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ABSTRACT

The Bakken Formation of the Williston Basin is a highly productive source-reservoir
system. It has produced substantial quantities of oil, specifically from greater Parshall Field
partly on the Fort Berthold Indian Reservation (FBIR) of western North Dakota. The MBM is
composed of mixed carbonate-clastic lithologies representative of distinct depositional settings:
WKH pORZHU OLGGOH %DNNHQY UHSUHVHQWY DQ RSHQ PDULC
VKRDO XQLW DQG WKH pXSSHU OneGHhsalidHoperDndainie ffing HSUHV H Q!

Over the past several years exploration has expanded from the southern tip of Parshall
Field into the southern edge of Mountrail County and the northern part of Dunn County.

Located in the center of the FBIR, these counties show great production potential. A baseline
reservoir characterization and diagenetic description of the region was developed and compared
to the nearby prolific Parshall and EIm Coulee Fields. Special emphasis is placed on the MBM,
the main reservoir unit and horizontal drilling target for the study area.

Enerplus has supplied five cores: the Danks, Henry Bad Gun, Hognose, Pumpkin, and
Roberts Trust. Additionally, QEP Resources supplied the MHA 1-18h-150-90 core, near the
M/LQH RI (LOD)WHKefe MBM production becomes sub-commercial updip to the east.
Facies descriptions and core analysis were completed for all six cores to outline possible
reservoir facies. Next, an integrated petrographic analysis using x-ray diffraction (XRD), routine
core analysis (RCA), Mercury injection capillary pressure (MICP), field emission scanning
electron microscope (FESEM), thin section (plain polarized, cross polarized, and epifluorescence
light), and computed tomography (CT) images helped to define parameters affecting reservoir

guality and develop a diagenetic sequence for the FBIR. Finally, a hydrocarbon pore volume



map was developed for the FBIR using PETRA software, to underscore the eastern economic
limit of production.

Initial observations and conclusions suggested that specific facies acted as primary and
secondary reservoir units within the MBM. However, the integrated petrophysical analysis
determined that reservoir quality is not defined by traditional parameters. Instead, reservoir
quality is directly related to diagenesis, which is not facies preferential. A dynamic
precipitation-dissolution process helped preserve porosity and permeability within the MBM.
The primary pore network is comprised of secondary slot pores (dissolution pores). These pores
show decent permeability (qualitatively), however methods such as RCA and MICP
underestimate permeability.

Natural fractures were not observed in the dataset, but proven production suggests that
the MBM is capable of supporting induced fractures during hydraulic stimulation, further
enhancing permeability and reservoir quality at a macroscale. The hydrocarbon pore volume
map suggests that values of greater than 0.60 are necessary for wells to be commercially
economic.

Although all highly prolific fields, parameters effecting reservoir quality vary between
Parshall, EIm Coulee, and the FBIR. EIm Coulee production is highly influenced by
dolomitization (up to 60%), as well as dedolomitization; both increase porosity and permeability.
Similarly, reservoir quality at Parshall Field is related to mineralogic controls. Kowalski (2010)
proved a relationship between quartz and dolomite, and microfracturing and porosity. However
within the FBIR, a relationship between dolomitization and increased porosity was not
established. Instead, the greatest relationship was with calcite and porosity. The FBIR is

considered a calcite regime, in which the presence of calcite helped to strengthen the MBM



against compaction, preserving porosity and permeability. Furthermore, open natural

microfractures were not observed within the dataset as in Parshall Field.
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formations of the Bakken total petroleum system, as well as various system
components. Note that the Sanish Sandstone is now called the Pronghorn
Member of the Bakken Formation, and is no longer associated with the Three
Forks Formation. Modified from Sonnenberg, 2012. ... 26
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Bakken Formation. Photo A has a sharp contact between the Lower Bakken
Shale and Facies A (skeletal lime wackestone) and the upper gradational
transition between facies A and facies B. White dotted line outlines an example
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photo designated by black arrows, as well as the gradational contact of the B
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subfacies and B) C2 subfacies which comprise the C facies. Note that the
subfacies do not always appear in all C facies deposits. A) Denotes typical tidal
rhythmically laminated deposits and B) is a microbial-algal laminated (crinkly)
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Figure 3.6: Photograph of the E facies (10604 feet in depth), the laminated dolomitic
siltstone from the Danks 17-44H core. White arrows indicate heavy bioturbation
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the E facies. Black arrow denotes interbedded fine grained sandstones and
siltstone layers, common in the E facies. ..., 46

Figure 3.7: Photomicrograph of a sample of idealized F facies from the Roberts Trust 1-
13H core. White dotted lines outline patchy calcite cementation, while the black
arrows denote articulated brachiopod storm beds. Storm beds have selective
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Figure 3.10: Plain light (A) and UV light (B) images of the Hognose core. Note that here
fluorescence is indicative of dull white-gold mineral fluorescence, and not oil
saturated intervals which have no fluorescence (both labeled with red arrows).

Figure 3.11: Digitized core descriptions of the Danks core on the FBIR...............cccccceennn.

Figure 3.12: Plain light (A) and UV light (B) images of the Danks core. Here, oll
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White-yellow mineral fluorescence is indicated by red arrows and defines
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Figure 3.13: Plain light (A) and UV light (B) images of the Danks core. Here, there is no
fluorescence from the core despite the obvious mineral cements observed in

Figure 3.14: Digitized core description of the Roberts Trust core from the FBIR. ..............

Figure 3.15: Plain light (left column) and UV light (right column) images of the E and D
facies (A) and the D and C2 facies (B) of the Roberts Trust core. Here, UV
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arrows). Tight intervals have no fluorescence (red arrows). Image B illustrates
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permeability. Reservoir intervals are shaded in green, and were provided by
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Enerplus Resources. Legends for XRD and fluid saturations are at the bottom of
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Figure 4.11: Plots comparing the relationship of mineralogy to porosity for the Hognose
(A), Danks (B), Roberts Trust (C), Pumpkin (D), and Henry Bad Gun (E) cores.
Note that the strongest relationship is with calcite, in which higher porosities
occur in high calcite content regions of all five wells. However, all minerals,
including calcite, have a poor relationship to POrosSity. ..........ccoovviiiiiiiiiiiiiiiiiiiieieee 90

Figure 4.12: Map denoting pore pressure gradients (PSI/FT) for the Bakken Formation.
Note that the highest pressure gradient of .76 PSI/FT coincides with the FBIR.
(Image from Theloy, 2013). .....uuiiiiiiiieiee e e e e e e e e e e e e as 91

Figure 4.13: A) Diagenetic sequence chart developed by Kowalski (2010) for the Middle
Bakken Member within Parshall Field limits. B) Diagenetic sequence chart
developed by Pitman et al. (2001) for the Middle Bakken Member throughout the
Williston Basin. C) Diagenetic sequence chart developed by Alexandre (2010)
for the Middle Bakken Member within EIm Coulee Field limits. .............cccovvvvnennene 92

Figure 4.14: Diagenetic sequence chart for the Middle Bakken Member within the Fort

Figure 4.15: Image composed of thin section photomicrographs from various cores. A)
Photomicrograph of facies D from the Danks core at 10609.10 feet in depth,
plain polar light. Stylolites (yellow arrows) indicate chemical compaction. Early
stage calcite cementation is both syntaxial to crinoid fragments (purple arrows)
and pore occluding. Stylolite locations between calcite spar grains suggest early
cementation occurred shortly after or simultaneously to mechanical compaction,
and most likely hindered compaction and porosity destruction. Late stage
dolospar (blue arrows) and early stage syntaxial dolomite rims (green arrows)
also occlude pore space. Broken, micritized ooids from compaction denoted with
red arrows. C) Photomicrograph of facies F from the Pumpkin core, at 10189.00
feet in plain polar light with undeformed mica crystals indicating limited
mechanical compaction (black arrows). Crinoid spine in left hand corner of
image. D) Cross polar photomicrograph of image C. Photomicrograph E)
Photomicrograph of the E facies, Pumpkin core, 10196.00 Feet, plain polar light,
showing early dolomite cement as syntaxial grains and or rhombic authigenic
dolomite cement (green arrows), and pyrite (yellow arrows). Large brown grain
in center is phosphorous. Image shows burrow filled with rhombic cement,
while rims are on detrital grains outside of burrow. F) Cross polar
photomicrograph of image E. G) Photomicrograph of the F facies from the
Henry Bad Gun core, 10518.00 Feet, plain polar light, showing syntaxial
dolomite rim around a detrital dolomite grain (green arrow) with authigenic clay
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Figure 4.16: Figure comprised of thin section photomicrographs. A) Photomicrograph of
facies D from the Danks core, at 10610.40 Feet deep, plain polar light.
Carbonate dissolution produced ample porosity (pink epiflourescent dye).
Quartz grains are angular. Photomicrograph from the unstained half of slide, but
pervasive carbonate cement populates slide; cement has been dissolved to create
secondary porosity. B) Cross polar light photomicrograph of image A. C)
Photomicrograph of facies D from the Danks core, at 10611.25 feet deep, plain
polar light. Late stage dolospar (blue arrows), syntaxial early calcite cement
(purple arrows), and stylolites (yellow arrows) populate the image. Oil staining
in slot pores throughout image. D) Cross polar light photomicrograph of image
C. E) Photomicrograph of D facies in the Danks core, at 10609.10 feet of depth,
plain polar light, showing quartz cementation (teal arrows). Note the dust rims
around the detrital quartz grain, suggesting authigenic clay cementation
described in Figure 4.13. Quartz grain grew into dissolved carbonate spar
(outline of initial grain visible in pink epiflourescent dye). Late stage calcite
cement, in the form of micro and macro spar denoted by pink arrows, which
indicates various phases of calcite cementation. Various dissolution phases must
have occurred to allow for the multiple generations of pore occluding carbonate
cements observed. F) Cross polar light photomicrograph of image E. G) Plain
polar light photomicrograph from facies D in the Henry Bad Gun core, at depth
10526.20 feet depicting pyrite replacement of unknown fossil fragment (yellow
arrow). Crinoid fragment is visible in pyrite replacement. H) Plain polar light
photomicrograph of F Facies from the Henry Bad Gun core at depth 10518.05
feet depicting pyrite replacement of a well preserved brachiopod fragment
(yellow arrows). Note the primary and secondary structures preserved.................. 101
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Various types of dissolution porosity. Intragranular dissolution porosity of an
ooid (blue boxes), and intragranular dissolution porosity of a dolospar grain
(yellow boxes). E and F) D facies, Danks core, 10612.10 feet. More types of
dissolution porosity. Blue boxes depict slot porosity around calcite cement and
detrital grains (gz). Purple boxes depict intergranular dissolution (entire cement
grains dissolved away around detrital grains). G and H) E facies, Pumpkin core,
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Figure 4.27: Top Right: secondary electron image shows the difference between authigenic
clay coatings and anhedral compact calcite cementation, both have no porosity.
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observable porosity. Bottom: secondary electron image depicting a micro-
rhombic/polyhedral porous micrite comprised of euhedral/rhombic crystals.

Pores are identified on image. Slot pores due to dissolution of calcite cement and
other grains are also identified; these types of pores greatly contribute to

permeability of the facies and increase hydrocarbon storage and production
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CHAPTER 1
INTRODUCTION
The Bakken Formation in the Williston Basin (Figure 1.1) illustrates the impact that
horizontal drilling and hydraulic fracturing have had on unconventional petroleum production.
This resource play is only economically producible as a result of these recent technological
advances (Simenson and Sonnenberg, 2011). The Bakken petroleum system has the potential to
become the largest oil field discovered in the U.S. within the last 40 years (Grau et al., 2011).

Historically over 71 fields have developed resources trapped within the Bakken Formation

WILLISTON BASHI - williston batin

Mountrail

Ward

McKenzie
McLean

Mercer

Figure 1.1 Location map showing the proposed study area, the Fort Berthold Indian
Reservation (FBIR outlined in brown) located in western North Dakota. Inset shows the
general location of the FBIR within North Dakota and the Williston Basin (red box). Sar
and Parshall field are outlined in red.



(Dalrymple et al., 2015). The Bakken Formation consists of three members: the Lower Bakken
Shale Member, the Middle Bakken Member (MBM, the most active horizontal target), and the
Upper Bakken Shale Member.

Exploration and development of the Bakken Formation has occurred in several cycles; the
most recent of which encompasses the discovery and development of the MBM (Sonnenberg and

Pramudito, 2009). In 2001, modern hydraulic fracturing and horizontal drilling technology

enabled successful development of the MBM in the EIm Coulee Field of Montana (Grau et al.,
2011) (Figure 1.2). The field has an EUR of over 200 million bbl of oil, and has produced over

155 MMBO (Montana Board of Oil and Gas Conservation, 2015). The discovery and following
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Figure 1.2: Map denoting locations of major unconventional fields and discovery year (i
green circles) and the general location of the FBIR (red box). Parshall Field alone has |
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successes in production of ElIm Coulee initiated exploration for analog fields in North Dakota that
targeted the Middle Bakken Member (Grau et al., 2011 and Jarvie et al., 2011).

An analog was found in 2006, when EOG Resources successfully horizontally drilled the
#1-36H Parshall well, subsequently discovering Parshall Field in North Dakota (Kowalski and
Sonnenberg, 2011) (Figure Yl2cated within Parshall area limits in Mountrail County, North
Dakota, Parshall Field is the largest oil field in size discovered in North America, covering over
2.7 million acres, and still growing (Jarvie et al., 2011). Parshall Field contains the thickest
stratigraphic section of the MBM reservoir within the basin, as well as the highest oil saturation
levels of the Formation (Grau et al., 2011). Parshall Field has an EUR of 100 MMBO (Jarvie et
al., 2011), and produced 22.4 MMBO in 2014 (Dalrymple et al., 2015).

With continued success, the greater Parshall area extended south to include the Fort
Berthold Indian Reservation (FBIR) of North Dakota. Within FBIR limits, the MBM has proven
to have substantial petroleum reserves. FBIR reserves are comparable to those of sister fields
Parshall and Sanish. Similar to Parshall Field, the FBIR exhibits significant stratigraphic
changeseastb UG WRZDUG WKH 3/LQH RI '"HDWK"™ /2' %HUJLQ HW D
easternmost economic limit of production for the Bakken Formation. Controls of the LOD are
not fully understood. However various studies have outlined a significant pressure compartment
in the greater Parshall area which enhances production rates from the MBM. The greater
Parshall area, including the FBIR, has exceptional production rates in comparison to surrounding
fields. The combination of the microfracture network, thermal maturity of the source rock
facies, the high pressure gradient and coincident pressure cell, reservoir thickness, and world
class source rocks of the Bakken petroleum system allows Parshall Field to have high reservoir

quality and production rates (Figure 1.4) (Grau and Sterling, 2011). Understanding the reservoir



quality by comparing the MBM of Parshall Field to the MBM of the FBIR is critical to most
effectively develop the MBM. Emphasis has been traditionally been placed on rock quality
parameters such as porosity, permeability, mineralogy, thickness, and source rock quality.
However, plays such as Parshall Field and the ensuing development of the FBIR suggest that the
combination of traditional reservoir parameters and non-traditional parameters such as fracture
overprinting and pressure abnormalities truly define the producibility of a unit. Thus, a
comparison of traditional and non-traditional reservoir parameters will be a major theme

throughout this project.
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1.1. STUDY AREA
The study area for this project is the FBIR in the North Dakota portion of the Williston
Basin. The FBIR covers parts of six counties: McLean, Mountrail, Dunn, McKenzie, Mercer,
and a small part of Ward; therefore this study focuses on these six counties. Emphasis is placed
on the MBM of the Bakken Formation, as this member is the current active horizontal drilling
target within the formation (Figure 1.1).
1.2. RESEARCH OBJECTIVES AND PURPOSE
Although the Bakken Formation has been widely studied and produced throughout the
Williston Basin, an in depth characterization of the reservoir unit on the FBIR is not yet
available. Recently, there has been a heavy focus on production from the MBM on the FBIR,
despite the lack of published literature. Previous work has largely focused on characterizing
various aspects of the MBM in the eastern Williston Basin, however these analyses have been
mainly within Parshall Field limits. This thesis project develops a reservoir characterization of
the MBM and seeks to understand the eastern economic limit of production. The reservoir
characterization is compared to that of Parshall Field, and major differences in reservoir quality
affecting production are isolated and assessed. Facies contributions within the MBM are
assessed as part of the reservoir characterization. Having a concise and thorough understanding
of the reservoir quality of the MBM on the FBIR, and the controls of the LOD will greatly
contribute in streamlining production efforts, as well as act as a baseline for future research
projects in the area.
1.3. PROPOSED RESEARCH AND METHODS
This study will quantify the reservoir quality through an in depth reservoir

characterization of the MBM on the FBIR integrating various data sets. These methods include:



1) core descriptions and analysis of five cores provided by Enerplus; the Danks 17-44H located
in Antelope Field (SE SE Sec. 17, T151N-R94E in McKenzie, Co., ND), the Henry Bad Gun
09C-04-1H, located in Moccasin Creek Field (SW SW Sec. 9, TRI3¥ in Dunn Co., ND),
the Hognose 152-94-18B-19H-TF, located in Antelope Field (SW SW Sec. 7, T152N-R94E in
Dunn Co., ND), the Pumpkin 148-93-14C-13H-TF, located in the NW SW Sec. 14, T149N-
R93E in Dunn, Co., ND, and the Roberts Trust 1-13H, located in McGregory Butte Field (SW
SW Sec. 13, T148N-R94E in Dunn Co., ND); and one core provided by QEP Resources, the
MHA 1-18-150-90 in Deep Water Creek Bay Field in the NE NW Sec. 18, T150N-R90W in
McLean County, ND; 2) petrographic analysis on thin sections from all six cores, provided by
Enerplus and QEP Resources; 3) petrographic analysis on FESEM images on all six cores, to be
completed on the CSM FESEM machine, located in Berthoud Hall, Golden, A@ereury
Injection Capillary Pressure (MICP) analysis from the Roberts Trust 1-13H core, completed by
PoroTechnology, Kingwood, Tx, 6) CT scan analysis of proprietary cores, and 7) correlation of
the MBM using PETRA software.

The application of these seven different analyses should enhance understanding of the
petroleum production from the MBM by outlining areas of higher or lower reservoir quality
across the FBIR and identify specific facies with higher reservoir quality. By identifying
changes in reservoir quality from east to west across the reservation, as well as identifying
depositional changes and diagenetic changes altering facies production, operators may be able to

streamline production efforts and costs.
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1.4. RESEARCH GOALS
Major goals of this study are as follows:

X Establish facies distribution across the FBIR;

X Establish diagenetic and depositional controls on reservoir quality of specific facies

within the MBM;

X Analysis of reservoir properties including porosity, permeability, oil saturation, and water

saturation of the MBM of the Bakken Formation throughout the FBIR;

X Determine if facies have control on contributions to petroleum production, or what

controlling parameters are

X Determine fracture presence within the FBIR

X Compare reservoir quality to that of EIm Coulee and Parshall Fields

1.5. PREVIOUS WORK AND RESEARCH

The Bakken Formation throughout the Williston Basin has been extensively studied by
various scientists including theses from the Colorado School of Mines Bakken Consortium.
Robinson, LeFever, and Gaswirth (2011) published a reference list of roughly 200 articles
focused on the Bakken and Three Forks formations in the Williston Basin, with the earliest
articles dating to the 1940s. Study topics range from stratigraphy, sequence stratigraphy,
depositional environments, mineralogy, lineament mapping, paleoenvironmental settings,
horizontal drilling and well studies, reservoir characterizations, specific field studies, and several
other topics.
In recent years, thesis research completed by students at the Colorado School of Mines

has concentrated on the greater Parshall Field area, including regions of the FBIR. In 2010,
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entitledQuantitative Mineralogic Analysis of the Middle Bakken Member, Parshall Field,
Mountrail County, North Dakotantroduced a new approach to assess the impact mineralogy
and microfractures had on fluid flow. By emphasizing SEM based analysis on twotcores a
Parshall Field, Kowalski (2010) detected tiny microfractures and micropores in the MBM
UHVHUYRLU LQ 3DUVKDOO )LHOG .RZDOVNLYTYV ZRUN SURYHG
relationship between mineralogy and porosity/fracturing; that there is increased porosity and
microfracturing in regions of high quartz and dolomite grains; and where mineralogy is
homogeneous in distribution and grain size. Conversely, porosity is not found in areas where
auhigenic cements and clays occlude the pore space.

$QGUHD 6LPH QDMdpa3ifiohaWrciey/dnel Petrophysical Analysis of the Bakken
Formation, Parshall Field, Mountrail County, North Dakotaid out the process for completing
a thorough analysis of the reservoir characteristics of the MBM, as well as analyzed the source
rock maturity and quality of the Upper and Lower Bakken Shales. Her work illustrated how the
combination of reservoir characteristics and source rock maturity of the Bakken Formation as a
resource play enhanced productivity at Parshall Field.

Several thes¥ L Q IRFXVHG RQ LGHQWLI\LQJ SDUDPHWHUV D
enhanced productivity. Virginia Gent (2011) focused on paleoenvironmental signatures of the
sister fields Parshall and Sanish. Her thdsmurier Analysis of the Laminated Facies of the
Middle Bakken Member, Sanish-Parshall Field, Mountrail County, North Dalsuitated a
laminated facies within the producing reservoir unit, the MBM, in order to illustrate the
depositional environment of the reservoir unit for the Bakken Formation.

3L\D '"HFKRQJNLW FRPSOHWHG D PDVWHUYYVY WKHVLYV

department at the Colorado School of Mines enti®edovery Factor and Reserves Estimation



in the Bakken Petroleum System, Analysis of the Antelope, Sanish and Parshall Faedds
thesis lent an economic approach that attributed the high recovery factor of Parshall Field to its
produced low gass-oil ratio. Furthermore, Dechongkit determined that the hydrocarbon pore
volume distribution is directly related to the high EUR calculated for Parshall Field, rather than
the number of fracture stimulation stages.

$OVR LQ ODWKHZ % IAGaY4ispd FaCids iy FralcUEeY With Respect
to Production in the Bakken Formation, Parshall/Sanish Fields, Williston Basin, North Dakota
identified that the highest density of microfractures occurs in dolomite-rich, laminated intervals
within facies of the MBM. However, Billingsley saw no correlation between fracture quantity
and well productivity.

In 2013 Dylan Cobb's thesi€haracterization of Thickness Anomalies in the Bakken and
Three Forks Formations, North Central North Dakataggested that thickness anomalies near
the eastern limit of deposition for the Bakken Formation align with zones of increased Prairie
salt dissolution. Furthermore, the thickness anomalies observed may denote evidence of deeper
salt dissolution and collapse fracturing of the infill Bakken and Three Forks formations, and that
these anomalies may therefore indicated fractured sweet spots within the greater Parshall Field
DUHD &REETV ZRUN LV XVHIXO WR LQWHJUDWH LQWR W
order to map fractured sweet spots in the FBIR.

Katie Kocman completed her thedisterpreting Depositional and Diagenetic Trends in
the Bakken Formation Based on Handheld X-Ray Fluorescence Analysis, Mclean, Dunn, and
Mountrail Counties, North Dakotavith the Bakken Consortium in 2014. Kocman (2014)
integrated various mineralogic analysis methods in order to legitimize a sequence stratigraphic

framework for the Bakken Formation, facies boundaries for the MBM, and to identify
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mineralogic influence on the LOD. However, elemental analysis of the LOD was inconclusive
and did not reveal any clearly defined mineralogic trends, other than a possible implied fault
which is coincident with an aeromagnetic anomaly along the LOD. Further analysis of the LOD
with FESEM image analysis in this thesis is integratedldW K .RFPDQ YV WKHVLV IL
see if a possible bitumen seal is coincident with the LOD.

The most recent thesis work complete at the Colorado School of Mines within North
Dakota was completed by Zach Newnam in 2015. His theeservoir Quality of the Upper
Three Forks Formation, Fort Berthold Indian Reservation, Williston Basin, North Dakota,
U.S.Aintegrated UV light photography of a five core data set on the FBIR with facies analysis
in order to determine saturation of each specific facies. He quantified pore type, size, and shape
within the five defined facies of the Upper Three Forks and its effect on permeability and
porosity. Dissolution microporosity was determined to be the dominate storage capacity for
hydrocarbons within the Upper Three Forks, while permeability was enhanced by a common
microfracture network within claystones present in two of the five facies. Newnam (2015)
determined that facies with lithologic heterogeneity demonstrate a greater dissolution and
secondary mineralization, and thus have the highest reservoir quality throughout the upper Three
Forks.

A concise and thorough reservoir characterization of the FBIR is vital when targeting
sweet spots within a prolific formation such as the MBM. Research pertinent to such a
characterization will be described in the following chapters. Chapter 2 describes various aspects
of the geologic background of the Williston Basin and specifically the Middle Bakken Member.
This knowledge is a crucial element of the reservoir characterization developed within this

research project.
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CHAPTER 2
GEOLOGIC OVERVIEW
The Williston Basin is an intracratonic basin overlying the boundary of two Precambrian
plates the Archean Superior craton to the east, and the Archean Wyoming craton to the west,
separated by the Archean Trans-Hudson orogenic belt in both the United States and Canada
(Pitman et al., 2001 and Grau et al., 2011). The Archean Trans-Hudson orogenic belt is an
inferred weak zone comprised of crust from the surrounding Archean terranes (Superior and
Wyoming cratons) (Gibson, 1995). Although the basin records various periods and cycles of
sedimentation, initial sedimentation occurred over faulted Precambrian basement rock (Pitman et
al., 2001). Pertinent to the Bakken Formation, Devonian deposition is characterized with cyclic
clastic-carbonate sequences bounded with major erosional surfaces (Pitman et al., 2001). Itis
important to note that there is limited evidence supporting significant tectonic activity in present
day North Dakota area before or during the Late Devonian to Early Mississippian (Pitman et al.,
2001). However, dissolution of halite beds in the underlying Devonian Prairie Formation,
reactivation of basement faults, and syndepositional activity generating features such as the
Nesson Anticline may have influenced Bakken deposition in North Dakota (Anderson, 2011;
Peterson and MacCary, 1987). Sonnenberg and Pramudito (2009) note that the Williston Basin
experienced active subsidence along a broad shelf area during the Late Devonian and Early
Mississippian, and was located in tropical regions near the equator as a southeastward extension

of the Elk Point Basin in Canada (Figure)2.1
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Figure 2.1: Bakken-age equivalent shale formations are marked in black across the M
American craton and provide evidence of a continental scale transgressive event. No
Canadian Shield to the northeast of the Williston Basin (tan), which acted as a silicicle
source for the cyclic carbonate and siliciclastic deposition characteristic of the Bakker
Formation (blue) and other formations during the Late Devonian (360 Ma). Approxim.

paleo equator location labeled in purple. Figure modified from Blakey, 2005, Sonnenkt
2011, and Theloy, 2013.
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2.1. REGIONAL STRATIGRAPHY

Figure 2.2 is a general stratigraphic column for the Williston Basin. The basin depocenter
began to develop during the Late Cambrian in present-day northwestern North Dakota (Figure
2.1, Figure 2.3). Peterson and MacCary (1987) state that the Williston Basin contains at least

15,000 feet of sediment spanning the Late Cambrian through the Tertiary age, which coincides
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Figure 2.2 Generalized stratigraphic column for the Williston Basin. The Kaskaskia
Sequence (red box, defined by Sloss, 1963) has been subdivided into the upper and lo\
Kaskaskia along a major continental scale unconformity. The Bakken Formation is den
by a yellow star and is the basal formation of the upper Kaskaskia Sequence. Modified
Gerhard et al., 1990. Black dots indicate oil-productive intervals.
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with the present day location of the FBIR, and some of the thickest Bakken Formation deposits

in the basin. Sedimentary thickness decreases to less than 5,000 feet along the basin margin

where Bakken deposits virtually disappear (Peterson and MacCary, 1987). Sloss (1963) divided
Williston Basin sediment into six sequences separated by unconformities as follows: the Sauk
Sequence, the Tippecanoe Sequence, the Kaskaskia Sequence, the Absaroka Sequence, the Zuni
Sequence, and the Tejas Sequence. These sequences represent the very late Precambrian, early
OLGGOH 2UGRYLFLDQ HDUOG{®YIGEIOMHO'HMWRYVDRLSS UBRVWDUO\ C
and late Paleocene, respectively (Sloss, 1963).

The Kaskaskia Sequence ranges from late Early Devonian to as young as the latest
Mississippian (Sloss, 1963). Gerhard et al. (1990) modified the Kaskaskia Sequence into the
Upper and Lower Kaskaskia along a significant unconformity extending throughout the western
United States (Figure 2.2). This division essentially separates uppermost Devonian and
Mississippian rocks from older Devonian. The majority of petroleum discoveries of the
Williston Basin are confined with Upper Kaskaskia rock formations (Gerhard et al., 1990).

The Bakken Formation is included within the upper Kaskaskia Sequence. Rock units comprising
the upper Kaskaskia Sequence were deposited during a rapid transgression followed by a long,
slow progradation (Gerhard et al., 1990). The underlying sequence contact, whether it be Sauk
or Tippecanoe, is dependent on local erosion and structural influence; nevertheless the Bakken
Formation is the basal stratigraphic unit of the upper Kaskaskia (Gerhard et al., 1990).
Correlative with other North American anoxic rock units such as the Chattanooga, Exshaw,
Woodford, and New Albany shales, the Bakken Formation in the Williston Basin records a

transgressive event of at least continental scale (Gerhard et al., 1990) (Figure 2.1). However, the
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Bakken Formation does not cover the entire Williston Basin, but is restricted to the central area

near the basin depocenter (Figure)2.4
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Figure 2.3: Isopach of total Phanerozoic rock thickness in the Williston Basin depositec
the Late Cambrian through the Tertiary, contoured in thousands of feet. Stratigraphic
thickness reaches greater than 16,000 feet at the basin depocenter. Locations of majol
fields are also indicated, but this map predates development of the Bakken reservoirs a
much of the basin. Fields are identified as follows: 1)Antelope, 2) Anvil, 3) Beaver Lodg
Big Stick, 5) Buffalo, 6) Cedar Creek, 7) Charlson, 8) Cold Turkey, 9) Dolphin, 10) Elkhc
Ranch, 11) Glenburn, 12) Hummingbird, 13) Little Knife, 14) McKinney, 15) Newburg/S¢
Westhope, 16) Newport, 17) Outlook, 18) Poe, 19) Poplar, 20) Red Bank, 21) Redwing,
Richardson/Taylor, 23) Starbuck, 24) Tableland, 25) Temple, 26) Tule Creek, 27) Viewf
28) Wiley. The approximate location of the Fort Berthold Indian Reservation (FBIR) is <
by the red box located near the basin paleo depocenter. Green overlay denotes expani
Bakken production into Montana (primarily EIm Coulee Field) and within northeastern N
Dakota. General location of the Fort Berthold Indian Reservation in red box. Modified fi
Gerhard et al., 1990.
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Upper Devonian rocks (upper Kaskaskia) unconformably overlie Devonian or Ordovician
and older rocks within the Williston Basin, and are more than 2,000 feet thick (Peterson and
MacCary, 1987). Middle and Upper Devonian formations consist of cyclic sequences of shallow
water fossiliferous carbonates, shaly carbonates or shales, and evaporites. These include the
Souris River, Duperow, Nisku, and Three Forks formation (Figure 2.2) (Peterson and MacCary,
1987). A large shallow seaway (Figure 2.1) allowed for carbonate and shale deposition
throughout the Late Devonian and Early Mississippian in the Williston Basin, which at the time
was a part of the Pangaea supercontinent (Grau et al., 2011). Siliciclastic sediment was sourced
mainly from the Canadian Shield and similar cratonic exposures. Pitman et al. (2001) have
combined and described various depositional models applied to the Bakken petroleum system,
which are summarized in the following paragraphs. Because the main reservoir unit orRthe FBI
is the MBM, the depositional description will be limited to the Bakken Formation only.

The lower and upper members of the Bakken Formation are interpreted to have been
deposited in an offshore marine environment during general periods of sea-level rise of the
Bakken Sea (Grau et al, 2011) (Figure 2.5). The Bakken shales (Lower and Upper Bakken
Members) have pyritic components, high organic content, and rare or no benthic faunas, all of
which indicate anaerobic bottom-water conditions during deposition. In between the Lower
Bakken Shale and the MBM, is the Pronghorn/Basal Bakken Member, which represents
transgression by the Bakken Sea. This unit is localized to the east of the Nesson Anticline, and is
present in both Parshall Field and the FBIR (Grau et al.,)2011

Analysis of the MBM indicates deposition in a shallow marine to possibly coastal regime
after a rapid regression of sea level. The MBM can be separated into three distinct units (the

lower Middle Bakken, the middle Middle Bakken, and the upper Middle Bakken) comprised of
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various facies (A and B, C and D, and E and F, respectively) based on depositional environment.
The lower MBM was deposited in shallow offshore marine to lower shoreface settings. Then,
progradation of the Bakken Sea shoreline basinward occurred prior to deposition of the middle
MBM. This unit is thought to be deposited in a tidal regime, with shallower water and higher
energy than the lower MBM (Pitman et al. 2001). The upper M&sIdeposited during a

transgressive event in which deposition occurred during a tidally influenced marine environment.
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Figure 2.4: Schematic cross section of the Williston Basin and Bakken Formation. Nott
deposition of the Bakken is thickest east of the Nesson Anticline (red), correlating to the
area (brown). The MBM (purple) and Bakken shales (grey) are only deposited in the ce
Williston Basin. The Bakken Formation onlaps and thins onto the underlying Three For
Formation along basin flanks (image modified from Meissner, 1978).

2.2. REGIONAL STRUCTURE

The Williston Basin forms the southeastern part of the Elk Point Basin (Figure 2.1). The
current structural configuration of the basin is attributed to the Laramide Orogeny, and is
bordered to the east by the Transcontinental Arch and Canadian Shield, a major siliciclastic
source for the MBM, the north by the Punnichy Arch, the west by the Sweetgrass Arch, and to
the south and southwest by the Tertiary Black Hills uplift and the Cedar Creek Anticline
(Gerhard et al., 1982; Gerhard et al., 1990). Gerhard et al. (1982) proposed wrench faulting via

left lateral shearing along the Colorado-Wyoming and Brockton Froid fault zones formed the
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transtensional Williston Basin (Figure 2.7). Underlying the thick Phanerozoic strata of the
Williston Basin is Precambrian basement with dome-like anomalies approximately? 118 km

area (Sawatzsky et al., 1960 and Kent and Christopher, 1994). Basement anomalies are
determined to be reactivated fault blocks which influenced sedimentation patterns of the
Phanerozoic strata; this theory is verified with magnetic mapping completed by Gibson (1995
(Figure 2.6). Several basement anomalies are aligned with the Trans-Hudson Orogen, and are
primarily identified in North Dakota (Kent and Christopher, 1994). The Trans-Hudson Orogeny
was a Proterozoic continental collision that welded the Wyoming craton to the Superior Craton,
and formed the Trans-Hudson orogenic belt (Cobb, 2013). It is important to note that there is
debate as to the actual influence these basement anomalies have on Bakken sedimentation
patterns. However, various lineament systems have been identified within the Williston Basin
which are also aligned with the Precambrian basement structural grain (Kent and Christopher,
1994) (Figure 2.7). Anderson (2011) analyzed 3,485 lineaments of which 181 had either a
coincident, adjacent, bridging, or extending relationship with 74 basement faults (Figure 2.8).
These four relationships of lineaments and faults suggest that the fault traces expressed
themselves through the overlying Phanerozoic sediment and onto the ground surface (Anderson,
2011). Furthermore, Figure 2.8 identifies structural zones within Mountrail County. These
structural zones act as subsurface boundaries, effectively compartmentalizing Paleozoic, and
specifically Bakken reservoirs, in which higher productive zones have higher lineament density
(Anderson, 2011). This idea developed by Anderson (2011) will have a minor influence in the
diagenetic discussion within this thesis regarding possible cementation patterns that may follow

these reservoir compartments.
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Local structures within the Williston Basin are the primary influence on thickness
variations of specific formations and formation subunits (Kent and Christopher, 1994).
Reactivation of the Trans-Hudson orogenic belt produces dominant localized structures such as
the Nesson Anticline. The Nesson Anticline overlies an elongate north-south magnetic anomaly
produced from deep within the Precambrian basement (Gibson, 1995). This indicates that
development of the Nesson Anticline was related to thick skinned tectonic activity during the
Laramide structural event; this aligns with a north-south intrabasement feature within the Trans-
Hudson Orogen (Gibson, 1995). Subsequent Paleozoic deposition is influenced by such features
as the Nesson anticline, with the thickest deposits of the Bakken Formation due east of the

Nesson Anticline.
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Figure 2.5: Schematic portrayal of a restricted shallow marine setting, or likewise deep
marine setting with a stratified water column. Both situations have anoxic bottom water
conditions, which preserve TOC content during upper and lower shale deposition of the
Bakken Formation (the source rock intervals). Middle Bakken Member deposition occur
shallower sea level conditions (image modified from Meissner et al., 1984, Smith and B
1996, and Sonnenberg, 2011).
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Figure 2.7: Map of the Williston Basin showing structural features (black arrows) and oi
fields (solid black dots) with lineament systems superimposed (Gibson et al., 1995).
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Salt dissolution of older Devonian evaporites such as the Prairie Formation also
influenced thickness variations of overlying strata. Cobb (2013) found that the Churchill-
Superior Boundary (aligned with the FBIR) is highly coincident with the Prairie salt zero edge,
suggesting that associated faulting and fracturing prompted enhanced Prairie salt dissolution.
Bakken Formation thickness anomalies align with this zero edge; Cobb (2013) showed that these
thickness anomalies compensate for accommodation infill produced by the Prairie Salt
dissolution, and therefore may produce sweet spots within the Bakken Formation.
2.3. BAKKEN TOTAL PETROLEUM SYSTEM

Jarvie et al. (2011) considered the Bakken Total Petroleum System to be an
XQFRQYHQWLRQDO VKDOH UHVRXUFH V\VWHP WKDW LV GHILQ
containing an organic-rich source rock with potential or actual contribution to production, but
which may also include juxtaposed, organic-lean, tight reservoir intervals requiring stimulation
IRU FRPPHUFLDO SHWUROHXP IORZ UDWHYV "TogV/Re@aleMhKLYV GHI
System definition by Magoon and Schmoker (2000), and the classification scheme by Magoon
and Dow (1994), the Bakken petroleum system can be easily defined. Kowalski and Sonnenberg
(2011) described the three significant components of the Bakken Petroleum System as follows:
1) The Upper Three Forks Formation; 2) The Bakken Formation; and 3) The lower Lodgepole
Formation (Figure 2.9). This petroleum system spans the boundary between the upper and lower
Kaskaskia Sequences defined by Gerhard et al. (1990).

Late Devonian in age, the Three Forks Formation unconformably underlies the Bakken
Formation. The Three Forks is comprised of thinly interbedded green and red shales, sandstone,

siltstone, dolomite, and anhydrite. Between the Three Forks and Bakken contact, a localized unit
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Figure 2.8: Images showing key lineaments (red) and basement rooted faults (black) and the six different retanoisssiqowr
in panels A-F. A) Lineaments and faults identified using 2D seismic within the study area of Mountrail County, K&ult8 in
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lineaments. E) Faults (green) extending the strike of lineaments. F) This panel relates 2011 production fronveakfoarhor
map) with purple being highest production of 1,500 BOPD and blue being lowest production of 250 BOPD. Stamuts
(highlighted in red) have been interpreted based on major lineament relationships with fault traces from paAeldeisin (2011
concluded that these structural zones essentially create compartmentalized reservoirs with the highest productionea
structural zones, which directly correlate with the basement faults (image modified from Anderson, 2011).
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within the basin called the Pronghorn Member exists (LeFever et al., 2011). The Pronghorn was
identified by Johnson (2013) as a regionally correlative, unconformable Basal Bakken Formation
unit comprised of four lithofacies. The Pronghorn Member is present only east of the Nesson
Anticline (and therefore is present on the FBIR) (Grau et al.,)2011

The Three Forks Formation is most productive in areas with high oil/(oil+water) ratios
(Newnam, 2015). Theloy (2013) recognized this ratio as a proxy for identifying oil rich areas
within the formation. The Three Forks Formation is productive in many areas within the
Williston Basin and is sourced by the Lower Bakken Shale. Reasons behind the sporadic
charging of the Three Forks are still being debated, but are likely mainly due to localized,
extremely low permeability within the MBM forcing hydrocarbon expulsion downward into the
Three Forks. The uppermost Three Forks is a secondary reservoir unit on the FBIR.

The Bakken Formation has three main benches: the upper and lower shales which are
organic rich, and the MBM, which is a heterogeneous dolomitic sandstone-siltstone-carbonate
(Figure 2.9). The shale benches are massive, siliceous, organic-rich dark brown to black units
with concentrated pyritic lenses and laminations. The Upper Bakken Shale Member is slightly
more organic rich than the Lower Bakken Shale Member. The MBM is composed of light to
medium gray interbedded silt, dolomite, limestone, and rare sandstone (Figure 2.9). Shales,
dolostones, and limestones are prevalent throughout the basin in North Dakota. The main silt
and sandstone beds are massive or coarsely bedded with some cross stratification, extensive
bioturbation, and soft sediment deformation. The Lower Lodgepole Formation, described by
Grau et al. (2011) is a tight, organic-poor limestone that conformably overlies the Upper Bakken

Shale.
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The Bakken Total Petroleum System has also been defined as a source rock-reservoir
couplet as tight reservoir rocks and rich mature source rocks are stratigraphically overlying one
another (Grau et al., 2011). The MBM has an average porosity of six percent and permeability
reaching up to 4.2 mD 4t within the dolomitized portions (typical permeabilities range from
0.1445 mD-0.0272 mD) (Grau et al., 2011). The petroleum produced from the reservoir rock is
moderate to high gravity (26-46 degrees API) and has low pour points (Lillis, 2013).

The Upper Bakken Shale Bench is a major oil source across the basin, and acts as the main
source rock, while the Lower Bakken Shale Bench is the primary source rock for the Upper Three
Forks Bench (Grau et al., 2011). The Upper and Lower Shales have similar averagee@mmatur
TOC content; the Upper Shale has average TOC values of 17 wt% and the Lower Shale has average
TOC of 15 wt % (average TOC of 11 wt % for both (Sonnenberg, 2012). Both benches have
similar average immature kerogens qualities with HI of 510 and 491, respectivelye Aiga
values indicate Type Il oil-prone kerogen, and Sonnenberg, (2011) determined that the upper and
lower shales also contained type | kerogen. The MBM, has very low organic content at less than
0.3 wt% (Lillis, 2013).

The Lower Lodgepole overlies the Bakken Formation and is the regional top seal (Grau
et al., 2011). Stratigraphic pinch outs, diagenetic traps, and shale thermal maturity and resistivity
boundaries act as lateral seals and trapping mechanisms in the Middle Bakken (Theloy, 2013).
Migration trends at Parshall Field may act as a proxy for nearby fields within North Dakota
(FBIR), as well as other areas of the basin. Grau et al. (2011) and Bergin et al. (2012) developed
water saturation maps of the MBM. These maps show that the lowest water saturation (highest
oil saturation) of the basin exists in Parshall Field (Figure 2.11). Furthermore, interpretations

show that increases in water saturation west of the field denote supercharging of the Middle
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Figure 2.9: Schematic stratigraphic column depicting facies and benches of the 3 majol
formations of the Bakken total petroleum system, as well as various system component
that the Sanish Sandstone is now called the Pronghorn Member of the Bakken Formatic
is no longer associated with the Three Forks Formation. Modified from Sonnenberg, 20:
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Mines nomenclature for the Middle Bakken Member will be utilized henceforth, and is
discussed in Chapter 3 in depth.
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Bakken Member within the study area from both the upper and lower shales. Consequently,
there is little to no initial water production associated with oil production from Parshall Field
wells.

Sonnenberg (2011) used TOC and Rock-Eval Pyrolysis to determine whether or not
hydrocarbons within the Bakken reservoir had migrated into the system. All sample values
plotted below the 1.5 line cutoff (indicating indigenous hydrocarbons), suggesting hydrocarbons
had not migrated from sources deeper within the basin; instead, hydrocarbons were produced and
expelled mainly from the Upper Bakken Member, and slightly from the Lower Bakken Member
(Figure 2.12). Grau et al. (2011) determined the onset of oil generation and expulsion in the
Bakken Shales began in the Late Cretaceous and is currently ongoing within the basin. Parshall
Field exhibits extensive fracturing from a basin-wide framework to a microfracture framework
within the reservoir bench (Grau et al., 2011). Reservoir scale fracturing creates a naturally open
fracture set that is characterized by live oil and partially calcite cemented fracture planes
intersected with sub-vertical fractures. This fracture network helps to enhance migration of
expelled hydrocarbons into the reservoir rock from the shale source beds (Grau et al., 2011).
The presence of natural fractures within the study area will be investigated during this study.

The Bakken Formation produced 361.654 MBO in 2014 (Dalrymple, 2015). The Bakken
and Three Forks Formations were responsible for 92.59% of all oil produced in North Dakota in
2015, producing from a total of 9,210 wells (Dalrymple, 2015). The USGS (Gaswirth et al.,
2013) estimated mean undiscovered volumes of 7.4 BBO, 6.7 trillion cubic feet of
associated/dissolved natural gas, and 0.53 BBOE natural gas liquids in the Bakken and Three

Forks Formations. Bakken Formation undiscovered volumes were estimated at 3.6 MMBO
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alone. These estimates represent a two fold increase of reserves from the 2008 USGS
assessment, and a threefold increase of gas and natural gas liquids (Gaswirth ep.al., 2013
2.4. HISTORY OF OIL PRODUCTION

Exploration and development of the Bakken Formation has historically occurred in
several cycles; the most recent and significant cycle encompasses the discovery and development
of the Middle Bakken Member (Sonnenberg and Pramudito, 2009). LeFever (1991) credits
Stanolind Oil and Gas Corporation with drilling and completing the first successful Bakken well
in Antelope Field, North Dakota, in 1953. Previous to this discovery, the Bakken Formation was
disregarded as a primary target due to its general low permeability. However, the Antelope Field
discovery inspired slow expansion of Bakken Formation exploration throughout the Williston
Basin, as well as established all three members of the Bakken and the Upper Three Forks Bench
as petroleum reservoirs (Sonnenberg and Pramudito, 2009).

The next subsequent significant discovery was that of the Elkhorn Ranch Field by Shell
Oil Company in 1961 (LeFever, 1991). The initial target was the Red River Formation, but
instead oil was recovered from the Bakken during a drill stem test. This discovery induced the
second major cycle of Bakken exploration, focused within the Upper Bakken Shale Member

6RQQHQEHUJ DQG 3UDPXGLWR $FWLYLW\ GXULQJ WKH

occurred, however, in 1976 when a Bakken well was drilled within the Bakken Fairway area
(Sonnenberg and Pramudito, 2009). The fairway lies along the southwest margin of the Bakken
erosional boundary in the Billings nose area (Sonnenberg and Pramudito, 2009), and contained
all major activity for the next several years. The next cycle coincides with the first horizontal
well completed in 1987 in the Billings nose area by Meridian Oil, Inc. (LeFever, 1991). The

success of this well, kick started a new phase of exploration within the Bakken Formation,
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shifting from a secondary target into a primary target via horizontal drilling (LeFever, 1991).
Through 1990, horizontal wells had produced 1,700,997 barrels of oil, with a negligible amount
RI SURGXFHG ZzDWHU /H)HYHU Hriv@yHb MyHob dudddhtked W K H
results, and the Bakken Formation once again became a secondary target of exploration

(Sonnenberg and Pramudito, 2009).
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Figure 2.11: Slide showing calculated water saturation map with economic limit of
SURGXFWLRQ DOVR UHIHUUHG WR DV WKH p/LQH RI
solid lines). Figure from Bergin et al., 2012.
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In 2001, hydraulic fracturing and horizontal drilling technology enabled the development
of the Middle Bakken Member in EIm Coulee Field, Montana (Grau et al., 2011). The field is
estimated to have an EUR of over 200 MMBO, and has produced over 78.4 MMBO through
December of 2008 (Sonnenberg and Pramudito, 2009). The discovery and following successes
in production of EIm Coulee initiated exploration for analogue fields in North Dakota that target
the Middle Bakken Member (Jarvie et al., 2011; Grau et al.,)2011

In 2006, EOG Resources successfully horizontally drilled the #1-36H Parshall well and
discovered Parshall Field (Kowalski and Sonnenberg, 2011). After experimental successes in
reentered wells (the Parshall 2-36H for example), Parshall wells showed production increases up
to threefold of initial rates (Grau et al., 2011). Located within Parshall area limits in Mountrail
County, North Dakota, the Parshall Field is the largest oil field in size discovered in North
America covering over 2.7 million acres, and growing (Jarvie et al., 2011). As of 2010, the field
was producing an average of 34,400 BOPD from only 194 wells, with cumulative production of
42.1 MMBO and has an EUR of 100 MMBO (Jarvie et al., 2011). The field may prove to be the
most prolific unconventional producer within the Williston Basin.

'LWK 3DUVKDOO )L H O @GtpN ratest- ¢p&atblstbeybrdodkiddsGuth to the
underutilized land on the FBIR. The reservation spans 988,000 acres on the Missouri River,
457,837 of which are owned territory either individually or communally by the Three Affiliated
Tribes (the Hidatsa, Mandan, and Arikara nations). Today the reservation has various fields and
was one of the most active regions within the Williston Basin, with 1,663 wells drilled, prior to
the fall in oil prices in 2014. Production rates rival that of Parshall Field, and production
continues to expand across the FBIR. Assessing the production potential of the FBIR through

facies analysis of the MBM is the focus of the following chapter.
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Figure 2.12: Plot of S1 versus TOC values from the Bakken Formation in Parshall Fielc
Values show that hydrocarbon within the MBM was generated locally within the Upper ¢
Lower Bakken Members, and did not migrate from other formations or regions within the
Williston Basin (image modified from Sonnenberg, 2011).
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CHAPTER 3
FACIES DESCRIPTIONS AND INTERPRETATIONS
Six cores were utilized in this study from the 65 cores penetrating the MBM of the
Bakken Formation registered with the North Dakota Industrial Commission on the FBIR. Five
of thesix cores were provided by Enerplus; the Danks 17-44H, the Henry Bad Gun 09C-04-1H,
the Hognose 152-94-18B-19H-TF, the Pumpkin 148-93-14C-13H-TF, and the Roberts Trust 1-
13H. The MHA 1-18H-150-90 was provided by QEP Resources. The MHA 1-18H-150-90 was
previously described by Katie Kocman (2014) during her thesis research, and will be utilized in

this study. Locations of the six cores are shown in Figure 3.1.
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Figure 3.1: Location map of the six cores utilized in this study.
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Core descriptions are integrated with various data sets including RCA, thin section, XRD,
FESEM, petrophysical analysis, and PETRA mapping to generate an effective interpretation of
the facies distribution throughout the FBIR in Chapteand 5. This integration will better
guantify the production potential and contributions by each individual facies. Chapter 3 focuses
on the integration of core descriptions, UV photography, and RCA analysis to initially identify
and define MBM facies and their associated production potential.

3.1. METHODS

Facies determination using the Colorado School of Mines classification scheme
(Sonnenberg, 2011) has been completed for the greater Parshall Field area by Gent (2011),
Kocman (2014), and Simenson (2010). This study upholds the nomenclature which Gent (2011)
and Theloy (2013) applied during their respective research. Theloy (2013) listed the facies from
stratigraphic bottom to top as: MB-A) skeletal lime wackestone, MB-B) bioturbated argillaceous
siltstone, MBC) laminated sandstone/siltstone, MB-D) calcareous saafstanstone, MB-E)
laminated dolomitic siltstone, and MB-F) massive fossiliferous wackestone (Taple 3.1

Core descriptions were completed using a hand lense to determine grain size, as well as
HCL acid 10 % solution to test for carbonate cementation. Facies were confirmed using known
descriptions which are summarized in Table 3.1. Distinguishing characteristics including
bioturbation, sedimentary structures, and fossil fragments were all incorporated into facies
identification. Mineralogy was determined using XRD data. RCA analysis was incorporated

into facies descriptions to determine individual facies production potential.
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Table 3.1: MBM facies description summary (Gent, 2011).

Facies Unit Lithology Sedimentary Biogenic features Depositional
Structures Environment

Facies A - Light gray, fine grained limestone with [Massive Crinoids Shallow marine below storm
Crinoid, brachiopod., lime Wackestone  |crinoid and brachiopod fragments. Fossiliferous lag just above |Brachiopod shells and wave base

Bioclast material has significant pyrite [lower contact. fragments

replacement Bryozoa

Gastropods

Facies B - Dark gray to tan, very fine grained, Bioturbated, sedimentary Crinoid Shallow marine subtidal
Bioturbated, argillaceous, calcareous bioturbated, argillaceous, calcareous  [structures obscured Brachiopod shells and
siltstone/sandstone sandstone. Pyrite and calcite fragments

replacement of several bioclasts Helminthopsis, scalarituba

burrows

Facies C - Very fine grained, light gray to tan, Very fine planar parallel None Shallow marine subtidal to
Laminated, argillaceous, calcareous laminated. argillaccous, calcarcous laminations with occasional intertidal
siltstone/sandstone siltstone and sandstone. storm event

Pyrite nodules or framboids scattered

throughout unit
Facies D - Very light gray, sandy calcite Structureless interbedded Echinoid spines Shallow marine carbonate
Calcite grainstone/sandstone with planar |grainstone and very fine grained with planar to low angle and |Fossil fragments shoal intertidal

to low angle siltstone lamination

sandstone. Dark gray very fine
argillaceous siltstones in laminations.
Abundant pyrite framboids just below
upper facies boundary

undulating lamination, cross-
strata, ripple laminations and
trough cross-bedding

Ooids

Facies E -
Laminated, bioturbated, fossiliferous,

Light gray, bioturbated dolomitic
mudstone and light gray very fine

Massive to planar lamination,
wavy to ripple laminations,

Planolites, helminthopsis,
scalarituba burrows

Shallow marine subtidal to
intertidal

dolomitic mudstone/siltstone grained siltstone. Pyrite and calcite bioturbated brachiopods
replacement of fractures and bioclasts.
Pyrite nodules scattered throughout
unit
Facies F - Light gray, very fine grained, Structureless with several  |Brachiopod shells and Offshore within storm wave
Bioturbated, fossiliferous, calcarcous bioturbated, fossiliferous, calcareous  [bioclast lags fragments base.
Wackestone/siltstone wackestone to siltstone. Pyrite echinoid spines
replacement of bioclasts. bryozoans

35




3.2. FACIES DESCRIPTIONS

Using the aforementioned Colorado School of Mines classification scheme (Sonnenberg,
2011) all six facies from the MBM were identified in the cores. However, only three of the six
cored intervals (Henry Bad Gun, Pumpkin, and Roberts Trust) had all six facies present. The
Hognose and Danks cores lacked the uppermost F facies, while the MHA core lacked the C
facies. Below is an in depth description of each of the six facies identified in the MBM.

3.2.1. FACIES A

Facies A is the basal MBM unit overlying the Lower Bakken Shale with an erosive, sharp
contact, and a gradational contact with the overlying B facies (FigureTh&.unit is light to
medium grey with patchy calcite cementation. Facies A is a massively bedded wackestone with
visible fossil fragments including brachiopods and crinoids. Fossil fragments often exhibit
partial to complete recrystallization or pyritization. Pyritization is particularly common at the
erosive basal contact with the Lower Bakken Shale, in which brachiopod and crinoid fragments
are concentrated. Minor bioturbation is visible with a hand lense, including burrows which show
minor pyritization. Bioturbation increases moving towards the gradational contact with the
overlying B facies. Facies A has fractures which are both completely pyritized and calcite
cemented to partially calcite cemented.

Thickness of this deposit range between two and four feet. RCA data provided by
Enerplus document porosities ranging from 2.06-7.09%, with an average of 4.12 %, and
permeabilities ranging from 0.001-2.57 mD. Median permeability is 0.0I5The A facies
has an average oil saturation of 24%, the lowest of all six facies. The A facies is not a potential

horizontal target facies, and at best is a minor contributor to oil production.
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A) Hognose ;i
152-94-18B-19H-TF

Facies A

B) Hognose C) Henry Bad Gun
152-94-18B-19H-TF 09C-04-1H-TF

Gradational contact
into B Facies

R \ Crinoids
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piece
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. fossil
fragments

Sharp contact between
A Facies and LBS

Figure 3.2: Six foot column of core from the Hognose 152-94-18B-19H-TF core in the
Bakken Formation. Photo A has a sharp contact between the Lower Bakken Shale and
A (skeletal lime wackestone) and the upper gradational transition between facies A and
B. White dotted line outlines an example of patchy calcite cementation. B) Magnified
photograph from image A which highlights calcite cemented horizontal fractures (red ari
and a minor shell lag near the Lower Bakken Shale and facies A contact. C) Image fror
Henry Bad Gun 09C-04-1H-TF core which shows a shell lag with concentrated brachiog
and crinoid fragments. Some fragments have been pyritized while others have been re|
with calcite. Fossil content decreases up section but is still present.

32.2. FACIES B

The thickest of all of the MBM facies, the B facies ranges from five to sixteen feet in the
cores described. RCA documents porosity ranging from 1.71-8.26 % and averaging at 5.12%,
and permeability ranging from 0.0002-1.920 mD, with a median value of 0.0023 mD. Average

oil saturation for the B facies is 32.9%, the third highest of all six facies described. Due to the
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thick nature, the reasonable oil saturation, porosity, and permeabilities, the B facies is considered
a potential horizontal target for the MBM.

As stated, the B facies exhibits a gradational basal contact with the underlying A facies
(Figure 3.2), and a gradational contact with the overlying C facies (Figure 3.3). A light to
medium grey siltstone-sandstone, the B facies has extensive bioturbation, obliterating all
sedimentary structures. Burrow traces include an abundaft®mithopsis and Sclarituba
Bioturbation is concentrated in zones, as is denoted in core descriptions (Fig&igu8e33.11
Figure 3.14Figure 3.16Figure 3.17Figure 3.19). Burrows show slight pyritization throughout
the B facies. As with all of the cores described, the B facies exhibits patchy calcite cementation
and dolomite cementation throughout. Cemented fractures are visible in the calcite cemented
zones within this unit. Both brachiopod and crinoid fragments are found scattered throughout the
B facies, with a qualitative decrease in concentration with decreasing depth in the cores.
Pyritization of the fossil fragments is visible in all six cores in the B facies, which also decreases
in abundance with deceasing depth.
3.2.3. FACIES C

Facies C is a light to medium grey siltstone-sandstone, and has been subdivided into two
subfacies. Subfacies C1 is planar to undulose planar laminated and subfacies C2 is crinkly
laminated (Figure 3.4). C1 lacks bioturbation and fossil fragments in core, and exhibits patchy
calcite cementation. Brennan (2016) found thickening of laminations into calcite cemented
zones, which suggest an early stage cementation. Diagenesis is discussed in depth in Chapter 4.
Within the C1 facies, patchy calcite cementation may be nodular to massive as in the A and B

facies, or can be laminae-selective. Cemented and compacted fractures are visible within calcite
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cemented intervals, and range from horizontal to sub-vertical. The C2 subfacies represents
microbial influence along with other burrow traces.

The C facies ranges from four to eleveet thick in the FBIR, and has porosity values
ranging from 0.85-7.20%, averaging at 4.74%, while permeability values range from 0-0.135
mD, with median permeability of 0.0035 mD. Although identified as a potential horizontal
target facies by multiple authors (Simenson, 2010; Gent, 2011; and Theloy; 2013) the C facies
has the second lowest oil saturations values of 29.6% in the MBM. Gent (2011) identified the C
facies as a rhythmically laminated tidal deposit. Thus, the C2 subfacies suggests a stressed
ard/or restricted tidal environment allowing for the preservation of algal laminations. C1 is
present in all but two of the cores, the Hognose 152-94-18B-19H-TF, and the QEP MHA 1-18H-
150-90, while the C2 is present in five of the cores described. The QEP MHA 1-18H-150-90
lacks the C facies altogether.

3.2.4. FACIES D

The D facies is the highest energy and coarsest-grained deposit of the MBM (Theloy,
2013). Itis a moderate to well sorted sandy to ooid grainstone. Various organic carbonate
allochems are also present including echinoderm, arthropod, and brachiopod fragments. In the
FBIR, the D facies is divided into three subfacies: the D1 subfacies (contorted to massive fine-
grained calcareous sandstone), the D2 subfacies (low angle planar, to slightly undulose cross-
laminated calcareous sandstone with thin discontinuous shale laminations), and the D3 subfacies
(undulose ripple to climbing ripple calcareous siltstone to fine-grained sandstone) (Figure 3.5).

The D1 subfacies exhibits soft sediment deformation with localized bioturbation and
dolomitization in muddy intervals, as well as massive calcite cemented intervals which represent

the idealized D facies. This subfacies represents the traas$iiames between the lowest
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energy and highest energy deposits of a shoal environment. The D2 subfacies is slightly coarser
in grain size, with sand particle sizes ranging from very fine to medium. This subfacies exhibits
patchy calcite cementation, which may or may not be laminae selective. Cemented fractures
range from horizontal to vertical in the D2 subfacies. Subfacies D1 and D2 represent possible
contributing facies to oil storage capacity, but only in the nonmassive intervals when porosity
and permeability has not been destroyed by cementation. The D3 subfacies was not identified in
Parshall Field, but is present in the FBIR. The D3 subfacies represents the lowest energy deposit
of either a shoal or intershoal, and is present in three of the six cores described.

As a unit, the D facies is significantly thinner on the FBIR than in Parshall Field. In the
FBIR, the D facies ranges from three to nine feet in core; in Parshall Field it is between zero and
twenty two feet thick in core (Simenson, 2010). The D facies has a range of porosity values,
0.80-9.40%, with average porosity of 3.84%, and permeability ranges from 0- 0.023 mD, with a
median permeability value of 0.0025 mD. Oil saturation averages 30.1% in this potential
horizontal target facies. Ranging in color from a light to dark grey to a buff brown when
dolomitized, the D facies represents a clastic-carbonate unit that is laterally discontinuous across
the FBIR. Gent (2011) attributed the lateral facies variations and discontinuities seen in the D
facies to higher hydrodynamic energy conditions in longshore currents which produce shoal like
deposits. Kocman (2014) suggested that the D facies represents a subtidal shoal or channel
deposit above storm wave base with minor tidal influence. The discontinuous nature of the D
facies relates to the relative location of the deposit to the paleo shoreline; thicker D facies

represent more distal deposits (Kocman, 2014).
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A) Danks 17-44H

Facies B

Gradational contact
into C facies

B) Danks 17-44H

Helminthopsis/Sclarituba
burrow traces

Figure 3.3: Six feet of core from the Danks 17-44H. A) Location of the magnified core |
designated by black arrows, as well as the gradational contact of the B facies into overl
facies. Note that the B facies is the thickest facies of the MBM. B) Magnified photo fror
image A. Patchy calcite cement outlined in white dotted lielminthopsisandSclarituba
burrows and trace burrows denoted by white arrows. Note that the B facies is the most
bioturbated facies in the MBM, and has scattered fossil fragments including brachiopod:
crinoids which are not seen in this image.
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Facies C
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Figure 3.4: Core samples from the Pumpkin 148-14C-13H-TF core showing the A) C1
subfacies and B) C2 subfacies which comprise the C facies. Note that the subfacies do
always appear in all C facies deposits. A) Denotes typical tidal rhythmically laminated
deposits and B) is a microbial-algal laminated (crinkly) tidal deposits.

3.2.5.FACIES E

Ranging in thickness from two to seven feet, the E facies is present in all six cores
incorporated into this study. Porosity and permeability values range from 1.10-8.26 % and
0.000120-0.367 mD, and average at 5.28% with median permeability of 0.0027 mD,
respectively. An average oil saturation value of 37.3% is the second highest value among the six
facies described. This facies represents a possible horizontal target in areas when oil saturation

and permeability values are high. The E facies thickness compensates for the underlying D facies

42



thickness. The E facies is characterized with either a sharp erosive or gradational basal contact
with the D facies, and a gradational contact with the overlying F facies when present, or an
erosive sharp contact with the Upper Bakken Shale when the F facies is absent. Similar to the
previous facies described, the Efacies exhibits patchy calcite cementation. However, the E facies
represents the most dolomitic zone of the MBM (Simenson, 2010). This is verifiable with XRD
analysis described in Chapter 4. Sedimentary structures observed include: planar to wavy
laminations of interbedded fine grained sandstones and argillaceous siltstones, slumping, and
soft sediment deformation. Localized bioturbation, as well as microbial influence, partially to
completely destroy the preservation of sedimentary structures throughout this unit (Figure 3.6).
3.2.6. FACIES F

The uppermost facies in the MBM, the F facies ranges from three to seven feet in
thickness, and is directly influenced by the underlying thickness of the E and D facies.
Therefore, the F facies is discontinuous across the FBIR and was present in only three of the six
cores described. This unit is characterized as a massive silty wackestone with minor
bioturbation, and is deposited in similar conditions as facies MB-A, within or just below storm
wave base (Theloy, 2013) (Figure 3.7). Visible shell lags between 0.5-2 inches thick, resulting
from storm activity, are present. Scattered fossil fragments including brachiopods are distributed
throughout the F facies. Pyrite replacement of the fossil fragments and burrows was observed in
all cores. The F facies exhibits patchy calcite cementation across the FBIR. The F facies, when
present in core, exhibits a sharp contact with the Upper Bakken Shale, and a gradational basal
contact with the underlying E facies. Although discontinuous across the FBIR, the F facies
represents a potential horizontal target facies as it has porosity ranging from 2.59-8.23%, and

averaging 5.33% (highest of all six facies), with permeability ranging from 0.02783-0.00016
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mD, and a median value of 0.0008 mD. The F facies also has the highest average oil saturation

value for all cores (40.5%).

Danks 17-44H

Increasing
energy from
D3-D1-D2

Subfacies D2

Subfacies D1

Subfacies D3

Facies D

Figure 3.5: 12 feet of the Danks 17-44H core displaying the three subfacies of the D fai
D1) Contorted to massive calcareous fine-grained sandstone, D2) Low angle planar, to
undulose, to cross-laminated calcareous sandstone with thin discontinuous shale lamin.
and D3) undulose ripple to climbing ripple calcareous siltstone to fine-grained sandston
dashed lines indicate transitions within the D subfacies. Black arrows indicate location
magnified core photographs.
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3.3. CORE DESCRIPTIONS

Core descriptions were digitized using the Golden Software package Strater 4, except for
the QEP MHA 1-18H-150-90 core which was digitized by Kocman (2014). Initial grain size
interpretations were determined using a hand lense, and were verified by petrographic thin
section analysis. XRD analysis was used as an indication of mineralogy, which will be further
discussed in Chapter 4. Core locations are summarized in Figures 3.8, 3.11, 3.14, 3.16, 3.17, and
3.19. UV core photography was acquired by Triple O Slabbing. Hohman and Chuparova (2014)
determined that core fluorescence provides a critical visual representation of oil storage, and can
therefore be used as a means to calibrate reservoir characterization efforts. Thus, UV
photographs of all cores described were corroborated with RCA analysis to determine
contributing facies with oil storage capability, using baseline observations made by Hohman and
Chuparova (2014) (Appendix B).

It is important to note that all cores exhibit extensive patchy calcite cementation.
Therefore the lack or distinct decrease in patchy calcite cementation will be noted in each core
description if necessary.

Table 3.2: Core names and locations.

Core Name Core Location

Hognose 152-94-18B-19H-TF T152N-R94W-SEC7

Danks 17-44H T151N-R94W-SEC 17

Pumpkin 148-93-14C-13H-TF T148N-R93W-SEC 14

Roberts Trust 1-13H T148N-R94W-SEC 13

Henry Bad Gun 09C-04-1H-TF | T147N-R93W-SEC9

QEP MHA- 1-18H-150-90 T150N-R9OW-SEC 18
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Figure 3.6: Photograph of the E facies (10604 feet in depth), the laminated dolomitic sil
from the Danks 17-44H core. White arrows indicate heavy bioturbation and possible
microbial influence which disrupts sedimentary structures. Soft sediment deformation,
slumping, and undulose laminations are prevalent within the E facies. Black arrow denc
interbedded fine grained sandstones and siltstone layers, common in the E facies.
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Figure 3.7: Photomicrograph of a sample of idealized F facies from the Roberts Trust 1
core. White dotted lines outline patchy calcite cementation, while the black arrows denc
articulated brachiopod storm beds. Storm beds have selective calcite cementation.
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3.3.1. HOGNOSE 152-94-18B-19HF

The most northern of the core set, the Hognose core (Figyrexidits five of the six
facies identified by the Colorado School of Mines MBM nomenclature (Sonnenberg, 2011).
Although cored, the Upper and Lower shales of the Bakken Formation were only described when
within several feet of the MBM contact, and therefore will not be discussed in great depth.

The Lower Bakken Shale is determined to have been deposited in an anoxic environment;
accounting for the lack of benthic fauna and preservation of TOC. The Lower Bakken Shale has
a sharp, erosive contact with the overlying A facies of the MBM, an indication of a shallowing
event. Shale rip up clasts, pyritized crinoids and brachiopods, and pyritized microfractures
characterize this erosive boundary in the Hognose core. The A facies here exhibits minor
bioturbation, and fossil content decreases significantly moving up section. The A facies exhibits
a transitional boundary into the overlying B facies. The B facies is the thickest facies within the
Hognose core, and is overall an extremely bioturbated facies with concentrations of brachiopod
and crinoid fossils, as well as calcite cemented horizontal microfractures and fractures.
Mineralogy is further addressed in Chapter 4.

The C facies has a gradational contact with the underlying B facies, and indicates a slight
shallowing in water depth as undulose planar laminations are preserved, and bioturbation
decreases significantly. Late calcite cementation may induce a wavy morphology of the planar
laminations. In the Hognose core, yohe of the C subfacies were deposited and preserved; the
C2 crinkly laminated, microbial influenced subfacies. A lack of major bioturbation and the
presence of microbial laminations indicates a stressed, possibly hyper saline environment.

The D facies is present in the Hognose and all other cores in this study. Here, there is a

sharp contact between the C and D facies. The Hognose exhibits all three of the D subfacies.
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Within the Hognose core, two separate shoaling cycles are preserved; initially a shallower,

higher energy shoal comprised of the D2 and D3 subfacies, is eroded away and topped by a
possible intershoal or low energy shoal deposit (the D1 subfacies). This complete D facies is one
of the thinner deposits within the study area, averaging seven feet in thickness. The D2 subfacies
represents a possible horizontal target within the D facies when not cemented, however it is only
one foot thick in this core, most likely with minor contributions.

The uppermost facies in the Hognose core is the E facies. This is interpreted to be
directly influenced by the decreased accommodation space from the combined thickness of the
E, D, C and B facies. The E facies has a gradational contact with the underlying shoal deposit (D
facies) in which soft sediment deformation is observed. Minor cross bedding is preserved,
however bioturbation has primarily destroyed all sedimentary structures. The E facies has calcite
lined vertical fractures present and a micro-fault just beneath the overlying facies contact with
the Upper Bakken Shale (Figure 3.9). In the Hognose core, the E facies has relatively high
average porosity of 5.22%, but rather low permeability of 0.00238 mD, suggesting possible
contributions to oil storage within the MBM. Similar to the Lower Bakken Shale contact with
the A facies, the E facies exhibits an abrupt and erosive boundary with pyritized burrows,
crinoids, and brachiopod fragments at the facies contact.

UV fluorescence photographs were not useful in determining variances by facies in oil
saturation for the Hognose core. However, as Hohman and Chuparova (2014) outlined, Mineral
fluorescence in the MBM should be represented by a dull gold fluorescence under UV light.
Figure 3.10 represents a highly calcite cemented segment of the Hognose core which has

white-gold fluorescence. Uncemented intervals have an off purple color which signifies a lack
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of fluorescence; this is indicative of no or low oil saturation. Instead, fluorescence in these

images helps accentuate cemented intervals.
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Bl
Qw2
Subfacies eeeex
Depth (Ft) Facies T |
10332
10336 m Subfacies Key
X | Ne D1C
10340 . FC . D1
K . F c2C
10344 @ ec B cic
C Bl B sC
10348 p3c [ B
C B b3 AC
10352 D2C . A
C B b2
10356
10360
10364
10368
10372
10376
10380
10384

Figure 3.8: Digitized core description of the Hognose core on FBIR.
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This is corroborated by RCA analysis which shows increasing oil saturation moving
down section from the E (24.5%) to B (32.3%) facies; the A facies has the lowest saturation of
18.8%, but this outlier is most likely related to the significantly lower porosity and permeability
of the A facies which prevented oil saturation and migration. This trend developed by RCA data
suggested that UV photos should show increasing fluorescence intensity and presence moving
down section; instead fluorescence intensity and presence show no change in intensity or
presence. Thus, oil contributions from facies may not be extrapolated from UV photography in
the Hognose core.

3.3.2. DANKS 17-44H

The Danks core does not sample the entirety of the Bakken Formation; the upper 5 feet of
the MBM and the Upper Bakken Shale are missing and are therefore not described in Figure
3.11. Of the six total facies in the MBM, five facies were identified, and it is assumed that the F
facies was not cored. The A facies is slightly thicker in the Danks core than in the Hognose, and
has limited patchy calcite cementation and primarily dolomite cementation. As in all five cores
described, the B facies is the thickest facies present, reaching upwards of 15 feet. A gradational
contact between the B and the overlying C facies is observed.

The Danks core has both C subfacies present. C1 represents planar laminations with a
tidal influence, and C2 represents the crinkly laminated subfacies described in section 3.3.1. The
presence of both of these subfacies suggests slight changes in the salinity or overall environment
which prevents the preservation of algal laminations in the C1 facies. Both subfacies represent
plausible contributing units to oil storage and oil production in the Danks core. In the Danks
core, the subfacies are interbedded and therefore RCA analysis was not separated by subfacies.

Therefore average porosity is only 4.51% and median permeability is 0.0014 mD respectively.
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Figure 3.9: Image showing microfault plane near the contact of the Upper Bakken Shal
the E facies of the MBM in the Hognose core at depth 10336.4 feet.
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Calcite cemented
(white-gold fluorescence)

Potentially oil stained and
oil saturated zones (lacks
fluorescence here)

Figure 3.10: Plain light (A) and UV light (B) images of the Hognose core. Note that her
fluorescence is indicative of dull white-gold mineral fluorescence, and not oil saturated
intervals which have no fluorescence (both labeled with red arrows).

Overlying the C facies, i@nine foot thick D facies. This unit has all three of the D
subfacies preserved. Thus this unit represents an entire shoal cycle from an intershoal or low
energy shoal (D3) into the overlying transitional subfacies (D1), and finally capped with a thick
D2 subfacies, the highest energy subfacies. As suggested in the Hognose core, the D2 subfacies
represents the only potential contributing subfacies of the D facies (when not cemented). In this
core, average porosity and median permeability values of 3.19% and 0.0005 mD suggest heavy

cementation and thus low contributions in terms of oil storage capacity. Therefore the D facies
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is considered a minor contributing facies in the Danks core. The E facies is approximately four
feet thick, and possibly thicker as the entire MBM was not cored. There is a sharp contact
between the E and D facies, consistent with a slight increase in depth overlying the shoal deposit
(D facies). In the Danks core, The E facies in the Danks core has minor patchy calcite
cementation, and instead is highly dolomitic, similar to the E facies observed in Parshall Field
north of the FBIR by Simenson (2010). RCA analysis shows average porosity values of 5.31%
and median permeability of 0.0025 mD, the highest of all potential contributing facies in this
core. However, the E facies has low oil saturation of 19.8%. Mineral compositionssesse
Chapter 4 using XRD and other petrographic analysis for all six cores.

UV photography for the Danks core had different results thamphotography of the
Hognose core, described in section 3.3.1. Fluorescence intensity and presence is directly related
to the timing of photography after cores are extracted, as well as the conditions under which the
photographs were taken. Danks UV photographs were taken when the rock was wet down,
causing a deep purple color in oil saturated zones. Although purple fluorescence is expected in
oil saturated zones (Hohman and Chuparova, 2014), the purple fluorescence in Figure 3.12 is
thought to be an artifact of the photography process when the rock was wet down, rather than a
true fluorescence. Essentially, the intensity of the purple fluorescence was increased. This is
supported by Figure 3.13 in which the entirety of the B facies fluoresces a deep purple, and
calcite cemented intervals do not fluoresce the expected dull white-gold color. Dull white-gold
mineral fluorescence is visible in heavily calcite cemented intervals of the D facies in Figure
3.12, where it is interbedded with porous intervals which are fluorescing purple; these colors are
not thought to be artifacts. RCA data suggested that UV photos should show increasing

fluorescence intensity and presence moving down section excluding the A facies; instead
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fluorescence intensity decreased down section in the uncemented intervals. For example, the E
facies had some of the highest fluorescence intensity, but low oil saturation at 19.8% compared
to the deeper B facies with 25.4% oil saturation and duller fluorescence (Figure 3.12). This
suggests that oil saturation and thus contributions from facies may not be explauiéd by
fluorescence in the Danks core, and thus UV photography does not lend itself to corroborate
contributions from the E and C facies due to artifacts recorded during the photography process.
3.3.3. ROBERTS TRUST 1-13H

The Roberts Trust core has all 6 identified facies present (Figure 3.14). Patchy calcite
cementation characterizes the entirety of the A, B, and C facies. The B facies is similar in
thickness to the Danks core at roughly 15 feet, and has a gradational contact with the overlying C
facies. Here, the C facies exhibits both the C1 and C2 subfacies. Once again signifying changes
in depositional environment from stressed (C2) to normal marine conditions (C1). The C facies
overlying the highly bioturbated B facies signifies an overall shallowing in depositional
environment and increase in depositional energy as bioturbation is nonexistent in the C facies,
and tidal laminations and sedimentary structures are preserved. Based on RCA analysis, both
the C1 and C2 are contributing to oil storage in the Roberts Trust core, with average porosity of
4.64% and median permeability of 0.0045 mD.

The D facies is under eight feet thick in this core, and does not represent a complete shoal
deposit as only the D1 and D2 subfacies are preserved. The D1 facies has low average porosity
of 3.89%, and low average oil saturation of 46.4%. RCA analysis suggests that it does contribute
to oil storage capacity, although it may not necessarily be the best horizontal target due to heavy
patchy calcite cementation observed in the D facies. This is observed in the D2 subfacies, in

which extensive calcite cementation destroys sedimentary structure, and most likely prevents this
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subfacies from being a possible horizontal target with an average porosity of 1.81%. The
overlying E facies, which has a gradational contact with the underlying shoal unit, is much
thicker than previous cores at almost five feet. Thus, the E facies fills accommodation space
forcing the overlying F facies to be much thinner (three feet) when deposited. As in other cores,
the E facies may also represent significant oil storage capacity with average porosity and median
permeability values of 4.42% and 0.0259 mD. Significant storm lag deposits are present (Figure
3.7). Although a thin deposit, the F facies represents a possible contributing facies in the Roberts
Trust core with average porosity of 5.29%, but median permeability of 0.0014 mD. The Roberts
Trust core has the highest overall oil saturation on average, 45.5%, which may be related to the
presence of multiple contributing facies. The F facies has a sharp, erosive contact with the
Upper Bakken Shale, characterized with pyritized burrows and fossil fragments.

Unlike photographs from both the Hognose and Danks cores, UV photographs from the
Roberts Trust core present accurate results according to the parameters outlined by Hohman and
Chuparova (2014). Yellow (green-yellow) fluorescence indicates oil saturated intervals, while
the bright white-gold fluorescence indicates mineral fluorescence in carbonate cemented
intervals (Figure 3.15). However, no purple fluorescence indicating oil saturation is observed;
instead, the dark black to purple fluorescence is believed to be tight, non-saturated intervals.
Timing of the photographs has effected the intensity of the hydrocarbon fluorescence; in Figure
3.15, fluorescence is limited to the edges of the core in the C2 facies. This suggests that the
photographs were not taken immediately after the core was extracted, thus allowing for the
hydrocarbons present to escape and evaporate out from the core, leaving residual hydrocarbons

to fluoresce along core edges.
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Figure 3.11: Digitized core descriptions of the Danks core on the FBIR.
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Deep purple oil
fluorescence
(exaggerated by
camera)

White-gold
fluorescence
(mineral)

Figure 3.12: Plain light (A) and UV light (B) images of the Danks core. Here, olil
fluorescence is a purple color, however the deep purple indicated by the red arrows is tl
to have been exaggerated during the photography process. White-yellow mineral fluore
is indicated by red arrows and defines impermeable zones.

Using the UV photographs for the Roberts Trust core, qualitative assumptions can be
made on the contribution amounts of various facies. Facies F, E, D, and C all represent oll
saturated intervals based on UV photographs (Appendix B), whereas facies B and A represent
tighter, lower saturated intervals. This is corroborated by RCA analysis which shows an overall
decrease in average oil saturation from over 60% in the F facies to 31.7% in the A facies. Itis
important to note that within the C facies, subfacies C1 has almost six percent less saturation
than the C2 subfacies. However, UV photography shows a greater fluorescence presence and

intensity in subfacies C1 than in subfacies C2. This may relate to the timing of the photographs
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and hydrocarbon escape. Within the D facies, subfacies D1 and D2 are only oil saturated within
the nonmassive intervals. Therefore, this unit is not considered a high contributing unit in the
Roberts Trust core, despite the presence of oil saturation indicated by UV photography.
3.3.4. PUMPKIN 148-93-14C-13H+F

All six facies are preserved in the Pumpkin core (Figure 3.16). There is significantly less
calcite cementation visible in both the A and B facies, which share a gradational contact. The C
facies is one of the thicker examples described at 12 feet. Both subfacies C1 and C2 are
represented in the Pumpkin core, with a gradational contact into the D facies. In the Pumpkin,
the C1 is interbedded with the C2 (the primary subfacies present), and therefore RCA analysis
was not separated by subfacies. However, RCA suggests that the C facies is a potential
candidate for oil storage and thus contribution to production, with average porosity and median
permeability of 4.80% and 0.0111 mD, and 36.4% oil saturation. The D facies here is one of the
thinnest deposits described, approximately 3 feet in thickness. However, this deposit represents
a complete shoal cycle from a deep water low energy environment (D3), into a slightly higher
energy environment with localized burrowing and microbial colonization, into a high energy
idealized shoal deposit with low angle cross stratification (D2). The D2 subfacies is the thickest
constituent in the D facies deposit in the Pumpkin core, but is not believed to contribute to
production as it has low average porosity of 0.88% and low median permeability of D005
and 29.2% oil saturation. Due to heavy calcite cementation, the D facies instead acts as a baffle
facies in the Pumpkin core.

Unlike other cores in the study area, the thin nature of the D facies deposit preserved
extra accommodation space for the overlying E and F facies, which are both present in the core.

Both facies exhibit extensive calcite cementation compared to other cores; the F facies lacks
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patchy cementation near the Upper Bakken Shale contact (Facies G). Both the E and F facies are
roughly seven feet in thickness each. The F facies is dominated with minor laminations and
major storm deposits. Despite patchy calcite cementation which occludes pore space, the E and
F facies have average porosity and median permeability values of 5.08% and 0.0775 mD and
6.24% and 0.0008 mD, respectively. Thus, both facies act as components of oil storage based on

RCA analysis, despite the presence of the extensive patchy calcite cementation.

Danks : Facies B

No fluorescence
(oil or mineral)

Figure 3.13: Plain light (A) and UV light (B) images of the Danks core. Here, there is n
fluorescence from the core despite the obvious mineral cements observed in photo A.
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Figure 3.14: Digitized core description of the Roberts Trust core from the FBIR.
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White-gold fluorescence
(mineral)

No fluorescence
(tight and impermeable)

Yellow (green-yellow)
fluorescence (oil)

Roberts Trust
Core

| Fluorescence limited to
core edges (oil escape)

Figure 3.15: Plain light (left column) and UV light (right column) images of the E and D
facies (A) and the D and C2 facies (B) of the Roberts Trust core. Here, UV photograph
illuminates both mineral (black arrows) and oil fluorescence (green arrows). Tight inten
have no fluorescence (red arrows). Image B illustrates how oil has escaped from the cc
(green arrows, lower left image) which suggests that the timing of these photographs pc
extraction adversely affected fluorescence presence and intensity.
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Figure 3.16: Digitized core description of the Pumpkin core on the FBIR.
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Similar to UV photographic results of the Hognose core, photographs from the Pumpkin
core have little indication of oil storage contributions from individual facies. Fluorescence
ranges from no to dull fluorescence to intense yellow oil fluorescence within the C facies, one of
the major contributing facies determined by RCA data (oil saturation of 36.34% and 4.54 %
porosity) (Appendix A).This suggests that conditions negatively affected UV photograph
quality for a portion of the C facies. Mineral fluorescence is not consistent from photograph to
photograph within the Pumpkin core; calcite cemented intervals may fluoresce the expected
gold-white, or in some instances, a dark purple which indicates no fluorescence. The E and F
facies, the two most probable contributing facies from the Pumpkin core are not delineated
further by UV photography. Instead, these photographs are indicative of patchy calcite
cementation. Itis also possible that these photographs were taken after oil escape, as residual
fluorescence around the edges of the core within the E and F facies is observed in the UV
photography. In the lower E facies UV photographs, there is no visible fluorescence, which does
not support RCA analysis suggesting 41.9% average oil saturation within this facies.

3.3.5. HENRY BAD GUN 09C-04-1HF

The most southern of the six cores studied, the Henry Bad Gun has all six of the facies
preserved (Figure 3.17). The A facies is the thinnest deposit at only one and a half feet thick,
and shares a gradational contact with the overlying B facies, which is 14.5 feet thick. The B
facies also shares a gradational contact with the overlying C facies, comprised of both the C1 and
C2 subfacies. Here, the C2 subfacies underlies the C1 facies rather than alternating between the
two which suggests a transition from a slightly stressed to normal marine tidal environment into
a stressed possibly hyper saline marine tidal environment, preserving algal laminations. Patchy

calcite cementation decreases permeability of the C1 subfacies, which is a plausible contributor
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to oil production. The C1 subfacies has average porosity and median permeability of 4.89% and
0.0020 mD, respectively. In comparison, the C2 subfacies has average porosity and median
permeability values of 4.89% and 0.018 mD, respectively. Unlike other cored intervals, the C2
and C1 facies are quite similar in average porosity and median permeability values, which may
be a function of patchy calcite cementation from core to core. Thus, both the C1 and C2
subfacies are viable components for oil storage capacity.

As both the B and C facies are on the thicker side, there was less accommodation space
for the D facies during deposition, which is only four and a quarter feet thick; the second thinnest
deposit of the cores described. The D facies in the Henry Bad Gun core also differs from the
other D facies deposits as the D2 subfacies is topped by the D3 subfacies; essentially, the
depositional environment changed from a shallow water, high energy event with little
bioturbation by back stepping into a deeper water, lower energy environment characterized by
massive to contorted beds with localized bioturbation and microbial colonies. Although the D
facies does have reasonable average porosity from both subfacies, low median permeability of
0.0041 mD lend this facies to be more of a baffle due to cementation rather than a contributing
facies for production.

Overlying the thin D facies are the E and F facies, with thicknesses of approximately
three and seven feet respectively. This is the thickest of the F facies described in core for the
FBIR, and is directly related to the increased accommodation space by the thin D and E facies
underlying it. Bioturbation is highest at the contact between the E and F facies, a sharp contact.
The F facies also has a sharp contact with the Upper Bakken Shale, which lacks the traditional
pyritized burrows, fractures, and fossil fragments. When present the E and F facies may act as

contributing facies to oil production. In the Henry Bad Gun core, the E facies has average
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porosity and median permeability of 5.40% and 0.003 mD, and the F facies has average porosit
and permeability of 4.79% and median permeability of 0.0008 mD.

UV photography had reasonable indication of oil saturation and thus contributions from
facies within the Henry Bad Gun core. Figure 3.18 has plain light and UV photographs of the F,
E, and D facies, with evident yellow oil fluorescence. In these photographs, mineral
fluorescence within patchy calcite cemented intervals is not consistently recorded, instead these
intervals have no fluorescence and are a dark purple. This may be a result of the core having
been wet down during UV photography. Furthermore, UV photographs help ascertain which
patchy calcite intervals have minor porosity (the yellow fluorescing intervals seen in Figure
3.18). RCA analysis supports the yellow oil fluorescence within the F and E facies having
23.3% and 30.8% saturation respectively, and these units are considered high oil contributing
units. Yellow oil fluorescence is also prevalent throughout the D and C facies, both of which are
considered contributing facies in the Henry Bad Gun core (Appendix A). Here, the D facies is
comprised entirely of the D1 subfacies. In other cores, the D facies is not a contributing factor
because it is comprised of various combinations of the D1, D2, and D3 subfacies which were
tighter and more highly cemented. Here in the Henry Bad Gun core, the D1 subfacies has high
average porosity of 5.57%, relatively low average permeability of .01mD, and decent oil
saturation of 30.14%, suggesting that this unit is contributing to oil storage within the Henry Bad
Gun core. The A and B facies has no oil fluorescence, and are not considered contributing
facies.
3.3.6. QEP MHA 1-18H-15®0

This core was described by Katie Kocman (2014). This core contains five of the six

facies described, and is the only core to be entirely lacking the C facies (Figure 3.19). The
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Lower Bakken Shale is brown in color, and has a sharp erosive contact with the overlying A
facies. The A facies exhibits a gradational contact with the B facies, which is approximately 17

feet thick, the thickest of the six cores.
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Figure 3.17: Digitized core description of the Henry Bad Gun core on the FBIR.




Henry Bad Gun
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in cemented

intervals

Water droplets
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Figure 3.18: Plain light (A) and UV light (B) images from the Henry Bad Gun core. Her
fluorescence is the expected yellow color (green arrows), while mineral fluorescence is
purple color (black arrows). The deep purple color is most likely non-fluorescence. Hoy
the rock was wet down at some point before the image was taken (blue arrow) which m
have created the artificial purple color similar to the purple of oil fluorescence.
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The B facies lies directly under the D facies which is separated by a sharp contact; the C
facies is not present in this core. This core is located at the stratigraphic pinch out of the C facies
along the LOD on the FBIR. The D facies is 14 feet thick, the thickest of all six cores, and is
comprised entirely of the D2 subfacies. This subfacies is considered the transitional subfacies
with medium to high energy and a distinct lack of bioturbation, suggesting higher energies in
shallow waters. The D facies has a sharp contact with the overlying E and F facies, which share
a gradational contact. The E and F facies have thicknesses of eight and two feet, respectively.

All facies exhibit patchy calcite cementation; however there is qualitatively less than in
the five other cores, specifically in the E, F, and D facies. The thickest facies present, both the B
and D are considered contributing components of the MBM with 4.90% and 3.05% average
porosity and median permeabilities of 0.0027 mD and 0.0028 mD, respectively. However, the
uppermost E and F facies are the major reservoir components with 5.98% an avdrage
porosity and 0.0027 mD and 0.0018 mD median permeability, respectively. However, the QEP
MHA well had limited production with IP rates of 880 BO, 415 MCFG, and 2130 BW, and was
abandoned six months after completion. This suggests that although high reservoir quality facies
exists, migration and charge play major roles in the production potential and oil storage capacity
of the MBM. UV photography was not accessible for the QEP MHA core and therefore will not
be addressed.

3.4. OBSERVATIONS AND CONCLUSIONS

The integration of core descriptions, RCA analysis, and UV photography was used to

generate initial interpretations of the major contributing facies from the six cores described in

this study. Below are the major observations and conclusions using these data sets:
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x The A facies has the lowest overall oil saturation and the second highest water saturation
values. UV photography shows no oil fluorescence. This facies is not deemed a major
contributor to oil storage capacity, and therefore has minor contributions to oil production.

x The B facies: This facies has reasonable average porosity and permeability values, and
reasonable average oil saturation values. However, UV photography shows no to low oil
fluorescence. Although Simenson (2010) did not consider the B facies as a major
contributing facies for Parshall Field, the B facies is considered a contributing facies to oil

storage capacity and production.
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Figure 3.19: Digitized core description of the MHA core on the FBIR (image modified fr
Kocman, 2014).
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X The C facies: This facies is the second thickest of all six facies and is comprised of two
units, the C1 and C2 subfacies. Both subfacies are interpreted as tidal deposits. The C1
subfacies has rhythmic laminations with no observable bioturbation or fossil content, while
the C2 subfacies has crinkly laminations with no observable bioturbation or fossil content.
Therefore the C1 subfacies was deposited during normal marine to slightly hyper saline
conditions, while the C2 subfacies was deposited during stressed hyper saline non normal
marine conditions, allowing for the preservations of algal laminations. The C facies is
present in five of the six cores described and the zero edge of this facies aligns with the
eastern LOD on the FBIR. RCA analysis shows reasonable average porosity values and the
highest mean permeability. However, RCA separated core by core suggests that patchy
calcite cementation negatively affects these values. Furthermore, when indicative, UV
photography suggests intense yellow oil fluorescence is present. Therefore, the C facies is
considered a major contribution to oil storage capacity.

x The D facies: This facies is comprised of three units, the D1, D2, and D3 subfacies,
however not every subfacies is present in every D facies deposit in the cores described.
Therefore, overall average porosity, permeability, and oil saturation values for the D facies
are not directly indicative of oil storage capacity. Instead, RCA analysis is only indicative
when separated by subfacies. Consequently, the D1 and D2 subfacies are considered the
major contributor to oil storage capacity, which is corroborated by UV photography. UV
photographs show the highest amount of yellow oil fluorescence in these subfacies, with
minor yellow oil fluorescence to no fluorescence inM3subfacies. Oil presence within

these subfacies occurs in the nonmassive sectds s facies, the D facies is usually well
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cemented with low permeability; therefore it is considered (at a macroscale analysis) a
minor contributing facies.

The E facies: This facies has the highest average porosity and second highest mean
permeability and oil saturation. UV photography corroborates the presente of o
determined by RCA analysis. When thick, porous, permeable, and oil saturated, the E
facies represents a major contributing facies to oil storage capacity of the MBM.

The F facies: This facies is only present in four cores described, which is directly related to
the presence or lack of accommodation space filled previously by the underlying facies.
This facies has the second highest average porosity and highest oil saturation values, but
the secondbwest median permeability. This is a function of the wackestone nature of this
unit, thus decreasing pore connectivity. UV photography confirms the presence of oil
saturation with yellow oil fluorescence when photography conditions are conducive.
Therefore, when present, the F facies is considered a major contributor to oil production
despite low permeability values observed.

UV photography: UV photography is a useful tool, but results are sensitive to photography
conditions and timing. Fluorescence is variable in the photographs of the five Enerplus
cores utilized in this study. Factors such as the rock wetness, salt crust, and timing of the
photographs after core extraction adversely affect the intensity and presence of yellow oil
fluorescence and dull gold mineral fluorescence expected. Therefore, it is concluded that
as a diagnostic tool, UV photography may only be useful when cross referenced with RCA
analysis and mineral analysis (Chapter 4) in order to identify the various fluorescence

colors observed.
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Based on these various conclusions, the F, E, D1, D2, C, and B facies will be considered
the major contributing facies to oil storage capacity and production withimxticergs utilized
in this study. Although all six facies will be analyzed in Chapter 4, the aforementioned facies
will be the primary focus as the potential horizontal target intervals within the MBM. Chapter 4
will assess the mineralogic components and diagenesis, and their effects on reservoir quality

within each individual facies using an integrated petrographic approach.
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CHAPTER 4
INTEGRATED PETROGRAPHIC ANALYSIS

Petrography is the branch of science concerned with the origin, small-scale structure, and
composition of rocks. In this chapter, five of the facies previously identified as reservoir units
(F, E, D2, D1, C, and B) from macroscale analysis, will be assessed using various petrographic
techniques to confirm reservoir potential within these four facies. The remaining A facies will
also be examined on a petrographic scale to determine reservoir potential and the effects of
mineralogy and general diagenesis patterns that effect reservoir quality.
4.1. METHODS

Observations and interpretations from Chapter 3 were used as a starting point for
petrographic analysis. Thin sections were obtained for the five core data set provided by
Enerplus (Hognose, Danks, Pumpkin, Roberts Trust, and Henry Bad Gun). Thin sections were
collected on a foot by foot basis throughout the MBM, and were injected with a pink
epiflourescent dye that is indicative of pore space under fluorescent light, and stained with
Alizarin Red, which differentiates calcite grains from dolomite grains. Although not all thin
sections are included in this chapter, all thin sections were studied to gain a better understanding
of transitions within each facies of the MBM. Observations recorded include mineralogy, grain
size, shape, and sorting, general porosity values and pore type, fracture presence, cement
presence and type, sedimentary structures, and fossil content and type. These observations help
interpret general minerology, reservoir quality, and diagenetic sequence, which will be discussed
throughout the chapter.

X-ray diffraction (XRD) data was also obtained from Enerplus and collected on a foot by

foot basis on the five core data set throughout the MBM. This data was plotted to show the
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presence of various minerals including, quartz, dolomite, calcite, feldspar, clays, pyrite, and
others. This data set was primarily used in developing interpretations on fluid movement and
associated diagenetic events observed in thin section, as well as general mineralogic trends.

Field Emission Scanning Electron Microscope (FESEM) analysis was performed on
seven samples from the Roberts Trust core. This core had the highest overall oil saturation values
and all six facies of the MBM present (Chapter 3). Each facies was sampled once, while the C
facies was sampled twice; one sample per each subfacies (C1 and C2). Sample depths were
chosen based on the value closest to the average porosity, permeability, and saturations for the
entire facies. This analysis technique was utilized to confirm mineralogy, as well as cross
reference observations on porosity and cement types and diagenesis.

Mercury Injection Capillary Pressure (MICP) analysis was collected and run by
PoroTechnology, Kingwood, Tx. Analysis was collected on the same seven samples as the
FESEM analysis to provide consistency when cross-referencing observations on pore distribution
and abundance (Table 4.1).

Table 4.1: Table denoting depths for FESEM and MICP samples from the Roberts Trust core.

Facies Depth

A 10713.15
B 10701.10

C1l 10689.70

C2 10696.00
D 10686.6
E 10676.65
F 10673.6
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Computed Tomography (CT) imaging was made available for three wells within the
FBIR. CT imaging uses digital geometry processing to generate a 3-dimensional (3D) image of
the inside of an object (Kocman, 2014). Scans were compared to core photographs to determine
if any natural open fractures exist within the FBIR.
4.2. MINERALOGY

XRD analysis indicated that the primary components of the MBM are quartz, calcite,
dolomite, clays, feldspars, and pyrite, in relative order of abundance. XRD for the five cores
provided by Enerplus Resources are shown in Figure 4.1-4.5.
General trends are apparent for each primary component. Although variations are present, quartz
and feldspar presence show a general increase towards the C and D facies, and a general
decrease to the Upper Bakken Shale contact, whereas dolomite presence decreases towards the
Upper Bakken Shale. Calcite has an overall negative correlation to dolomite presence; calcite
content generally increases moving up section in the MBM. However, Figure 4.1-4.5 show that
the highest concentrations of calcite are associated with facies boundaries in all cores. There are
smaller scale trends within each facies of increasing calcite content up facies. Clay and pyrite
content show general increasing upwards trends in all cores. Both minerals are negatively
correlated to dolomite trends and are positively correlated to calcite trends. High calcite
concentrations along facies contacts suggest that fluid control within the MBM was influenced
by differences between facies. Although, XRD results do not show major differences in mineral
composition between facies. This is primarily observed in Figure 4.1, Figure 4.2 and Figure 4.5,
in which only 5% clay is observed near facies boundaries, suggesting minor differences in
permeability, and thus regions with increased fluid flow allowing for increased calcite

cementation.
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Alexandre (2010) concluded that high dolomite contents (up to 60%) and low clay and calcite
contents combine and result in higher porosities and permeabilities in EIm Coulee Field. Figure
4.6-4.10 compare permeability, porosity, oil and water saturations, and XRD data to the outlined
reservoir intervals (green) on the FBIR provided by Enerplus Resources. Figucepares
mineralogy to porosity. Of the reservoir intervals shown in Figure 4.6-4.10, calcite content
varies between 10-81%, dolomite content varies between 5-28% and is consistently around 10-
15%. This is significantly different from observations made by Alexandre (2010). This suggests
that mineralogy is not the primary control on enhanced reservoir quality or on the preservation of
porosity and permeability. This is supported by Figuid,4vhich shows almost no trend
between porosity and dolomite content. However, reservoir units outlined in green on Figure
4.6-4.10 do tend to lie within sections of high quartz content. High quartz content creates a
brittle reservoir that can be easily fractured and stimulated for production. It is important to note
that the correlation of quartz and porosity is low (Figure 4.11). However, Kowalski (2010)
concluded that porosity is found in areas of high quartz and dolomite content, which supports the
location of reservoir intervals within the MBM as determined by Enerplus. Furthermore, Yamaji
(2007) shows that high pore pressures enhance brittleness in sedimentary rocks. Theloy (2013)
generated a pore pressure gradient map for the Bakken Formation. Based on her map, the FBIR
is within an overpressured region with gradients of up to 0.76 psi/ft (Figure 4.12). Ofithe fou
components plotted in Figure 4.11, the strongest correlation to porosity is with calcite; the
highest porosities often correlate with high calcite contents (70-85%). This relationship is
explored with thin section arflEESEM analysis in section 4.3.

Most permeabilities show minute differences, except for several outlying points which

are attributed to fractures. Residual oil saturation is correlatable with porosity; higher oil
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saturations trend with higher porosities. There are no outstanding trends with permeability and
oil saturation. Low permeabilities observed are attributed to high clay content, primarily in the

F, E, D1, D3, and B facies, rather than high calcite content. However, these facies are delineated
as possible reservoir intervals despite their clay presence. Clay (illite and minor chlorite) is
primarily detrital in nature, however authigenic illite coatings were observed and are discussed in
section 4.3.

4.3. DIAGENESIS

Various diagenetic sequences have been developed for the MBM throughout the
Williston Basin. Kowalski (2010) described the diagenetic sequence of events observed on
Parshall Field in depth (Figurel®A). Observations were based on the diagenetic sequence
chart developed by Pitman et al. (2001) (Figure 4.13B), while Alexandre (2010) developed a
diagenetic event chart for EIm Coulee Field (Figure 4.13C). Key components allowing EIm
Coulee Field to be a prolific reservoir vary from those found at Parshall Field as explained in
section 4.2. Diagenetic events charts by Kowalski (2010) and Pitman et al. (2001) most closely
relate to observations made for the MBM in the FBIR, and will be used as a baseline for this
section.

Figure 4.14 describes the diagenetic sequence observed for the data set utilized in this
study. Mechanical compaction was the first paragenetic event to occur, (Figure 4.15A, B, C, and
D). Early calcite cementation, which slightly occluded porosity, supported the matrix system
and prevented complete compaction and porosity occlusion during burial and overburden phases
(Figure 4.15A and B). Microstylolites denote early chemical compaction, and signify initial

dissolution of carbonate grains that will then saturate formation waters (Figure 4.15). Early stage
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Figure 4.1: Plot showing XRD data from the MBM of the Hognose core. Facies names on right.
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Figure 4.2: Plot showing XRD data from the MBM of the Danks core. Facies names on right.
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Figure 4.3: Plot showing XRD data from the MBM of the Roberts Trust core. Facies names on right.
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Figure 4.4: Plot showing XRD data from the MBM of the Pumpkin core. Facies names on right.
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Figure 4.5: Plot showing XRD data from the MBM of the Henry Bad Gun core. Facies names on right.
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dolomitization is represented by syntaxial rims on detrital dolomite grains (rounded) or as
authigenic rhombic cement which was inhibited by early calcite cementation (Figure 4.15E and
F). The best example of both syntaxial imming and rhombic cementation observed are in Figure
4.15E, F, and G. These findings are supported by the lack of zoned dolomite crystals in
cemented sections observed by Brennan (2016), supporting observations that early calcite
cementation inhibited early dolomitization.

The next major diagenetic event was authigenic clay cementation. lllite coatings are
visible around various constituents, including quartz, detrital dolomite, and organic and inorganic
carbonate allochems (Figure 4.15G). Detrital clays play a part in occluding porosity and
permeability, discussed in section 4.2, which is most visible in epifluorescence
photomicrographs. However, early authigenic clay precipitation may have helped inhibit early
carbonate cementation, and preserve primary porosity. Itis assumed that dissolution of feldspar
framework grains created supersaturated formation waters with respect to potassium, which
precipitated as illite coatings around detrital grains (Pitman et al., 2001). This was followed by a
major phase of carbonate dissolution (Figure 4.16A and B). This dissolution redeveloped
porosity in the framework, and created space for a second phase of both dolomitization and
calcite cementation. It is important to note that dissolution occurred throughout the diagenetic
history of the FBIR. Based on thin section analysis, there were at least 2 phases of calcite
cementation, ranging in size from microcrystalline to macrocrystalline. Overall, the later stages
of both dolomitization and calcite cementation represent the major pore occluding events, while

carbonate dissolution helped to preserve MBM porosity.
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Figure 4.6 From left to right image compares facies, XRD, fluid saturations, porosity, ar
permeability (K). Reservoir intervals are shaded in green, and were provided by Enerpl
Resources. Legends for XRD and fluid saturations are at the bottom of The image.
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Figure 4.7: From left to right image compares facies, XRD, fluid saturations, porosity, a
permeability. Reservoir intervals are shaded in green, and were provided by Enerplus
Resources. Legends for XRD and fluid saturations are at the bottom of the image.
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Figure 4.8: From left to right image compares facies, data, fluid saturations, porosity, al
permeability. Reservoir intervals are shaded in green, and were provided by Enerplus
Resources. Legends for XRD and fluid saturations are at the bottom of the image.
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Figure 4.9: From left to right image compares facies, XRD, fluid saturations, porosity, a
permeability. No reservoir intervals were provided for this well. Legends for XRD and f
saturations are at the bottom of the image.
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Figure 4.10: From left to right image compares facies, XRD, fluid saturations, porosity,
permeability. Reservoir intervals are shaded in green, and were provided by Enerplus
Resources. Legends for XRD and fluid saturations are at the bottom of the image.
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Figure 4.11: Plots comparing the relationship of mineralogy to porosity for the Hognose
Danks (B), Roberts Trust (C), Pumpkin (D), and Henry Bad Gun (E) cores. Note that th
strongest relationship is with calcite, in which higher porosities occur in high calcite coni
regions of all five wells. However, all minerals, including calcite, have a poor relationshi
porosity.
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Figure 4.12: Map denoting pore pressure gradients (PSI/FT) for the Bakken Formation.
that the highest pressure gradient of .76 PBtoincides with the FBIR. (Image from Thelo
2013).

Next, quartz cementation (overgrowths) occurred. Late stage quartz cementation is
suggested by quartz overgrowths growing uninhibited into pore space surrounded by late stage
carbonate cements (Figure 4.16E and F). Thus, dissolution of carbonate cements established
pore space for overgrowths. Furthermore, quartz cementation occurs once the formation reaches
temperatures of 80-100 degrees centigrade (depths of roughly 15,000 feet), suggesting that this
diagenetic phase must occur late in the diagenetic sequence, allowing for essential burial and
temperatures of the MBM to be reached (Surdam et al. 1989, and Hartmann and Beaumont,
1999). Following late stage carbonate cementation was feldspar overgrowths and subsequent

minor dissolution of these overgrowths into illite clay (Figure %.30
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Figure 4.13: A) Diagenetic sequence chart developed by Kowalski (2010) for the Middle Bakken Member within P
Field limits. B) Diagenetic sequence chart developed by Pitman et al. (2001) for the Middle Bakken Member throu
the Williston Basin. C) Diagenetic sequence chart developed by Alexandre (2010) for the Middle Bakken Member
Elm Coulee Field limits.
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The last event denoted in Figure 4.14 was pyritization. Figure 4.16G and H depict pyrite
replacement in the MBM that are predominantly framboidal. Taylor and Macquaker, (2000)
have attributed framboidal morphologies to early formation during diagenesis.

Hydrocarbon generation in the Bakken shales followed pyritization. A portion of
hydrocarbons generated migrated into the MBAthough fractures are observed in thin
section, no open fractures were observed in this study. Calcite cemented fractures were
documented and are discussed in section 4.5. Pitman et al. (2001) presented evidence supporting
increased fracture density with thicker source rocks closer to the onset of hydrocarbon
generation. They also hypothesized that the majority of horizontal fracturing in the MBM
resulted from volume expansion associated with the generation of hydrocarbon from bitumen.
This increase in volume caused superlithostatic pore pressures in the Bakken Formation, and
generated open fractures (Pitman et al., 2001). An earlier phase of fracturing was documented
and attributed to pore pressure buildups related to sediment dewatering and lithification during
early diagenesis, and are primarily calcite filled (Pitman et al., 2001). Core observations show
cemented horizontal, sub-horizontal, sub-vertical, and vertical fractures, which suggests that an
earlier fracture phase occurred as Pitman et al. (2001) obserni#gdDVHG RQ 3LWPDQ HW D
observations, two phases of fracturing were included in the diagenetic events chart (Figure 4.14).
Hydrocarbon migration is the final phase in the diagenetic events chart, and represents the end of
diagenesis within the MBM.

Although various, pervasive, phases of carbonate cementation are documented, carbonate
dissolution created an interconnected pore network with reasonable storage space for
hydrocarbons, which has been enhanced by natural fractures (Pitman et al., 2001). Early calcite

cementation increased rock strength, and in turn, prevented over compaction of the primary pore
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system. This pore system was initially filled with formation waters and became overpressured
during the onset and continued generation of hydrocarbon in the upper and lower shales (Pitman
et al., 2001). Overpressuring alters itmsitu stress field, which leads to shear fracture failure

and or open tensile fracture failure (Meissner, 1978, and Yamaji, 2007). The increase in
permeability from both open natural and stimulated fractures enhances the reservoir quality of
the MBM, allowing for prolific production rates. Therefore, calcite cementation preserved

reservoir quality of the MBM on the FBIR, which is further discussed in section 4.4.

Figure 4.14: Diagenetic sequence chart for the Middle Bakken Member within the Fort
Berthold Indian Reservation.:
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RESERVOIR QUALITY

Many factors, including mineralogy, porosity, permeability, and fractures, affect the
reservoir quality of the MBM and diagenesis as discussed in sections 4.2 and 4.3. In Chapter 1,
WKH LGHD WKDW UHVHUYRLU Tpob-tadiohai DRR & IVVUHR G R @ DI QDRI
Regardless, the pore network connectivity is one of the most important aspects ofrreservoi
quality. The main type of porosity observed in the MBM is dissolution pores (Figure 4.17).
MICP analysis shows that all pore throat sizes are below 0.1 microns, and are classified as
nanopores (Figure 4.18-4.22) (Loucks et al., 2012). This is supporteeSisM images, which
depict intergranular, intragranular, intercrystalline, and intracrystalline micropores. However, it
is important to note th&ESEM images also show connectivity viaamtystalline slot pores,
and thus reasonable permeability. MICP porosity and permeability results are shown in Table
4.2. MICP data show higher permeability and lower porosity than RCA data.

FESEM images support the creation of porosity by late calcite dissolution. Early calcite
cementation also prevented compaction and destruction of the pore system within the MBM,
while the later dissolution increased this initial porosity. Volery et al. (2009) sketched this
recrystallization process preventing porosity compaction for lime muds (micrite) (Figure 4.23).
In the MBM, calcite crystal sizes range from micrite sized crystals (under 4 microns) to
microspar crystals (under 8 microns), as well as macrospar crystals (larger than 8 microns).
Figure 4.24 depicts a classification scheme for crystal type and contacts for micrites (Deville de
Pierre et al., 2011). The same classification scheme is applied to microspar sized crystals
observed in SEM images in this study (Figu254.30). FESEM images show calcite
cementation with preserved microporosity (Figure 4.25-4.30). This microporosity is verified

guantitatively by MICP results, and qualitatively by thin section epifluorescence images. Based
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on these observations, it can be concluded that microporosity and sufficient permeability
preservedy porous microcalcite cementation atlide dissolution allow for hydrocarbon
storage and production from the MBM within the FBIR.

FRACTURES

In Chapter 2 the concept of natural fracture development within the MBM was
introduced, whsh was observed by Grau et al. (2011) within Parshall Field limits. Pitman et al.
(2001) suggested that open natural fractures were correlatable to thicker, more mature source
rocks undergoing hydrocarbon generation, which applies to the MBM on the FBIR west of the
LOD. As stated in section 4.3, a natural fracture count was completed on the Henry Bad Gun,
Hognose, and Danks cores. This count included cemented fractures that ranged from horizontal,
sub horizontal, sub vertical, and vertical in orientation. A microscale fracture analysis was
completed on thin section and in FESEM; both methods showed little support for open natural
fractures. Finally, CT scans of three cores within the FBIR (proprietary) were analyzed by
comparing core photographs to CT imaging. Cemented fractures similar to those observed in the
initial analysis were documented (Figure 4.3However, no open natural fractures (partially
lined or otherwise) were observed. Porosity associated with open fractures is best observed by
using micro CT scans (Van Geet et al., 2000). It is therefore suggested that micro CT scans be
obtained to better quantify natural fractures and associated porosity and permeability within the
MBM. Although inconclusive, fracture analysis suggests that planes of weakness within the
MBM exist DUH pR Sprd@@nsequerntly have the capability to fracture when hydraulically

fracture stimulated.
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Figure 4.15: Image composed of thin section photomicrographs from various cores. A)
Photomicrograph of facies D from the Danks core at 10609.10 feet in depth, plain polar light.
Stylolites (yellow arrows) indicate chemical compaction. Early stage calcite cementation is both
syntaxial to crinoid fragments (purple arrows) and pore occluding. Stylolite locations between
calcite spar grains suggest early cementation occurred shortly after or simultaneously to
mechanical compaction, and most likely hindered compaction and porosity destruction. Late
stage dolospar (blue arrows) and early stage syntaxial dolomite rims (green arrows) also occlude
pore space. Broken, micritized ooids from compaction denoted with red arrows. C)
Photomicrograph of facies F from the Pumpkin core, at 10189.00 feet in plain polar light with
undeformed mica crystals indicating limited mechanical compaction (black arrows). Crinoid
spine in left hand corner of image. D) Cross polar photomicrograph of image C.
Photomicrograph E) Photomicrograph of the E facies, Pumpkin core, 10196.00 Feet, plain polar
light, showing early dolomite cement as syntaxial grains and or rhombic authigenic dolomite
cement (green arrows), and pyrite (yellow arrows). Large brown grain in center is phosphorous.
Image shows burrow filled with rhombic cement, while rims are on detrital grains outside of
burrow. F) Cross polar photomicrograph of image E. G) Photomicrograph of the F facies from
the Henry Bad Gun core, 10518.00 Feet, plain polar light, showing syntaxial dolomite rim
around a detrital dolomite grain (green arrow) with authigenic clay coating (white arrow). Blue
arrow denotes late stage dolospar.
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OBSERVATIONS AND CONCLUSIONS
Using an integrated petrographic approach, various observations and conclusions relating
to mineralogy and reservoir quality were developed. These include:

X The highest calcite contents are identified near facies boundaries.

X High dolomite content is not the primary mineralogic control of reservoir quality, as
Alexandre (2011) determined for EIm Coulee Field. Rather, the strongest correlation,
mineralogically with porosity is with calcite. Furthermore, diagenesis was observed to
have a greater control on reservoir quality than traditional parameters such as
depositional environment and sedimentary structures. This is reinforced by the various
types of secondary porosity in the F, E, D, C, and B facies; porosity and permeability is
not unique to a specific facies based on depositional setting.

X Using thin section epifluorescence and FESEM analysis, it was concluded that a dynamic
relationship of calcite and illite dissolution and precipitation actually preserved primary
porosity and generated secondary porosity and permeability, rather than destroying it.
Based on these observations, a diagenetic sequence chart was developed for the MBM
specific to the FBIR.

X Low permeabilities are attributed to higite content (up to 35%), not high calcite
content.

X Reservoir units picked by Enerplus Resources lie within areas of high quartz content (up
to 38%). Although there is only a minor correlation between quartz content and porosity,
high quartz contents generate brittle, and frackable reservoirs (Kowalski, 2010).

X High pore pressures or increases in pore pressures reduce the effective stress in situ, and

can lead to open fractures. This is enhanced by high quartz content, which contributes to
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the capability of the MBM to sustain a hydraulic fracture, as well as increase

permeability.

X There is a lack of evidence for natural open fractures in thin section, FESEM images, and

CT scan images from this data set. Distinguishing characteristics such as partial

cementation or oil staining were not observed in open fractures. Only cemented fractures

were observed with certainty. However, proven production suggests that it is possible to
create and enhance permeability (and natural fractures) with advanced drilling technology
in the MBM.

x A comparison of MICP and RCA showed that MICP has higher estimates for

permeability but lower estimates for porosity than RCA. Using MICP data, the E facies

has the largest median pore throat size (0.0291 microns), highest permeability (0.001085

mD), and the highest porosity (5.28%).

X By integrating various petrographic analysis techniques, it was determined that porosity
and permeability are quantitatively being underestimated for the MBM.

Initial observations from a macroscale analysis of cores from the data set led to the
conclusion that the F, E, D1, D2, C, and B facies and subfacies were the best reservoir intervals.
A microscale analysis confirmed these findings. However, the B facies has such small scale
heterogeneity in cementation, porosity, permeability, and oil saturation, that significant portions
of this facies are not reservoir quality.

Knowledge obtained from both the macro and micro scale integrated analyses will be
applied to a subsurface well log analysis and petrophysical model to understand the distribution
and behavior of the ideal horizontal target intervals (F, E, D1, D2, C, and secondary target B)

within the MBM on the FBIR in Chapter 5.
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Figure 4.16: Figure comprised of thin section photomicrographs. A) Photomicrograph of facies
D from the Danks core, at 10610.40 Feet deep, plain polar light. Carbonate dissolution produced
ample porosity (pink epiflourescent dye). Quartz grains are angular. Photomicrograph from the
unstained half of slide, but pervasive carbonate cement populates slide; cement has been
dissolved to create secondary porosity. B) Cross polar light photomicrograph of image A. C)
Photomicrograph of facies D from the Danks core, at 10611.25 feet deep, plain polar light. Late
stage dolospar (blue arrows), syntaxial early calcite cement (purple arrows), and stylolites
(yellow arrows) populate the image. Oil staining in slot pores throughout image. D) Cross
polar light photomicrograph of image C. E) Photomicrograph of D facies in the Danks core, at
10609.10 feet of depth, plain polar light, showing quartz cementation (teal arrows). Note the
dust rims around the detrital quartz grain, suggesting authigenic clay cementation described in
Figure 4.13. Quartz grain grew into dissolved carbonate spar (outline of initial grain visible in
pink epiflourescent dye). Late stage calcite cement, in the form of micro and macro spar denoted
by pink arrows, which indicates various phases of calcite cementation. Various dissolution
phases must have occurred to allow for the multiple generations of pore occluding carbonate
cements observed. F) Cross polar light photomicrograph of image E. G) Plain polar light
photomicrograph from facies D in the Henry Bad Gun core, at depth 10526.20 feet depicting
pyrite replacement of unknown fossil fragment (yellow arrow). Crinoid fragment is visible in
pyrite replacement. H) Plain polar light photomicrograph of F Facies from the Henry Bad Gun
core at depth 10518.05 feet depicting pyrite replacement of a well preserved brachiopod
fragment (yellow arrows). Note the primary and secondary structures preserved
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Figure 4.17: Photomicrographs A-J depicting types of porosity found in the Middle Bakken
Member using cross polar light (left column) and epiflourescent light (right column). A and B) F
facies, Pumpkin core, 10189.00 Feet. Intergranular matrix microporosity (purple box). C and D)
D facies, Danks core, 10612.10 feet. Various types of dissolution porosity. Intragranular
dissolution porosity of an ooid (blue boxes), and intragranular dissolution porosity of a dolospar
grain (yellow boxes). E and F) D facies, Danks core, 10612.10 feet. More types of dissolution
porosity. Blue boxes depict slot porosity around calcite cement and detrital grains (gz). Purple
boxes depict intergranular dissolution (entire cement grains dissolved away around detrital
grains). G and H) E facies, Pumpkin core, 10196.00 feet. Various types of dissolution porosity,
including syntaxial dolorim dissolution (blue boxes) and intragranular dissolution porosity in
dolorhombs (yellow boxes). | and J) F facies, Henry Bad Gun core, 10517.05 feet, depicting
fracture porosity (red arrows). It should be noted that not all fractures observed in core are
natural fractures; further analysis is needed to determine abundance of natural open fractures in
study set cores.
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Figure 4.18: MICP curve for facies A.

Figure 4.19: MICP curve for facies B.
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Figure 4.20: MICP curves for facies C1 (top) and C2 (bottom).
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Figure 4.21: MICP curves for facies D (top) and facies E (bottom).
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Figure 4.22: MICP curve for facies F.

Table 4.2: Table comparing MICP and RCA data. Note that the highest values for MICI
porosity, permeability, and median pore aperture diameter are highlighted in red, and ai
within the E facies. GLVWLQJXLVKHV Y DO XH VingkftomkRGAR KIICB
analysis estimates lower porosity and higher permeability values when compared to RC
General trends are upheld between the two analysis techniques.
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Figure 4.23: Sketch of the dissolution-reprecipitation process allowing the partial prese
of the primary intercrystalline microporosity which prevents compaction and finite destrt
of the primary pore system. Low Mg mud must be initially present (A) in order for the
preferential dissolution and recrystallization of unstable smaller crystals on larger, more
LMC crystals (B). This process will continue (C) until the final micritic matrix of sub-
rhombic low-Mg calcite crystals occur, or diagenesis is interrupted. Image modified fror
Volery et al., 2009.

Figure 4.24: Chart depicting micritic and microspar textures which preferentially presen
porosity and permeability. This scheme was applied during FESEM analysis during this
project. Modified from Al Ibrahim (2014) and Deville de Periere et al. (2011).
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Figure 4.25: Secondary electron images depicting anhedral compact to euhedral rhomk
shaped crystals comprising calcite cement in the A Facies with limited porosity (top imag
dissolved and intact illite clay coatings, and pyrite in the B facies (bottom image). Usual
illite mat has no porosity, however later stage dissolution has created pores within the cl
floccules. However, the majority of porosity is within the pyrite cluster in this image.
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Figure 4.26: Secondary electron images for the C1 subfacies. Top: image showing ha
calcite cementation actually preserves porosity through a dissolution-reprecipitation pro
There are several phases of porous micrite cementation including larger subhedral and
scalenohedral/scaleno-rhomboedral crystals. Other porosities present include slot pore
intragranular pores, which are identified. Bottom: image denoting differences in appea
of an illite mat and anhedral compact calcite cement, both of which have no porosity exi
when dissolution has occurred (example of pores are labeled). Calcite dissolution has
textures depending on its initial form (labeled in middle of image). Transitional phase
between a tight micrite and a porous micrite due to dissolution is shown in upper right o
image. This also helps to preserve porosity.
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Figure 4.27: Top Right: secondary electron image shows the difference between authi
clay coatings and anhedral compact calcite cementation, both have no porosity. Dissol
the fused anhedral calcite cement creates porosity, which helps create and preserve po
the facies (top left of image demonstrates dissolution of anhedral compact into
euhedral/rhombic cement which has observable porosity. Bottom: secondary electron i
depicting a micro-rhombic/polyhedral porous micrite comprised of euhedral/rhombic cry
Pores are identified on image. Slot pores due to dissolution of calcite cement and othel
are also identified; these types of pores greatly contribute to permeability of the facies a
increase hydrocarbon storage and production potential.
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Figure 4.28Secondary electron images. Top: Dolomite rhomb undergoing dissolution
creating intragranular pores. Slot pore also is visible between calcite grain with a thin c
coating and the dolorhomb. Both types of pores increase overall porosity and oil storag
capability. Bottom: Presence of micro-rhombic/polyhedral porous micrite as cement he
preserve porosity. Clearly, dissolution has occurred, increasing porosity in the micritic
cement, as well as dissolving the framework calcite grain.
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Figure 4.29: Top: secondary electron image of illite precipitation with high porosity in t
facies. Bottom: secondary electron image of dissolution in the E facies. Notice that th
creation of slot pores, intergranular pores, and partially occluded intergranular porosity
with porosity preserving illite) as well as the growthagiyrite framboid, all support the
preservation and generation of porosity and permeability from dissolution-reprecipitatio
reactions.
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Figure 4.30Top: secondary electron image from the E facies illustrating how a feldspar
crystal and late stage dissolution into illite, floccules. This dissolution helped to create a
preserve porosity and permeability in the Middle Bakken Member. Bottom: Various phe
calcite cementation, which have begun to dissolve and create porosity, including
intragranular/intracrystalline, porosity within the cement, and in the form of intracrystallir
slot pores.
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Figure 4.31: Image showing CT scan (two left) and plain light core photograph of the E
of the Middle Bakken Member on the FBIR. Left: cross sectional view of a cemented
fracture. Middle: Map view of a CT scan color coded based on density. Cooler colors
represent lower density while hotter cooler colors represent higher density. Yellow arro
depict cemented fractures. Based on the plain light photo (right), fractures are calcite
cemented. However, fractures are so small (less than 1mm) that the calcite is not depic
the middle image. Instead, a lower density phase contrast is depicted in the middle phc
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WELL LOG ANALYSIS

The Bakken Formation in western North Dakota (including the FBIR) was extensively
mapped using 913 raster logs by Simenson (2010). Comprehensive isopach, cross sections, and
structure maps were then generated using these correlations for the MBM. Well log analysis and
facies mapping were completed as a framework for developing saturation maps to underscore
trends published in the literature. Isopach maps, a depositional model, and saturation maps for
the MBM generated by Simenson (2010) can be found in Appendix C.

METHODS

60 digital well log suites were utilized to correlate the MBM facies; 16 were located in
the FBIR (Figure 51 Only vertical wells that had at least a triple combo suite (gamma ray,
deep resistivity, and density porosity logs) that penetrated the entire Bakken Formation were
included.

Facies tops in well logs were chosen first by correlating the six core data set utilized in
Chapter 3. Log signatures specific to facies were identified by Simenson (2010), and used to
assign log signatures to electrofacies for the six core data set (Table 5.2). However, when core
data was not present, these signatures were difficult to identify, and facies boundaries could not
be easily identified. Figure 5.2 shows the type log Kocman (2014) used for picking
electrofacies, and illustrates distinct relationships between x-ray fluoresceérEen(¢asured
silica, aluminum, strontium, and calcium signatures (Si, Al, Sr, and Ca, respectively) for each
specific lithofacies. These four elements were used as the main determinants for choosing

electrofacies boundaries on the FBIR.
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XRF data provided by Enerplus was uploaded into PETRA and plotted along with
gamma ray, resistivity, and density porositgdto help determine electrofacies. Subfacies (C1,

C2, D1, D2, and D3), were not broken out into separate electrofacies as their stacking patterns
and associated log signatures vary from core to core. The E and F facies were grouped for
mapping purposes.

Isopach maps were generated for each of the six facies within the MBM and compared to
maps generated by Simenson (2010), and then used to confirm the depositional model generated
by Simenson (2010) (Appendix C).

A hydrocarbon pore volume map (SOPHIH) was generated using 16 digital well logs on
the FBIR (Figure 5.1). Core porosity and water saturation values were uploaded into PETRA to
calibrate to logs. The density porosity log (run on a limestone matrix of 2.71) best matched core
porosities (Figure 5.4). Minor shifts were implemented for the Roberts Trust and MHA 1-18
core data. No shale corrections or effective porosity calculations were run since XRD data
(Chapter 4) calculated low clay contents, which were assumed to have a negligible effect on total

porosity. Water saturation was then calculated u§ingF K édd4tiagn:

Where:

Sw = water saturation of uninvaded zone
Rw = formation water resistivity

Rt = formation resistivity (uninvaded zone)
3 SRURVLW\

a = tortuosity factor

m = cementation exponent
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n = saturation exponent

Table 5.1liststhe SDUDPHWHUV XVHG |IRURWGE KndH, f(sonEtBn@Fiefe Benat R Q V
0.02 ohmm, 1, and 1.74, respectively (Simenson, 201B).was obtained from the deep resistivity

log, while porosity was obtained from the density porosity log. The cementation akponevas
calibrated using core data and exponents fixed by Simenson (2010). However, cementation
exponents (m) for the FBIR were generally lower than those set by Simenson (2010).

Table 5.1: Parameters defining Archie's equation calculations for the Middle Bakken Me
Calculations were completed by facies (left column).

Zone a m n
E and F Facies 1 1.35 1.74
D Facies 1 1.40 1.74
C Facies 1 1.40 1.74
B Facies 1 1.50 1.74
A 1 1.60 1.74
2QFH FDOFXODWHG D SRURVLW\ FXW RII RI ZDV DSSOL!

helped constrain calculated values. Some intervals were still overestimating water saturations,
and so alSwvalues over 100% were disregarded.

Using PETRA, a hydrocarbon pore volume map was generated for the MBM on the
FBIR. Oil saturation (So) was calculated based on Sw values, while porosity was obtained from
the density porosity log.

MAPPING

Figure 5.3 displays all five cored Enerplus intervals described in Chapter 3 with XRF

derived elemental plots (Ca, Si, Sr, and Al). Trends defined by Kocman (2014) in Figure 5.2 are

observed in Figure 5.3. Using this identification scheme, electrofacies were correlated and then
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compared to correlations completed by Simenson (2010) for quality control. Generated isopach
maps showed similar trends of those completed by Simenson (2010) (Appendix C). The
depositional model generated by Simenson (2010) was considered valid for the FBIR (Appendix
C).

The MBM is interpreted as an offshore to tidally influenced inner shelf environment.
The gradational contacts between the A, B, and C facies suggest that these facies comprise a
highstand system tract where relative sea level was constant, sedimentation rates were slow, and
there was significant bioturbation (Simenson, 2010). The overlying D facies represents the
lowstand system tract during Middle Bakken deposition. Sedimentation rates increased as sea
level was falling, and bioturbation significantly decreases in the D facies as a result (Simenson,
2010). The D facies is bound by an erosional to non-depositional sequence boundary with the
underlying C facies and a flooding surface at the top of the facies as relative sea level began to
rise (Simenson, 2010). Both the E and F facies represent a transgressive system tract with a
rapid sea level rise, low sedimentation rates, and increased bioturbation (Simenson, 2010).

The FBIR has a wide distribution of average water saturation values, which range from
35% (lowest) to the northwest, to 80% (highest) to the southeast. (Figuré&ssrienson (2010)
generated average water saturation maps for the MBM throughout North Dakota; these maps
agree with trends in the FBIR displayed in Figure 5.5 (Appendix C). Calculated average
porosity values show decreasing porosity from the northwest to the southeast towards the
economic limit of production (Figure 5.6 The hydrocarbon pore volume map was generated
using grid inputs from both the calculated water saturation values and porosity measurements
extracted from the density porosity logs (Figure 5.7). General trends show decreasing

hydrocarbon pore volumes to the southeast, with values ranging from 1.70-0.20. These SOPHIH
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trends are positively correlated to average porosity trends, and negatively correlated to average

water saturation trends, suggesting that water saturation and oil saturation are a function of

porosity. Where there is less porosiylU FKLHVY HTXDWLRQ FDOFXODWHV WKH
increasing average water saturation (Figuré. 5Bergin et al. (2012) identified the Fertile 1-12H

well as crossing the economic limit of production (LOD) into the commercial zone on Parshall

Field, which has a hydrocarbon pore volume value of 0.60. Therefore, anything with a value of

less than 0.60 is considered noncommercial.

Both Pitman et al. (2001) and Jarvie et al. (2011) suggest that increased porosity (and
permeability) is a function of the natural fracture network present in the reservoir, and when
thermal maturity decreases, natural fracture density will also decrease. Jarvie et al. (2011)
suggest that this difference in natural fracture density may act as a seal for the overpressured cell
present in both the FBIR and Parshall Field (Figure 5.8). Jarvie et al. (2011) suggest that the
thermal maturity boundaryGHILQHG E\ WKH K\GURJHQ LQGH[ pdiDOOTYT RI Y
the upper and lower Bakken shales defines the economic limit of production along the eastern
margin of the Williston Basin. However, Kocman (2014) argues that Parshall Field (due north
and at a similar structural depth of the FBIR) is east of the hydrogen index wall and produces
commercial amounts of oil. Therefore, the thermal maturity boundary of the Bakken shales
cannot be the sole control of the eastern economic limit of production (LOD) observed in
Parshall Field and the FBIR. Theloy (2013) also suggests that migration of hydrocarbons has
occurred in the greater Parshall area (including the FBIR).

Although differences in porosity, permeability, and pressure may help define the eastern
LOD, the presence of fractures may not be directly responsible for the differences in porosity

observed in Figure 5.6. Anderson (2011) suggests faults and incipient lineaments induce
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compartmentalized pressure and production cells within Parshall Field. No such compartments

or associated lineament trends have been identified on the FBIR, and therefore there is no

evidence suggesting increased fracture densityonsed fluid flow (increasing dissolution and
porosity east of the LOD). Further research is necessary to better understand the LOD on the

FBIR.

OBSERVATIONS AND CONCLUSIONS
Completion of electrofacies correlations and mapping using PETRA software led to
various observations and conclusions that are listed below:

X Facies correlations were completed, and trends observed from isopach maps match those
generated by Simenson (2010) throughout North Dakota.

X :DWHU VDWXUDWLRQ ZDV F D OdrXQebsity tddsoskiag Bes UFKLH TV
match core data (after log shifts were completed), and cutoffs of <1% porosity were
implemented.

X A map of calculated average water saturation shows a distinct trend of increasing water
saturation to the east-southeast.

X An average porosity map was calculated using density porosity logs, and shows a
distinct trend of decreasing porosity to the east-southeast.

X A hydrocarbon pore volume map was calculated using data from calculated water
saturation and the density porosity logs for the MBM. This map shows a distinct trend
of decreasing hydrocarbon pore volumes to the east-southeast. This map highlights the
economic limit of production to the east (as did the average water saturation and average
porosity maps). Using this map, and the location of the Fertile 1-12H well, which was

defined by Bergin et al. (2012) as crossing the economic limit of production into the
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transition zone, and finally the commercially productive zone in the MBM, a
hydrocarbon pore volume of 0.60 or greater is necessary on the FBIR for commercial
wells.

Extensive work was completed by various authors including Jarvie et al. (2011), Bergin
et al. (2012), and Kocman (2014). However, the LOD has not been universally defined

by any one author. More research is necessary.
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Figure 5.1: Location map showing the 60 wellth associated digits utilized for correlating
MBM facies across the FBIR (green and blue dots). Only 16 of the wells were located w
FBIR limits, and were used for petrophysical modelling (blue dots).
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Figure 5.2: Image from Kocman (2014) showing the relationships between elemental
and electrofacies A-F. In this study, elemental trends of Ca, Sr, Si, and Al were
corroborated with log signatures correlating to core facies A-F, to support elemental ti
determined by Kocman. Signatures are as follows: A facies) upward decrease in Sr.
facies) Blocky characteristic in Ca, Si, and Al, and a slight upward decrease in Sr. C-
Sharp increase in Ca and Sr at facies base, with spikey nature throughout facies attrit
local diagenesis. When the D faciesbsent, the facies boundary between C and E is
identified by an abrupt decrease in Ca, while when the D facies is present, the facies
boundary between C and D is identified by an abrupt increase in Ca and Sr. D facies
Elevated Ca and Sr signature and a low Si and Al signature. E facies) Distinct decree
Ca and an increase in Al at facies base. F) Combined with E facies.
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Figure 5.3: Cross section showing the five Enerplus cores and corresponding XRF ele
plots of Ca (dark purple) Sr (light purple) Si (pastel purple), and Al (magenta). Trends
explained in Figure 5.2 helped to define facies breakouts identified in cored intervals.
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Figure 5.4: Log image from the Hognose well showing gamma ray (left) deep resistivity
(AT90), porosity logs and calibrations (third from left), water saturations and calculation:
(second from right), and cementation exponents (right) for the Middle Bakken Member,
defined by the top of the E and F facies (red top) to the base of the A facies (blue top).
that porosity calculated from RCA (purple dots) best matches the density porosity log (C
Core porosity values were depth shifted to match log depths. Water saturation from RC
analysis (black dots) was also depth shifted to match log depths. Note that the calculat
water saturation (blue line labeled SW_DBL_CUTOFF) matches general trends of core
saturations. A porosity cut off of one percent and a total water saturation of 100% were
incorporated into the calculated water saturation (blue line labeled SW_DBL_CUTOFF)
which was then used for hydrocarbon pore volume calculations.
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Figure 5.5: Average calculated water saturation map using Archie's equation for the FB
Note increasing water saturations to the east, approaching the economic limit of produc
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Figure 5.6: Average calculated porosity map using density porosity logs. Note decreas
porosity to the east, approaching the economic limit of production.
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Figure 5.7: Hydrocarbon pore volume map showing decreasing hydrocarbon saturation
east approaching the economic limit of production.
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Figure 5.8: Pore pressure map (units in PSI/FT) modified from Theloy (2013). The FBIF
(general location in red box) has pore pressure gradients of up to 0.76 psi/ft, the highest
the Williston Basin for the Middle Bakken Member. Note the eastern economic limit of
production is defined by the sharp decrease in pore pressure gradients east of the overp
cell.

Table 5.2: Table describing log signatures defining each facies of the Middle Bakken Me
used for electrofacies correlations.
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CONCLUSIONS AND FUTURE WORK
The primary objective of this thesis was to determine the controls on reservoir quality for
the MBM on the FBIR. Various analysis techniques including: RCA, MICP, XRD, petrographic
thin sections, FESEM, and CT imaging were integrated to generate a comprehensive reservoir
characterization from macroscale, microscale, and subsurface analysis.
CONCLUSIONS
X The MBM is comprised of six facigs-F in stratigraphic order), five of which are
considered major contributing facies to oil production (B-F).
X Facies correlations were completed, and trends observed from isopach maps, match those
generated by Simenson (2010) throughout North Dakota.
X Depositional and sedimentary structures are not the primary controls on reservoir quality:
reservoir quality is not simply facies defined.
X High dolomite content is not the primary mineralogic control on reservoir quality as
Alexandre (2010) determined was the case for EIm Coulee Field.
X Parameters related to diagenesis, over pressuring, and generated permeability via
hydraulic fracture stimulation are the primary controls on reservoir quality within the
MBM on the FBIR.
X UV photography is a useful tool, but results are sensitive to photography conditions and
timing, and must be cross referenced with other analyses to identify oil saturated

intervals.
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x

A dynamic diagenetic dissolution-precipitation process for both calcite and illite actually
preserved primary and generated secondary porosity and permeability, rather than
destroying it.

No or low permeability is intensified by high illite content (up to 35%), not high calcite
content.

Reservoir units picked by Enerplus Resources and confirmed by thin sections lie within
areas of high quartz content (up to 38%).

High pore pressures or increases in pore pressures reduce the effective stress in situ, and
can lead to open fractures post-stimulation. This is enhanced by high quartz content,
which contributes to the capability of the MBM to sustain a hydraulic fracture and
increase permeability.

There is a lack of evidence for natural open fractures in this data set. However, proven
production suggests that it is possible to create and enhance permeability (and natural
fractures) with advanced drilling and completions technology in the MBM.

By integrating various petrographic analysis techniques, it was determined that porosity
and permeability is not fully measured for the MBM by MICP analysis and presumably
RCA. Some pores are below these scales of resolution.

Using MICP data, the E facies has the largest median pore throat size (0.0291 microns),
highest permeability (0.0027 mD), and the highest porosity (5.28%).

A hydrocarbon pore volume of 0.60 or greater is recommended on the FBIR for

commercial production.
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FUTURE WORK
1 Obtain micro CT scans.
T Analyze and model porosity to compare to RCA and MICP data.
T Determine if these methods are truly underestimating permeability and the
connectivity of the pore systems.
T Determine presence and abundance of open natural fractures and associated
porosity.
T Plot fractal parameters using MICP data to demonstrate that the interconnected pore
network is present on a nano, micro, and macro scale.
T Generate petrophysical model to validate mineral model using XRD data.
¥ Complete geomechanical analysis to assess brittleness of the MBM within the FBIR to
enhance fracture analysis.
¥ Conduct a more extensive petrographic study using FESEM to determine the effects clay
has on permeability and expand interpretations.
T Continue analysis begun by Kocman (2014) using petrographic techniques to determine
causes of the LOD in the FBIR and on Parshall Field.
T Analysis of the hydrocarbons to determine relative proportions of Saturates, Aromatics,
Resins, Asphaltenes (SARA) from extracted oils across the FBIR. This may illustrate the

distribution of heavy versus light oils and whether or not these influence the LOD.
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APPENDIX A

ROUTINE CORE ANALYSIS

Table A.1: HOGNOSE 152-94-18B-19H- RCA.

140



Table A.2: DANKS 17-44H RCA.
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Table A.3: ROBERTS TRUST 1-13H RCA.
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Table A.4: PUMPKIN 148-93-14C-13HF.
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Table A.5: HENRY BAD GUN 09C-04-1H¥.
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APPENDIX B

CORE PHOTOGRAPHS

Figure B.1: Plain light (left) and Ultra Violet light (right) photographs of the Upper Bakken
Shale and Middle Bakken Member in the Hognose 152-94-18B-19H-TF core.
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Figure B.2: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the Hognose 152-94-18B-19H-TF core.
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Figure B.3: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member and Lower Bakken Shale in the Hognose 152-94-18B-19H-TF core.

Figure B.4: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the DANKS 17-44H core.
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Figure B.5: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the DANKS 17-44H core.
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Figure B.6: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member and the Lower Bakken Shale in the DANKS 17-44H core.
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Figure B.7 Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the ROBERTS TRUST 1-13H core.
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Figure B.8: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the ROBERTS TRUST 1-13H core.
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Figure B.9: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member and the Lower Bakken Shale in the ROBERTS TRUST 1-13H core.

152



Figure B.10: Plain light (left) and Ultra Violet light (right) photographs of the Upper Bakken Shale
and the Middle Bakken Member in the PUMPKIN 148-14C-13H-TF core.
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Figure B.11: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the PUMPKIN 148-14C-13H-TF core.
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Figure B.12: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the PUMPKIN 148-14C-13H-TF core.
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Figure B.13: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member and the Lower Bakken Shale in the PUMPKIN 148-14C-13H-TF core.

Figure B.14: Plain light (left) and Ultra Violet light (right) photographs of the Upper Bakken
Shale and the Middle Bakken Member in the HENRY BAD GUN 09C-04-1H-TF core.
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Figure B.15: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the HENRY BAD GUN 09C-04-1H-TF core.
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Figure B.16: Plain light (left) and Ultra Violet light (right) photographs of the Middle Bakken
Member in the HENRY BAD GUN 09C-04-1H-TF core.
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APPENDIX C

SIMENSON (2010) MAPPING COMPONENT

Figure C.1: Isopach map of the Bakken Formation (Simenson, 2010).
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Figure C.2: Isopach map of the Middle Bakken Member (Simenson, 2010).
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Figure C.3: Isopach map of the E and F facies of the Middle Bakke Member (Simensor
2010).
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Figure C.4: Isopach map of the D facies of the Middle Bakken Member, (Simenson, 20.
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Figure C.5: Isopach map of the C facies of the Middle Bakken Member, (Simenson, 201
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Figure C.6: Isopach map of the A and B facies of the Middle Bakken Member (Simensc
2010).
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Figure C.7: Depositional model of the Middle Bakken Member (Simenson, 2010, modifi
from Smith and Bustin, 1996).
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Figure C.8: Average water saturation map for the Middle Bakken Member (Simenson, :
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Figure C.9: Hydrocarbon pore volume map of the Middle Bakken Member (Simenson, .
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