RESERVOIR CHARACTERIZATION AND PETROLOGY OF THE BAKKEN

FORMATION, ELM COULEE FIELD, RICHLAND COUNTY, MT

by

Chloe Spencer Alexandre






A thesis submitted to the Faculty and the Board of Trustees of the

Colorado School of Mines in partial fulfillment of the requirements for the degree

of Master of Sciences (Geology).

Golden, Colorado

pate €[ (\)

Golden, Colorado

Date

§l2z/11

Signed:
Dr. StephenA Sonnenberg 7

Thesis Advisor

Signed:

Signed:

Professor and Head
Department of Geology and Geological Engineering






ABSTRACT

Elm Coulee Field, discovered in 2000 in Richland County, Montana, is the
largest oil field in the Williston Basin. This field produces from the middle member
of the Devonian-Mississippian Bakken Formation and has an estimated ultimate
recovery of 200-250 MMBO. The Bakken’s diagenetic history in combination with
horizontal drilling and hydrofracturing practices make it possible to get large
recoveries from this low permeability and porosity field.

The Bakken Formation in EIm Coulee Field is composed of three main
members with an average total thickness of 40 feet. The lower Bakken member
consists of dark, laminated, organic-rich marine shale. This member pinches out
toward the western and southern limits of the field. The middle Bakken member
contains six shallow marine silty-dolostone facies. From bottom to top these
include: a brachiopod-rich facies, a burrowed and bioturbated facies, two
laminated facies, a laminated and burrowed facies, and finally a massive to
brachiopod-rich facies. These were deposited in offshore marine and mid to
distal shelf environments below normal wave base. Like the lower member, the
upper Bakken member is laminated, dark, organic-rich marine shale, but it is
continuous across the field. The upper Bakken member is the main source bed
for the oil found within the middle Bakken reservoir at EIm Coulee.

The main types of porosity within the middle Bakken are secondary pores
and intergranular pores. Secondary porosity is the result of dolomitization and
subsequent dissolution. Within portions of the middle Bakken member containing

the highest dolomite percentages (up to 60%) and lowest clay percentages,






some of the rhombohedral dolomites have 10 micron gaps along the edges of the
crystals. These gaps form due to both the formation of the dolomite rhombs
adjacent to the detrital grains and the later dissolution of the edges of those
rhombs. If many of these “slot” pores exist, they can connect, thus acting like
microfractures, and lead to preferential pathways that contribute to increased
permeability and production.

Production at EIm Coulee would not be possible if the Bakken Formation
had not undergone a variety of diagenetic stages that have resulted in a
dolomite-rich reservoir rock with enhanced secondary porosity. The diagenetic
sequence of the Bakken begins with mechanical compaction, early dolomitization
related to shelfal seepage reflux, and pyrite formation. Next is a period of
dedolomitization, deeper burial related dolomitization, the formation of sphalerite,
anhydrite cement, quartz replacement, and quartz overgrowths. There are also
two stages of fracturing at EIm Coulee. The first, mineralized vertical to
subvertical fractures, is probably related to either Devonian salt dissolution, the
reactivation of basement faults, or pressure release from dewatering of the
sediments, and the second, open horizontal fractures, is related to pressure
release from the hydrocarbon expulsion process. The beginnings of hydrocarbon
generation in the shales also expelled acids into the middle Bakken which
dissolved parts of the dolomite rhombs, thus increasing porosity and enhancing
storage space for the following expelled oil.

The results of this study in conjunction with previous analyses of EIm

Coulee Field indicate that the Bakken petroleum system within the Williston






Basin has huge potential for future discoveries. Understanding the distribution of
facies, the types of porosity, and the diagenetic stages that have occurred within
the middle Bakken reservoir member is the key to determining new drilling
targets within EIm Coulee and also to the search for similar locations in this basin

that may be good targets for future production.






TABLE OF CONTENTS

ABSTRACT ...ttt s e e e et e e eae et e s aes i
LIST OF FICUBES ccovevinssommums o massssnsiis i i i i s s s mansass X
LIST OF TABLES ... .ottt e n bt et e e en e Xiv
ACKNOWLEDGEMENTS. ..o cenmummvsrmssmssrssssmsssamsmssisscsvvs s s 665 XV
CHAPTER 1 INTRODUCTION AND BACKGROUND .....ccccoivieiiieeieecree e 1
1.1 Objectives and PUIPOSE.............ccocveiiiiiiieeie e 1
1.2 GeOologiC OVEIVIEW .......cocieiiiiiiiie ettt 4
1221 BURICTUTS vovnisnimmrsimssimsmbrminiir i s G B s S o E A 6
1.2.2 Stratigraphy ... 8
1.2.2.1 The Bakken Petroleum System .................cocooviieiiiiieiniiiiiieeee, 8
1.2.2.2 Praifis FOIMaten .........cou s 12
1.2.2.3 Three Forks FOrmation ...........c.cisrssmsmsisssssasmussms cnmmmnnanesssnss 12
1.2.2.4 Bakken Formation .............ccccoocoiiiiiiiiiiie e 14
1.2.2.4.1 The Bakken Name.............ccccooiiiiiiiniiiiiicccce e, 14
1.2.2.4.2 Lateral Continuity and Onlapping ..............cccccooeveviinennnnne, 15
1.22.43 Bakken Shales ...............cccoccciiiiiiiiiiiiieeeee e, 15
1.2.2.4.3.0 Depositional Environment.................cccoooiiiiiiiin, 17

1.2.244 Middle BakEeN.........coonmmmmmmsivmmmssmmssms e 18

vi



.




1.2.2.4.4.1 Depositional Environment....................ccccoeieiinicinnnnn. 20

1.2.2.4.4.2 Middle Bakken Diagenesis ..............cccccoccovvuvvveenneennnnnn, 21

1.2.2.4.5 Sediment Source and Bakken Formation Age .................. 24

1.2.2.5 Lodgepole Formation.............cccccceeiiiniiiiiceiiiieciecccciecc e 25

1.3 PTOVHOUS WIOTK - oo suscrannsnres sovvossmmesnnsmssmsiimss s s i e i ammenn 28
1.3.1 Hydrocarbon Generation and Expulsion..............cccccccoeevvvvveeeenn.. 26
1.3.2 The RESEIVOIr.......ccocviiiiiiiiiiiieceee e 26
1.3:3 LOg CRABFACIAHISTICS o....ovmuisismmmmmsimvss s aaiss 28
1.83.4 Ol ESHMAeS.......ooiiiiiiieiiii e 29
1.3.5 Horizontal Drilling...............ouviimiiiiiiieeeeiiieeeeeeeeeeeeeee e 30
1.3.6 EIm Coulee Field...............ccooooiiiiiieece e 32
CHAPTERZ NMETHODS AND DATA ..ot ssnmarennsmsmmsss 35
CHAPTER 3 FACIES ......coioiietie ettt e e e eaesenaae s sreeeereees 39
3.1 The Lower Bakken Shale..................cccooiiiiiiiiiiiiiiee e 39
3.2 Middle BakKein FACIES A..couauimsusnsismsaimicmmssisnssssmssiinssis sy 44
3.3 Middle Bakken Facies B............ccccceeviiiiniiiiiiieiiicceet e 49
3.4 Middle Bakken Facies C..............ccocoiiiiiiiiiiiicceece e 55
3iE Middle BEKKER FAGIES D)...cvivusommmmssmmssm s ois b s 60
3.6 Middle Bakken FacieS E .............ccccceeiiiiieiiiiie e 65
3.7 Middle Bakken Facies F ...............ccccooiiiieiiiiiecccceeeceeee e 70

Vii






3.8 The Upper Bakken Shale................ccoovviiiiiiiiieieeceeccceeee e, 70

3.9 BaKKEN Lags........coiiiiiiiiiiiieieccee ettt 78
CHAPTER & CORES oo s sy i 85
4.1 Jackson-Rowdy (Sec. 3-T26N-R51E).............ccceeeeiieieieecee v 85
4.2 Brutus East-Lewis (Sec. 3-T24N-R57E)..............ccccooiiiiiiiiiiiciie e 89
4.3 Foghorn-Ervin (Sec. 20-T23N-R58E) .............cc.ccoooiiiiiiiiiiiiiiieee e 89
4.4 RR Lonetree-Edna (Sec. 1-T23N-R56E).............coooveveeiiiiiiiiiiiiieeeeee 94
4.5 CroSs=SeCHION ........cccciiiiiiiiiciiie e 94
CHAPTERS RESERVOIR ..ot s s 99
5.1 CorePlugand XRD Data .............c..oeeeiuiieiiiiiieeie e 99
5.1.0 General Trends ..............ooviiiiiiiaiiiieiiiie e 108

5.2 Petrographic Analysis of the Reservoir..................cccccceeveeeiiviececnnnnn.. 110
GHAPTER 6 DOQLOMITIZATION icommamipsmiieissimmmmmssimsantmmmms nmmensonses 117
6.1 Sabkha and Seepage Reflux............ccccoeovieiiiiiciiii e, 118
I |11 {1y To B o] 1 L= PP 118
6.3 Burial COMPACTION ..o s sinisimsssmmimmssens isumssitmsaissas AE s 119
6.4 Biogenic Dolomitization...............cc.cocoviveeiiciii e 119
6.5 Seawater and Hydrothermal Dolomitization......................cccceeeennennne. 120
66 DISCUBRION.......c v wnvumssrsmnos s s isais s 122
CHAPTER 7 DIAGENESIS.......ccooiiiiteeeesee ettt s 127






CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS.........cceevveeienenn.

8.1 CONCIUSIONS .. iiivviiiiiiisiiiisinsisinnssnssomsensmennssmessnssmsnnssssnsssrorss e sreennseernas






LIST OF FIGURES

Figure 1.1 Structure map of the Williston Basin showing the location and size
of EIm Coulee Field in Richland County, MT ......cccccccvciceieiinieninercinnnns 2

Figure 1.2 Close up of EIm Coulee field in Richland County, MT............ccc......... 3

Figure 1.3 Cross-Section of the Williston Basin showing the location of EIm
Coulee in relation to the three Bakken members..........ccccvvvvereeenennnn. 5

Figure 1.4 Contour map of the Williston Basin on the base of the Mississippian ..7

Figure 1.5 Paleogeographic map showing the location of the Williston Basin
during the late Devonian while the first half of the Bakken was

HEPOSHB isiiissimmiimss o T e R TSI S FCI A I CHAS 5455 noman s AT 9
Figure 1.6 General stratigraphic column of the Williston Basin........................... 10
Figure 1.7 Stratigraphic column showing the Bakken Petroleum System. .......... 11
Figure 1.8 Diagenetic chart for the middle Bakken in North Dakota.................... 22
Figure 1.9 Diagenetic chart for the middle Bakken at EIm Coulee Field.............. 23
Figure 1.10 USGS Bakken Formation assessment results.............ccccceveereunnen.... 31
Figure 3.1 Core photographs of the lower Bakken shale, Facies LBS................ 41

Figure 3.2 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the lower Bakken shale, Facies LBS................ 42

Figure 3.3 Core photographs of the middle Bakken Facies A. The black and
white scale bars-areeach 1 in. IoNG v vnaimmsarasnimimieisimens 45

Figure 3.4 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the middle Bakken member Facies A............... 46

Figure 3.5 Core photographs of the middle Bakken Facies B.............ccc..ccou..... 50






Figure 3.6 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the middle Bakken member Facies B............... 51

Figure 3.7 Core photographs of the middle Bakken Facies C..............cc...couveee... 56
Figure 3.8 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the laminated middle Bakken member Facies
Figure 3.9 Core photographs of the middle Bakken Facies D..............cc..cc......... 61
Figure 3.10 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the quartz-rich very fine-grain sand middle
Bakken Facies D......c..oveiiieiiiiiiiiee e 62
Figure 3.11 Core photographs of the middle Bakken Facies E........................... 66
Figure 3.12 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the laminated and bioturbated middle
Bakken Facies E ... oo s ragisysssssississ 67

Figure 3.13 Core photographs of the middle Bakken Facies F ...............c........... 71

Figure 3.14 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the clay-rich middle Bakken Facies F............ 72

Figure 3.15 Core photographs of the upper Bakken shale member, Facies
UB S ittt ettt et e e e e aeneeeana 74

Figure 3.16 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of the upper Bakken shale, Facies UBS............ 5

Figure 3.17 Core photographs of some of the Bakken lags ............coovevveuveenneee. 80

Figure 3.18 Plane polarized light (PPL) and cross polarized light (XPL)
photomicrographs of some of the Bakken Formation lags.............. 81

Figure 4.1 Key for the symbols and patterns in the following core descriptions 86

Figure 4.2 Composite photograph of the Jackson-Rowdy core........................... 87

Xi






Figure 4.3 Digitized core description of the Jackson-Rowdy well........................ 88

Figure 4.4 Composite photograph of the Brutus East-Lewis core....................... 90
Figure 4.5 Digitized core description of the Brutus East-Lewis well..................... 91
Figure 4.6 Composite photograph of the Foghorn-Ervin core ..........cc.ccocevveennnnn.. 92
Figure 4.7 Digitized core description of the Foghorn-Ervin well ..............cc.......... 93
Figure 4.8 Composite photograph of the RR Lonetree-Edna core....................... 95
Figure 4.9 Digitized core description of the RR Lonetree-Edna well ................... 96

Figure 4.10 Cross-section of the four thesis study well logs with facies picks

from core overlain on the gamma-ray and resistivity logs................ o7
Figure 5.1 Graphs of Jackson-Rowdy’s core plug data...........ccccceeieeecieennnnn... 100
Figure 5.2 Graph of XRD data from the Jackson-Rowdy well..............c............ 101
Figure 5.3 Core plug data graphs from the Brutus East-Lewis well .................. 102
Figure 5.4 Graph of XRD data from the Brutus East-Lewis well ....................... 103
Figure 5.5 Graphs of the Foghorn-Ervin core plug data...........ccccceeeeeeiiiinnnnn.. 104
Figure 5.6 Graph of XRD data from the Foghorn-Ervin well.................ccoo....... 105
Figure 5.7 Graphs of core plug data from the RR Lonetree-Edna well ............. 106
Figure 5.8 Graph of XRD data from the RR Lonetree-Edna well ...................... 107

Figure 5.9 Photomicrographs showing examples of nonreservoir (A) and
excellent reservoir rock (B) 10 ft apart in Facies B in the RR
Lonetree-Edna core.............cccccee..... e 111

Figure 5.10 Photomicrographs of pore types found within the Bakken
Formation at EIm Coulee Field .........cccooveiiiiiiiiiniieeeeeeeeeee, 112

Xii






Figure 6.1 lllustrations of some of the hydrologic environments that can

dolomitize MESIONE .......c.oveieveeieceee e 121
Figure 6.2 Schematic diagram representing the shelfal seepage reflux
dolomitization of the middle Bakken member ...........ccccoevvvevuvennen... 123

Figure 6.3 Schematic diagram representing the burial compaction dolomitization
PrOCESS ....ovvvvviiieieeriiiieeeaeans A R e A R S S S 125

Figure 7.1 Diagenetic chart summarizing the processes the Bakken
Formation has undergone since deposition...........cco..cocveeeeveernne.. 129

Figure 7.2 Photomicrographs illustrating the diagenetic relationships of the
Bakken Formation, EIm Coulee Field ...........cccooevvviviniiiiniiaiineiian 183

xiii






LIST OF TABLES

Table 1.1 Summary of estimates of oil generated by the Bakken shales by

different authors over the years ........ccccccevvvveicviicciicciicnn,

Table 3.1 Summary of Bakken Formation facies at EIm Coulee Field

Xiv






ACKNOWLEDGEMENTS

Special thanks goes out to all those who helped me through this master’s
thesis process. First to my advisor, Steve Sonnenberg, thank you so much for
giving me the opportunity to do this project and for always giving me encouraging
words and thought provoking ideas. Thank you also to John Curtis, my initial
temporary advisor, for bringing me into CSM and giving me guidance during my
first year here. Thank you to John Humphrey and Mike Hendricks for agreeing to
be my other thesis committee members. Dr. Humphrey, your expertise on
dolomite has been very helpful to my project, and | appreciate the time you have
spent helping me. Mike, you have been invaluable as a mentor over the past
several months. Your petrographic and Bakken expertise, not to mention your
epifluorescent microscope, have helped me extensively on this project. Thank
you all very much.

Thanks are also due to my fellow Bakken Consortium student members.
Hui helped me out by performing source rock analysis; Cosima and Ginny helped
me with my core interpretations; and Matt helped keep me motivated throughout
the project and was always up for Bakken discussions. Finally, Adrian, thank you
so much for helping me out by creating maps, giving me logs and production
data, and by being the EIm Coulee computer expert.

Lastly, | would like to thank all of the companies that are a part of our
Bakken Consortium. Your financial and moral support has been very important to

me over the past year. In return, | hope this thesis will be useful to you in your

XV






Bakken work. Great thanks in particular to Enerplus for donating the cores,
petrographic thin sections, and data that were used in this project and for the
interest you have shown in this project and in all of us at Colorado School of

Mines.

XVi






CHAPTER 1

INTRODUCTION AND BACKGROUND

Elm Coulee Field, discovered in 2000 and located in Richland County,
Montana, is the largest oil field in the Williston Basin (Figure 1.1). This field
produces from the Bakken Formation, which includes a lower shale member, a
middle silty dolostone member, and an upper shale member. The reservoir for
this field is within the middle Bakken member. Cumulative production from Elm
Coulee Field as of August 2011 totals 107,446,717 BBL oil, 86,038,476 MCF

gas, and 14,752,219 BBL water.

1.1 Objectives and Purpose

The goal of this thesis is to better characterize the EIm Coulee reservoir
and to understand the distribution of the producing units and facies within the
middle Bakken silty dolostone, as well as the diagenetic stages the Bakken has
undergone since deposition.

The four cores used in this study are located in Richland County,
Montana, USA, within the EIm Coulee Field in the Williston Basin (Figure 1.2).
The wells are: 1) Jackson-Rowdy, 2) Brutus East-Lewis, 3) Foghorn-Ervin, and 4)
RR Lonetree-Edna.

Since EIm Coulee is located near the western depositional edge of the
Bakken formation, there are a few differences in the facies present here when

compared to those found in central Williston Basin Bakken fields. For example,
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the lower Bakken member is siltier in this portion of the Williston Basin, and it
pinches out to the south and west at the depositional limit of the lower member
(Figure 1.3). Also, some of the middle Bakken member facies have a different
character at EIm Coulee and some are not present locally. Finally, there tends to
be relatively little original limestone in this field because most of the limestone
has been dolomitized.

The presence of fractures, pore types and their distribution, and
permeability networks are other important reservoir factors that will be analyzed
and discussed. Analysis of these things combined with detailed petrographic
descriptions lead to a better overall understanding of the reservoir at EIm Coulee
Field.

Finally, the creation of a diagenetic chart for the field helps summarize the
processes the Bakken rocks have undergone since deposition and gives an

understanding of the events under which this reservoir came to be.

1.2 Geologic Overview

Having knowledge of the geologic history, structure, and stratigraphy
within and surrounding the Bakken Formation is vital before studying the
formation in depth. Aside from being a first step in any proper geological study,
having a general overview of these subjects can lend insight in how to properly

analyze and explore for production targets within a seemingly simple formation.
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1.2.1 Structure

Elm Coulee Field is located on the western side of the Williston Basin in
Richland County, MT. The Williston Basin is a large, semicircular, intracratonic
basin on the southwest edge of the Canadian Shield (Flannery, 20086). This
approximately 133,000 mi? basin covers portions of Montana, North Dakota,
South Dakota, Manitoba, and Saskatchewan, and overlies the Wyoming Craton,
the Superior Craton, and the Trans-Hudson orogenic belt (Gerhard et al., 1990;
Pitman et al., 2001). The deepest basement in the Williston Basin is located near
Williston, North Dakota (Webster, 1984; Carlson and Anderson, 1965).

Major structural features within the basin include the Nesson and Billings
anticlines in North Dakota and the Cedar Creek anticline located in South Dakota
and Montana (Figure 1.4). The Cedar Creek and Nesson are both fault bounded
anticlines, and the Nesson has a major fault system along its western side that
has been active since the Precambrian. All of these faults and folds are thought
to have formed in relation to a Proterozoic wrench-fault system (Gerhard et al.,
1990).

The Nesson fault system, in conjunction with a fault zone between the
Superior Craton and the Trans-Hudson orogenic belt, has allowed fluid
movement that apparently helped with the dissolution of the Devonian Prairie
Formation salts (LeFever et al., 1991). Dissolution and collapse of the Prairie
salts led to local thickness variations in the overlying Bakken Formation

(Martinuik, 1991).
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Figure 1.4 Contour map of the Williston Basin on the base of the Mississippian.
P = Parshall Field, A = Antelope Field (from Sonnenberg and Pramudito, 2009,
modified from Webster, 1984).



During Bakken depositional times, the proto-Williston Basin was an
extension of the Devonian Elk Point Basin of Canada. At this time, the basin was
located in tropical regions near the equator along the western margin of pre-
North America (Figure 1.5) (Nordeng, 2009; Sonnenberg and Pramudito, 2009;

Blakey, 2011).

1.2.2 Stratigraphy

From Cambrian to Tertiary time, around 16,000 feet of sedimentary rocks
were nearly continuously deposited in the Williston Basin with initial
sedimentation occurring over an irregular Precambrian surface (Figure 1.6)
(Pitman et al., 2001). The Cambrian to middle Mississippian rocks are mostly
carbonates, while the majority of rocks deposited after the middle Mississippian
are clastics (Flannery, 2006). A major unconformity separates the Paleozoic from
Mesozoic strata (McCabe, 1959; LeFever et al., 1991). The depocenter of the
basin is east of the Nesson Anticline and east of the deepest part of the present-

day Williston Basin (Carlisle et al., 1992).

1.2.2.1 The Bakken Petroleum System

The Bakken Petroleum System, also known as the Bakken Pool, consists
of the three members of the Devonian-Mississippian Bakken Formation, the
upper 50 feet of the underlying Devonian Three Forks Formation, and the lower
50 feet of the overlying Mississippian Lodgepole Formation (Figure 1.7)

(Nordeng, 2009; Murphy, 2010).
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