succession is LBSH-TBBS-UBS

UBSH. Any of the 'higher energy' facies (TBS, OBG) are absent in this well. Nereites trace

fossil components are present and are generally indicative ofoffshore, relatively deeper-water

habitation. Trace fossil assemblages from both the TBBS and UBS facies support this

interpretation.
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FIGURE 22: Vertical core section through LBSH,
TBBS, UBS and UBSH in well 10-33-30
24W3. The LBSH and top of UBSH are
interpreted from geophysical logs.
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Hoosier Subsector

Upper and lower black shale members are ubiquitous in the Hoosier subsector; possible

evidence for pre-Cretaceous erosion was noted from one core (6-3-31-27W3; Figure 23).

Generally, where the section is not truncated by erosion, the southwest and western portions

of the study area contain the thickest sections ofmiddle Bakken observed from core and well

logs. Core ofthe middle member measured -19 metres in the 10-3-30-29W3 well (Figure

24). Wells in the extreme southwest of the study area (10-3-30-29W3 and 11-7-30-27W3;

Figures 24, 25) contain facies successions not characteristically observed elsewhere. In

particular, the southwest comer of the study area (Hoosier subsector; Figure 9), contains

bioturbated silts and sands that are identified as units or facies rarely observed in any other part

of the study area.

Vertical sequences from other wells in the Hoosier area resemble those from the Coleville

area. Al-7-31-27W3 and 14-34-31-27W3 (Figures 26, 27) wells contain similar facies and

facies successions. The A1-7 well is vel)' similar to vertical sections in the Coleville area. The

Facies sequence in well 14-34 is almost identical to the typical Coleville succession and is

interpreted as the result of similar depositional conditions. OBG is found stratigraphically

subjacent to the LBS which is characteristic ofthe southern comer of the Hoosier subsector.
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FIGURE 23: Core log of 6-3-31-27W3 including TBS and
ISSS facies.
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10-3-30-29W3
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FIGURE 24: Vertical core section through LBSH, LBS,
TBBS, TBS, UBS and UBSH in well 10-3-30
29W3. The LBSH and top of UBSH are
interpreted from geophysical logs.
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FIGURE 25: Core log showing the crystal limestone
of the Big Valley Formation, the LBSH,
LBS and TBBS of the lower and lower
middle Bakken Formation in well 11-7
30-27W3.
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A1-7-31-27W3

At the base of the core in the A1-7 (Figure 26) well a section of bioturbated sandstone is

interpreted as the TBBS. Overlying the TBBS is a section of ISSS including a basal section

ofhigh-angle crossbedding. Above the ISSS convolute bedding structures, mud rip-up clasts

and local bioturbation structures in the lower part are accompanied by herringbone cross

bedding and current ripple bedding in the uppermost part of the TBS.

The TBS is directly overlain by another section ofISSS with sand to mud ratios of 80:20 and

90:10. The top of the ISSS is marked by abundant convolute bedding structures, mud rip-up

clasts and pyrite nodules. The UBS overlies the ISSS with a relatively abrupt contact. The

UBS is pervasively dolomitized with bioturbate structures and crinoid ossicles common to

abundant. The UBS and UBSH are in abrupt contact, where a marked change in grain-size

and sediment colouration occur. There is no real evidence for erosion or non-deposition at the

contact. The UBS is slightly coarser grained, burrowed, contains abundant carbonate cement

(uppermost 2 cm is calcite) and is green-grey in colour. Conversely, the UBSH is black,

laminated shale. The UBSH is, in turn, overlain abruptly and unconformably by fine grained

Lodgepole carbonates.

14-34-31-27W3

In the 14-34 well (Figure 27), the middle Bakken member abruptly overlies a 4 m section of
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FIGURE 26: Vertical core section through TBBS, ISSS,
TBS, ISSS, UBS, UBSH and the Lodgepole
sediments in A1-7-31-27W3.
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14-34-31-27W3

FIGURE 27: Core log showing OBG, ISSS, and TBS
facies in well 14-34-31-27W3.
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lower black shale (LBSH). Abundant pyrite and phosphate clasts may constitute a lag at the

knife-sharp contact between the lower and middle Bakken members. Directly overlying the

LBSH is a 2 m section of OBG of which only one metre is cored. Here the OBG facies

consists of randomly oriented bioclastic shell fragments (mostly brachiopods), crinoid debris

and ooids. The uppermost surface of the unit in core is rippled. A 0.5 m section ofISSS

containing current ripples, mud drapes and Planolites burrows is in abrupt contact with the

underlying OBG.

An 8 m section of TBS conformably overlies the thin section of ISSS. The TBS contains

planar bedding, current ripples, minor normally-graded bedding and herringbone cross

bedding (Figure 27). Also present is a patchy distribution of calcite cement. A 3 m section

ofISSS overlies the TBS conformably. Two intervals of planar bedding were noted within

this unit at 840.5 m just below a 0.5 m section of lost core and at 842.1 m. Both of these

intervals are roughly 0.5 m thick and likely represent storm surge deposits. Above the 0.5 m

oflost core (840-840.5 m) a 5 m interval ofrubbly sandstone core contains probable current

ripple bedding, light green clay rip-up clasts and appears to be bioturbated.

10-3-30-29W3

Geophysical logs show a 2.9 m section ofLBSH in the 10-3 well (Figure 24). Abundant

pyrite and phosphate clasts constitute a lag at the knife-sharp intersection between the lower

and middle Bakken members. The LBS is approximately 7.5 m thick and contains abundant
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pyrite, skeletal remains ofbrachiopods and crinoid ossicles and is intensely bioturbated (Figure

24). Trace fossils within the LBS include Helminthopsis, Cosmorhaphe and Scalarituba.

11-7-30-29W3

The 11-7 well contains a facies succession of LBS, TBBS, and Big Valley carbonate rich

green shales and LBSH in core, and TBS, UBS and UBSH are interpreted from geophysical

log traces (Figure 25). About 3 m ofLBSH rich in pyrite and somewhat fractured underlies

the middle Bakken member. Both the lower and upper contact of the LBSH are abrupt and

unconformable. The uppermost contact ofthe LBSH with the middle Bakken above is abrupt

and uneven, and possibly contains a Glossifungites trace-fossil suite where organisms bored

into the semiconsolidated substrate. A 7.5 m interval of LBS overlies the LBSH and is

intensely bioturbated, fossiliferous with abundant brachiopod shells, and is pyritiferous. In the

uppermost 2-3 m of the LBS trace fossils present are Sclarituba, Helminthopsis and

Cosmorhaphe and a rare occurrence of (?) Skolithos. The contact between the LBS and

TBBS is best defined by a leftward shift in the gamma-ray trace indicating a clearer sand.

This is also identifiable in core through a subtle change in lithology from primarily sandy

siltstone to primarily silty sandstone. The contact appears to be gradational between the two

facies. The TBBS is also intensely bioturbated, some ofwhich were identified as Asterosoma,

Terebellina and Planolites.
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3-31-30-25W3 & 6-3-31-27-W3

Wells 3-31-30-25W3 and 6-3-31-27W3 (Figures 23, 28) are both anomalous, but for different

reasons. Well 3-31 contains no upper Bakken shale, or UBSH; the Lodgepole Formation

overlies the middle sandstone member (TBS); the Lodgepole is shaley at its base. Little else

can be determined from this well because geophysical logs do not cover the core interval.

Well 6-3 contains a channel sandstone that apPears atypical for the TBS facies. It is massive,

very clean, and is coarser grained than is characteristic for the sands found in the Bakken

Formation. Drill-cuttings descriptions that accompany the well report (unpublished well

report for 3-31-30-25W3) describe 5 m of limestone (presumably Lodgepole Formation) that

overlie 2 m ofdark grey to grey shale that is interpreted in the well report as upper Bakken

shale. Geophysical logs lack the usual signature for UBSH; the limestone described in the

cuttings descriptions may come from a boulder within the Success Formation or a Mannville

sand channel, an erosional product ofLodgepole limestone.

Hoosier Subsector Depositional Summary

While the 14-34 well resembles Coleville area in the relative stacking offacies, the A1-7, 10-3

and 11-7 wells differ slightly. Commonly they are thicker Packages ofstrata and they contain

one or both ofthe LBS and TBBS facies, in addition to the more common facies - the TBS,

UBS and ISSS. Graded and planar bedding seen in the TBS indicate that strong currents

affected the substrate Periodically. The presence ofcurrent ripples and bidirectional current
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FIGURE 28: Vertical section through TBS strata of the
Bakken Formation that are directly
overlain by Lodgepole limestone in well 3
31-30-25W3.
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structures such as herringbone bedding suggest lower intertidal to intertidal deposition (14-34

well), where current strength would fluctuate between times of fair-weather and storm events.

Bedding between mud drapes within the ISSS is ofcurrent origin. Deposition during periods

ofalternating flow were periodically interrupted by stronger waves most likely derived from

storm events. At other times mud drapes were preserved in the basin, placing this environment

as subtidal to sublittoral below fair-weather wave-base. Trace fossil assemblages found in the

LBS and TBBS (10-3; 11-7) indicate that these facies were deposited under normal marine

conditions. Current and wave energy were negligible, allowing for a well established infaunal

population. The LBS and TBBS are considered to have been deposited in deeper (LBS) or

protected parts of the basin (TBBS). Other facies (TBS, UBS and ISSS) also present are

considered to be depostied under similar conditions as described earlier. Migration of sand

beds off of a slope break or into a crude channel are likely responsible for the contorted

bedding and mud rip-up clasts (A1-7 well). Relatively low energy current-generated structures

that overlie the large and more contorted bedding structures suggest a decrease in overall

strength of the currents and waves affecting the bottom, and this may correspond to a

deepening event.

The depositional interpretation of the LBSH is similar to that described above. Within the

middle member the LBS-TBBS-TBS-UBS-UBSH facies succession represents initial distal

deposition of fine silt and shale below storm wave-base (LBS). Sand was introduced into

deeper portions of the basin; before the basin filled to fair-weather wave-base, organisms

found the environment hospitable, and the TBBS is moderately bioturbated at its base.
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Components from the Nereites and Cruziana(?) ichnofacies assemblages are represented. Up

section, bioturbation becomes progressively more scarce, and is finally only represented by

Chondrites (Pemberton et al., 1992), until it is absent in the TBS (10-3 well). This represents

the biota's inability to withstand the dynamics of the TBS depositional environment. The

fining-up trend seen in the TBS-UBS-UBSH is a result ofdeposition coincidental with a basin

deepening event~ cessation of sand deposition may have resulted due to shifting of

depocentres, or retreat ofthe shoreline and sediment entrapment in rivers. UBS deposition

occurred in water depths below storm wave-base under normal marine conditions. The

UBSH overlies the UBS here, and the depositional interpretation for this relationship is as

described above.

A dilemma arises in stratigraphically positioning the anomalous sand in well 3-31. One

consideration is that the sand is ofMannville age~ the problem with this interpretation is that

the sand underlies the Success Formation, which is older. Alternatively, the sand may be of

Bakken age and represent a rare occurrence of channelling within the middle member. The

base ofthis mostly massive sand unit contains indications of high-angle cross-bedding, and

abundant rip-up clasts of similar composition to the clay laminae found draping ripple bedding

in the TBS and ISSS. A possible explanation for the odd stacking pattern in the 6-3 well

proposed by Kents (1959) is that caverns in the Lodgepole have been filled with post

Lodgepole sediments, and the 6-3 core may have penetrated one such cavern.
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3.1.2 NORTH SECTOR

In the northern part ofthe study area vertical successions show less variability than in the south

sector (Figure 9). The LBSH is present in all wells where core was observed. Within the

middle member of the Bakken~ the TBS and ISSS are almost always ubiquitous~ exhibit a

common interbedded associatio~ and are commonly the only two facies found in the middle

member of the Bakken in this sector (although the LBS~ UBS~ and the CSST are locally

present). The upper shale member (UBSH) exhibits facies relationships with the CSST and

the UBS of the middle member. The pre-Cretaceous erosional edge cuts into the Bakken

Formation in the north area, and some or all ofthe Bakken section is absent in some locations.

Court and North Court Subsector

The Court and North Court fields~ although included in the northern sector~ are relatively

central within the study area (Figure 9) and exhibit facies successions that are interpreted as

transitional from the more complex stacking patterns of facies in the southern sector to the

seemingly less complex successions found in the north.

The Court and North Court fields contain cores that include the pre-Cretaceous unconformity

close to~ or in contact with the Bakken section. All wells where core was logged contain the

LBSH; middle member facies stacking patterns vary from LBS-TBS (6-31-33-27W3)~ TBS

ISSS-TBS (A2-18-35-27W3)~ ISSS-TBS (14-25-33-28W3)~ and ISSS-TBS (6-25-33-28W3)
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(Figures 29-32).

6-31-33-27W3

Presence ofthe LBS in 6-31 well represents the northernmost limit of LBS deposition seen

in the study area. The LBS is overlain by the TBS. The TBS and ISSS exhibit interbedding

similar to that seen in other parts of the study area, although this is not the case in the 6-31

well where the ISSS is absent.

6-25-33-28W3

A 2.7 m interval ofLBSH (ofwhich only the upper 0.8 metres was cored - the remainder is

interpreted as LBSH based on geophysical log signature) is abruptly overlain by a 0.5 m

interval ofISSS of the middle member of the Bakken Formation (Figure 30). The ISSS is

overlain by a 7 m interval ofTBS containing abundant rip-up clasts of the same composition

as the clay drapes contained within the underlying ISSS. Current ripple bedding dominates

throughout most of the TBS interval except at the very top, where high-angle, large-scale,

cross-bedding was noted. The uppermost contact of the TBS (and the middle Bakken

member) is abruptly overlain by a 1.9 m interval ofUBSH which contains intervals of green

as well as black shale. The UBSH, or upper Bakken member, is unconformably overlain by

Lodgepole calcareous shales and shaly limestones. Only 1 m of the Lodgepole remains, and

this is unconformably overlain by cemented rubble of the Success Formation.
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6-31-33-27W3

FIGURE 29: Core log showing Big Valley limestones and
Success Formation cemented rubble
separated by the Bakken Formation in well
6-31-33-27W3. Bakken units include LBSH,
LBS and UBSH.
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6-25-33-28W3
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FIGURE 30: Vertical section through LBSH, ISSS, TBS
and UBSH of the Bakken Formation in well
6-25-33-28W3. The Bakken is overlain by a
thin section of Lodgepole Formation which is
overlain by the Success Formation.

128



14-25-33-28W3

Geophysical log information indicates that the LBSH is 3.2 m thick in the 14-25 well; no

LBSH was cored. In core a thin section, only 0.7 m of ISSS, appears to directly overlie the

LBSH (Figure 31). The ISSS is overlain by approximately 10 metres of TBS; the contact

between the ISSS and the TBS appears to be erosional, and a lag of shell debris is

concentrated on the surface that marks the contact. Log information indicates that there is a

0.6 m interval ofUBSH directly overlying the TBS at 850 m, or the top of the core.

A2-18-35-27W3

The A2-18 (Figure 32) core contains Big Valley green shales and the Crystal limestone

erosional pavement that directly underlies below the lower Bakken member. At the contact

between the Crystal limestone of the Big Valley Formation and the LBSH or lower Bakken

shale a concentration of fine phosphate pebbles constitutes an erosional lag deposit. The

LBSH is a little over 4 m thick in the A2-18 well and is mostly black except at the upper

contact with the middle Bakken member, where it is green (uppermost 20 cm) and coarsens

slightly. The LBSH is abruptly overlain by 0.8 m ofTBS, which is in tum overlain by 0.5 m

ofISSS. A 1.6 m section ofTBS is unconformably overlain by Mannville shales above the

pre-Cretaceous unconformity.
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14-25-33-28W3
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FIGURE 31: Vertical section through ISSS and TBS
facies of the middle Bakken in well 14
25-33-25W3.
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A2-18-35-27W3
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FIGURE 32: Core log showing Big Valley sediments
that are overlain by LBSH, TBS, ISSS
and UBSH units of the Bakken
Formation in well A2-18-35-27W3.
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Court and North Court Depositional Summary

At Court, where the UBSH directly overlies the TBS, conditions affecting deposition were

altered abruptly; there is no intennediate facies association (such as TBS-UBS-UBSH) in the

upper part ofthe middle member ofthe Bakken, only deposits that accumulated above fair

weather wave-base (TBS) abruptly overlain by anoxic, quiet-water anoxic to dysoxic

sediments. Sediment supply to this region was suddenly cut off; facies that indicate waning

sediment supply or a transition from shallow to deep are absent (e.g.,UBS). The UBSH, and

locally the LBSH, at Court contain green beds which suggest dysaerobic bottom conditions

and shallower depths during deposition (Ettensohn and Barron, 1981). The slight green

coloration at the top ofthe LBSH indicates slightly less anoxic conditions near the end ofblack

shale deposition. This may mark proximity to the basin edge or shoreline, where shallowing

would first show up as less anoxic sediments due to the mixing of the water column in

shallower water. The interbedded nature of the TBS and ISSS suggest a contiguous

relationship that is commonly observed in other cores from other parts ofthe study area. The

ISSS contains abundant finer grained silt and mud here, as the sand to mud ratio is 30:70.

Lateral migration ofsandbodies over lower intertidal and subtidal mud-rich beds would explain

the intercalation of the two facies.

Very little ofthe Lodgepole Fonnation remains here; Success Fonnation rocks are commonly

seen in core and are separated from the Bakken Formation in places by less than 1 m of

Lodgepole Formation; elsewhere in the subsector the Bakken has been completely eroded.
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Plover Lake Subsector

Further north and east, at Plover Lake (Figures 4, 9), Bakken strata have been removed in part

by erosion associated with the pre-Cretaceous unconformity. Bakken strata consist ofLBSH

ISSS TBS-UBSH, as seen in the 15-5-35-26W3 and 7-5-36-25W3 cores (Figures 33, 34).

In 15-5 erosion has removed some of the UBSH, while in 7-5 the UBSH is thin and green,

and is overlain by Lodgepole limestone.

15-5-35-26W3 & 7-5-36-25W3

The ISSS is found at the base ofthe middle member, and is interbedded with the TBS (lower

part of the middle member), as seen in 8-6-35-26W3 (Figure 35).

8-6-35-26W3

An upper section ofmassive, oil-saturated TBS is undererlain by interbedded TBS and ISSS

sediments. The ISSS contains abundant mud drapes, and the interbedded sands are massive.

Plover Lake Depositional Summary

The interbedded unit, ISSS, is well developed suggesting slack water and alternating current

flow conditions dominated. The intercalation of the ISSS and the TBS in the 8-6 well

133



1S-S-35-26W3

FIGURE 33: Vertical section through LBSH, ISSS, TBS
and UBSH units of the Bakken Formation
in well 1S-S-3S-26W3. Bakken strata are
overlain by Lodgepole limestones and
shales.
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7-5-36-25W3

725
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73

FIGURE 34:

74

Core log of CSST and UBSH in well 7-5
36-25W3. Green shale of the upper
Bakken member are overlain by
Lodgepole limestone.
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8-6-35-26W3

845

FIGURE 35: Vertical section showing interbedded ISSS and
TBS facies in well 8-6-35-26W3.
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indicates lateral migration ofthe two facies over the basin floor. The TBS is predominant in

the upper part of the middle member, and in all wells where core was logged, overlies the

ISSS. That TBS is found above all ISSS intervals in the Plover Lake field suggests an increase

in wave and current influence, no longer allowing for slack water deposit preservation of

material finer than fine-grained sand; this is normally associated with shallower water depths

where waves and currents are the predominant mechanism for sediment distribution. At

Plover Lake, lJBSH overlies the TBS and is interpreted as deposition in response to basin

deepening, and sediment starvation due to flooding ofriver basins. The OXygen deficient sea

Luse!and Subsector

North and east of Plover Lake, the Luseland field consists of a similar facies succession:

typically LBSH, ISSS, TBS and CSST facies make up the Bakken Formation at Luseland~

10-18-36-25W3

In wen 1O-18-36-25W3 (Figure 36), wave formed structures and planar cross bedding(?) are

visible in the lower portion ofthe TBS. The TBS is always found above ISSS intervals in the

Luseiand and Fiover Lake fieids. The CSST overlies the TBS at Luseiand and is overlain by

Lodgepole linlestone, as seen in well 10-18; the lJBSH is absent as a result ofnon deposition.
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10-18-36-25W3

735-!

FIGURE 36: Core log illustrating LBSH of the lower
Bakken overlying the Big Valley
Formation. ISSS, TBS and CSST facies
underlie the Lodgepole Formation in well
10-18-36-25W3.
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North Sector Depositional Summary

Similar depositional patterns occurred in the north and south sectors for the lower Bakken

member and for the lowermost part of the middle Bakken member~ similarities in facies

successions between the two areas confirm a similar depositional history. Within the Hoosier

subsector deeper water deposition is noted in the LBS and TBBS facies. Changes were noted

in the upper part of the middle member ofthe Bakken and the upper shale member where it

is present. A trend is identified through the Court field and further north into the Plover Lake

and Luseland fields. The upper black shale contains green shale interbeds. According to

Ettensohn and Barron (1981), green coloration corresponds to shallower depths and less

anoxic conditions on the seafloor during deposition. Green shale occurrences in the UBSH

appear more prominent further north and west in the northern sector of the study area.

The CSST appears to be a facies equivalent ofthe upper black shale as it occupies the same

stratigraphic level in the 10-18 well in the absence of the UBSH. In this well there appears

to be no depositional break between the Bakken Formation and the Lodgepole Formation.

This is contrary to other evidence from the southern sector which suggests that a depositional

hiatus exists between the two formations. Pre-Cretaceous erosion and removal ofsome or all

ofthe Bakken section commonly make it impossible to observe the Bakken-Lodgepole contact

in the northern sector.
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3.1.3. OVERALL DEPOSITIONAL SUMMARY (NORTH AND SOUTH SECTORS)

Both the south and north sectors, though they contain vertical sections with different facies

successions, can be explained by analogous processes. Proximity to a paleoshoreline or

paleobathymetry resulted in distribution of the different facies types.

Prior to Bakken sedimentation, transgression led to black shale deposition (LBSH) that

occurred below fair-weather wave-base (and likely below storm wave-base) under anoxic

conditions, in response to the first expansion of the Bakken sea onto the craton. This was

followed by an influx ofclastic material that was distributed and modified by micro-tides as

the sea shallowed. Following the deposition ofthe LBSH the basin shallowed substantially.

A depositional hiatus and possible erosion followed LBSH dePOsition~ evidence for subarial

exposure prior to middle Bakken deposition was not found in this study.

In the southern sector of the study area lower middle Bakken deposition occurred under

shallow, normal marine conditions. Carbonate shoals (GBG) developed and migrated across

the basin floor, little affected by clastic input. In deeper parts of the basin subjacent to the

carbonate shoals to the south and west, the source sediments for much ofthe bioclastic debris

that makes up the shoals, fine silts were deposited and reworked by infauna (LBS). This fine

material bypassed the carbonate shoal environment on its way from shore to the deeper

subtidal-sublittoral (below normal wave-base) parts of the basin to the south and southwest

(south ofColeville and the Hoosier and Court areas). If storms affected this part of the basin
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evidence was obliterated by further biotic reworking.

Terrigenous clastics were introducecL in response to basin shallowing and a change in base

level, and prograded into the basin. In the northern section muddy intertidal to subtidal flats

(lSSS) and cleaner, linear sand flats or ridges were developing behind the carbonate shoals in

a microtidal regime as sediment-choked river systems started to drain into the basin.

The basin remained shallow for a time and clastic sediment prograded into the basin,

overstepping the carbonate shoals. Large-scale wave-formed bedding and little bioturbation

suggest relatively shallow deposition for the lowermost TBS. Up-section in the TBS finer

scale current ripples predominate. Wave dominated deposition was replaced by weaker

currents as water depth in the basin began to increase. The trend from wave-dominated in the

lower part ofthe TBS to current-dominated structures in the upper TBS is seen throughout

the study area where sedimentary structures can be identified. Subjacent to the lowermost

TBS occurrences, the TBBS is representative ofdeposition of the same sediment into a quiet

water setting where biological activity was essentially uninhibited and rarely interrupted.

Further corroborating evidence for increasing water depth in the basin are the UBS and CSST

facies which contain trace fossils that also suggest deeper water deposition. The transition

between the uppermost middle Bakken and the upper Bakken shale member is considered

conformable and indicates a continued deepening trend. Culmination ofupper Bakken shale

deposition was followed by a period of non deposition (and erosion?) prior to Lodgepole
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sedimentation. A glauconitic bone-bed at the top of the Bakken-base ofthe Lodgepole marks

a period of non deposition that separates the two formations.
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CHAPTER 4

REGIONAL STRATIGRAPHY AND NOMENCLATURE

4.1 STRATIGRAPHIC CONSIDERATIONS; GENERAL STRATIGRAPHY

The Bakken Formation and strata ofequivalent age are remarkably uniform in terms of gross

lithology and thickness, and are found predominantly as subsurface units over more than two

thirds of North America. The lithologic character of the Bakken Formation and the high

radioactivity ofthe black shales make the unit easily traceable in the subsurface through well

log information. This highly distinctive clastic deposit marks an interval separating two Periods

of extensive oPen marine carbonate sedimentation. In Canada, the Bakken Formation, and

enclosing strata, can be correlated across the western plains, where a number of different

stratigraphic names have been assigned locally (Table 1).

4.1.1 The Study Area, Williston Basin and Beyond: Contact and Age Relationships

Bakken strata in Saskatchewan, Manitoba, Alberta, North Dakota and northeastern Montana

lie in the Williston Basin (Figure 1). In Saskatchewan, green to varicoloured shales and

carbonate grainstones of the Big Valley Formation underlie the Bakken conformably or

unconformably (Christopher, 1961); according to Christopher (1961) the Bakken Formation

is overlain conformably by nodular and shaly limestones of the Souris Valley beds of the
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Lodgepole Formation. The stratigraphy in Manitoba is only slightly different from that of

Saskatchewan, although there are nomenclatural changes: the Bakken Formation is underlain

unconformably by the Lyleton Formation, and is overlain conformably by the Lodgepole

Formation. In North Dakota, the Three Forks Formation conformably underlies the Bakken

Formation, and the Botteneau interval of the Lodgepole Formation overlies the Bakken

Formation conformably. In northeastern Montana, the Bakken Formation is underlain by the

Three Forks Formation and overlain by the Lodgepole Formation; both the upper and lower

contacts are conformable.

The contact between the Big Valley Formation and the Bakken Formation is considered

unconformable by some workers (Kents, 1959; Christopher, 1961; Karma and Parslow, 1989;

Edwards, 1991; Nordquist. 1953; Macqueen and Sandberg, 1970). Webster (1984) interprets

the contact between the Bakken and Three Forks formations (Big Valley Formation

equivalent) as conformable in the more central, deeper portions of the Williston basin and

unconformable on the basin flanks. Recent work on conodont biostratigraphy by Johnston

and Meijer Drees (1993) suggests that the sharp boundary between the Wabamun Formation

(Big Valley Formation equivalent) and the Exshaw Formation does not represent a major

hiatus.

Johnston and Meijer Drees (1993) found conodonts ofthe same age in the lower Bakken shale

of Saskatchewan (Uyeno in Karma and Parslow, 1989) and North Dakota (Hayes, 1985;

Thrasher, 1987), the Exshaw Formation ofAlberta and British Columbia, and the Sappington
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Member of the Three Forks Formation in Montana (Macqueen and Sandberg, 1970). It

appears that the above mentioned units are, in part, both lithostratigraphic and

chronostratigraphic equivalents of the lower shale member of the Bakken Formation. The

contact between the lower shale member and the middle, or Coleville sandstone, member is

everywhere abrupt. The exact nature of the surface remains unknown; no obvious evidence

of erosion or subaerial exposure was observed during this study. However, Christopher

(1961) refers to what he describes as 'shrinkage cracks' from the southeastern part of the

province, suggesting exposure in that part of the basin, but this has not been confirmed.

Within the study area the upPermost part of the Bakken Formation (upper-middle member

CSST, and upper shale member) exhibits variation not observed (or recorded) elsewhere.

Lateral variation suggests a facies change between black shale of the upper member and the

'near to source' sandstone of the CSST. Evidence to suggest a change in the oxygen status

during black shale deposition is a northward variation from black to green (and UBS) in the

upper shale. Further north within the study area (Court, North Court, Plover Lake and

Luseland subsectors; Chapter 3) sandstone ofthe CSST lies between the commonly seen TBS

and the Lodgepole interval. Tentative correlations based on analysis and comparison of

stratigraphic sections from core suggests that the UBSH, UBS and the CSST are facies

equivalents.

The Bakken-Lodgepole boundary shows variation in character. Examples (Plate 17C, Chapter

2; well B3-24T-31-24W3M) show evidence of a depositional hiatus in the form of a
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concentrated glauconite and phosphatic or fish bone bed and a hardground that contains a

Glossifungites trace-fossil assemblage, reSPectively. Other localities (e.g., 10-18-36-25W3M

Figure 37) contain sequences that appear to be continuous depositional successions. Given

that unconformities are commonly difficult to identify from deeply buried sequences, it is

possible that the hiatus so easily identified above the UBSH is obscured in the succession

containing the CSST directly below the Lodgepole Formation. The potential presence of

surfaces that represent unconformities or Periods ofnon-deposition elsewhere in the Bakken

Formation may just as easily be obscured for the same reasons.

Beyond the confines ofthe Williston Basin, beneath the central Alberta plains, the Big Valley

Formation unconformably underlies the Exshaw Formation and is overlain by the Banff

Formation. According to Macqueen and Sandberg (1970), the Exshaw Formation ofAlberta

consists of a lower black shale and an upper siltstone that are separated by a gradational

contact. The nature ofthe upper contact of the Exshaw with the BanffFormation, whether

non-depositional or erosional, is not well understood. In southeastern Alberta, the Bakken

Formation is underlain by the Big Valley Formation and overlain by the BanffFormation, but

the nature of the contacts is unknown. In the Rocky Mountains near Banff, Alberta (Jura

Creek), the stratigraphic succession is similar to that in the central Alberta plains, the only

difference being that the green to varicoloured shales of the Big Valley Formation of the

central plains area are replaced by oPen-marine shelfcarbonates ofthe Wabamun Formation.

The contact relationship between the Wabamun and Exshaw formations is as previously

noted.
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The Exshaw Formation ofAlberta and the Sappington Member ofthe Three Forks Formation

in Montana were noted as being similar both in thickness and rock type by Macqueen and

Sandberg (1970). They recognize five lithologic units in the Sappington Member: 1) a basal

black carbonaceous shale, 2) an alga-sponge, biostromal, nodular, silty limestone or calcareous

siltstone, 3) a lower siltstone containing interbeds of argillaceous siltstone and shale, 4) a

medial, slightly calcareous shale, and 5) an upper siltstone. In western Montana, Bakken

equivalents, namely the Sappington Member of the Three Forks Formation and the

Cottonwood Canyon Member ofthe Lodgepole Limestone, are underlain unconformably by

the Trident Member ofthe Three Forks Formation and overlain by the Paine Shale Member

of the Lodgepole Limestone.

Farther afield, numerous lithostratigraphic equivalents ofthe Bakken comprise rocks that are

recognizable in the subsurface over two-thirds of the continent. These include the Antrim

Formation ofthe Michigan Basin (Meissner, 1978); the Ohio and Chattanooga shales of the

Appalachian Basin; the New Albany shale of the Illinois Basin (de Witt, 1981); the Lower

Mississippian Black Shale in the Permian Basin (Meissner, 1978); the Woodford Formation

in the Anadarko Basin and Arbuckle Mountains (Meissner, 1978); the Cottonwood Canyon

Member ofthe Lodgepole Limestone ofnorthern Wyoming (Hayes, 1984); the Englewood

Formation of South Dakota (Hayes, 1984); and the Sunbury Shale of Ohio.
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Figure 37

Eight stratigraphic sections from Chapter 3 are illustrated to demonstrate the variability in
facies stacking patterns found in the study area. The inset map shows the locations.
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4.1.2 A Stratigraphic Comparison: this Study, the Williston Basin and Moose

Mountain section

Gross Bakken stratigraphy is surprisingly uniform over large areas. However, within the study

area, the middle member shows sedimentological variations over short lateral distances, as

have been described in Chapter 3 (Figure 37). Stratigraphic sections from other parts of the

craton also show a multi-facies makeup for the middle Bakken. Comparison between this

study area and that of LeFever et a!' (1991) and Mundy et al. (1992) for middle Bakken

lithologic divisions is difficult to impossible with present data. Comparisons made here are

based on lithologic similarities, and in some cases lithostratigraphic positioning, and are made

purely on speculation. The Moose Mountain (Mundy et a!., 1992) section, the central and

eastern part ofthe Williston Basin (LeFever et a!., 1991) and this study are used to compare

similarities over large areas. Whether these units are correlatable over long distances might

be determined through a large-scale stratigraphic study, but that approach is beyond the scoPe

of this study.

Table 4 illustrates the detailed Bakken Formation stratigraphy from the Williston Basin of

Saskatchewan, Manitoba and North Dakota (LeFever et al., 1991), and the Exshaw Formation

from Moose Mountain, Alberta, (Mundy et aI., 1992); a schematic ofthe Bakken Formation

from the study area is included. Due to the detailed nature ofthis study it is almost impractical

to illustrate all variations in lithology and facies from a single section, as is attempted in Table

4 (part C).
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Table 4

Lithostratigraphic correlations are shown for comparison from different areas of the craton:
A) illustrates how LeFever et al. (1991) related Bakken strata from different parts of the
Williston Basin (SK-Saskatchewan, ND-North Dakota, MB-Manitoba). Included also are
units from this study and that ofMundy et al. (1992). The stratigraphic relationships shown
here for this study and that ofMundy et al. (1992) are based purely on speculation, B) is a
stratigraphic section taken from Mundy et al. (1992) and illustrates the Exshaw and Banff
formations at Moose Mountain, Alberta, C) is a schematic section oftypical stacking Patterns
seen in this study.
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SILTSTONE,MASSIVE. DENSE, MonLED, DOLOMlTIC;ARGILLAC·
EOUS, GREY·GREEN; FOSSIUFEROUS; DISSEMINATED PYRITE;

7 4 B4 UBSlCSSTRHYTHMITES UP TO 15cm THICK IN LOWER HALF OF SECTION (QC. C 3
CASIONALLY FOSSIL· RICH); SUGHTLY BIOTURBATED; CONTACT
WITH UPPER MEMBER SHARP.

PARALLEL INTERBEDS OF DARK GREY SHALE AND BUFF SILTY
SANDSTONE; MODERATELY BIOTURBATED, VERTICAL BURROWS,
CALCAREOUS, DISSEMINATED PYRITE; OVERALL COARSENING-
UPWARD; FLAME AND LOAD STRUCTURES AT BASE OF COARSE

B3
6 B3 ISSS

LAMINAE; RHYTHMITES UPTO 1OcmTHICK; UPPER HALF MAY 5
DISPLAY TROUGH CROSS-BEDDED SANDSTONE BEDS; GRADAT·
IONAL LOWER CONTACT WITH UNDERLYING UNIT.

SANDSTONE, TRIPARTITE DIVISION WITH UPPER AND LOWER CARBONATE
THIRD WAVY AND FLASER BEDDED SILTY SANDSTONE; GRAD- SHOAL
ATIONAL TO AND FROM THE MIDDLE COARSE·GRAINED SAND· (C)
STONE, WHICH MAY BE MASSIVE AND/OR BEDDED (TROUGH AND
TABULAR CROSS·BEDDING, INCUNED AND HORIZONTAL LAMINAE,
AND SWASH CROSS-STRATIRCATION) WITH PEBBLE AND FOSSIL·

B2 4 2 2 B2 TBSlTBBSlOBGRICH LAGS (SHALE CLASTS UPT04cm DIAMETER WHERE B2
OVERUES THE LOWER MEMBER, AND FELDSPAR CLASTS); MAINL'

3 1

OUARTZOSE WITH MINOR FELDSPAR AND HEAVY MINERALS,
DIASTEMS, RHYTHMITES, FEW BRACHIOPODS, DISSEMINATED "SANDY"SELF
PYRITE; BUFF TO GREEN, CALCAREOUS; SUGHT TO NO BIOTUR- (B)
BATION.

PARALLEL INTERBEDS OF DARK GREY SHALE AND BUFF SILTY
SANDSTONE, MODERATE TO VERY STRONG BIOTURBATION
DISRUPTING LAMINAE, DOLOMITIC BECOMING CALCAREOUS WITH
DEPTH; DISSEMINATED PYRITE; FOSSIUFEROUS; LOWER CONT· B1 2 B1 ISSSIOBG (A?)
ACT GRADATIONAL; UPPER CONTACT GRADATIONAL OR EROSIVE
WHERE CHANNELLING; GREY·GREEN.

SILTSTONE, MASSIVE, DENSE. MOnLED, VERY CALCAREOUS,
ARGILLACEOUS, GREY-GREEN, HIGHLY FOSSIUFEROUS; RANDOM
ORIENTATION OF FOSSILS; DISSEMINATED PYRITE; LOWER CONT· A 1 1 A LBSIOBG

"MUDDY" OUTER
ACT MAY BE EITHER GRADATIONAL OVER SEVERAL CENTIMETER~ SHELF
OR EROSIVE. (A)

(A)

(B)

LOWER MEMBER

(e)

LBSH

zo
~

~a:
f!
LI.
LI.
Z

£ii

zo
~
c(
::!1:a:
f!
~:r:
rJ)
xw

A

B

A

DEEPWATER
BASIN

"SHOAL"

"SANDY" SHELF
(WITHIN S.W.B.)

"MUDDY"
OUTER SHELF

(BELOW S.W.B.)

152

...............-..
LBS

OBG

LBSH



4.1.2.1 Williston Basin

LeFever et al. (1991) recognize 5 subdivisions within the middle member from the Williston

Basin of Saskatchewan (SK), North Dakota (ND) and Manitoba (MB). A lower massive,

dense, mottled, very calcareous, argillaceous, fossiliferous siltstone (A in SK) is in gradational

contact with a parallel bedded shale and silty sandstone (BI in SK) containing moderate to

very strong bioturbation that disrupts laminae. This unit is described as dolomitic, becoming

calcareous with depth, and is ubiquitously pyritic and fossiliferous. An upper gradational or

erosive contact separates this unit from an overlying sandstone unit.

Unit B (in SK) is divided three-fold (BI, B2, and B3) with (I), an upper and (2), a lower

wavy and flaser bedding in silty sandstone, and 1 and 2 are gradational to and from the (3),

middle coarse-grained sandstone that is massive and/or bedded containing pebble- and fossil

rich lags. Grains are predominantly quartzose with minor feldspar and heavy minerals~ other

features include diastems, rhythmites, few brachiopods, pyrite, calcite, and slight to no

bioturbation. A gradational contact separates the B2 and the B3 unit.

The B3 (SK) is described as a Parallel interbedded shale and silty sandstone. It is moderately

bioturbated containing vertical burrows~ it is calcareous and pyritic. Sedimentary structures

include flame and load structures at the base ofcoarse laminae, rhythmites, and trough cross

bedding in an overall coarsening-up succession. Unit C overlies B3~ it is massive, dense,

mottled, dolomitic, argillaceous, fossiliferous, pyritic" contains rhythmites and is slightly
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bioturbated.

Christopher (1961) recognized two major subdivisions within the middle member of the

Bakken Formation in southern Saskatchewan (Table 4). The lowermost or 'A' bed consists

of approximately 10-35 ft (3.1-10.7 m) ofmassive, very calcareous, medium, greenish grey,

pYritiferous, fossiliferous, very fine-grained to silty sandstone. Bed 'B' contains the B1, B2,

B3 and B4 units that interfinger. B1 and B3 beds are shale tongues that merge in the western

halfofChristopher's study area. In the eastern half, shale tongues B1 and B3 feather out into

sandstone and siltstone of B2 and B4 units respectively. The B2 and B4 units are

characterized by massive, fossiliferous, silty sandstone or coarse siltstone (B4), 5-15 ft (1.5

4.6 m) thick. B4 rests on bedded friable, fine to medium sandstone ofB2, 10-15 ft (3.1-4.6

m) thick. The B2 unit projects westward across the southeastern part of Christopher's study

area as a well cemented, very calcareous, medium grained sandstone and oolitic calcarenite,

that passes upward into very silty sandstone, and then into laminated grey-black shale and

sandstone. Table 4 (part A) from LeFever et al. 1991 illustrates the relationships between units

within the subdivided middle Bakken in southeast Saskatchewan and North Dakota, Moose

Mountain, Alberta and this study.

4.1.2.2 Moose Mountain section

Moose Mountain (Table 4, parts A & B) is situated 55 km west-southwest ofCalgary, Alberta.
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It is included as part of the McConnell Thrust within the Front Ranges of the Rocky

Mountains. According to Mundy et al. (1992), three discrete lithologic units are represented

in the Exshaw section at Moose Mountain. The stratigraphic significance of these units was

previously overlooked as they were regarded as part of the Banff Formation.

In ascending order these units are described as: 1) a brown weathering calcareous silty

mudstone, grading to argillaceous limestone containing conspicuous brachiopod biota, that are

preserved mainly as articulated valves, and intensely burrowed by Helminthopsis and

Palaeophycus; 2) a calcareous very fine-grained sandstone, also brown weathering, that

exhibits medium shale cross-bedding and minor ripple cross-lamination, and sparse

brachiopods and crinoids. The sandstone is intensely burrowed by Scalarituba and

Helminthopsis; it is dolomitic and highly calcareous (calcite appears to be replacing dolomite

crystals and detrital quartz); 3) a pale weathering limestone: an oolitic-bioclastic grainstone

grades upward from the base into oncolitic-bioclastic rudstone/floatstone. Bioclastic grains

include crinoids, echinoid spines, gastropods, brachiopods, bryozoans and skeletal algae.

Macrotia envelopes are observed on crinoidal and molluscan grains and detrital quartz grains

are disseminated throughout.

According to Mundy et al. (1992) the three units of the Exshaw Formation at Moose

Mountain represent deposition at moderate depth in the offshore shelf, well below storm

wave-base for the mudstone or lowermost unit. The sandstone unit represents shallowing

whereby shelfconditions between storm and fair-weather wave-base, or shallower prevailed.
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The limestone unit was deposited under very shallow subtidal shoal conditions of only a few

metres depth at most, and may be thought of as the furthest regression of the Exshaw

sequence. The BanffFormation directly overlies the Exshaw limestone and is considered to

represent a rapid and progressive deepening to far below storm wave-base.

4.1.2.3 This Study

Unit A ofChristopher (1961), and units A (Saskatchewan) and 1 (North Dakota) of LeFever

et al. (1991) correspond to unit 1 of Thrasher (1985) and Karma and Parslow (1989); the

LBS and OBG of this study and the lower mudstone of Mundy et al. (1992) are possible

lithostratigraphic equivalents. The LBS bears a remarkable resemblance, lithologically and in

stratigraphic positioning, to the mudstone unit of Mundy et al. (1992) and the A and

corresponding units ofLeFever et al. (1991).

Units Bl, B2 and B3 (Christopher, 1961) correspond to units Bl, B2 and B3 (Saskatchewan)

and 2,3-4 and 5-6 (North Dakota) (LeFever et aI., 1991) and unit 2 of Thrasher (1985) and

Karma and Parslow (1989); this study identifies the ISSS and OBG, the TBS, TBBS and

OBG, and the ISSS respectively, as possible correlatable units, while the carbonate shoal and

sandy shelfofMundy et al. (1992) are also possibly correlatable. At best it can be speculated

that the TBS was deposited under similar conditions to those that resulted in deposition ofthe

B2,3 and 4, 1 and 2, 2, and B2 ofLeFever et al. (1991). The sandstone unit of the Exshaw

at Moose Mountain contains crinoids, brachiopods and Scalarituba traces. The description
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ofthis unit is similar to that described in the TBBS (Chapter 3); these units may be lithological

equivalents. Mundy et al. (1992) describe the ichnofauna assemblage that they saw as

commonly documented from early Mississippian.

According to LeFever et al. (1991), the unit A, unit Blare in part oolitic calcarenite. Kent

(1984; Figure 4, p. 22) also describes a southeasterly trending elongate sedimentary body

occupying the area ofa couple oftownships, that is made up of quartzose oolitic limestone,

from west central Saskatchewan. At Moose Mountain (Mundy et al., 1992) the uppermost

limestone unit of the Exshaw Formation is oolitic and oncolitic. Within the study area the

OBG is primarily oolitic; whether or not all of these units are indeed related is yet

unsubstantiated.

The limestone unit at Moose Mountain marks the end ofExshaw deposition and the onset of

Banff sedimentation. Mundy et al. (1992) make no mention of the contact relationship

between the two formations. In all three areas, the oolitic units appear in different stratigraphic

positions, and this may indicate there is no relation between them (i.e., they are not facies

equivalents), or that they are related and are offset stratigraphically due to varying

sedimentation rates across the craton.

Christopher's B4 unit corresponds to unit C (Saskatchewan), 7 (North Dakota), 3-4,

(Manitoba) (LeFever et al., 1991) and unit 3 according to Thrasher (1985) and Karma and

Parslow (1989); according to stratigraphic placement, it is possible that the UBS and CSST
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ofthis study are correlatable. There is no correlatable unit for this interval found at Moose

Mountain. Due to lithologic dissimilarities, but similar stratigraphic placement, these units

were likely deposited under different conditions, though all were deposited near the final stages

ofBakken sedimentation.

The extent ofDevonian-Mississippian black shales indicates ofuniform conditions over a very

large area (two thirds of North America). The widespread nature of the middle Bakken

member also suggests uniform depositional conditions. The big question is: What was it like

in central North America during the Late Devonian-Early Mississippian, besides wet and

stinky? What factors contributed to large..:scale anoxic basin development? The answer is,

no doubt, a complicated interplay between climate and tectonics.
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CHAPTERS

PETROGRAPHY AND DIAGENESIS OF THE MIDDLE MEMBER OF THE
BAKKEN FORMATION: PRELIMINARY ANALYSIS

5.1 INTRODUCTION

This chapter includes identification ofdetrital components and cement types, a discussion of

processes responsible for cementation, consideration of relative timing of different cement

phases, and a summary of the diagenetic sequence of events. Also included is a brief

discussion of reservoir distribution and quality.

Edwards (1992), identified a suite ofauthigenic minerals from the Bakken Formation in the

Daly field ofsouthwest Manitoba. Ducharme and Murray (1980) briefly discuss diagenetic

alteration within the middle sandstone member in the Cactus Lake pool, in west-central

Saskatchewan. In an unpublished company report on the Cactus Lake field, Rodrigue and

McDonald (1980) reviewed thin-section characteristics ofBasal Mannville and Bakken sands.

The reasons for studying the diagenesis ofthe Bakken were prompted, in part, by the lack of

information, and to determine which, ifany, ofthe diagenetic phases found are facies specific.

One objective of this part ofthe study is to determine, ifpossible, whether porosity within the

reservoir is primary or secondary. Within the study area, hydrocarbon distribution found to

be, in part, facies specific. Oil is contained primarily within the TBS and to a lesser degree
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within the TBBS, ISSS and CSST facies. Porosity type and distribution are not clearly

understood. Duchanne and Murray (1980) observed abrupt changes in porosity because of

cementation that made prediction ofpay thickness difficult. Their interpretation that present

porosity is likely secondary, based on observations of patches of calcite cement in reservoir

sand, is inconclusive, but does suggest a phase ofcalcite cement that was likely followed by

a phase ofcalcite cement dissolution. Their work was based on samples from two wells in the

Cactus Lake pool (northwest comer of the study area; Figure 4, Chapter 1). They speculate

that all porosity in the Bakken sand in the Cactus Lake pool area might be restored, or

secondary, following the dissolution of calcite cement.

This aspect ofthe study is essentially preliminary. Discussions exclude organic diagenetic

phases, which necessitate a study of the diagenesis of the upper and lower black shale

members of the Bakken Formation.

5.2 PETROGRAPHY OF THE MIDDLE BAKKEN MEMBER

5.2.1 OBG: Oolitic Bioclastic Grainstone

Thin-section observations ofthe OBG revealed numerous grain and cement types (Plates 18,

19, 20, 21). Brachiopod shells and spines, crinoid ossicles and spines, bryozoan fronds,

ostracod shells, and broken foraminifera and gastropod shells make up the bioclastic

component of the OBG; grain sizes vary from 0.2 mm to > 8 mm in length. Average size
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PLATE 18

The oolitic bioclastic grainstone is a cemented carbonate grainstone (OBG) at the base of the
middle member of the Bakken Formation.

A) Ooids with radial-concentric cortical fabric (a)~ crinoid plate (b), lutecite replacement of
brachiopod shell (c) and intergranular blocky calcite cement (d). Location B13-16-31
23W3; depth 821 m. Photo width is approximately 4 mm. Photo was taken under plane
polarized light. Note that several ooids were fractured prior to cementation (top left).

B) Lutecite replacing carbonate in brachiopod shell (a), micritized ooids (b) showing
compactional surfaces (arrows). Location Al1-4-31-23W3; depth 839.3 m. Photo width is
4 mm. Photo was taken under plane polarized light.
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PLATE 19

Oolitic bioclastic grainstone (OBG) contains several cement types; cement stratigraphy allows
for the identification of relative timing of different cementation phases.

A) Authigenic dolomite with straight crystal faces (a) is replaced by quartz (b) cement.
Location 11-34-31-23W3; depth 841.3 m. Photo width is approximately 0.6 mm; photo was
taken under plane polarized light.

B) Radiaxial fibrous calcite cement, is present, though uncommon in the OBG. Location
All-4-31-23W3; depth 817.8 m. Photo width is approximately 1.8 mm; photo was taken
under plane polarized light.
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PLATE 20

The oolitic bioclastic grainstone (OBG) is by far the most colourful unit when observed in
thin-section. This is because of the various types of grains and cements found.

A) Hydrocarbons are found along pressure solution sutures or microstylolites (arrows) within
the OBG. These features, though present, are rare. Location 11-34-31-23W3; depth 852.1
m. Photo width is approximately 1 mm; photo was taken under crossed polars.

B) Zoned calcite (A) is relatively common in the OBG. At (b) the cross-section of a
brachiopod spine lies below ferroan calcite cement (blue) thought to be a late fracture-filling
phase. Location BI3-16-31-23W3; depth 831.1 m. Photo width is approximately 1 mm;
photo was taken under crossed polars.

C) Lutecite replacement of brachiopod shells is common (a), as are syntaxial calcite
overgrowths on crinoid plates (b). Location DI2-17-31-23W3; depth 838.7 m. Photo width
is 0.8 mm; photo taken under crossed polars.

D) Authigenic silica replacing original pore filling calcite (a) in oolitic bioclastic grainstone
that is ooid-rich (b). Location B13-16-31-23W3; depth 818.6 m. Photo width is
approximately 1 mm; photo was taken under crossed polars.

E) Pyrite replacement of grains and cement (a) is common in the OBG. At (a) an ooid is
replaced by pyrite. At (b) a barely recognizable ooid is altered through micritization. The
arrow identifies the silica phase seen in (D). Location 4-14-31-23W3; depth 817.8 m. Photo
width is approximately 1 mm; photo was taken under crossed polars.
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PLATE 21

Grain-size varies greatly within the oolitic bioclastic grainstone (OBG). Cements types
observed within the OBG are the most variable seen in all of the Middle Bakken.

A) The OBG contains many different types ofgrains including brachiopod spines (a), ooids
(b) and bryozoan fronds (c). These make up a poorly sorted sediment that is cemented in part
by syntaxial overgrowths (d) on crinoid plates. Only the overgrowth is shown here; the
related plate is not visible. Location D12-17-31-23W3; depth 840 m. Photo width is
approximately 3 mm; photo was taken under crossed polars.

B) Microdolomite cement is a later stage authigenic mineral found in all facies ofthe middle
Bakken. It is most abundant where fine-grained material predominates. Commonly the
rhombs contain inclusions (arrow) that appear opaque. Location 11-34-31-23W3; depth 852
m. Photo width is approximately 0.2 mm; photo was taken under plane polarized light.
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ranges from 2-4 mID. Ooids, peloids, phosphate (collophane) grains and minor detrital quartz

grains (rare detrital chert) make up the remainder ofthe grains; grain-size averages from 0.2

OA mm (Plates 3 & 4, Chapter 3). Rarely, fine-grained micrite intraclasts are preserved

beneath shell debris. Microstylolites are present, though rare, and ooids along these rare

pressure solution suture contacts show evidence partial dissolution. Ooids and other grains,

mostly crinoid plates (including their sYntaxial overgrowths) have been micritized or display

micrite envelopes.

Ooid cortices are both radial, the most common type, and concentric, or a combination of

radial-concentric; they are composed ofcalcite or are commonly micritized. Nucleus material

cannot be readily identified because ofextensive micritization; some show evidence ofcoarser

microborings. Many ooids are non-spherical. In such cases the outer-most cortex material

does not completely surround the ooid, likely owing to abrasion and rounding during

movement on the sea floor. Another factor may be the irregular shape of the nucleus and

uneven growth of the cortex due to extended periods when grains were inert on the ocean

floor. The latter seems unlikely, or at least less common, in light ofthe fact that many of the

ooids appear rounded and concentric bands appear to terminate at the cortex edge.

Cements include poikilotopic calcite spar (commonly zoned), equant calcite spar, syntaxial

overgrowths on crinoid ossicles (always inclusion rich), rare radiaxial fibrous calcite, and

isopachous bladed calcite (Plates 19, 20, 21). Other cement types include partial

microdolomite overprinting ofcements and grains alike, selective, partial silica replacement of

ooids, crinoid ossicles and brachiopod shell debris, and authigenic pyrite replacement that is
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non-specific to pre-existing cement or grain fabrics. There is evidence of grain-on-grain

compaction~ though this is a minor feature.

5.2.2 LBS: Lower Bioturbated siltstone

The LBS is composed of angular to subrounded monocrystalline quartz si1t~ and very fine

grained quartz sand and clay minerals. A few detrital chert grains were observed~ and

phosphatic grains are abundant. Sand-sized monocrystalline quartz grains commonly fill~ and

clays outIine~ horizontal burrow systems (Plate 6, Chapter 2). Grains are typically 0.2 mm in

diameter and many display abrasion, particularly around their edges, and are replaced by

calcium carbonate. In some cases remnant grain boundaries are still visible. Many sand-sized

quartz grains have remnant quartz overgrowths that have been subsequently corroded and

replaced by calcite cement. Silty laminations are calcite cemented; faecal pellets (?) (reddish

brown grains) are abundant. Framboids and blebs of pyrite are scattered (from microns to

several millimetres in size)~ yet abundant. The LBS is intensely to moderately bioturbated and

contains abundant crinoid ossicles and brachiopod shells that lie at random angles due to

bioturbation. Many brachiopod shells are replaced by, and surrounded by a halo of pyrite.

Cements include calcite and microdolomite rhombs; nonferroan calcite is the most abundant

cement. Dolomite rhombs « 0.5 mm in size) appear internally corroded; this appearance

may be due to hydrocarbon inclusions.
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5.2.3 TBBS: Thinly-bedded Bioturbated Sandstone

The TBBS is a texturally immature unit (Plate 22). The unit is bioturbated, leaving only

partially visible remnants of small-scale ripple bedding. The prime constituent is fine

monocrystalline quartz sand-grains that range in size typically from 0.6 mm to 0.2 mm, but

can be up to 0.25 mm~ also common are silt-sized quartz grains and clays. These are corroded

by a ferroan calcite cement phase resulting in an exaggerated angularity to what in many cases

were subrounded to rounded grains. Micritized carbonate grains and skeletal grains like those

found in the OBG are rare to locally common. Phosphate grains are abundant and rare detrital

feldspar grains were also observed.

The TBBS is cemented with blocky ferroan calcite cement and is commonly

microdolomitized, clay sized material being more susceptible to dolomitization; the calcite

cement phase has etched into detrital quartz grains altering their shaPeS and sizes. Typically,

the calcite cement abundance decreases upward in the unit, and oil-staining becomes more

prevalent. This is visible as an opaque, medium brown substance that fills spaces between

grains and is present along grain and crystal boundaries. Patches of silica-cemented grains

where quartz overgrowths are abundant are scattered throughout the unit. Pyrite replaces

original material filling small burrows and is scattered as framboids ofvariable sizes (from

microns to several millimetres in size).
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PLATE 22

The thinly-bedded bioturbated sandstone (TBBS) appears in thin-section much like the thinly
bedded sandstone. The difference is in the amount and presence of bioturbation, which
cannot always readily be observed from thin-section.

A) Detrital quartz (a) grains are cemented with calcium carbonate (b); clay material is also
found between grains within the TBBS. Location 10-3-30-29W3; depth 877.5 m. Photo
width is 2 mm; photo was taken under crossed polars.

B) Finer grained parts of the TBBS are almost entirely made up of microdolomite, as this
unit is often pervasively dolomitized. Location 10-33-30-24W3; depth 845.8 m. Photo width
is 1 mm; photo was taken under crossed polars.
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5.2.4 TBS: Thinly-bedded Sandstone

Sand-sized, subrounded to subangular and rarely well-rounded, strained, monocrystalline

quartz grains are the most abundant detrital grains. Most quartz is very fine-grained 0.15-0.3

mm in diameter. Rare occurrences ofdetrital feldspar, chert, muscovite and zircon (?) were

noted (Plates 23-27). Corrosion of quartz and feldspar grains by calcite cement has altered

the shape of many grains. Locally, abundant silt and clay are found as discrete laminae or

beds, or as matrix material. Rarely, glauconite is present. It is likely that glauconite was once

much more abundant, as with age the mineral alters to illite (Weaver, 1989, p. 396). Skeletal

grains include brachiopod shell fragments and corroded crinoid ossicles that contain interstitial

clays. Phosphate grains (collophane) are abundant locally; pyrite is common locally as blebs,

0.4-0.5 mm in size. Early pyrite formation versus later formation is attributed to draping the

of sediments over nodules of pyrite, indicating that pyrite formed prior to significant

compaction. Very little bioturbation is evident from either macroscopic or microscopic

observations.

Cements present are the same as those in the TBBS. The main difference between the TBS

and the TBBS is that the former contains less microdolomite, although locally it is common.

Quartz overgrowths are common within the TBS. Other cements include blocky ferroan

calcite and blocky calcite cement, a phase that has replaced complete portions of detrital

grains, overgrowth phases, and interstitial material. Significantly, no hydrocarbons are present

in these areas. In a few places there is an uneven diagenetic front composed ofcalcite cement

where complet e replacement ofgrains and cements by calcite has occurred. Within these
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PLATE 23

The thinly-bedded sandstone (TBS) is a quartzose sandstone with variable amounts of
cements and hydrocarbons filling pore spaces.

A) Quartz overgrowths are common to abundant locally (arrow) in the TBS. Location 10-3
30-29W3; depth 869 m. Photo width is 1.2 mm; photo was taken under crossed polars.

B) Authigenic microdolomite (arrow at rhombohedron) varies in distribution and amount
within the TBS and generally is more common where fine silt and shale matrix material is
more abundant. Location 10-3-30-29W3; depth 869 m. Photo width is 0.6 mm; photo was
taken under crossed polars.
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PLATE 24

The thinly-bedded sandstone is commonly partially cemented, and in places the cement
appears as uneven fronts.

A) Sandstone ofthe TBS with uneven calcite cement front (a). Scale bar is in centimetres.
Location 14-34-31-23W3; depth 846.7 m.

B) Calcite cement fills pore spaces between quartz grains, and scavenges quartz grains (a and
arrows). Location 10-3-30-29W3; depth 875.4 m. Photo width is 1.2 mm; photo was taken
under crossed polars.
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PLATE 25

The thinly-bedded sandstone contains minor amounts ofminerals other than quartz, the main
detrital component. Where cement does not fill the"pore space, the reservoir rock is saturated
with hydrocarbons.

A) Feldspar (a) is one of the more common minor detrital grains present in the TBS. Quartz
(b) is by far the most common detrital grain, but is scavenged by calcite cement producing
corrosional contacts (arrows). Location B8-23-31-24W3; depth 831.7 m. Photo width is
approximately 1.2 mm; photo was taken under crossed polars.

B) Pore spaces between quartz grains (a) is occupied by hydrocarbons where cement does
not fill pores (arrow). Location 14-34-31-23W3; depth 843.5 ffi. Photo width is
approximately 0.6 mm; photo was taken under plane polarized light.
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PLATE 26

The thinly-bedded sandstone is commonly partially cemented, and in places the cement
appears as uneven fronts.

A) Detrital quartz grains are scavenged by the calcite cement phase (arrows). Original grain
boundaries are visible in some cases. Location 14-22-34-28W3; depth 906 m. Photo width
is 2 mm; photo was taken under crossed polars.

B) The diagenetic front responsible for the precipitation ofcalcite and replacement ofquartz
grains by calcite is very prominent in this photo (arrows). Clay minerals fill pores (a) in front
ofthe alteration zone, while quartz grains (b and c) rarely survive alteration to calcite (d).
Location 14-22-34-28W3; depth 906 m. Photo width is 1.2 mm; photo was taken under
crossed polars.
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PLATE 27

The thinly-bedded sandstone locally contains carbonate grains likely derived from OBG
shoals. Pyrite is a common component in all facies of the middle member of the Bakken
Formation.

A) Carbonate grains (a) such as crinoid plates are rarely found in the TBS where it is in
relative close proximity with the OBG shoals. Quartz grains (b) are easily distinguished.
Location 10-3-30-29W3; depth 873.4 m. Photo width is 2 mm; photo was taken under
crossed polars.

B) Pyrite is commonly found as disseminated blebs (arrow) within the TBS. Location B8
24-31-24W3; depth 832.1 m. Photo width is approximately 1.2 mm; photo was taken under
crossed polars.
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patches, no oil staining is present and original quartz sand grain boundaries remain visible.

Commonly, the calcite cement between detrital grains is itself patchy. The cement has etched

adjacent quartz grains, and grain boundaries are visible where such replacement has occurred.

Hydrocarbons are found associated (i.e., surrounding or adjacent to) with cement and grains

alike. In the TBS, as in the TBBS, calcite cement content generally decreases upward

stratigraphically, and porosity and oil-staining become more abundant both stratigraphically

upward and northward in the study area.

5.2.5 ISSS: Interbedded Sandstone-Siltstone-Shale

Grain types and descriptions vary little from those of the TBS (Plate 28). The most obvious

difference is the abundance of silt and clay as discrete interbeds, and the apparent lack of

replacement calcite patches such as those found in the TBS; interbed contacts are commonly

abrupt. Sandy interbeds contain cement phases like those described for the TBS; the finer

grained silt and clay interbeds are pervasively dolomitized.

5.2.6 CSST: Calcareous Sandstone

The CSST is primarily fine-grained clay-rich quartz sandstone and sandy mudstone (Plates 29,

30). Sand grains are primarily quartz with minor amounts of phosphate. Grain-size varies

from 0.06 to 0.15 mm and averages approximately 0.1 mm in diameter. Burrows are highly

visible due to increased oil-staining and cleaner sand infillings (infill grains are more
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PLATE 28

The interbedded sandstone-siltstone-shale (ISSS) facies contains coarser-grained interbeds
that resemble TBS grains and finer-grained interbeds.

A) Clays and silt grains in finer interbeds ofthe ISSS. Location 10-3-30-29W3~ depth 870.7
m. Photo width is 2 mm~ photo was taken under plane polarized light.

B) Lamination is shown (arrow on right-hand centre). The lower part of the photo is oil
stained, while the upper half is clay rich and contains few visible hydrocarbons. Location 14
34-31-27W3~ depth 846.8 m. Photo width is 10 mm~ photo was taken under plane polarized
light.
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PLATE 29

The calcareous cemented sandstone (CSST) contains various types of cements including
microdolomite and ferroan calcite.

A) The CSST, like other facies in the middle Bakken is commonly pervasively dolomitized
as is seen here; The fine mottled appearance ofthe photo represents abundant microdolomite
rhombs. Location 10-18-36-25W3; depth 718.2 m. Photo width is 2 mm; photo was taken
under plane polarized light.

B) Microdolomitization (a) and ferroan calcite (b) are cements found in the CSST. Location
10-18-36-25W3; depth 718.2. Photo width is approximately 1 mm; photo was taken under
crossed polars.
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PLATE 30

The calcareous sandstone (CSST) contains detrital quartz grains and phosphate grains.
Carbonate cement types are variable.

A) The CSST contains phosphate grains (a) possibly the remains of fish bones.
Intergranular carbonate cement (b) surrounds detrital quartz grains (c). Location 10-18-36
25W3; depth 716.3 m. Photo width is 2 mm; photo was taken under plane polarized light.

B) As in Plate 30A quartz grains (a) are cemented by non-ferroan calcite (b); phosphate
grains (c) are relatively common. Location 10-18-36-25W3; depth 716.9 m. Photo width
is 2 mm; photo was taken under plane polarized light.
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uniform in size); this unit appears to be highly porous despite both calcite and dolomite

cements, and common matrix material.

Pore-filling cements consist ofblocky ferroan to slightly ferroan calcite that appears to have

been scavenged by dissolution. Crystal edges are jagged and commonly partial crystals appear

to be suspended in the centres of a pores. Microdolomite is abundant in the finer clay-rich

matrix material and commonly appears ferroan, though it is often difficult to tell because of

its fine size and the inclusions within the rhombs.

5.2.7 UBS: Upper Bioturbated Siltstone

The UBS is composed of silt, clay and minor sand-sized quartz grains. The composition and

grain-types resemble the other clastic units in the middle member of the Bakken Formation

(Plate 31). The unit is intensely bioturbated and commonly displays a fining-upward

character, commonly grading upward into the UBSH. In the lower, coarser, sandy portion,

burrows are filled with cleaner sand, and this is where hydrocarbons, if present, are

concentrated. Higher in the unit, where it is primarily composed of silt and clay, burrows

commonly are filled with replacement pyrite (infill material was likely fine sand). Bioclastic

debris, commonly crinoid ossicles, lie at random orientations, in the finer-grained upper parts,

due to intense bioturbation.

Cement phases include microdolomite and ferroan calcite. Where present calcite cement is

found in the lower parts of the facies. Elsewhere, microdolomitization is abundant and may
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PLATE 31

The upper bioturbated siltstone (UBS) is fine-grained, cemented with calcite and more
commonly microdolomite, and contains skeletal allochems.

A) Microdolomite (a) and non-ferroan calcite (arrow) cements seen in the UBS. Location
10-18-36-25W3~ depth 716.3 m. Photo width is 1.5 mm~ photo was taken under plane
polarized light.

B) Fine-grained nature ofthe UBS, when seen under higher power is pervasively dolomitized
as in (A). Skeletal allochems include crinoid ossicles (arrow) as is seen in lower centre.
Location 10-3-30-29W3~ depth 867.2 ffi. Photo width is 4 mm~ photo was taken under
crossed polars.
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make what was originally a shale appear as a coarser-grained siltstone in hand specimen.

5.3 INTERPRETATION OF CEMENT AND OTHER DIAGENETIC FEATURES

5.3.1 Calcite Cements

Calcite cements were observed in all seven facies of the middle member of the Bakken

Formation. Blocky calcite cement, which is commonly ferroan, occludes what is considered

to be secondary porosity, replaces the primary sedimentary fabric in places, and fills late

fractures in the clastic facies of the middle Bakken Formation. Marine and burial calcite

cements in the OBG are considered relatively early. Physical evidence for early-stage

cementation includes the paucity of grain-on-grain compaction within the OBG and the

common preservation ofthe primary sedimentary (i.e. depositional) fabric within the clastic

facies units.

Petrographic examination of the OBG revealed several calcite cement phases. These are

marine, shallow and deep burial, cements.

Isopachous, radiaxial fibrous and early stage syntaxial overgrowths on crinoid ossicles are

abundant and well-developed marine cement phases. Shallow burial cements originate

anywhere from a few metres to tens of metres depth (Choquette and James, 1981). Coarse

mosaic calcispar and fracture-filling ferroan calcite are later-stage deep burial cements found

in the OBG. Another probable burial calcite cement is represented by blocky, commonly
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zoned, calcite. The late stage ferroan calcite that fills fractures that can be seen cross-cutting

other older cement phases.

Calcite cements that occur in all the siliciclastic units ofthe middle Bakken appear similar and

are likely part ofthe same cement phases as the OBG cements. All calcite cements appear

slightly to moderately ferroan and their abundance is related to the amount of pore space

available, or the ease ofreplacement ofexisting mineral grains and cements. A general trend

observed - a decrease in cementation upward - occurs regardless of stacking patterns of

siliciclastic facies above the OBG, or whether the OBG is absent above the LBSH contact.

i

Calcite cements, both marine and burial, were derived from two possible sources. Pressure

solution via grain-on-grain contacts in the OBG provides one source of Ca2+ for authigenic

calcite. Carbonate precipitation is common during diagenesis oforganic-rich marine sediments

(Talbot and Kelts, 1986; Gautier, 1985). The abundance of organic-rich sediments found

within the Bakken Formation provide a possible source for biogenic methane. The principal

metabolic pathway for biogenic methane production in marine sediments is thought to be CO 2

reduction, according to Whiticar et al. (1986):

(1)

Methane is then oxidized anaerobically with sulphate to produce bicarbonate (Friedman,

1991):

(2)

The bicarbonate ion then complexes with calcium from sea water:
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(3)

Compaction and sediment dewatering expelled fluids from the shale into more porous media

above. Fluids moved upward into the middle member and early calcite cementation may have

occurred in all facies of the middle Bakken. The lack ofabundant pressure solution features

such as common grain-on-grain dissolution sutures and the relative low abundance ofstylolites

indicate that little compaction-dissolution occurred, and much of the facies' original

depositional textures (e.g., small-scale bedding in hand specimen) have been preserved.

Carbonate and clastic grains (quartz) show little grain-on-grain compaction, apart from local

occurrences within the OBG. The absence of matrix material is likely due in part to the

presence ofwidespread early marine columnar isopachous cements. The common occurrence

of ferroan cements in the clastic facies may be related to an abundance ofiron available from

the alteration of glauconite to illite (indicative of strong reducing conditions during burial

fascilitates mobilization of iron as Fe 2+).

5.3.1.1 Micrite envelopes and micritization

Many ooids of the OBG are micritized and many of the crinoid plates and their syntaxial

overgrowths (another type of early calcite cement; Meyers, 1974) show micritization and

micrite envelopes respectively. These processes occur on the seafloor (Meyers, 1974; James

and Choquette, 1983). Micritization is attributed to the action ofmicrobial boring into grains,

such that ooids and bioclasts are altered while on the seafloor or just below the sediment

surface by endolithic algae, fungi and bacteria. Grains are bored and the very fine holes filled

with fine-grained sediment or micrite cement. If endolithic boring is intense, completely
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micritized grains result, as is the case with many of the ooids. Microborings were observed

in ooids of the OBG, which suggests that this is indeed the cause of micritized grains and

micrite envelopes (Tucker and Wright, 1990 p. 315 ~ Wilkinson et aI., 1985).

5.3.2 Pyritization

Authigenic pyrite is ubiquitous in the Bakken Formation. It is found (1) as a replacement

mineral in the OBG, (2) as nodules and bands in the ISSS and TBS, (3) filling burrows

(replacement) and replacing shells, or (4) as nodules, in the TBBS, LBS and UBS. It is

eSPecially common at and near the basal contact of the middle member ofthe Bakken, where

it overlies the lower shale member. Pyrite formation may have occurred very early, in the

sulphate-reducing zone within a few metres ofthe sediment-water interface, or in a later stage

ofdiagenesis, or its formation may be a result ofboth very early diagenesis and later stage

formation.

Given that Bakken sediments were rich in organic matter, much ofthe pyrite may have formed

within the sulphate reducing zone. This is accomplished by oxidation of organics, which

consumes all available oxygen. Pyrite forms in the sediment from anaerobic sulphate-reducing

bacteria that produce H2S via the reaction:

S042
- + 2CH20 + H20 -> H2S + 2HC03-. (4)

Liberation of the HC03-ions increases alkalinity, promoting calcite precipitation. The H 2S

then reacts with dissolved reduced iron (Fe 2j to form monosulphides which then react with

any elemental sulphur available to form pyrite (Berner, 1984).
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FeS + SO -+ FeS2 (5)

Berner (1984) indicated that sulphate pyrite in marine waters is in excess of that needed to

form pyrite, and that the limiting factor for pyrite formation is the availability ofdissolved iron

or reactive organic matter. The abundance of pyrite in the Bakken Formation suggests that

there was plenty of available Fe2
+ and organic matter.

Evidence for early pyrite formation versus later formation includes the draping of sediments

over nodules of pyrite, indicating that pyrite formed prior to significant compaction. The

presence ofpyrite in burrows where faecal material, high in organics, was concentrated also

suggests early formation (formed within the sulphate reducing zone). Sulphates are derived

from interstitial seawater and dissolution ofevaporites. Derivation ofsulphates from evaporite

sequences after burial can also contribute to the formation of pyrite. This type of pyrite

formation is generally later than that formed by sulphate reduction. Since impermeable

horizons (Big Valley Formation and Bakken Formation shales) lie between evaporites of the

Torquay Formation and the middle member of the Bakken Formation, and no evaporites

overlie the Bakken it is unlikely that there was sulphate available within the Bakken

Formation. Thus it is unlikely that pyrite formed during any later stage than that related to

sulphate reduction. Moreover, Berner (1984) indicates that most pyrite found in the

sedimentary record was formed in the sulphate reducing zone during early burial.

5.3.3 Silica Cements

Quartz overgrowths are common within the TBS, TBBS and the sandy portions of the ISSS.

Relatively early, pore-filling, silica cement is patchy and where present it predates hydrocarbon
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migration and calcite cements. There are no hydrocarbon halos surrounding original grains,

nor are there any hydrocarbon inclusions in the cement, that would suggest hydrocarbons

postdate silica cementation. In places (Plates 24-26) silica apPears to be scavenged by a calcite

cement phase. This implies high alkalinity (pH) or high temperature fluids. Both can result

in higher silica solubility and favour calcite precipitaion.

Within the OBG, silica replacement ofgrains and cement takes two forms. Lutecite, a fibrous

variety ofchalcedony characterized by inclined extinction and by fibres that are seemingly

elongated at about 30° to the c-axis, commonly replaces ooids and brachiopods, and less

commonly other bioclastic grains. This type of replacement is selective, only replacing

allochems, and intergranular cements are unaffected. Another unusual silica phase is localized

yet very distinctive within the OBG. Equigranular quartz crystals have a fractured appearance

(likely an artefact of thin-sectioning) and replace mainly calcite cements. Both of these

replacement silica phases are considered relatively late in the paragenetic sequence ofcement

phases. Other cement phases do not cross cut the silica phases. It is unlikely that the source

of the silica was biogenic as silica-secreting organisms are absent from the OBG. Both the

upPer and lower shale members are silica rich and 'seal' the middle sandstone member from

outside sources of silica (from other formations). However, it is possible that the 'seal' was

breached due to localized erosion ofthe upper shale member. More likely sources of abiotic

silica are pressure solution of quartz during burial, or the liberation of silica from the

transformation of clay minerals during diagenesis of the LBSH such as:

3KAISi30 s+ H2C03 + 12H20 = KAliAISi30 s) (OH)2 + 6H4Si04 + K2C03 (6)
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or,

K+ + smectite = illite/smectite + silica + other products (Ca2
+, Mi\ Fe2

+ and H20)(7)

(Tissot and Welte, 1978; Boles and Franks, 1979; Foscolos, 1981). Equation (6) results from

the release ofCO2 during decarbonization of organic matter. The reaction yields amorphous

silica which can be readsorbed on existing quartz grains (Longstaffe, 1983). Replacement of

silica-bearing minerals by other minerals, such as carbonates, can also provide sources ofsilica

(Hutcheon, 1983. p. 6).

Early-stage quartz overgrowths within the clastic facies ofthe middle Bakken Formation are

common to abundant. Quartz overgrowths within the coarser-grained intervals of the middle

Bakken are also attributed to pressure solution-reprecipitation mechanisms. This is a process

whereby quartz grains in contact with each other will provide sources ofsilica for subsequent

overgrowths in pore spaces (Hutcheon, 1983 p. 6).

5.3.4 Dolomitization

Microdolomitization is pervasive in the middle Bakken Formation. Within the clastic facies,

dolomitization is restricted primarily to the fine-grained interbeds or units where the clay

content is abundant. Within the OBG, dolomitization is also abundant, and dolomite rhombs

cross-cut cement and detrital grains alike showing dolomitization was one ofthe latest phases

of cementation.
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Morrow (1 982b) and Tucker and Wright (1990), summarize the different dolomitization

models. Morrow (1982b) recognizes seven different models: 1) hypersaline basin and

seepage reflux; 2) sabkha; 3) mixed-water 4) Coorong; 5) burial-compaction; 6) solution

cannibalization; and 7) tectonic or hydrothermal. Tucker and Wright (1990) recognize five

different categories for dolomite formation: 1) evaporative dolomitization; 2) seepage-reflux

dolomitization; 3) mixing-zone dolomitization; 4) burial dolomitization; and 5) seawater

dolomitization.

The seepage reflux and sabkha models of Morrow (1982b) or evaporative model of Tucker

and Wright (1990) are not considered as possibilities for Bakken dolomitization because these

are associated with evaporite minerals and distinct facies succession; no evaporites have been

reported from the Bakken Formation of west-central Saskatchewan. Dolomitization is

ubiquitous in the middle Bakken and appears to be 'late stage', as it post-dates all other cement

phases (except the equigranular and lutecite silica phases in the OBG). Within the clastic

facies of the middle member the fine dolomite rhombs are similar in appearance; crystals

typically contain cloudy centres surrounded by clearer rims. Using the Tucker and Wright

(1990) classification, dolomite withinthe Bakken is most convenientlyexplained through burial

processes. Cement stratigraphic relationships are satisfied using this type of model as it

appears that dolomitization postdates all other authigenic minerals. Clay mineralization may

be later stage, but there is no evidence to substantiate this premise. Sources of Mg2
+ can be

accounted for from compactional dewatering oforganic-rich mudrocks and expulsion ofMg 2:

rich fluids into enclosing strata. The upper and lower members ofthe Bakken are organic-rich

mudrocks; dewatering and diagenetic clay mineral changes within the mudrocks may account
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for the source ofMi+. Another possible source for Mg2~ is in solution cannibalization, where

dolomite appears to form from dissolution ofhigh-Mg2+calcite and replacement ofhigh-Mg

calcite grains by calcite. This process leaves a Mg2+-rich brine that could contribute to very

local dolomitization, although this type of process is usually considered to insignificant.

5.3.5 Authigenic Clays

A compilation of ongoing work and previous work (Karma, 1991) is used to describe clay

mineral content in the middle Bakken member. XRD and microprobe analysis (pers. com. H.

Duncan) indicate clay minerals within the middle Bakken are predominantly illite with minor

amounts of chlorite. According to Karma (1991), much of the illite is a diagenetic

replacement of glauconite.

Kaolinite, is associated with the pre-Cretaceous unconformity. Locally, Bakken strata in close

proximity to the unconformity is altered, in part, by kaolinisation. Exposure and weathering

at the time oferosion may have promoted kaolinisation Pebbles at the unconformity surface

are completely replaced by kaolinite.

5.3 A PRELIMINARY DIAGENETIC INTERPRETATION

From the study of grain and cement relationships in the middle member of the Bakken

Formation, an interpretation of diagenetic events can be presented. This preliminary study

indicates that diagenesis ranges from facies specific to non-facies specific (i.e., some cement
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phases are facies specific, and some are not).

Micritization, which is extensive as in many ooids or partial, as in crinoid plates, occurred on

the seafloor during and shortly after deposition as a result of algal and other microbial boring

into the grains. The OBG was cemented early by calcite. All marine calcite cements found

are early with the exception of some late fracture-filling ferroan cements and blocky,

commonly zoned, calcite cements. Some grains show slight evidence of compaction, which

is another indicator for early marine cementation, in conjunction with dewatering of the

underlying shales. Pyritization occurred early, probably just after deposition ofthe OBG. The

source ofFe2
+ and S would have also been in the LBSH. Silica replacement of selected grains

occurred later, in conjunction with compaction ofthe enclosing siliciclastic sediments. Micro

dolomitization is common within the OBG and appears to be one of the later cement phases,

overprinting all other cements except the equigranular silica phase. Only the fibrous lutecite

chalcedony and the equigranular silica phases are confined to the OBG, or are found to be

facies specific.

The LBS (1) contains sand-sized grains that show remnant quartz overgrowths, (2) is calcite

cemented, (3) contains abundant authigenic pyrite, and (4) is microdolomitized. The remnant

quartz overgrowths are etched and replaced by calcite microspar suggesting that the fluid

responsible for quartz dissolution was also responsible for calcite precipitation. This is true

for the other siliciclastic facies within the middle member of the Bakken Formation. Some

exceptions are: 1) The TBBS contains abundant microdolomite, and blocky ferroan cement,

which decreases upward where oil-staining becomes prevalent~ 2) The CSST and UBS are
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pervasively dolomitized owing to the abundant clay content of the two units.

The similarities in different facies suggest that overall the diagenesis was both facies-specific

and facies non-specific. Calcite cementation affected all units~ and is most abundant downdip

from the unconformity~ it is also more abundant stratigraphically low in the middle member

of the Bakken Formation.

Since areas basinward of the Bakken subcrop area or study area are commonly to almost

always tight~ or cemented~ the sandstones that now make up reservoir rock in the study area

may once also have been tight and the porosity that developed is secondary. Isolated patches

ofcompletely cemented sandstone that are surrounded by partly oil-saturated sandstone are

common locally and also suggest that once the entire middle member was tight as is the case

further basinward. All of the fields in the study area developed in close proximity to the

subcrop edge. During erosion (pre-Cretaceous) it is possible that fluids that were

undersaturated with respect to calcium (Ca2+) partially or completely dissolved the cements

near the top of the middle sandstone member. The closer the Bakken occurrence to the

subcrop edge the better the porosity development. Altematively~ in a basinward direction

(south and southeast) cementation is more pervasive~ this is likely related to the proximity of

the erosional surface and dissolution related to fluids penetrating the sediments from that

surface.

205



~:::':~: EARLY INTERMEDIATE LATE'l:: ~/'/'//'Q
'//. '/

PYRITE ---

M1CRlllZATION -
CALCITE ---
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DOLOMITE - --

nAY ---
2rd DEVELOPMENT -- --

OIL MIGRATION --

FIGURE 38: Approximate timing of authegenic cements in the
Bakken Formation. Included, also are the
approximate timings of porosity development and
oil migration.
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5.3.1 Paragenesis

Figure 38 illustrates the approximate relativ timing ofvarious diagenetic events as determined

from cement stratigraphy. PYrite developm nt and micritization are considered early events.

Sediment draping over pyrite nodules an the abundance of organic matter present in the

sediments attests to early pyrite formation. iming ofcalcite cement precipitation ranges from

early to intermediate. Calcite cements be an forming on the seafloor and continued after

burial of the sediments. Silica cementatirn commenced when burial compaction created
I

pressure solution and mobilization ofamo hous silica to more stable positions, one of those

position being other quartz grain boundarie . A late phase of silica cementation/replacement

is shown by lutecite replacement of shell m terial in the OBG and equant quartz replacement

of calcite cements within the OBG. A s urce for silica for the OBG may have been the

LBSH. No examples ofdolomite rhombs c oss-cutting this late silica phase were observed.

Microdolomitization, ubiquitous in the B kken Formation, appears to have been the final

cement phase, other than the replacive silic phase in the OBG. Microdolomitization is most

abundant in all units ofthe Bakken Formati n (except the OBG) where fine silts and clays are

common to abundant. Everywhere found, icrodolomite rhombs were always inclusion-rich

(centres appeared corroded). Nowhere wer these rhombs cross cut by any other authigenic

mineral phase. If the inclusions were found to contain hydrocarbons, hydrocarbon charging

of the Bakken Formation and microdolom 'tization likely occurred concurrently.
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5.3.2 Reservoir Quality

Oil pools and reservoirs in the study area occur in the Bakken subcrop province of west

central Saskatchewan (Osadetz el at., 1994f Heavy crude is trapped at or near the Devonian

Mississippian subcrop. Oil densities are ommonly from 17-12° API (953-985 kg/m3).

Family E oils, sourced from Bakken-Exsha strata in the AlbertalMontana trough, west ofthe

113th meridian, more closely resemble Fa ily C, or Lodgepole-sourced oils than Family B

Bakken oils ofthe Williston Basin (ibid.; sadetz et al., 1992). Moreover oil composition

suggests generation in a fully mature (Pale zoic) marine, clastic source rock. According to

Osadetz et al. (1994), the oils ofFamily E e pervasively biodegraded. Because they are so

altered by biodegradation they were probab y exposed to, or washed by, oxidizing meteoric

waters that may well have been related to t e unconformity surface. Where part of the upper

Bakken shales ofthe upper member has bee eroded, such as in the Court and Luseland fields,

there is an apparent correlation between c lcite cement dissolution and more oil-saturated

unconsolidated sands. If areas in proximity to the subcrop (invasion of meteoric waters and

associated hydrocarbon biodegradation) an an increase in the gravity ofcrude oil associated
I

with these areas could be correlated, this toUld provide evidence to suggest that meteoric

water associated with the pre-Cretaceous u~conformityproduced secondary porosity. This

secondary porosity was most likely initially rter saturated. Oil migration could have flushed

the water out, but during the process the~ oil was probably subjected to biodegradation

and water-washing. Further south, where tht upper Bakken shale is present, the reservoir sand

is more consolidated, that is, there remains percentage ofcalcite cement within the pay zone.
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Calcite cement likely remains abundant du to less influence from meteoric invasion due to
I

distance (both vertical thickness of sedi ent separating the Bakken Formation from the

unconformity above, and lateral distance fr m the subjacent intersection of the unconformity

surface with the Bakken Formation) from the unconformity.

It has proven risky to drill structural highs ithin the Bakken sand because exploring these

zones has not necessarily resulted in the thic est pay intervals. Thickness variations within the

middle Bakken member, and reservoir inte als, can be a result of deposition or erosion, or

structural variances. Reservoir developm nt may be closely related to secondary porosity

development associated with the unconfo ity.
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CONCLUDI G COMMENTS

The existence ofBakken sediments and li~ostratigraphiCequivalents have been of interest

since the turn of the century, when the Exsh~wwas discovered at Jura Creek, in Alberta. The

Bakken Formation continues to be of inter st, both for academic and practical reasons. An

effort was made in this study to document i portant aspects ofthe sedimentology, stratigraphy

and diagenesis ofthe Upper Devonian-Lowe Mississippian Bakken Formation ofwest-central

Saskatchewan. The study was based almos entirely on the rocks from selected cores. It has
!

demonstrated that the Bakken sediments were deposited in a marine basin that was subjected

to variations in water depth, and changing ci culation Patterns that drastically affected the style

of sedimentation and depositional patterns. The basin of deposition was ultimately affected

by climate; North America was SUIToun ed by rising mountain chains during the Late

Devonian-Early Mississippian.

Basinal black shales of the lower and u per members of the Bakken are separated by

sediments that represent shallower condition where water circulation was more prominent and

sediment supply was more bountiful. Shall wer waters led to fine sediments that blanketed

the entire basin floor; that basin being one co posed ofseveral smaller sub-basins that covered

much of continental North America. L cal depositional patterns are recorded by the

sedimentary structures and vertical stacked s ccessions offacies. This work has demonstrated
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that, like in other areas, the Bakken Format on in south central Saskatchewan can be further

subdivided within its middle member. The rock sequence represented by the middle Bakken

member represents deposition under a range ofconditions from below wave-base to little more

than 2 metres depth.

I

In west-central Saskatchewan a number of ifferent facies successions or stacking patterns

were observed. Stratal variation is promin nt over very short distances making correlation

difficult unless cores are very closely sp ced. Core observations were essential for the
I

determination of facies types as several mid Ie Bakken facies appear indistinguishable in log

signature. These similarities are the result <> similar lithology and diagenetic alterations within

different facies.

Seven different facies were identified wit in the middle Bakken member in west-central

Saskatchewan. Early-middle Bakken sedim ntation consisted ofdeeper water sedimentation

(LBS and TBBS) laterally subjacent to shallow swash-zone carbonate shoal (OBG)

development. If these two types of faci s were being deposited simultaneously, as the

evidence suggests, there was significant reli4fon the seafloor. The shallowest stage in middle

Bakken sedimentation was during OBG de~sition. Deeper water followed with further influx

ofclastic sediments from a nearby shorelini Deeper water kept pace with sedimen~ influx

until the latest middle Bakken deposition, w en deepening outpaced sediment influx. Basin
I

stagnation again became prominent during tper Bakken sedimentation. Further evidence to

suggest a possible shoreline, or at least basinl edge shallowing, is the apparent absence of the
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UBSH in the study area due to non-deposition, where the CSST is found in the same stratal

position.

Variable stratigraphy is found over very short distances; even so, the overall stratigraphic

succession from different locations within the study area reveal the same or a similar

depositional history, considering differences in basin hydrographics, bathymetry and

paleogeography.

Contact relationships between formations above and below the Bakken Formation, as well as

within the Bakken, were noted. In the study area the Big Valley - Bakken contact appears to

represent a period oferosion; the Crystal Limestone is considered an erosional pavement in

the study area. The contact between the lower and middle Bakken members is considered to

be at least a depositional hiatus, as suggested by fine phosphate horizon at the interface.

Within the middle member of the Bakken Formation, contacts, if present, are difficult to

locate. Several factors contribute to the inability to locate these surfaces, not the least of

which is heavy oil staining, or the fact that dissolution ofcements and grains alike may have

obliterated many sedimentary structures, including important contacts. The contact between

the middle and upper Bakken members appears conformable. Locally the upper Bakken shale

is absent; this is thought to be a result ofnon-deposition; physical aspects ofthe sediment (ie.,

green shales and bioturbated sandstone of the UBSH, UBS and CSST) found laterally

adjacent to black shales in some locals indicate conditions were not conducive to anoxic shale

deposition. The Bakken-Lodgepole contact appears to be conformable some parts ofthe study
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area, whereas it is a depositional hiatus is seen elsewhere. A depositional hiatus may be

masked by the stratal succession, or alternatively the hiatus was a local occurrence not

affecting large areas of the basin.

Processes that affected the sediments during and following burial are recorded in Bakken

strata. The diagenesis portion of this study is preliminary, but shows the complexity of post

depositional processes that affected the Bakken Formation.

Further study will improve the knowledge of post-depositional changes which affected the

Bakken Formation. At the University ofSaskatchewan, Hasan Furdous is currently studying

the geochemisty ofthe Bakken Formation to further evaluate the fluid history for the horizon

within the Williston Basin of Saskatchewan.
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APPENDIX 1:

DETAILED DESCRIPTIONS OF SELECTED CORED INTERVALS
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NOTES ON CORE DESCRIPTIONS:

Depth below Kelly Bushing (KB) datum:

Depths in both feet and metres (in brackets) are shown for cores that were originally cut and
logged in feet. Depths for newer cores originally cut and logged using metric units are given
in metres.

Missing Core:

Intervals ofmissing core are assumed to be from the base of individual cores. Thicknesses of
lost core greater than 0.3 In or l' are indicated in comments section ofwell information panel.

Well Location List:

10-33-30-24W3
3-31-30-25W3
11-7-30-27W3
lO-3-30-29W3
Al-7-31-27W3
14-34-31-27W3
D16-14-31-24W3
B8-23-31-24W3
B3-24T-31-24W3
Dl-36-31-24W3
All-4-31-23W
16-10-31-23W3
4-14-31-23W3
B13-16-31-23W3
D12-17-31-23W3
DI0-18-31-23W3
B4-19T-31-23W3
A3-24-32-25W3
6-31-33-27W3
6-25-33-28W3
14-25-33-28W3
4-36-33-28W3
A2-18-33-27W3
14-22-34-28W3
15-5-35-26W3
8-6-35-26W3
1-8-35-26W3
2-8-35-26W3
4-9-35-26W3
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7-28-36-26W3
7-5-36-25W3
16-7-36-25W3
3-17-36-25W3
A3-18-36-25W3
10-18-36-25W3



Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Royalite Crystal #1
10-33-30-24W3
708.9 m
842.7 m - 855.3 m

No core from 851.3 m - 852.8 m; Lost core from (849.9 m - 851.3 m)

BAKKEN FORMATION

Lower shale member

849.2 m - 855.3 m
- medium to dark grey, fissile, soft laminated shale
- small visible pYrite blebs
- small calcite filled fractures follow and cross-cut bedding planes

upper black shale member

Middle sandstone or Coleville sandstone member

847.8 m - 849.2 m TBBS
- grey, calcite cemented sandstone
- bioturbation is high~ Scalarituba, Helminthopsis and Cosmorhaphe visible

following former groomed bedding planes; some pyrite locally fills burrows
- wisps of remnant bedding visible on the scale of several millimetres to a few

centimetres
- abrupt contact with:

845.8 m - 847.8 m UBS
- greenish grey and grey sandy, silty mudstone~ fining upward to top of unit and

contact with upper shale member
- small pyrite filled horizontal burrows throughout
- calcite filled fractures
- scattered brachiopod shell and crinoid debris
- bioturbation is intense, although Scalarituba and flelminthopsis are

identifiable
- gradational contact with:

Upper Bakken member

842.7 m - 845.8 m
- finely laminated grey to dark grey silty shale
- some fine laminations composed of sandstone and siltstone that are

cemented with calcite
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(10 - 33 - 30 - 24W3 continued)

- abrupt contact with:
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Well Name:
Location:
K.B. elevation:
Interval described:
Comments:

Bison Majestic Whiteside
3-31-30-25W3
688.5 m
862 m - 880.3 m
this core has a curious upper section

BAKKEN FORMATION

Middle Bakken Member

867.8 - 880.3 m
- medium to dark brown fine-grained sandstone with interbedded shale
- abrupt contact with

LODGEPOLE FORMATION

860 - 867.8 m
- fine-grained light grey nodular limestone
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Well Name:
Location:
K.B. elevation:
Interval described:
Comments:

Cameron Baslen Milton
11-7-30-27W3
702m
856.5 m - 872.6 m

BIG VALLEY FORMATION

869.4 m - 872.6 m
- light grey, mottled limestone with abundant shell hash; muddier beds appear

green to dark green
- fracture (1 cm wide and .3m long, filled with sparry calcite and pyrite) at Big
Valley - Bakken contact

BAKKEN FORMATION

Lower member

866.6 m - 869.4 m
- laminated black shale; abundant pyrite as disseminated blebs approximately 2 cm

long
- abrupt contact with:

Middle member

859 m - 866.6 m LBS
- medium grey sandy siltstone with overall coarsening up cycle to top
- intensely bioturbated; trace fossils include Scalarituba, Cosmorhaphe and
Helminthopsis

- brachiopod shells are commonly articulate and replaced and surrounded by pyrite
- contact abrupt with shell fragments disbursed randomly in basal 3 cm; appears as

a lag material
- basal .3 m unaffected by bioturbation; above the sediment is completely churned,

3 cm green-grey clay at contact with:

856.5 m - 859 m TBBS
- coarsening up, calcite, cemented medium brown to grey sandstone
- intensely bioturbated; some remnant bedding visible to 858 m; above this point

trace fossils become larger and more diverse, burrows are filled with coarser sand
than surrounding sediments
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(11 - 7 - 30 - 27W3 continued)

- trace fossils include Terebellina and Scalarituba; brachiopod shells are randomly
oriented as a result of bioturbation

- contact gradational with:
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Well Name:
Location:
K. B. elevation:
Interval described:
Comments:

Polaris SPC et al Lovern
10-3-30-29W3
729.95 m
860 m - 894 m
lost core from 892.1 m - 894 m

BAKKEN FORMATION

Lower black shale member

892 m - 892.1 m
-laminated black shale

Middle Bakken member

886.3 m - 892 m LBS
- medium grey sandy siltstone
- abundant crinoid ossicles and brachiopod shells oriented at random
- bioturbation is intense~ Helminthopsis, Scalarituba and Cosmorhaphe are

abundant
- contact abrupt with:

876.4 m - 886.3 m TBBS
- sandstone much like TBS only here it is almost entirely cemented by calcite and

burrowing is evident and decreases to the top~ oil staining increases to the contact
with the TBS

- coarsening up trend is observed
- Planolites, Cosmorhaphe, Scalarituba, Terebellina and Chondrites are observed
- bioturbation is intense to 878 m~ trace fossil diversity diminishes upsection to the

gradational contact with the TBS
- contact gradational with:

867.5 m - 876.4 m TBS
- well rounded medium grey to medium brown, very fine grained silty sand
- good oil staining to 872 m~ above this point unit is well cemented with calcite
- some shale interbeds as thick as 6 cm at 873 m, 870 m~ fine clay drapes
- small scale wave and current ripple bedding abundant (bedsets are up to 3 cm
thick)~ some laminated coarser sand truncates ripples at 873 m

- pyrite visible at 870.5 m
- contact gradational with:
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(10 - 3 - 30 - 29W3 continued)

866 m - 867.5 m UBS
- medium grey shaly siltstone
- brachiopod and crinoid debris randomly oriented
- Helminthopsis traces evident; otherwise sediment is intensely bioturbated
- contact gradational with:

Upper black shale member

863.9 m - 866 m
- laminated black, fissile, slightly calcareous silty shale
- abrupt contact with:

LODGEPOLE FORMATION

860 m - 863.9 m
- mottled and banded dark grey to light grey, slightly shale and fossiliferous

limestone
- contact gradational with:
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Penn West et al Hoosier A 1-7
Al-7-31-27W3
741.5 m
869 m - 886.6 m
Excellent core

BAKKEN FORMATION

Middle Bakken member

885 m - 886.6 m TBBS
- lower contact may be gradational with the LBS below, but this is difficult to

determine
- calcareous cemented light to medium grey very fine to fine sandstone and siltstone

at base
- bioturbation is intense and most sedimentary structures are obliterated
- bioturbate structures include Scalarituba, Planolites, Asterosoma, Skolithos, and

Thalassinoides; the unit is moderately to intensely bioturbated make identification
of sedimentary structures difficult-it is obvious that they were small scale based
on what appears to be relict lamination thickness

- upper contact is gradational with:

878.25 m - 885 m TBS
- high angle cross-bedding is found right at the lower contact
- unit displays.7m calcareous cemented, convolute bedded, and occasional rip-up

clasts are found in a light grey silty sandstone and siltstone
- ball and pillow structures are abundant throughout
- fine silt and shale interbeds are observed for approximately 1.3 m above basal

contact and make up less that 20% of lithology
- above the basal cemented zone the TBS is dark brown slightly calcareous

cemented, oil stained, very fine grained sandstone to siltstone that displays small
scale wave-ripple bedding including herringbone cross-bedding

- contact is gradational with:

877.25 m - 878.25 m ISSS
- medium to dark, calcareous cemented sandstone with interbedded medium to light

grey and grey-brown silt and shale drapes
- fine to coarse ration is approximately 20:80 to 10:90; ISSS-TBS transition zone
- convolute bedding, pyritized and mud rip-up clasts at contact with:

875 m - 877.25 m UBS
- light greenish grey dolomitic and calcareous pyritic silty shale
- intensely bioturbated contains crinoid and brachiopod debris
- burrowed gradational contact (over 2 em) with:
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(AI - 7 - 31 - 27W3 continued)

Upper Bakken member

873.6 m - 875 m UBSH
- dark grey to black interlaminated siltstone~ silty shale and fine grained sandstone
- interlaminated fine siltstones and shales separate coarser grained sandstones
- upper contact contains Glossifungites trace fossil assemblage and is abrupt with:

SOURIS VALLEY BEDS - MISSISSIPPIAN

869 m - 873.6 m
- light grey silicious dolomitic limestone interbedded with light green - grey shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Mesa H-M N Hoosier 14-34
14-34-31-27W3
703.9 m
834.8 m - 852.8m
two core; loss at base of core 840 m of .5m

BAKKEN FORMATION

Middle Sandstone member

852.1 m - 852.8 m OBG
- well indurated light grey oolitic and skeletal limestone
- upper ripples surface ofunit is in abrupt contact with:

851.3 m - 852.1m ISSS
- interbedded brown and grey calcite cemented sandstone, siltstone and shale, small

scale - 1em thick
- slight bioturbation includes Planolites
- small scale current ripple bedding is apparent
- contact abrupt with:

843.4 m - 851.3 m TBS
- dark and light brown and light grey and green partially calcite cemented very fine

sandstone and silty sandstone
- physical sedimentary structures include cm scale ripple current bedding rare

graded bedding. planar bedding and rare herringbone structures
- contact is gradational with:

840.8 m - 843.4 m ISSS
- interbedded sandstone (1-3 cm thick) and siltstone (-.5 cm thick)
- finer interbeds are draped on oil stained sandstone intervals
- sand to silt ratio is approximately 65:35
- planar bedded sandstone from 842.1 m to 842.6 m overly scoured ripple bedding
- unit is in abrupt contact with:

834.8 m - 840.8.m TBS
- dark brown, oil stained very fine to fine grained quartz sandstone
- may be slightly bioturbated; small scale ripples are vaguely identifiable
-lost core from 840 m - 840.5 m
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

GOA Coleville D16-14
DI6-14-31-24W3
714.47 m
827.5 m - 843 m
Good core with analysis

BAKKEN FORMATION

Middle Sandstone member

830 m - 843 m TBS
- dark to medium brown, oil stained very fine to fine grained quartz sandstone,

slightly to moderately calcite cemented; bottom 20 cm of core is tightly calcite
cemented giving it a light grey colour

- sedimentary structures include small scale wave and occasional current ripples,
clay rip-up clasts and minor discontinuous clay laminae; the unit is slightly
pyritized

- the units contact is gradational with UBS-TBS transition (facies change):

827.5 m - 830 m UBS
- grey to dark brown siltstone and sandstone are finely interbedded on the scale of 1
cm per bed; some bioturbation is evident

- at 829 m a thin laminated shale bed is present
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

GAO Coleville B8-23
B8-23-31-24W3
706.8 m
815.6 m - 833 m

BAKKEN FORMATION

Middle Sandstone member

830.5 m - 833 m TBS
- cemented and fossiliferous grey fine-grained sandstone, containing crinoid ossicles

and brachiopod shell debris
- contact gradational with:

825.6 m - 830.5 m ISSS
- dark brown, oil stained sandstone interbedded with grey and greenish - grey clay
drapes; burrows follow bedding planes

- sandstone interbeds are rippled; sst to slst ratio = 70:30 to 90:10 to base
- convolute structures are common at 828. 1m; unit is slightly calcite cemented to

base, and increases with proximity to basal contact
- contact gradational with:

815.6 m - 825.6 m TBS
- dark brown and grey, very fine-grained sandstone is occasionally interbedded with

light green clay drapes; much ofthe interval is highly oil stained. Calcite cement
appears as bands or lenses that are sporadically distributed

- sedimentary structures include minor burrowing, wave and current ripple
throughout, and planar bedding at 815.6 m - 916.9 m

- plant debris of muddy bedding plane at 821.5 m
- rubbly core from 823 - 825 m; no sedimentary structures visible
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

GAO Coleville B3-24T
B3-24T-31-24W3
715.83 m
816 m - 838.2 m
good core; slabbed and analyzed

BAKKEN FORMATION

Middle Sandstone member

837.9 m - 838 m OBG
- light grey oolitic and skeletal limestone; slightly oil-stained

827.7 m - 837.9 m TBS
- dark brown, very fine-grained, pyritiferous sandstone, and occasionally muddy

sandstone
- occasional grey clay interbed
- wave ripples, and at 836 m - 837.9 m high angle planar bedding
- slight calcite cementation is ubiquitous
- rare horizontal trace fossil present
- gradational contact with:

824 m - 827.7 m ISSS
- dark brown sandstone, green-brown shale; interbedded
- coarse to fine ration = 70:30 to 60:40
- soft sediment deformation in both sand and clay interbeds, rippled sand-

hummocky interbeds at 826 m; clay drapes appear as both continuous and
bifurcated across core slabs

- rare pyrite filled Planolites burrows follow sandstone interbeds horizontally;
Skolithos cross-cut bedding structures

- gradational contact with:

821.2 m - 824 m TBS
- very dark brown highly oil stained, apparently massive, fine-grained sandstone
- mud rip-up clasts are concentrated at the top and base
- in abrupt contact with:

820.5 m - 821.2 m UBS
- dark grey shaley siltstone; dolomitized, intensely bioturbated
- crinoid ossicles common; brachiopod shells rare
- abrupt contact with:
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(B3 - 24T - 31 - 24W3 continued)

818.8 m - 820.5 m UBSH
- dark grey shale
- top of unit is marked by Glossifungitus trace fossil representatives- burrows that

extend down into the upper black shale from within the lowermost Lodgepole
interval, that are pYrite filled

- sharp contact with:

LODGEPOLE FORMATION

Souris Valley Bed

816 m - 818.8 m
-light grey, silicious, nodular limestone with occasional silt band 4-50 cm thick
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Westbume Coleville Dl-36
Dl-36-31-24W3
711.3 m
827 m - 844 m

BIG VALLEY FORMATION

Crystal Limestone member

843m-844m
- light grey skeletal-rich limestone; pyritiferous
- top 20 em light green shale

BAKKEN FORMATION

Lower shale member

837 m - 843 m LBSH
- dark grey to blac~ silty laminated shale;
- cone-in-cone structure, pyrite at 840.7 m and 842.2 m
- sandy interbeds from 1-5 em thick 1-1.5 m from base
- upper contact is burrowed; horizontal type are filled with silt and sand
- in abrupt contact with:

Middle Sandstone member

829.5 m - 837 m ISSS
- interbedded light green-grey clay and medium brown fine-grained sandstone;

wavy, lenticular and flaser bedding; sands are rippled and mud drapes over sand
interbeds

- sand to mud ratios are from 30:70 to 40:60; soft sediment deformation is
common, as are horizontal burrows ofPlanolites

- basal 40 em is highly calcite cemented and contains mud rip-up clasts the same
composition as the clay drapes

- contact is abrupt with:

827.7 m - 829.5 m UBS
- light brownish green-grey siltstone; calcite cemented; upper 50 em dolomitized
- intensely bioturbated; brachiopod and crinoid debris is common
- contact gradational over 20 em with:
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(D1 - 36 - 31 - 24W3 continued)

Upper Shale member

827 m - 827.7 m UBSH
- dark grey to black, laminated silty shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Westbume et al Coleville Al 1-4
All-4-31-23W3
697.5 m
823.7 m - 841.8 m

BAKKEN FORMATION

Lower Shale member

839.5 m - 841.8 m
- dark grey to black laminated shale
- cone-in-cone structure at 840 m

LBSH

835 m - 839.5 m OBG
- lowermost 1m is skeletal rich coarse-grained light grey packstone
- unit fines up to predominantly ooid rich at top and is mark also by a thin lens of
quartz sand

- uppermost 3.5 m is oolitic rich, light grey grainstone that is interspersed with
quartz sand that is concentrated on bedding plains; oolite and bioclastic fragments
the size ofoolites make up the framework

- pyrite occurs as intergranular framboids, and as replacement for skeletal grains

829.4 m - 835 m TBS
- dark brown, fine-grained, oil stained sandstone
- wave-ripples, planar bedding and occasional hummocky cross-stratification
- abrupt contact with:

823.7 m - 829.4 m ISSS
- dark brown and light grey-green interbedded sandstone-mudstone
- bioturbation is associated with finer grained interbeds
- wavy sand intervals alternate with clay drapes; mudstone interbeds increase in
frequency to top
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Westbume et al Coleville 16-10
16-10-31-23W3
694.55 m
809 m - 827 m

BAKKEN FORMATION

Middle Sandstone member

820.4 m - 826.9 m TBS
- dark brown, oil-stained, fine-grained sandstone; wave ripples, planar bedding,
cross-bedding and rare mud laminae are present

- Thalassinoides is present,..., 1m from base; calcite and kaolinite cement are
present in the basal 50cm

- gradational contact with:

815.8 m - 820.4 m ISSS
- interbedded fine-grained dark brown sandstone and light green-grey clay
- sand to mud ratio = 50:50 to 60:40; bedding is contorted by soft- sediment

deformation features-slumps; rippled sand interbeds form wavy and lenticular
bedding (bedsets are 1-6 cm and average 2-3 cm thick)

- Thalassinoides and Planolites burrows are rare
- contact is gradational with:

814.8 m - 815.8 m UBS
- medium grey-green dolomitic siltstone; intensely bioturbated; Helminthopsis
traces are present

- contact gradational with:

Upper Bakken shale

813.6 m - 814.8 m UBSH
- dark grey to black and dark grey-green laminated shale
- contact abrupt with:

LODGEPOLE FORMATION

Souris Valley beds

809 m - 813.6 m
- light grey to white nodular and silicious limestone interbedded with light green
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(16· 10 - 31 ·23W3 continued)

and grey limy shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Westburne et al Coleville 4-14
4-14-31-23W3
692.3m
804 m - 817 m

BAKKEN FORMATION

'Middle Sandstone member

817.2 m - 818.3 m OBG
- light grey bioclastic rich limestone grades upward to light grey oolitic rich

limestone; bioclasts include crinoid and brachiopod debris
- minor quartz sand interbeds at top and base ofunit
- contact is abrupt with:

812 m - 817.2 m TBS
- medium to dark and occasionally grey brown fine-grained oil-stained, slightly

calcite cemented sandstone; wave ripples, hummocky cross-stratification
occasional green-grey clay interbeds, and planar bedding are present

- basal 70 cm is highly calcite cemented
- contact is abrupt with:

809.5 m - 812 m ISSS
- interbedded dark brown fine-grained, oil-stained sandstone and light green-grey

siltstone and clay
- slump and load deformation features are common; burrows are rare to common

and include Tha/assinoides and Planolites
- contact abrupt with:

807 m - 809.5 m TBS
- medium to dark brown fine-grained oil-stained, slightly calcite cemented

sandstone; small scale (2-3 cm thick) current ripple bedding is common; rare
burrows

- rare clay rip-up clasts at top
- contactgradational, marked by 30 em ofgreen-grey burrowed siltstone, with:

806 m - 807 m CSST
- light grey-brown calcite cemented fine-grained, bioturbated silt and clay rich

sandstone
- brachiopod and crinoid debris are common
- contact gradational with:
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(4 - 14 - 31 - 23W3 continued)

805.5 m - 8806 m UBS
- grey siltstone; intensely bioturbated and dolomitic
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

GAO Coleville B13-16
B13-16-31-23W3
700.7m
812 m - 821m

BAKKEN FORMATION

Middle Sandstone member

820.6 m - 822 m OBG
- light grey, very coarse-grained, pyritic, bioclastic and oolitic, limestone

interbedded with thin beds of light grey calcite cemented quartz sandstone; unit
consists of stacked sets ofbasal bioclastic rich limestone overlain by oolitic rich
limestone; each package is 40-50 cm thick

- at base clay rip-up clasts are abundant; crinoid and brachiopod shell hash
predominate; ooids are common to abundant

- contact abrupt with:

891.5 m - 820.6 m TBS
- dark brown fine-grained oil-stained sandstone; mud rip-up clasts are abundant at
base with long axis parallel to bedding

- contact abrupt and sharp with:

818.5 m - 819.4 m OBG
- light grey oolitic limestone interbedded with 3 cm thick light brown, oil-stained

fine-grained sandstone and light green-grey shale and siltstone
- contact abrupt with:

816.7 m - 818.5 m ISSS
... medium brown and grey fine-grains oil-stained and sometimes patchy calcite

cemented sandstone and light greenish-grey silt and shale
- sand to mud ratios vary from 40:60 to 30:70; bioturbation is common virtually
obliterating sedimentary structures

- contact gradational over 10 cm with:

814 m - 816.7 m UBS
- light grey-green, dolomitic, shaly siltstone, intensely bioturbated by primarily

horizontal grazing traces; Helminthopsis, Scalarituba and Chondrites are visible
... burrows are oil-stained to 1.5 m above base
- contact abrupt with:
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(B13 - 16 - 31 - 23W3 continued)

Upper Shale member

813.9 m - 814 m UBSH
- dark grey to black parallel laminated silty shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

GAO Coleville D12-17
D12-17-31-23W3
709.9 m
827 m - 845 m
broken and rubbly core; missing core from 835.6 moO 836.2
m between core 1 and 2

BAKKEN FORMATION

Lower Shale member

840.2 m - 845 m LBSH
.. medium to dark grey, laminated shale, slightly calcareous; pyritiferous
- shale laminae are draped around pyrite nodules
- contact abrupt with:

Middle Sandstone member

837.6 m - 840.2 m OBG
- light grey oolitic and bioclastic coarse to very coarse-grained limestone
- coarser bioclastic debris is concentrated at 839 m in a 7 cm thick bed, and
displays abrupt contact upper and lower contact; 0.5 cm ofquartz sandstone at
838.5 m

- contact abrupt with:

832 m - 837.5 m TBS
(missing core from 835.5 moO 836.2 m)

- dark brown, fine-grained, oil-stained sandstone; slightly calcite cemented
throughout; basal 50 cm highly calcite cemented

- planar lamination and current ripples; rare evidence ofburrows
- contact gradational with:

~a7m-~2m C~T

- medium brownish-grey fine-grained, sandstone; oil-staining increases to base and
cementation increased to top

- Teichichnusburrows common; shell debris follows bedding planes
- contact abrupt with:

828 m - 828.7 m UBS
.. medium grey dolomitized siltstone; intensely bioturbated
.. contact gradational over 10 cm with:
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(D12 ~ 17·31 - 23W3 continued)

Upper Shale member

826.8 m - 828 m
- dark grey to black, laminated shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

GOA Coleville D10-18
DIO-18-31-23W3
712.8 m
831.7 m - 848 m
missing core from 840.65 m - 842 m, between cores 2 and 3

BAKKEN FORMATION

Middle Sandstone member

846.6 m - 848 m OBG
-light grey oolitic limestone; minor quartz sandstone interbeds 3-5 cm thickness

near top; oil-stained
- contact abrupt with:

837.9 m - 846.6 m TBS
(lost core from 840.65 m - 842 m)

- dark brown, fine-grained, oil-stained sandstone; slight calcite cementation
throughout

- wave ripples are abundant and hummocky cross-stratification is rare
- 50 cm thick interbedded sand and clay interval at 843 m; soft sediment

deformation features rare
- massive appearance from 838 m - 839.5 m due to high degree ofoil-staining;

abundant mud rip-up clasts at top (837.9 m - 838 m)
- contact abrupt with:

833 m - 837.9 m CSST
- dark brown fine-grained, oil-stained sandstone interbedded with light green silt

and clay
- basal 1m burrows are distinguishable and bioturbation is slight to moderate;
Planolites are sand filled

- above basal metre, sediment is moderately to intensely bioturbated, and calcite
cemented; Scalarituba is present

- contact gradational with:

832 m - 833 m UBS
- greenish-grey dolomitized siltstone; intensely bioturbated
- contact gradational with:

Upper Shale member

831.7 m - 832 m UBSB
- dark grey to black, laminated, silty shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

PPCWH Coleville B4-19T
B4-19T-31-23W3
718.2 m
822.6 m - 840 m

BAKKEN FORMATION

Middle Sandstone member

831m-840m TBS
- dark brown, fine-grained, highly oil-stained sandstone; much of the interval

appears massive due to the high degree ofoil staining
- current ripple and planar laminations are abundant to common; clay drapes are

evident at 835 m, 838 m (10-15cm thick interval) and 839.5 m; mud rip-up clasts
are concentrated at 835.5 m, directly below planar bedding features

- contact abrupt with:

827 m - 831m ISSS
- interbedded dark brown fine-grained, oil"stained sandstone and greenish-grey silt

and clay beds; sand to mud rations = 50:50
- abundant soft sediment deformation features are present; Planolites, Teichichnus

and Thalassinoides are common burrows
- contact is abrupt with:

~5m-~7m T~

- dark brown, fine-grained, oil-stained sandstone; occasional mud drapes are
discontinuous across core face; mud rip-up clasts are rare and scattered, or
abundant and concentrated at the base of the unit

- contact abrupt with:

824.3 m - 825 m CSST
- medium brown, fine-grained slightly oil-stained sandstone interbedded with

greenish-grey silty clay; bioturbation is moderate; sand to mud ratio = 30:70
- contact is gradational with:

823 m - 824.3 m UBS
- medium grey dolomitized, pyritic siltstone; intensely bioturbated - Helminthopsis
is recognizable

- contact is gradational with:
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(B4 - 19T - 31 23W3 continued)

Upper Shale member

822.6 m - 823 m UBSB
- black laminated shale with fine silt laminations
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil North Smiley A3-24
A3-24-32-25W3
713m
811.5 m - 827.1 m

BAKKEN FORMATION

Lower Shale member

827 m • 827.1 m
- black, laminated shale
- contact abrupt with:

Middle Sandstone member

LBSH

825.9 m - 827 m OBG
- light grey oolitic, bioclastic limestone; large-scale planar tabular bedding and

parallel bedding features are vaguely identifiable
- basal 1-2 cm is cemented quartz sandstone interbedded with oolitic

and bioclastic debris
- contact is abrupt with:

813.5 m - 825.9 m TBS
- medium to dark brown, fine-grained, oil-stained slightly to moderately calcite

cemented quartz sandstone; minor interbedded light brown clay rich horizons at
820 m, 817.5 m and 815 m; clay interbeds 50 cm or less in thickness are draped
over rippled sands beds

- rare planar tabular cross-bedding is found at the base; hummocky cross
stratification, wave-ripples and scour surfaces are common is lower 5.5 m

- planar bedding and small current ripple bedding predominate between clay rich
horizons in the uppennost 7 m

- contact gradational with:

812.5 m - 813.5 m CSST
- medium brown fine-grained slightly oil-stained, bioturbated sandstone and light

greenish and greYish brown silt and clay interbeds
- bioturbation is moderate; Teichichnus forms moderate density, low diversity trace

fossil assemblage
- contact gradational with:
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(A3 - 24 - 32 - 25W3 continued)

811.5 m - 812.5 m UBS
- medium to light greenish grey, dolomitized siItstone~ bioturbated and pyritic
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil Court 6-31
6-31-33-27W3
740.62 m
856.7 m - 872 m

BAKKEN FORMATION

Middle Sandstone member

871.4 m - 872 m LBS
-light to medium grey fine-grained, calcite cemented, muddy and sandy siltstone;

intensely bioturbated
- contact abrupt with:

860.5 m - 871.4 m TBS
- very dark brown highly oil-stained, fine-grained sandstone; slightly calcite

cemented
- small scale current ripples average 2-3 em in thickness are abundant
- pyrite nodules are abundant and localized at 870 m and at the upper contact of

the unit; small clay rip-up clasts are rare
- contact abrupt with:

Upper Shale member

859.3 m - 860.5 m UBSH
- alternating green-black-green laminated shale
- contact abrupt with:

LODGEPOLE FORMATION

Souris Valley Beds

858.8 m - 859.3m
- light green-grey limy shale, laminated
- contact abrupt and erosional with:

SUCCESS FORMATION

856.8 m - 858.8 m
- light tannish grey silicified limestone breccia; poorly sorted
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Well Name:
Location:
KoBo Elevation:
Interval Described:
Comments:

Saskoil Coo Res Court 6-25
6-25-33-28W3
733.9 m
85501 m - 868.4 m

BAKKEN FORMATION

Lower Shale member

867.5 m - 868.4 m LBSH
- black, laminated shale; cone-in-cone structure well developed
- contact abrupt with:

867 m - 867.5 m ISSS
- interbedded medium brown fine-grained, slightly oil-stained sandstone and light

greenish-grey shaly siltstone; sand interbeds are rippled (1 cm thick)
- sand to mud ratio = 60:40
- contact is abrupt and erosional with:

860m-867m TBS
- very dark brown, fine-grained, highly oil-stained quartz sandstone; slightly calcite

cemented
- small scale current ripple bedding and scattered mud rip-up clasts are abundant; 

high-angle planar cross-bedding near top; pYrite nodules mark upper contact
- contact sharp with:

Upper Shale member

858.1 m - 860 m UBSH
- variegated black and green laminated shale
- contact abrupt with:

LODGEPOLE FORMATION

Souris Valley Beds

857.1 m - 858.1 m
- interbedded green and black calcareous shale and light grey nodular, silicious

limestone
- contact abrupt and erosional with:
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(6 - 25 - 33 - 28W3 continued)

SUCCESSFO~ATION

755.1 m - 857.1 m
-light tannish grey silicified limestone breccia; poorly sorted
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil et al Court 14-25
14-25-33-28W3
727.35 m
850 m - 861 m
core in poor condition-rubble

BAKKEN FORMATION

Middle Sandstone member

860.3 m - 861 m ISSS
• interbedded medium brown, fine-grained, slightly oil-stained sandstone and light

greenish grey to grey shaly siltstone
- sand to mud ratio = 50:50
- contact with:

850 m - 860.3 m TBS
- very dark brown, fine-grained, highly oil-stained, quartz sandstone
- current ripple bedding is sometimes visible; otherwise massive and defonned

section
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

SaskoiI Coo Res Court 4-36
4-36-33-28W3
729.2 m
858.4 m - 863 m

BAKKEN FORMATION

Middle Sandstone member

862.7 m - 863 m ISSS
- interbedded medium brown, fine-grained, slightly oil-stained, quartz sandstone

and medium grey silty shale and siltstone; contacts between interbeds are abrupt
- contact abrupt and erosional with:

858.4 m - 862.7 m TBS
- very dark brown, fine-grained, highly oil-stained quartz sandstone; massive
- clay drape interbed at 861.5 m~ scattered, rare mud rip-up cast near top ofcore

261



Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Texaco et al Court A2-18
A2-18-33-27W3
708.3 m
844 m - 857.5 m

BIG VALLEY FORMATION

854.4 m - 857.5 m
- medium green pyritiferous shale; laminated

Crystal Limestone member

852 m - 854.4 m
- light grey fossiliferous limestone
- contact abrupt and erosional with:

BAKKEN FORMATION

Lower Shale member

847.8 m - 852 m LBSH
- black and green laminated shale; upper 30 cm ofunit is green; remaining section

is black
- coarse sand sized phosphatic lag at basal contact
- Terebellina at 850 mover 2 cm interval; very little compaction
- contact abrupt with:

Middle Sandstone member

847 m - 847.8 m TBS
- very dark brown, fine-grained, highly oil-stained sandstone; massive appearing
- contact abrupt with:

846.5 m - 847 m ISSS
- interbedded dark brown fine-grained, oil-stained sandstone, rippled and greenish

grey silty shale drapes
- sand to mud ratio = 30-70
- contact abrupt with:
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(A2 - 18 - 33 - 27 continued)

845.1 m - 846.5 m TBS
- very dark brown, fine-grained, highly oil-stained rubbly sandstone
- contact sharp and erosional with:

MAN~LEGROUPSBALE

844 m - 845.1 m
- grey rubbly shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Placid North Court 14-22
14-22-34-28W3
783.6 m
896 m - 914.5 m

BIG VALLEY FORMATION

914.2 m - 914.5 m
- green laminated shale; calcite nodules
- contact abrupt and erosional with:

BAKKEN FORMATION

Lower Shale member

911.5 m - 914.2 m LBSH
- black laminated shale; cone-in-cone calcite and pyrite are abundant
- basal lag consists of fine (grains are 30 mm long and 7 mm thick) phosphatic

clasts
- contact abrupt with:

Middle Sandstone member

904 m - 911.5 m ISSS
- interbedded grey and brown fine-grained sandstone, siltstone and shale; interval is
highly calcite cemented

- small current ripples, rare climbing ripples, are interbedded with silt drapes;
drapes become clay-rich in upper 1.5 m of unit; here cementation is not so great

- bioturbation is rare; pyrite blebs are localized
- contact abrupt with:

896 m - 904 m TBS
- brownish-grey to grey; fine to medium-grained quartz sandstone; calcite cemented
- nodular calcite diagenetic texture is common directly above contact with overlying

unit
- unit is clay-rich at 902 m - 903.3 m; planar bedding and current ripples are

common; large-scale cross-bedding is common at top of core; light green shale
wisps follow bed-fonns
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil Plover Lk. 15-5
15-5-35-26W3
727.7m
811 m .. 832 m
Interval includes 4 core.

BAKKEN FORMATION

Middle Sandstone member

828 m - 832 m ISSS
- light grey-brown shaly silt dark brown, fine-grained, oil-stained sandstone;

interbedded
- sand to mud ratios are ~ 40:60
- contact abrupt with:

815.7 m - 828 m TBS
- very dark brown, fine-grained, very oil stained sandstone; appears massive due to
high degree ofoil-staining

- fine-grained silt interbeds are vaguely visible near base of unit
- contact abrupt with:

814.8 m - 815.7 m
- light green-grey laminated shale
- contact abrupt and erosional with:

SUCCESSFO~TION

UBSH

813.3 m - 814.8 m
- light tannish grey silicified limestone breccia; poorly sorted
- 30 cm of greenish-yellow shale at top ofcore
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil Noreen Plover Lake 8-6
8-6-35-26W3
738.6 m
825 m - 843 m
Two core from 825 m - 843 m

BAKKEN FORMATION

Middle Sandstone member

841.6 m - 843 m ISSS
- light grey-brown shaly silt dark brown, fine-grained, oil-stained sandstone;

interbedded
- sand to mud ratios are -- 40:60
- contact abrupt with:

838.9 m - 841.6 m TBS
- very dark brown, fine-grained, very oil stained sandstone; appears massive due to

high degree of oil-staining
- contact abrupt with:

837.8 m - 838.9 m ISSS
- light grey-brown shaly silt dark brown, fine-grained, oil-stained sandstone;

interbedded
.. sand to mud ratios are -- 40:60
.. contact abrupt with:

836.5 m - 837.8 m TBS
.. very dark brown, fine-grained, very oil stained sandstone; appears massive due to

high degree of oil-staining
.. contact abrupt with:

834.5 m - 836.5 m ISSS
- light grey-brown shaly silt dark brown, fine-grained, oil-stained sandstone;

interbedded
.. sand to mud ratios are -- 40:60
.. contact abrupt with:

825 m - 836.5 m TBS
.. very dark brown, fine-grained, very oil stained sandstone; appears massive due to

high degree of oil-staining
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil Plover Lk. 1-8
1-8-35-26W3
726.4 m
804.4 m - 822.8 m
Logged core 3 & 4~ -30 cm loss between core at 812.7 m

BAKKEN FORMATION

Middle Sandstone member

816.2 m - 822.8 m ISSS
- interbedded greenish-grey silt and dark brown, fine-grained, oil-stained sandstone;

sandstone interbeds are from 5-10 cm thick and become thicker (up to 20 cm)
near the top of the interval; basal 30 cm is calcite cemented

- sand to mud ratios are ...... 40:60
- contact abrupt with:

804.5 m - 816.2 m TBS
- very dark brown, fine-grained, very oil-stained sandstone; appears massive due to

high degree of oil staining
- contact abrupt with:

Upper Shale member

804.4 m - 804.5 m
- laminated grey shale
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil Plover Lk. 2-8
2-8-35-26W3
727.4 m
816 m - 822 m

BIG VALLEY FORMATION

822 m - 824.5 m
- green limy shale with light grey nodules of limestone
- contact abrupt with:

BAKKEN FORMATION

Lower Shale member

819.7 m - 822 m LBSH
- laminated black shale; cone-in-cone structure developed and pyrite rich 70 cm

from top
- mineral development (calcium sulphate) disrupts laminae at 817.5 m
- contact uneven and abrupt with:

Middle Sandstone member

818 m - 819.7 m ISSS
- interbedded light greenish-grey siltstone and medium to dark brown, fine-grained,

oil-stained sandstone; bedding structures are small scale (2-4 em thick)
- 4 cm of shell hash composed ofbrachiopod shells oriented convex-up, and

crinoid ossicles are concentrated on an uneven lower surface; pyrite is
concentrated in shell hash horizon
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil Plover Lk. 4-9
4-9-35-26W3
726.55 m
803 m - 821 m
3 core cover interval described

BAKKEN FORMATION

Middle Sandstone member

812.3 m - 820 m ISSS
- interbedded light greenish-grey siltstone and medium to dark brown, fine-grained,

oil-stained sandstone; bedding structures are small scale (2-4 cm thick)
- pyrite is abundant as nodules near base of core (819.5 m)
- contact abrupt with:

802 m - 812.3 m TBS
- very dark brown, fine-grained, very oil stained sandstone; appears massive due to

high degree of oil-staining

NOTE: FROM PLOVER LAKE ONLY 5 OUT OF 10 CORE LOGGED ARE
INCLUDED HERE. THE REMAINING 5 CORE ARE VERY POOR AND ARE NOT
INCLUDED IN CORE DESCRIPTIONS-THEY ARE NOT USED IN THE
INTERPRETATIONS FOR TIllS THESIS.
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

NorcenInt ICG Hearts Hill 7-28
7-28-36-26W3
701.3 m
758.5 m - 775 m
2 core cover logged interval; base of core 1 and top ofcore 2
is at 766 m

BIG VALLEY FORMATION

772.7 m -774.2 m
- light to medium green, calcareous, laminated shale; light grey limestone nodules

are scattered
- contact abrupt with:

BAKKEN FORMATION

Lower Shale member

771.8 m -772.7 m LBSH
- laminated shale; upper 10 cm is grey and the remaining section is black
- contact abrupt with:

Middle Sandstone member

760 m - 771.8 m TBS
- dark brown, medium brown and grey, fine-grained, oil-stained to calcite cemented

quartzose sandstone; 768.3 m - 77.8 m light grey calcite cemented-tight
- good oil-staining to 765 m; 765 m - 768.3 m light oil-staining, moderate calcite

cement
- scattered fine, discontinuous light green clay partings are common; bedding rests

at odd angles
- contact abrupt and erosional with:

MANNVILLE GROUP SANDSTONE

758.8 m - 760 m
- sandstone containing abundant brachiopod shells and green clay nodules
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil et al Luseland 7-5
7-5-36-25W3
692.8 m
726 m -734 m
Lost core from 734 m -738 m; 2 core cover logged interval;
core 1=725 m -729.25 m and core 1=729.25 m -738.25 m

BAKKEN FORMATION

Middle Sandstone member

732.2 m - 734 m CSST
• medium brown fine-grained slightly oil-stained, bioturbated sandstone and light

greenish and greyish brown silt and clay interbeds and matrix material
- bioturbation is moderate; Teichichnus forms moderate density, low diversity trace

fossil assemblage
- contact abrupt with:

Upper Shale member

731.8 m - 732.2 m
- green laminated shale
- contact abrupt with:

LODGEPOLE FORMATION

UBSH

726 m -731.8 m
- light grey limestone, siliceous; green shales, and reddish clays and limestone

debris fill fractures; very Success-like
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil et al Luseland 16-7
16-7-36-25W3
694.9 m
757 m - 766.5 m

BIG VALLEY FORMATION

764.5 m - 766.5 m
- limy, nodular, laminated green shale
- contact abrupt with:

BAKKEN FORMATION

Lower Shale member

762.8 m - 764.5 m
- laminated black shale
- contact abrupt with:

LBSH

759.6 m -762.8 m ISSS
- light grey-brown shaly silt dark brown, fme-grained, oil-stained sandstone;
interbedded

- sand to mud ratios are ...., 40:60
- calcite cemented wisps are localized
- contact abrupt with:

757 m - 759.6 m TBS
• dark brown, fine-grained, oil-stained slightly calcite cemented quartzose
sandstone; bedding in this well is severely damaged; unit thicknesses appear
typical for this area
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil et al Luseland 3-17
3-17-36-25W3
694.2 m
719 m -740 m
3 core; 718 m - 727 m; 727 m - 736 m; 736 m - 740 m

BAKKEN FORMATION

Lower Shale member

739.3 m - 740 m LBSH
- laminated green and black shale; large pyrite nodule at upper contact
- uppermost 5 cm is light green in colour
- contact abrupt with:

736.4 m - 739.3 m ISSS
- light grey-brown shaly silt dark brown, fine-grained, oil-stained sandstone;

interbedded
- sand to mud ratios are -- 40:60; finer-grained interbeds increase in frequency

upward
- contact abrupt with:

723.8 m - 736.4 m TBS
- very dark brown, fine-grained, very oil...stained quartzose sandstone; silt laminae

and partings are localized throughout
- staining obscures bedding structures; sandstone appears massive
- contact abrupt with:

719 m - 723.8 m CSST
- medium brown fine-grained slightly oil-stained, bioturbated sandstone and light
greenish and greyish brown silt and clay interbeds and matrix material

- bioturbation is moderate; Teichichnus forms moderate density, low diversity trace
fossil assemblage; burrows are filled with sand and are oil-stained-this makes them
highly visible

- unit fines upward with an increasing silt and clay content to top of core
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Well Name:
Location:
K.B. Elevation:
Interval Described:
Comments:

Saskoil et al Luseland A3-I8
A3-18-36-25W3
691.75 m
736.5 m - 750 m
2 core: 737 m -746 m; 746.25 m -750.75 m

BAKKEN FORMATION

Middle Sandstone member

747 m - 750 m ISSS
- light greyish-green shaly silt dark brown, fine-grained, oil-stained sandstone;
interbedded~ clay interbeds swell when wet

- sand to mud ratios are -- 50:50; calcite cementation is patchy to 70 m above base
ofcore

- contact gradational with:

736.5 m - 747 m TBS
- very dark bro~ fine-grained, very oil-stained quartzose sandstone; silt laminae

and partings are localized throughout; bedding is slightly deformed and
microfaults are localized

- staining obscures bedding structures; sandstone appears massive
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Well Name:
Location:
K.B. Elevation:
IntervalI>escribed:
Comments:

Saskoil SHOP Luseland 10-18
10-18-36-25W3
684.85 m
711.5 m - 733 m
3 core: 1) 713.5 m - 722.5 m; 2) 722.5 m - 731.5 m; 3) 731.5 
734.5 m - depth according to boxes

BAKKEN FORMATION

Middle Sandstone member

719.5 m - 733 m TBS
- very dark brown to dark bro~ fine-grained, very oil-stained to oil- stained
quartzose sandstone; silt laminae and partings ofISSS composition are localized at
731 m .. 733 m and at 726 m - 727.3 m; bedding structures include small-scale
wave ripples at 732 m (2-5 cm thick) and large scale cross-bedding at 727.7 m

- bedforms in the upper part of the section are difficult to make out because ofoil
staining, but appear to be small scale ripples

- pyrite nodules as large as 3 cm in diameter are localized (720 m; 727 m)
- contact abrupt with:

715.5 m - 719.5 m CSST
- medium brown fine-grained slightly oil-stained, slightly calcite cemented, pyrite
rich bioturbated sandstone and light greenish and greyish brown silt and clay
interbeds and matrix material

- bioturbation is moderate; Teichichnus forms moderate density, low diversity trace
fossil assemblage; many burrows are filled with sand and are oil-stained-this
makes them highly visible; where they are calcite cemented they are tight and not
oil-stained

- unit becomes increasingly more fine-grained and calcareous from 718 m to top; it
bears more and more resemblance to what overlies it

- contact gradational with:

LODGEPOLE FORMATION

Souris Valley Beds

711.5 m - 715.5 m
- light greenish-grey lime mudstone; calcite and siliceous nodular bedding is
localized
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APPENDIX 2

SAMPLE LOCATIONS AND DEPTHS WITH CORRESPONDING THIN
SECTION PREPARATONS

NOTE:
- THEIR WERE 152 SAMPLES COLLECTED
- WELL DEPTH IS GIVEN IN METRES ONLY
- THIN SECTION AND ANALYSIS COLUMN, (RIGHT HAND COLUMN):

THIN SECTIONS~ Y - YES
N-NO

ANALYSIS~ M - MICROPROBE
P - PALYNOLOGY

- UNIT COLUMN
OBG
LBS
TBBS
TBS
ISSS
CSST
UBS
UBSH
LBSH
FOS.
B.VAL
LODG.

Oolithic Bioclastic Grainstone
Lower Bioturbated Siltstone
Thinly-Bedded Bioturbated Sandstone
Thinly-Bedded Sandstone
Interbedded Sandstone-Siltstone-Shale
Calcareous Sandstone
Upper Bioturbated Siltstone
Upper Black Shale
Lower Black Shale
Fossiliferous
Big Valley Formation
Lodgepole Formation
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WELL LOCATION SAMPLE UNIT THIN-
DEPTHlNo SECTION
DEPTHS YIN

IN ANAL.
METERS M,P

10-3-30-29W3 864 UBSH YIP

10-3-30-29W3 867.2 UBS YIP

10-3-30-29W3 869.7 TBS Y

10-3-30-29W3 870 TBS Y

10-3-30-29W3 870.7 TBS YIP

10-3-30-29W3 871.7 TBS Y

10-3-30-29W3 872 TBS Y

10-3-30-29W3 872.6 TBS N

10-3-30-29W3 873 TBS-CLAY YIP

10-3-30-29W3 873.4 TBS Y

10-3-30-29W3 875.4 TBS Y

10-3-30-29W3 875.7 TBS Y

10-3-30-29W3 876.6 TBS Y

10-3-30-29W3 877.5 TBBS Y

11-7-30-27W3 856.5 TBBS N

11-7-30-27W3 857.6 TBBS N

11-7-30-27W3 858.8 TBBS N

11-7-30-27W3 859.2 LBS N

11:.7-30-27W3 862.3 LBS N

11-7-30-27W3 864.1 LBS N

11-7-30-27W3 865.9 LBS N

11-7-30-27W3 866.5 LBSILBSH N

11-7-30-27W3 868.4 LBSH N
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10-33-30-24W3 839.7 UBSH Y

10-33-30-24W3 841.9 UBSH Y

10-33-30-24W3 843.4 UBSH N

10-33-30-24W3 843.6 Y

10-33-30-24W3 845.6 Y

10-33-30-24W3 845.8 UBS N

10-33-30-24W3 847.7 UBS N

10-33-30-24W3 847.8 TBBS N

10-33-30-24W3 848.3 TBBS N

10-33-30-24W3 849.9 LBSH N

6-3-31-27W3 891.5 UBS P

6-3-31-27W3 892.5 TBS N

6-3-31-27W3 893 TBS N

6-3-31-27W3 895.4 TBS N

6-3-31-27W3 895.6 TBS N

6-3-31-27W3 897.2 TBS N

6-3-31-27W3 898.2 TBS N

6-3-31-27W3 898.7 TBS N

6-3-31-27W3 901.2 TBS N

AI1-4-31-23W3 824.8 ISSS/CLAY N

AI1-4-31-23W3 826.2 ISSS N

All-4-31-23W3 827.5 ISSS N

AI1-4-31-23W3 830 TBS/CLAY N

AI1-4-31-23W3 837.2 OBG Y

A11-4-31-23W3 839.3 OBG Y

A11-4-31-23W3 839.5A&B LBSH/OBG N
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AII-4-31-23W3 841 LBSH N

16-10-31-23W3 814.1 UBSH N

16-10-31-23W3 814.8 UBS N

16-10-31-23W3 815.8 UBS N

16-10-31-23W3 818.6 ISSS N

16-10-31-23W3 820.9 TBS N

16-10-31-23W3 825.4 TBS N

16-10-31-23W3 826 TBS N

4-14-31-23W3 806 UBS N

4-14-31-23W3 806.4 TBSIFOS. N

4-14-31-23W3 807.8 TBS N

4-14-31-23W3 N

4-14-31-23W3 810 ISSS N

4-14-31-23W3 812.2 TBS N

4-14-31-23W3 815.2 TBS N

4-14-31-23W3 817.2 TBS N

4-14-31-23W3 817.5 OBG y

4-14-31-23W3 817.8 OBG y

BI3-16-31-23W3 814.2 UBS N

B13-16-31-23W3 814.7 TBSIUBS N

BI3-16-31-23W3 N

BI3-16-31-23W3 817.2 ISSS N

B13-16-31-23W3 818.6 OBG y

BI3-16-31-23W3 819 OBG N

BI3-16-31-23W3 820 TBS N
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B13-16-31-23W3 820.6 TBS N

B13-16-31-23W3 821 OBG Y

B13-16-31-23W3 822 OBGILBSH N

B13-16-31-23W3 838.1 Y

D12-17-31-23W3 828.1 UBS YIP

D12-17-31-23W3 828.5 UBS Y

D12-17-31-23W3 829.7 CSST YIP

D12-17-31-23W3 830.9 CSST Y

D12-17-31-23W3 833 TBS N

D12-17-31-23W3 834.1 TBS YIP

D12-17-31-23W3 835.3 TBS Y

D12-17-31-23W3 837 TBS YIP

D12-17-31-23W3 837.6 OBG/TBS YIP

DI2-17-31-23W3 838.7 OBG y

D12-17-31-23W3 840 OBG N

D12-17-31-23W3 840.5 LBSH P

B8-23-31-24W3 818.1 TBS N

B8-23-31-24W3 821.4 TBS N

B8-23-31-24W3 827.2 TBS N

B8-23-31-24W3 828.1 TBSILBS y

B8-23-31-24W3 829.5 y

B8-23-31-24W3 829.9 Y

B8-23-31-24W3 830.3 TBS N

B8-23-31-24W3 831.2 TBS N

B8-23-31-24W3 831.6 TBS N

B8-23-31-24W3 832.1 TBS Y
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B3-24T-31-24WS 819.8 UBS N

B3-24T-31-24W3 820.5 UBS N

B3-24T-31-24W3 821.25 TBS/CSST N

B3-24T-31-24W3 823 TBS N

B3-24T-31-24W3 826.2 ISSS N

B3-24T-31-24W3 834 TBS N

B3-24T-31-24W3 833.1 OBG N

DI-36-31-24W3 829.2 UBS N

Dl-36-31-24W3 832 ISSS N

D 1-36-31-24W3 836.2 ISSS N

Dl-36-31-24W3 . 837 ISSSILBSH N

D1-36-31-24W3 843A LBSH N

Dl-36-31-24W3 843B B.VAL N

Dl-36-31-24W3 843.8 B.VAL N

11-34-31-27W3 840.3 TBS y

11-34-31-27W3 843.1 TBS N

11-34-31-27W3 843.5 TBS N

11-34-31-27W3 844.9 y

11-34-31-27W3 845.4 TBS N

11-34-31-27W3 846.1 TBS N

11-34-31-27W3 846.7 TBS N

11-34-31-27W3 847.2 TBS N

11-34-31-27W3 849.7 y

11-34-31-27W3 849.8 y

11-34-31-27W3 850 y

11-34-31-27W3 852.1 OBG N
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11-34-31-27W3 852.2 OBG N

14-22-34-28W3 896.5 y

14-22-34-28W3 902.2 y

14-22-34-28W3 904 TBS N

14-22-34-28W3 905.3 ISSS Y

14-22-34-28W3 906 TBS Y

14-22-34-28W3 908.4 TBS N

14-22-34-28W3 910 TBS N

14-22-34-28W3 912.1 LBSH N

14-22-34-28W3 914.3 B.VAL y

10-18-36-25W3 712.8 LODG. Y

10-18-36-25W3 714.9 LODG. y

10-18-36-25W3 716.3 CSST y

10-18-36-25W3 716.9 CSST y

10-18-36-25W3 718.2 CSST y

10-18-36-25W3 718.5 CSST y

10-18-36-25W3 731 TBS y

10-18-36-25W3 732.2 TBS y

14-34-31-27W3 838.1 y

14-34-31-27W3 840.8 Y

14-34-31-27W3 841.3 Y

14-34-31-27W3 843.1 TBS y

14-34-31-27W3 844 Y

14-34-31-27W3 844.5 TBS y

14-34-31-27W3 844.6 TBS Y
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II 14-34-31-27W3 845 I TBS I y II
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APPENDIX 3:

STRATIGRAPmC SECTIONS LOGGED FROM CORE AND USED IN PLATE
DESCRIPTIONS OR ELSEWHERE IN THE STUDY
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855

4-36-33-28W3

865
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755

760

765

770

16-7-36-25W3

o~s.
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I \

14-33-35-25W3

735--.--

740

745IT
750
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16-14-31-24W3
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735

A3-18-36-25W3
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14-22-34-28W3

?

915
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4-9-35-26W3

800--'---'

MD ._._._._._.

MD

M

DIS

M

DIS

81

805

810

820-----------~
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720

725

730

73

3-17-36-25W3

(J)

T
(J)

T

M

o/s

M

o/s

M

MD
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800

805

810

815

820

825

1-8-35-26W3

M'lf"11
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2-8-35-26W3

800 h ::B_..

805

82
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