INTEGRATED CHARACTERIZATION OF MIDDLE BAKKEN DIAGENESIS,
WILLISTON BASIN, NORTH DAKOTA, U.S.A.

by

Stephen W. Brennan



A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of
Mines in partial fulfilment of the requirements for the degree of Master of Science (Geology).

Golden, Colorado

Date

Signed:
Stephen W. Brennan
Signed:
Dr. Stephen A. Sonnenberg
Thesis Advisor
Golden, Colorado
Date
Signed:

Dr. Paul Santi
Professor and Head
Department of Geology and Geological Engineering



ABSTRACT

Diagenetic calcite cements have a detrimental impact on reservoir properties within the
Middle Member of the Bakken Formation. These cemented zones appear to have grown early in
the post depositional history of the Middle Bakken. Hydrocarbon charge is significantly inhibited
where calcite cements are present. This indicates#ltéte cementation preceded the regional
migration of hydrocarbons from the Upper and Lower Bakken Shale source rocks. In addition,
the cements appear to have shielded large pore volumes from dolomitizing fluids, which
inhibited reservoir enhancement.

The integration of whole core analysis, plane polarized and Cathodoluminescence
petrography, scanning electron microscopy, and stable isotope analysis was used to develop a
comprehensive characterization of calcite cements. Qualitative results demonstrate an association
between the morphologies of cements and the individual facies of the Middle Bakken.
Depositional porosity and permeability and post depositional alterations from bioturbation
influenced the preferential pathways of cementing fluids. Quantitative results establish
constraints on the timing and environments of cementation and indicate the source of cementing
fluids that were oversaturated with respect to calcium carbonate. Isotope data collected from
calcite cements in Middle Bakken cores is consistent with Late Devonian-Early Mississippian
marine values. The calcite cements must have been sourced from the dissolution of internal
marine carbonate sediments.

This study establishes a link between reservoir heterogeneity and the producibility of
individual Middle Bakken wells. The regional abundance of carbonate is associated with the
pervasiveness of calcite cements, which have the greatest influence on reservoir quality
distribution. The measured porosity and permeability of cemented zones are well below the

economic threshold for tight oil reservoirs.
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CHAPTER 1 INTRODUCTION

The Bakken Formation is renowned as one of the most prolific tight oil reservoirs in the
world. Over the last decade, oil and gas producers have increased daily production rates in the
Bakken from below 200 thousand barrels of oil per day in 2005 to over 1.2 million in 2015 [EIA,
2016]. The combination of hydraulic fracture stimulation and horizontal drilling, two
technologies that pre-date the unconventional revolution, is responsible for this subssantial ri
In 2013 the U.S. Geological Survesrestimated mean undiscovered volumes of 7.4 billion
barrels of technically recoverable oil resouragthin the Bakken Total Petroleum System
(Bakken Formation plus Three Forks Formation) in the United States portion of the Williston
Basin [USGS, 2013].

Tight, unconventional reservoirs like the Bakken are now a focal point of petroleum
exploration and production in the United States (Figure 1.1). Successful reservoir depletion and
optimization strategies in these systems require an appreciation for varying degrees of reservoir
heterogeneity. Within the Middle Member of the Bakken Formation (Middle Bakken), diagenetic
calcite cements are present across the Williston Basin and impact reservoir quality distribution
by the occlusion of porosity, permeability, and hydrocarbon saturations. These alterations to the
rock matrix are interpreted as an early post depositional feature that preceded regional
hydrocarbon migration. The cements are a controlling factor on the producibility of the Bakken
JRUPDWLRQ DQG VWDNHKROGHUVY SURILW PDUJLQYV

This study integrates a suite of modern technologies to characterize the calcite cements
within the Middle Bakken. It aims to better understand their facies associations, relative timing
of formation, and the geochemical contrmgheir origins. Constraints on timing were largely
accomplished through qualitative observations of core and high resolution photographs.
Geochemical characterization and reservoir properties were assessed through integrated
petrography, Computed Tomography (CT scans), X-Ray Diffraction (XRD), and carbonate
isotope analysis 122 D Q'&)./Analogous work on calcite cements has demonstrated their
potential for significant disruption of both the storage capacity and flow potential of hydrocarbon
reservoirs [Dutton, 2008]. The economic implications of these variables are the incentive for this

study.
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Figure 1.1 Overview of unconventional shale plays in the contiguous United States. The
Williston Basin is traced in red [modified from Congressional Research Service (CRS), 2015].

1.1 Location of Study Area

The Bakken Formation is located in the Williston Basin of North America: a large
elliptically-shaped structural depression of approximately 133,080(Gerhard et al., 1990].
The basin extends into parts of North Dakota and Montana in the United States and the provinces
of Saskatchewan and Manitoba in Canada. This study focuses on northwestern North Dakota and
the counties of Williams, Mountrail, Dunn, and McKenzie (Figure 1.2). Additional supporting
data, for the basis of comparison, is included from both Montana and Saskatchewan. Data from
thirty four individual wells was integrated for this comprehensive study of diagenesis in the
Middle Bakken.
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Figure 1.2 Location of research project study area in northwest North Dakota, northeast
Montana, and Saskatchewan. Williams, Mountrail, Dunn, and McKenzie counties represent the
focal area for the project and are labeled in yellow. Data was integrated from thirty-four total

wells noted by blue markers.

1.2 Research Objectives

The purpose of this research project was to characterize the complex diagenesis of the
Middle Member of the Bakken Formation. These alterations to the original rock fabric control
the present day reservoir quality distribution. In particular, pervasive calcite cements in the
Middle Bakken have been previously identified to occlude porosity, permeability, and
hydrocarbon saturations. They are the focal point of this study. An improved understanding of
their genesis and spatial distribution across the Williston Basin has economic significance.

Objectives of this study include:
1) Characterize the relationship between sedimentary facies and cement geometries

Analogous research on calcite cements has demonstrated the connection between
depositional porosity and permeability and the relative abundance of cement [Dutton et al.,
2002]. Diagenetic overprinting is influenced by the ability for fluids to flow in the subsurface. It
is important to distinguish this relationship within the Middle Bakken. The analysis of whole

3



core samples, high resolution core photos, and Computed Tomography (CT) scans served as the
foundation for this assessment. Routine Core Analysis (RCA) data, such as porosity,
permeability, and fluid saturations of core plugs was integrated to guide the study. Developing a
better understanding of the association between Middle Bakken facies and the distribution of

calcite cements will aid in improving our regional understanding of reservoir quality distribution.
2) Decipher the geochemical evolution of the cements

Understanding the geochemical triggers, which led to the formation of calcite cements, is
an important component of the story. The shallow subsurface, post-depositional environment is
host to continuous fluid exchanges. These exchanges serve as the catalysts for early diagenesis.
Geochemical interpretations were built from both X-Ray Diffraction (XRD) mineralogical
analysis and carbonate isotope sampling. Each technique serves a different purpose. XRD was
used to quantify the relative abundances of key minerals in the Middle Bakken rock fabric,
whereas carbonate isotopes provided insight into the early diagenetic environment itself. The
combination of these techniques was a powerful tool in understanding the geochemical evolution
of the Middle Bakken.

3) Develop the paragenetic sequence of the Middle Bakken

To date, the majority of research on Middle Bakken diagenesis has focused on
dolomitization and the related reservoir enhancement. Calcite cements in the Middle Bakken
have a contrasting affect. They inhibit the preservation of ideal reservoir properties. Therefore,
this study aimedio develop the relative timing of calcite cementation and dolomitization in the
Middle Bakken. Integrated petrography was used to interpret the timing, including: plain and
polarized light microscopy, Scanning Electron Microscopy (SEM), Backscatter Electron (BSE)
imaging, and Cathodoluminescence (CL). The balance between competing diagenetic changes
and the regional migration of hydrocarbons into the Middle Bakken is critical to our
understanding of the petroleum system. The paragenetic sequence, built in this study, describes

this evolution.



4) Characterize the effects of calcite cement on reservoir quality distribution across

northwestern North Dakota

Successful integration of objectives 1 through 3 provides insight into the spatial
distribution of cements across the Williston Basin. The distribution is significant to both future
exploratory initiatives and modern production. Cements are known to impact fluid flow paths
and tortuosity [Dutton et al., 2002]. Additionally, storage capacity for hydrocarbons is at risk
when cements are present. These three variables are an economic incentive to building predictive

models of the presence or absence of calcite cement in the subsurface.
1.3  Research Contributions

Both Williston Basin oil and gas operators and academia will benefit from an improved
understanding of Middle Bakken diagenesis. The mid-2014 collapse in the price of crude olil
demands that operators refine their exploratory targets and recovery efficiencies. Even a prolific
formation like the Bakken will benefit from a refined understanding of its reservoir quality
distribution. This study will help fill a knowledge gap in regards to the influence of calcite
cements on reservoir properties within the Middle Bakken. New data from this regional study
may then be integrated with other datasets across the Williston Basin. The greater scientific
community already has a large amount of published work related to diagenesis and calcite

cements. There is an opportunity to contribute to this body of work by studying the Bakken.
14 Previous Work

The Bakken Formation has been heavily studied. To date, the majority of research on
Middle Bakken diagenesis has focused upon dolomitization and the resultant reservoir
enhancement. Little work has emphasized the role of calcite cements on reservoir quality
distribution. Published work on the cements is even less. Several notable studies have
commented on the cements; however, an increasing number of researchers are noticing their

implications. Key bodies of work that will influence this study include the following:



1.4.1 Bakken Research Consortium (Colorado School of Mines)

Multiple previous students of the Bakken Research Consortium have highlighted the
presence of calcite cements and their potential impact on reservoir ghaldyssions of their
importance have slowly increased in regularity since the founding days of the Consortium. Key
contributors to the early conversation include: Becky Kowalski (MS 2010), Chloe Alexandre
(MS 2011), and Cosima Theloy (PhD 2014).

Kowalski demonstrated the relationship between porosity occlusion and calcite cements
through the use of high resolution QEMSCAN analysis (Figure 1.3). Her work identified these
cements as a major contributor to porosity loss in the Middle Bakken reservoir facies.
$OH[DQGUHYV ZRUN IRFXVHG RQ UHVHUYRLU FKDUDFWHUL]DW
at ElIm Coulee Field (Montana). She developed a paragenetic sequence for the Middle Bakken.
However, calcite cements were not identified as a major diagenetic phase at EIm Coulee. This
sequence was later modified by Theloy to include the cements from a basin-wide perspective
(Figure 1.4). Theloy also noted a connection between lower estimated ultimate recovery (EUR)
values and pervasive calcite cementation in the southern carbonate-rich part of the basin (Figure
1.5).

2

- | mm = | mm

Figure 1.3 High resolution QEMSCAN images illustrating the occlusion of porosity in areas of
calcite cement. Image A displays calcite cement in red, and image B shows the absence of
porosity in those locations [Kowalski, 2010].
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Figure 1.4 Modified paragenetic sequence from Chloe Alexandre. The graphic illustrates the
relative timing of calcite cementation and dolomitization, as well as, other diagenetic changes in
the Middle Bakken [Theloy, 2014].
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1.4.2 Grau et al., 2011: Characterization of the Bakken Reservoir at Parshall Field and
East of the Nesson Anticline, North Dakota

This comprehensive analysis of the Middle Bakken reservoir introduced the concept of
WKH 3VKRDO VKDGRZ" WR GHVFULEH WKH U Hroeh id BnQaV KLS EHV
facies. They interpreted this facies to be heavily cemented by calcite. When present, the shoal
facies inhibited vertical flow of dolomitizing waters. This resulted in patchy dolomitization of
the facies beneath a shoal. Contrastingly, the authors determined that ubiquitous dolomitization
occurred in the Middle Bakken when the shoal facies was absent (Figure 1.6). The paper
presented the first link between calcite cements and dolomitization. In addition, it introduced

both the variability in oil saturations and net reservoir thicknesses within the Middle Bakken.
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hydrocarbon saturations [Grau et al., 2011].



1.4.3 Pitman et al., 2001: Diagenesis and Fracture Development in the Bakken Formation,
Williston Basin: Implications for Reservoir Quality in the Middle Member

This publication was part of a 2001 U.S. Geological Survey Professional Paper (1653). In
it, the authors discussed three topics that are important to the investigation of diagenetic calcite
cements, including: a reconstruction of the burial and thermal history of the Bakken Foreation,
sampling of stable isotopes within calcite-filled fracturd§ 2 D Q'&),/and a paragenetic
sequence (chart) of post-depositional events in the Middle Bakken. Their burial and thermal
history model provides helpful constraints on the relative timing of key post-depositional
diagenetic events (Figure 1.7). For example, their model depicts the charging of the Middle
Bakken reservoir in the Late Cretaceous. The isotope values in the publication were not sampled
from calcite cements, however; they served as a useful benchmark for comparison with this
study (Figure 1.8). Comparing isotope datasetseupnstrain the number of diagenetic phases
in the Middle Bakken. The paragenetic chart presented in the USGS study was an additional

point for contrast (Figure 1)9
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Figure 1.7 Burial and thermal history reconstruction for the Bakken Formation, Williston Basin.
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Cretaceous [modified from Pitman et al., 2001].
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Figure 1.9 Chart depicts the paragenetic sequence of post depositional events in the Middle
Bakken. The authors used petrographic observations to determine the relative timing
[Pitman et al., 2001].
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1.4.4 Lietal, 2015: Characterizing the Middle Bakken: Laboratory Measurement and
Rock Typing of the Middle Bakken Formation

In this more recent assessment of the Middle Bakken, the authors from Statoil USA
enhanced the discussion of calcite cements and their impact on reservoir quality distribution.
They presented an integrated characterization that stressed the challenges and opportunities for
depletion optimization in ultratight, unconventional reservoirs. Overall, this work demonstrated
the reservoir-limiting controls of calcite cements when present. Particular contributions included
the identification of multiple styles of calcite cement in the Middle Bakken, and a grouping of
three pore types within the reservoir. They interpreted the variability in cement styles as a
function of small-scale heterogeneity in the rock fabric. Pore types were identified from mercury
injection (MICP) data. The authors grouped three sets of pore aperture diameters within facies B
and C, including: calcite-related pores, clay-related pores, and inter-granular pores. The calcite-

related pores exhibited the largest reservoir-limiting potential (Figurg.1.10
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Figure 1.10 Mercury Injection Capillary Pressure (MICP) data from facies B and C in the Middle
Bakken suggests three pore types: calcite-related, clay-related, and intergranular pores. The
calcite-related pores demonstrate the smallest pore aperture diameters [Li et al., 2015].
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1.4.5 Dr. Shirley P. Dutton (Bureau of Economic Geology, The University of Texas
at Austin)

Dutton has a robust assortment of publications relating to diagenetic cements. Her
research has yet to focus on the Bakken Formation, but a plethora of alternatives provide insight
into effective methodologies and workflows for studying cements. She explained the importance
of work related to calcite cements in her 2008 study on Permian deep-water sandstone cements:

Because calcite cement reduces reservoir porosity and permeability and affects fluid flow

during production, an improved understanding of the controls on calcite cement

distribution has economic significance. Determining the origin of calcite cement in a

sandstone can improve our ability to predict its distribufiDatton, 2008].

'XWWRQ TV E Rves\amdffeci/E blueprint towards this study of Middle Bakken

diagenesis.
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CHAPTER 2 GEOLOGIC BACKGROUND

The Williston Basin has a rich history of petroleum production, particularly in North
Dakota. Commercial quantities of natural gas have flowed from the state since the early 1900s,
and oil was finally discovered in 1951 by Amerada Hess along the Nesson Anticline [NDGS,
2016]. The vast supply of hydrocarbons in the basin is a direct result of a lengthy series of
favorable geologic events. These events have amassed over Ee@d@&édimentary rock
since the Paleozoic Era [Gerhard et al., 1990]. They are responsible for the last one hundred
years of petroleum production and the prolific future ahead. This chapter will redew th
geologic background of the Williston Basin, including its structural evolution, stratigraphic
packages, and petroleum geology. A particular emphasis is placed upon the Bakken Formation

and its middle member.
2.1 Regional Geologic Overview

The Williston Basin is an intracratonic basin, and it resides on the western edge of the
North American cratorilhe craton is a mass of ancient continental crust that has remained
relatively stable since the dawn of the Paleozoic. Over 15@80ffWilliston Basin sediments
sit atop this Precambrian core. The origins of the basement beneath the Basin are predominantly
Proterozoic [Green et al., 1985]. Green et al. (1985) identified that the basement was comprised
of three geologic provinces by compiling magnetic anomaly data. Three Archean cratons, the
Superior, Churchill, and Wyoming, were sutured together by accreted Proterozoic oceanic
sediments (Figure 2.1) [EERC, 2005]. The Trans-Hudson orogenic belt represents this suture
zone. Episodic reactivation of these Precambrian sutures, and their related faults, shaped the
modern geomorphology of the Williston Basin [Gerhard et al., 1987].

Sedimentation occurred in the Williston Basin during every geologic period of the
Phanerozoic [Gerhard et al., 1990]. Although, as Gerhard et al. (1990) mentioned, the interests of
petroleum geologists are particularly focused on the stratigraphy of the Paleozoic. Earliest
deposits in the Basin occurred in a shallow shelf setting and carbonates prevailed until the
middle of the Era [Gerhard et al., 1990; Peterson & MacCary, 1987]. The sedimentation patterns
transitioned in the late Paleozoic to primarily clastic deposition and this was maintained

throughout the Mesozoic and Tertiary [Peterson & MacCary, 1987].
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Figure 2.1 Basement terrains of the Williston Basin. Three Precambrian cratons, include:
Churchill (not shown), Wyoming, and Superior [modified from EERC, 2005].

The early through middle Paleozoic Cordilleran shelf was an extended period of cyclic
marine sedimentation. Carbonates and evaporites were dominant [Gerhard et al., 1990].
Throughout this time, the Transcontinental Arch separated the eastern and western halves of the
shelf into mirror images [Peterson & MacCary, 1987]. The Arch served as the southwestern
extension of the Canadian Shield (Figure 2.2). These two landmasses were dominant features of
the Paleozoic. During this timeframe, the Williston Basin began to take shape from increased
subsidence in the Middle Ordovician [Gerhard et al., 1982].

The middle through late Paleozoic was characterized by the connection of the Williston
Basin to other depocenters of clastic sediments (Figure 2.3). Both the Antler Foreland Basin and
the Canadian EIk Point Basin were periodically linked with the Williston [Theloy, 2014]. The
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Central Montana Trough provided one such link, which allowed for time equivalent strata to
accumulate in the region. The onset of deformation in the Ancestral Rocky Mountains further
modified the Williston Basin in the late Paleozoic [Gerhard et al., 1990]. This uplift reflected the
Ouachita-Marathon orogeny in Early Pennsylvanian time [Kluth & Coney, 1981]. Upper
Paleozoic rocks exhibit these changes with a transition to largely fine-grained detrital lithologies
[Gerhard et al., 1990]. One final fundamental change to the Willison occurred during the
Cordilleran orogeny in the Mesozoic. This period saw the Basin shift from its position on the
craton-margin to an intracratonic system [Gerhard et al., 1990].
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Figure 2.2 Regional paleogeography and paleostructural elements during Paleozoic and
Mesozoic time, Western Interior, USA [modified by Gent, 2011;
from Peterson & MacCary, 1987].
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Figure 2.3 Late Devonian paleogeographic reconstruction. The location of the Williston Basin is
highlighted in red. Time equivalent organic-rich shales of this period are labeled, including the
Bakken, Exshaw, and Sappington [modified from Sonnenberg et al., 2011; from Blakey, 2005].
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2.2 Regional Structure

The modern North American Craton is not characterized by pronounced surficial
expression. Some prominent structures do exist, however, and they have contributed handily to
the accumulation of hydrocarbons in the Willison Basin. The Williston has been grouped into a
subset of cratonic basins, which are completely encircled by regions of continental crust [Sloss,
1987]. These basins are dominated by flexurally-controlled subsidence [Sloss, 1987]. In the
Williston Basin, faults have less of a control on subsidence and to a greater degree on the
aforementioned hydrocarbon accumulations.

The reactivation of ancient basement faults has influenced several influential structural
traps in the Williston Basin including the Cedar Creek, Billings, Little Knife, and Nesson
Anticlines (Figures 2.4) [NDGS, 2016]. These features are associated with some of the most
prolific oil fields LQ WKH 8QLWHG 6WDWHVY SRUWLRQ RI WKH :LOOLV!
structures present on the Canadian portion of the basin are more related to salt dissolution
[LeFever, 1992]. The Devonian Prairie Formation, in particular, was characterized by two phases
of salt dissolution [Gerhard et al., 1990]. The combination of these events influenced
sedimentation patterns in younger strata. Productive fields in both Canada and the United States
owe their inheritance to the dissolution of halite in the Prairie [Gerhard et al., 1990].

In cross section, the Williston Basin is depicted as a broad structural depression (Figure
2.5). Both the eastern and western limbs of the structure are gently dipping. This reflects the
steady growth of the Williston through time. The deposition of the Bakken Formation, and other
related strata, was influenced by the relative accommodation space as the basin grew. In North
Dakota, the Bakken truncates along each flank of the Basin and reaches a maximum thickness of

150 feetnear the central portion [Pitman et al., 2001].
2.3 Regional Stratigraphy and Sedimentology

The stratigraphy of the Williston Basin has chronicled a detailed geologic history since
the first deposits in the early Paleozoic. Interestingly, the Bakken Formation represents only a
minuscule fraction of the maximum known thickness in the Basin. Traditionally, scholars have
delineated the complete stratigraphic section in the basin based upon six unconformity-bound

sequences within the preserved section [Carlson & Anderson, 1965]. These sequences have been
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North-trending structures include the Nesson, Billings, and Little Knife anticlines. Northwest-
trending structures include the Cedar Creek, Antelope, and Poplar anticlines [NDGS, 2016

Sloss divided the Phanerozoic Eon into six sequences named for indigenous Native

American tribes where a given sequence was well exposed [Dott Jr., 2014]. The sequences are

in ascending order, the Sauk, Tippecanoe, Kaskaskia, Absaroka, Zuni, and Tejas. Each is
characterized by transgressive and/or regressive sea levels within the Williston Basin.

The first major sequence is the Sauk. In the Williston Basin this represents deposits

sitting atop the Precambrian basement through the Early Ordovician. The Deadwood Formation

is the only unit in the sequence. This onlapping deposit records an early transgression across the

20



NESSON .*

pper Shale Mbr. ANTICLINE  ANTELOPE
iddle Siltstone Mbr.

- Lower Shale Mbr.

CANADA

—— - o -
USA\}Q/

N
[

= = = == Lower Bakken

lllllllllllll M'ddle Bakken

0 50 MTI
| T N - - - )
-——— . .

Isopach Bakken

Figure 2.5 West-east schematic cross section of the Bakken Formation across the Williston

Basin. The blue line across the Bakken isopach reflects the trajectory of the projected cross

section. The Bakken reaches maximum thickness in northwestern North Dakota [modified by
Sonnenberg et al., 2011; from Meissner, 1978

Cordilleran shelf. Gerhard et al. (1990) identified that thinning and thickening trends in
the Deadwood were a reflection of the variable topographic relief and relative accommodation
space on the Precambrian surface. Lithologies in the Deadwood include a basal sandstone
overlain by shales and carbonates [Carlson & Anderson, 1965].

The transition into the Tippecanoe Sequence reflects the onset of increased subsidence in
the Middle Ordovician [Gerhard et al., 1990]. This sequence lasts through the Silurian and

includes the Winnipeg, Red River, Stony Mountain, Stonewall, and Interlake rock units. Overall,
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the sequence represents a transgressive event with seas encroaching from both the south
and east [Carlson & Anderson, 1965]. The oldest unit in the sequence, the Winnipeg Group, is
composed of quartz-rich sands and shales. The sequence then transitions to shales and siltstones
followed by an extensive period of predominantly carbonate deposition through the latest
Silurian. These carbonate deposits included limestones and dolomites interspersed with
evaporites. The transition between the Tippecanoe and Kaskaskia Sequences reflects a period of
exposure and erosion. Portions of this unconformable surface have been karstified and enhanced
with secondary porosity [Gerhard et al., 1990].

The Kaskaskia Sequence ranges from the Lower Devonian through Mississippian Period.
It is particularly important to this thesis because it encompasses the entirety of Bakken
deposition. Gerhard et al. (1982) divided the Kaskaskia into lower and upper sections. In its
entirety, the Kaskaskia is represented by more than 4,000 feet of rock, which exceeds the
preserved accumulations of either of the previous sequences [Carlson & Anderson, 1965].

The onset of the Lower Kaskaskia Sequence was brought on by the uplift of the
Transcontinental Arch. This modified regional depositional patterns and shifted the depocenter
of the Williston Basin towards the northwest (Figure 2.7A-C) [Gerhard et al., 1990]. The
connection between the Williston and the Devonian sea to the west was temporarily closed off.
However, the Canadian Elk Point Basin was now in communication with the Williston towards
the north and west [Gerhard et al., 1990]. Lower Kaskaskia formations included the
Winnipegosis, Prairie, Dawson Bay, Souris River, Duperow, Birdbear, and Three Forks.
Lithologies in this sequence were dominantly dolomites and limestones with the exception of the
Prairie Evaporites.

The midway point of the Kaskaskia was characterized by rapid sea level rise and the
deposition of the Bakken Formation [Gerhard et al., 1990]. This is the primary petroleum source
rock in the Williston Basin. This transgression into the Upper Kaskaskia Sequence shifted the
primary depocenter towards northwestern North Dakota. The Williston was again in
communication with the Antler Foreland by way of the Central Montana Trough [Gerhard et al.,
1990]. The transgressive sequence between the Lower and Upper Kaskaskia is marked by a

regional unconformity between the Three Forks and Bakken Formations.
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Figure 2.6 Stratigraphic column of Cambrian through Triassic productive units in the Williston
Basin. Four of the six Sloss sequences are represented in the column. Productive units are
highlighted with oil or gas symbols [Sonnenberg et al., 2011].
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Historically, rock units in the Upper Kaskaskia Sequence have produced the most
petroleum in the Williston Basin [Gerhard et al., 1990]. Formations in this sequence include the
Devonian-Mississippian Bakken and the Mississippian Madison and Big Snowy Groups.
Lithologies include black organic-rich shales and dolomitic siltstones of the Bakken, limestones
and dolomites of the Madison, and intermixed clastics and carbonates of the Big Snowy. The
onset of the Ancestral Rocky Mountain uplift marked the shift into the Absaroka Sequence. This
widespread tectonism saw lower rates of subsidence in the Williston Basin and the deposition of

extrabasinal sedimentary rocks [Gerhard et al., 1990].
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Figure 2.7 Diagrams portraying basin communications and related sedimentation patterns for
different Sloss Sequences. A) Tippecanoe Sequence shows predominantly carbonate deposition
across a wide ranging area. B) Lower Kaskaskia depocenter transitions towards the northwest

and the Williston Basin is in communication with the ElIk Point Basin. C) Upper Kaskaskia
shows the re-oriented communication between the Williston and the Central Montana Trough.
Bakken Formation deposition is centered in northwest North Dakota [Gerhard et al., 1990].
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Figure 2.7 continued.

Absaroka rock units were predominantly clastic lithologies and deposited from the
Pennsylvanian through Triassic Periods [Carlson & Anderson, 1965]. The early phases of the

sequence were characterized by marine and marginal marine depositional environments [Gerhard
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et al., 1990]. Upper rock units were more mixed and included carbonates, siliciclastics, and
evaporites. This transition within the Absaroka reflected the episodic uplift and erosion from the
ongoing orogeny [Carlson & Anderson, 1965].

The Zuni and Tejas sequences record the last two depositional phases within the
Williston Basin. The early Zuni repeated the cyclic deposition of clastics, carbonates, and
evaporites seen during the late Absaroka Sequence [Gerhard et al., 1990]. This changed,
however, with the onset of the Laramide orogeny during the Cretaceous. The cyclic sea level of
the Western Interior Seaway brought predominantly marine sedimentation into the Williston
until the late Cretaceous. The Pierre Shale marks the last major marine incursion into the basin
[Gerhard et al., 1990]. The last deposits of the Williston Basin are recorded in the Tejas
Sequence. These include some terrestrial and glacially-influenced rock units [Gerhard et al.,
1990].

2.4 Bakken Formation

The Bakken Formation represents a small percentage of the gross strata in the Williston
Basin. However, it is undoubtedly the most economically significant rock unit. The Bakken was
first described from cuttings in 1953 by Nordquist (1953). He identified three informal members
in ascending order: 1) lower organic-rich black shale, 2) very fine-grained calcareous sandstone,
3) upper organic-rich black shale. LeFever et al. (2011) later formalized these members into the
Lower Bakken Shale, Middle Bakken, and Upper Bakken Shale. In addition, their work added
WKH 3UR Q BHfsH, @entbér td the base of the Formation (Figure 2.8) [Theloy, 2014].

The age of the Bakken is best constrained biostratigraphically using conodonts. Both
Sandberg and Klapper (1967) and Sandberg and Gutschick (1979) determined the Bakken
Formation ranges from the Famennian through the Tournaisian. Lithologically, the four members
mark substantial changes to the depositional environment over time. The Lower and Upper Black
Shales are interpreted to be deposited in anoxic marine environments [Johnson, 2013].
Circulation in the basin was restricted during these periods [Gerhard et al., 1990]. The Pronghorn
and Middle members are interpreted as shallow subtidal to open marine environments [Johnson,
2013].
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Figure 2.8 Type log from the Bakken Formation discovery well in Williams County, North
Dakota. The log depicts all formal members except the Pronghorn [Meissndr, 1978

The Middle Bakken Membaes the focal point of this study. It is characterized by varying
degrees of heterogeneity on both local and regional scales. Mapping done by Theloy (2014)
demonstrated a maximum thickness of the Middle Bakken just east of the Nesson Anticline. Her
work also demonstrated varying degrees of post-depositional dolomitization within the member.

This study utilizes the Middle Bakken facies scheme established by the Bakken Research
Consortium at the Colorado School of Mines. Gent (2011) outlined these facies in comparison to
other notable schemes in her work (Table 2.1). Each facies is described in detail below related to
*HQWIV VWXG\ RCaWsHRantb 4328 Rc6re. Ascending stratigraphically
from bottom to top are Middle Bakken facies A through F (Figure 2.9).
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2.4.1 Middle Bakken A

This is the basal facies of the Middle Bakken. It sits directly above the Lower Bakken
Shale and the contact between the two is sharp and erosional. Fossil lag is often visible at the
contact. The facies has been interpreted as an intraclastic-skeletal lime wackestone that ranges
from 1 to 4 feet in thickness in northwestern North Dakota [Gent, 2011]. It is one of the thinner
facies of the member. Common allochems include crinoid and brachiopod fragments. The
lithological components suggest deposition was in an offshore marine shelf environment. Calcite
cements are rare and poorly defined if present. The contact between facies A and B is gradational
and is best indicated by an upwards increase in the relative bioturbation.

2.4.2 Middle Bakken +B

Facies B is often the thickest component of the Middle Bakken. It ranges from 21 to 32
feet in northwestern North Data[Gent, 2011]. It has been interpreted as a bioturbated,
argillaceous, calcareous siltstone [Theloy, 2014]. The relative bioturbation in facies B is perhaps
its most striking feature. It is pervasively burrowsdboth helminthopsis and scalaratuba, which
have removed primary sedimentary structures. Allochems are prevalent in this facies and include
crinoid and brachiopod fragments. Patchy calcite cements are common. They are identified as a
light gray color that contrasts with the non-cemented rock fabric. Facies B has been associated
with a shallow marine to subtidal environment. The transition between facies B and C is marked

by an upwards decrease in the relative bioturbation. Facies C is absent of trace fossils.
2.4.3 Middle Bakken £C

The presence of sedimentary structures differentiates facies C from the heavily
bioturbated facies B. Fine-grained siltstone laminations of varying thicknesses range from light
gray to dark gray in color. The facies ranges in thickness from 7 to 11 feet in northwestern North
Dakota [Gent, 2011]. Carbonate allochems are absent. This section has been interpreted as a
laminated, argillaceous, calcareous siltstone [Gent, 2011]. Gent (2011) associated the facies with
a shallow marine, subtidal to intertidal, shelf type depositional setting. Nodular calcite cements
are common in facies C. They often measure several inches or more across. This presents a clear

difference with the much smaller patchy cements of the lower facies. The color contrast between
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facies C cements and the surrounding rock is clear. Facies D abruptly truncates facies C at a

sharp contact.
2.4.4 Middle Bakken £D

FaciesD WKH 3V KRIBdestibed & Viaving the highest depositional energy of all six

facies. Gent (2011) characterized it as a calcareous grainstone with planar to low angle siltstone
laminations. This facies is often entirely cemented with calcite. Carbonate allochems are
abundant and include ooids, echinoid spines, bryozoans, gastropods, and brachiopod fragments.
Facies D is variable in thickness across northwestern North Dakota ranging from 0 to 9 feet. The
environment of deposition for this facies is interpreted as a shallow mixed siliciclastic-carbonate
marine, intertidal, shelf setting [Gent, 2011]. The mixed lithology is indicative of shoal-like
deposits formed by longshore currents. The contact with facies E is abrupt and marked by a clear

change in sedimentary bedding.
2.4.5 Middle Bakken tE

Facies E is interpreted as an interbedded, light-gray, bioturbated dolomitic mudstone
[Gent, 2011]. Sedimentary structures in the facies include massive to planar and wavy to rippled
laminations. Facies E is representative of an upwardsdegdrend within the upper Middle
Bakken. The depositional environment is characterized as an intertidal to subtidal setting. The
facies ranges from W R IHHW LQ *HQW fRlanolites, héWinti@®psis, dhtiD
scalaratuba are the prominent bioturbation features in the facies, and carbonate allochems are
limited to brachiopod fragments. Calcite cementation is much less distinct in facies E than the
lower facies. It is not common. The upwards increasing abundance of carbonate allochems

signifies the gradational transition into facies F.
2.4.6 Middle Bakken tF

Facies F is characterized as a generally structureless, very fine-grained, bioturbated,
fossiliferous, calcareous, wackestone to siltstone [Gent, 2011]. Lag deposits are relatively
common and include whole brachiopod fragments, bryozoans, and echinoid spines. Thicknesses
LQ *HQWYV VWX G\ DUH It i&Jdne&d the lthirRér fachsRf the FhéhWer.
Calcite cements, if present, are similar to facies E. They are not a distinct fehture. T
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Table 2.1 Multiple classification schemes for Middle Bakken lithofacies [Gent, 2011].

Nickel & Kohlruss, 2009

LeFever & Nordeng, 2008

Canter & Sonnenfeld, 2009

CSM, 2010

L5 — Siltstone, gray-green,
massive, mottled, dolomitic,
Nerites ichnofacies.

AO - Patterned pyritic
dolostones.

F1 - Pyritic dolostones.

C - Siltstone, laminated,
argillaceous, & vfg sandstone,
bioturbated, soft sediment
deformation. Phycosiphon,
Planolites & Teichichnus.

L4 - Interbedded dark-gray
shale and buff, silty
sandstone, coarsens
upward, moderately
bioturbated (Cruziana
ichnofacies).

A1 - Calcitic, whole fossil,
dolo- to lime wackestones:
fossil-rich beds.

A2 - Thin-bedded dolo-
mud/wackestone, more
dolomitic.

A3 - Thin organic-rich
mudstone, gamma ray marker.

F - Calcitic, whole fossil, dolo-
to lime wackestones: fossil-rich
beds.

E - Thin-bedded dolo-
mud/wackestone, more
dolomitic.

B — Sandstone, fg, sharp basal
contact, from base upwards,
massive to xbedded to
laminated. Rare Planolites.

L3 — Sandstone, upper &
lower wavy to flaser silty
sandstone, Skolithos
ichnofacies. Middle coarse-
grained, massive to
xbedded.

B1 - Highest energy, coarsest
grained alternating cross-
bedded bioclast, v.f.g.
sandstone.

B2 - Muddy calcareous
sandy/silty disturbed facies,
synsedimentary microfaults,
slumps.

D - Highest energy, coarsest
grained alternating cross-
bedded bioclast, v.f.g.
sandstone.

A — Siltstone, gray-green,
argillaceous, abundant
bioturbation, Nerites &
Phycosiphon.

L2 - Interbedded dark-gray
shale and buff, silty
sandstone, moderate to
intense bioturbation
(Cruziana ichnofacies),
fossiliferous.

C - Rhythmic, varve-like, mm
to cm laminated, well sorted,
v.f.g. sandstone and siltstone
with calcite cement, hummocks
and wave ripples.

C - Rhythmic, varve-like, mm
to cm laminated, well sorted,
v.f.g. sandstone and siltstone
with calcite cement, hummocks
and wave ripples.

L1 - Siltstone, gray-green
massive, bioturbated (Nerites
ichnofacies), fossiliferous.

D - Bioturbated, argilaceous,
calc. poorly sorted, vfg,
sandstone/siltstone with
helminthopsis/sclarituba.

E - Intraclastic-skeletal lime
wackestone, 1-4 ft thick.

B - Bioturbated, argillaceous,
calc. poorly sorted, vfg,
sandstonef/siltstone with
helminthopsis/sclarituba.

A - Intraclastic-skeletal lime
wackestone, 1-4 ft thick.
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depositional environment for facies F is interpreted as offshore within storm wave base [Gent,

2011]. Facies F shares a sharp erosional contact with the Upper Bakken Shale.

Figure 2.9 Representative core images for the six facies of the Middle Bakken Member, per the

CSM nomenclature. Image letters match the respective facies. All images are from the
Deadwood Canyon Ranch 43-28H well. The corresponding depths for each image are, F) 10,079
ft., E) 10,084 ft., D) 10,097 ft., C) 10,112.5 ft., B) 10,120.5 ft., and A) 10,145 ft. [NDIC, 2016].

2.5  Bakken Total Petroleum System

The Bakken Total Petroleum System (Bakken System) is defined as the combination of
strata from the upper part of the Devonian Three Forks Formation, Bakken Formation, and lower
part of the Mississippian Lodgepole Formation (2[UBGS, 2013]. A complete petroleum
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system consists of a pod of active source rocks and all genetically related hydrocarbon
accumulations [Selley & Sonnenberg, 2015]. In order for an oil or gas accumulation to exist, all
the necessary geologic elements and processes must be in place. These include the source rock,
reservoir, seal, trap, and hydrocarbon charge (petroleum maturation, expulsion, and migration).

All elements of the petroleum system are present within the Bakken System. However, it
took the onset of the unconventional revolution and modern technology to tap into the vast
resource. It was long understood that oil was present in the Bakken [Nordeng, 2009]. Early
research by Dow (1974) suggested the Bakken was capable of generating 10 billion barrels of
oil. However, it took the combination of hydraulic fracture stimulation and horizontal drilling,
coupled with a substantial rise in the price of crude oil, to attract investment. Today, the Bakken
is one of the most successful tight oil plays in the United States.

$PRQJ LWV SHWUROHXP VA\VWHPYV iich shalel €pivce rodksare % D N N F
the driver of its vast reserves. Rock Eval pyrolysis on the Upper and Lower Shales has indicated
both are oil-prone type Il kerogens with TOC contents as high as 35 weight percent [Theloy,
2014]. This kerogen type is indicative of a hydrogen to carbon ratio greater than 1.0 and an
original marine source from the deposition of algal detritus [Selley & Sonnenberg, 2015]. The
onset of oil generation in the Bakken is interpreted as Early Cretaceous having reached a peak in
the Middle to Late Cretaceous [Silver, 2013]. Over time, thegfoof hydrocarbon generation
and expulsion facilitated tiveprimary migration, which then pervasively charged the system [Al
Duhailan, 2014]. Today, Bakken wells consistently produce light sweet crude oils with API
gravities generally between 48nd 43 [Auers et al., 2014].

Bakken oils are produced from nonconventional tight oil reservoirs. Within the Middle
Bakken the reservoir properties include porosities ranging from 2 to 10 percent and matrix
permeabilities ranging from 0.001 to 0.5 millidarcies. Various forms of heterogeneity, in
particular the presence of calcite cement, yield properties on the lower end of each spectrum.
Natural fractures in the system serve as higher permeability pathways in both the primary
migration of hydrocarbons and their production. This is coupled with modern completion
techniques, which induce additional fracturing in the reservoir. The most productive facies in the
Middle Bakken are the dolomitic siltstone (E), laminated calcareous siltstone (C), and

bioturbated calcareous siltstone (B) facies (Figure 2.10).
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Figure 2.10 Stratigraphic column for the Bakken Total Petroleum System. Strata within the
system include the upper part of the Devonian Three Forks Formation, Bakken Formation, and
lower part of the Mississippian Lodgepole Formation. Stars indicate the key reservoir facies of

the Middle Bakken [modified frm Sonnenberg et al., 2011].
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The trapping and sealing mechanisms of the Bakken System are representative of a
continuous petroleum accumulation (Figure 2.11) [Nordeng, 2009]. Conventional structures and
stratigraphic traps do exist in the Bakken Total Petroleum System; however, their influence is
limited. The success of the Bakken is not governed by the mechanisms of conventional oil and
gas accumulations [Nordeng, 2009]. Nordeng (2009) explained that the rocks in a continuous
accumulation, such as the Bakken, act much like the seals that overly conventional reservoirs.
The traditional influence of buoyancy is overcome by capillary entry pressures and the surface
tension between immiscible fluids [Nordeng, 2009]. These conditions typically yield large scale
petroleum accumulations. As a result, the wells drilled into these systems are often never truly
3GU\ KROHV’

Continuous Petroleum Accumulation

Land surface

Conventional
Accumulations

Structural Stratigraphic

°’9’e,° Continuous-Petroleum
Accumulation Water

Bakken Formation

|< Tens of miles (kilometers) b]

Figure 2.11 Cross section illustrating a comparison between conventional petroleum reservoirs
and continuous petroleum reservoirs (unconventional). The oil-water contacts in continuous
systems are often poorly defined [Nordeng, 2009].
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CHAPTER 3 DATA AND METHODS

This chapter details both the data package and research methods used in this study. Data

for this project was provided by multiple industry sponsors of the Bakken Research Consortium

DV ZHOO DV WKH 1RUWK 'DNRWD *HRORJLFDO 6XUYH\YV :LOVER
Corporate contributors include: Statoil USA, EOG Resources, Marathon Oil Corporation,

Enerplus Corporation, and Husky Energy. The data is concentrated in northwestern North

Dakota but includes additional wells in Richland County, Montana (EIm Coulee Field) and
Saskatchewan, Canada.

The project was approached comprehensively by integrating a variety of analytical
techniques. The methodology behind each of these techniques is detailed in this section. From
the outset, the objective was to approach Middle Bakken diagenesis from a broad perspective.
Whole core analysis and supplemental macro scale methods laid the foundation for the project.
Afterwards, micro and nanno scale techniques were used to complement the early work. This
provided a thorough representation of the diagenetic history. The order of the methods described

in this section reflects this downscaling approach.
3.1  Core Analysis

Eight cores were described in detail from various locations in northwestern North
Dakota. These were done over two separate visits to the Wilson M. Laird Core and Sample
Library in Grand Forks, North Dakota. Cores were detailed for their lithologies, facies, grain
sizes, textures, sedimentary structures, relative bioturbation, fractures, carbonate allochems,
authigenic features, and most important to this study their styles of calcite cement. Core
descriptions were digitized using the Golden Software Strater software. All core descriptions can
be found in Appendix A.

All cores in this study were assessed qualitatively for the presence of calcite cements.
This was accomplished by treating the core faces with diluted Hydrochloric Acid (HCI),
FRPPRQO\ UHIHUUHG WR DV WKH 3®drdsént Vi eheniical reciio FDUER QI
produced carbon dioxide gas bubbles. The relative amounts of this reaction were used to
distinguish calcite-cemented zones from dolomitized zones. This was especially useful when the

color contrast between calcite-cemented zones and the remaining rock was poorly defined.
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High resolution ultraviolet (UV) photographs were available for five cores in this study.
The UV response of cores was captured shortly after the initial slabbing process. This minimized
hydrocarbon evaporation and maximized fluid saturations. Light aromatic oils are indicated by
blue to white fluorescence, while heavier residual oils and certain mineralogies exhibit a dull

orange fluorescence [Riecker, 1962]. Calcite-cemented zones are often easily distinguishable

under UV light because they have occluded hydrocarbon saturations and appear as black rock
(Figure 3.1).

Figure 3.1 Three-foot horizontal core of the Middle Bakken shown under UV light. Blue to white
color suggests the rock is saturated with light aromatic oils. The darker section, outlined in red, is
not saturated due to porosity occlusion from early calcite cementation.

3.2  Computed Tomography Scans

Computed TomographyC(T) scans provide a non-destructive method to visualize cores
in three dimensions. The technology, originally developed for use in medicine, builds a 3D
image of the core by stitching together vertical slices, typically spaced at 1,600 scans per meter
[Spaw, 2013]. Color contrasts in the images reflect density contrasts within the rock (Figure 3.2).
This is especially helpful when internal heterogeneities are not visible on the core surface (e.g.,
calcite cements, pyrite frambo)d€T data used in this study was collected at Weatherford

Laboratories, and analyzed using software from Ingrain.
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Figure 3.2 Approximately one and a half foot CT scan of the Middle Bakken. The image depicts
a horizontal slice through the length of the core. The light grey to white colored zones reflect
higher densities than the darker grey zones. The lighter zones are calcite-cemented.

3.3  Thin Section Petrography

Petrographic thin sections were made from particular cores at the Wilson M. Laird Core
and Sample Library. In addition, sets from EOG Resources and Statoil USA were analyzed. All
thin sections used in the study were prepared by Weatherford Laboratories. They were
impregnated with blue epoxy and stained for dual carbonates (Alizarin red and potassium
ferricyanide). Standard plain and polarized microscopes at the Colorado School of Mines were

used for the analysis.
3.4  Cathodoluminescence Petrography

Diagenetic interpretations of the Middle Bakken were enhanced through
Cathodoluminescence (CL) technology. CL analysis was conducted on select thin sections at the
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University of Colorado Boulder using a Leitz-Ortholux microscope and an attached Technosyn-
8200MK-II cathodoluminescence unit. The unit was operated at 12-kV with a gun current of
450 pA. Images were captured with a cooled Olympus digital camera that was designed for low-
light conditions. Exposure times varied amongst samples. This was dependent upon the relative
fluorescence of the minerals in each thin section. The application of CL will be reviewed in
Chapter 4.2.1.

3.5  Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) provided the finest resolution in this study. SEM
analysis was conducted at the Colorado School of Mines on their TESCAN MIRA3 LMH
Schottky field emission-scanning electron microscope. The majority of the SEM study was
performed through Back-scattered Electron (BSE) imaging and Energy-dispersive X-ray
Spectroscopy (EDS). For both methods, thin sections were coated with carbon and
photomicrographs were collected at various magnifications.

BSE imaging may be used to detect phase contrasts between areas of different chemical
compositions. This is possible because elements with high atomic numbers backscatter electrons
more strongly than those with low atomic numbers [CSM, 2015]. Therefore, elements with
higher atomic numbers appear brighter in the image. In this study, BSE imaging was useful in
distinguishing between calcite cement, dolomite, quartz, clays, and other trace minerals. Darker
images corresponded to those regions with increased magnesium content and lighter images
corresponded to more calcium-rich regions [Humphrey & Radjef, 1990].

EDS allows for the specific identification of elements in a sample. Electrons from the
SEM gun interact with the sample to produce X-rays. These X-rays have a characteristic energy
level, and the EDS detector uses this to identify the elements present [CSM, 2015]. The user may
then associate the elements with specific minerals. This technique provides a semi-quantitative

method for mapping the minerals present in a sample.
3.6 X-Ray Diffraction

X-Ray Diffraction (XRD) was used to quantify the bulk mineralagigelect depths. Thin
sections and carbonate isotopes were collected at these same locations. XRD analysis was

conducted at Weatherford Laboratories. They assessed each sample for carbonates (calcite,
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dolomite, and ferroan dolomite), bulk clays, and other prevalent minerals (quartz, feldspars, and
pyrite).

XRD analysis is based upon the principle that there are characteristic interactions
between X-rays and the ordered array of electrons in a given crystal structure [Dinnebier &
Friese, 2003]. In each measurement, the XRD machine fires X-rays at the sample from a specific
angle. These X-rays diffract off the sample at a certain angle relative to their crystal structure.
7KLV LV UHIHUUHG WitRinarbéadlds,Xli§ técliigie may be used to differentiate
between calcite, aragonite, high-magnesium calcite, low-magnesium calcite, and dolomite. Each

has a known empirically-based angle of diffraction.
3.7  Carbonate Isotope Sampling

A detailed diagenetic profile of select cores was performed through the sampling and
analysis of carbonate isotopes. A complete profile was built for three separate cores at two-foot
spacing intervals within the Middle Badk (Figure 3.3A). An enhanced analysis across calcite-
cemented zones was performed at a one to two inch spacing for these same cores (Figure 3.3B).
Individual powdered samples, averaging one milligram in mass, were collected by using a dental
drill bit on a portable Dremel tool and placed into separate vials (Figure 3.4

Carbonate isotope analysis was conducted at the Center for Stable Isotopes at the
University of New Mexico. Samples were individually weighed and then reacted with
phosphoric acid. This released carbon dioxide, which was measured by a Thermo Scientific
Delta Plus isotope ratio mass spectrometer configured fer T@ analytical program assessed
each sample for oxygen and carbon as a per miledifference to the famed Italian Carrara
marble standard. This data was then converted relative to the internationally recognized Vienna
Pee Dee Belemnite (VPDB) standard.

In this study, the relative oxygen and carbon isotope abundances are presented in the
standard delta/§f notation. This notation expresses the ratio between an elements heavy isotope
and light isotope in a specific sample relative to a set standard. For carbon, the heavy and light
isotopes weré®C and'?C respectively anO and!®O for oxygen. An example of this

calculated ratio for carbon is provided here:
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Carbon versus oxygen crossplots were generated to evaluate the isotope data. The three
cores were assessed individually and their results were comparead-well: Crossplots helped
identify potential diagenetic trends across different depths and facies. High resolution sampling
across cemented-zones helped ascertain whether there were isotopic changes to the ambient
water conditions during the growth of such cements. Isotope crossplots are presented in Chapter

4.4 Results, and raw sampling data is presented in Appendix D.
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Figure 3.3 Carbonate isotope sampling intervals for the Deadwood Canyon Ranch 43-28H core
(yardstick for scale). Yellow dots signify sampling points. A) 2 foot spacing for complete
diagenetic profile. B) 1 % inch spacing for high resolution profile across cemented zone.

Cemented zone is outlined in red.
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Figure 3.4 Example of Dremel tool used to collect carbonate isotopes in this study. Three cores
were regularly sampled and an additional three were sampled for higher resolution detail.
Samples averaged one milligram in mass [Stout, 2012].
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CHAPTER 4 RESULTS

This chapter presents the results for each analytical method used in the study. In certain
locations well names have been omitted due to confidentiality agreements. At the conclusion of
each subseg brief summary will review the interpretations and discussion points drawn from
the analysis7 KHVH VHFW L R @QhéripdtatiorH Tha\heptertb ®istussion will elaborate

in greater detail.
4.1  Core Analysis

Eight vertical Bakken Formation cores were measured and described per the CSM facies
nomenclature (Table 4.1). The Middle Bakken Member was the focal point of each. Figure 4.1
shows a map of the well spots for all eight cores. Complete core descriptions can be found in
Appendix A.

Core analysis provided a macroscopic characterization of the Middle Bakken facies and
their associated styles of calcite cementation. Table 4.1 shows the facies present in all eight
cores. In addition, it is noted whether calcite cements were identified. Cements were seen in
various forms in all cores except the A Trout 6H 3-14. Additional lithological features such as
relative bioturbation, fractures, sedimentary structures, colors, and carbonate allochems are
documented in the core descriptions.

The Middle Bakken is describeda highly heterogeneous lithology, mixed with both
siliciclastic and carbonate sediments [Theloy, 2014]. This same heterogeneity was noted in this
project across the study area. The Anderson Smith and Deadwood Canyon Ranch wells were the
only cores described with all six facies present. Whereas, the Violet Olson, Anderson 28-33,
Wayzetta, and Parshall cores exhibit greater facies variability. The A Trout well was an outlier
among the cores. This well was drilled beyond the depositional margin of the Lower Bakken
Shale and within relatively thinner intervals of the Middle Bakken and Upper Bakken Shale
[Cobb, 2013]. See Figure 4.2 for a representative core description from the Middle Bakken.

Calcite cements were a common feature in seven of the eight cores. Cemented zones
were most often identified by their light grey color. This contrasted with the tan coloration of the
dolomitized siltstone in non-cemented rock (Figure 4.3). The contacts between cemented and
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Table 4.1 Qualitative assessment of the eight cores described in this study. The table lists the six CSM facies of the Middle Bakken, as
well as, the Lower and Upper Bakken Shales. Check marks indicate the presence of calcite cement and a given facies in each core.

Latitude &

Calcite

AP| Well Current Operator Longitude County Field Cements LBS B D E F uBs

48.129138

3306100581 |Deadwood Canyon Ranch 43-28H | Kaiser-Francis A543 | pountrail Sanish v v v vi|iv]|v | Y
48.225069

3306100765 |Anderson 28-33 1-H Statoil ARSUETI | Mountrail Alger v v v vV |V
48.129138

3306100503 |Parshall 2-36H EOG Resources A025091 | mountrail | Parshall v v v VIV |V
48.094157

3306102766 |Wayzetta 46-11M EOG Resources ARNBB| yountrail Parshall v 4 v v |v |V
48.212387

3310501557 |Anderson Smith 1-26H Hess ARIUNT | Williams Capa v 4 v vi|iv]|v | VY
48.892306

3307501407 |A Trout 6H 3-14 Renegade ANE1T541 | Renville Wildcat viIv v | V¥
48.312359

3310501551 |Violet Olson 31-20H Whiting 03.05409 | Williams | Dollar Joe v v v VI v Iiv | V¥
47.993168

3305305475 |Hognose 152-94-18B-19H-TF Enerplus AOZT6565 | pMcKenzie | Antelope v v v v | v v
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non-cemented rock were consistently sharp. Cements were noted with a variety of geometries

and sizes. Larger cemented zones ranged from 1 inch to 2 feet in thickness. These were described
as distinct nodules or layers concentrated in the middle facies (C and/or D facies). Sedimentary
laminae were often observed to thicken into cemented zones of the laminated facies (Figure 4.4).
Smaller, patches of calcite cement ranged from fractions of an inch to 1 inch in diameter. These
patchy, or wispy-shaped, calcite cements were predominantly in the lower, bioturbated facies of
the Middle Bakken (A and/or B facies) although they were present throughout the entirety of the
member. Groups of patchy cements were often connected both vertically and laterally forming
extensive networks of cementation. Patchy cements and the connections between them appeared
to be associated with burrows. The upwards transition between the patchy cements of the lower

facies and the more massive cements of the middle facies was gradational.

SASKATCHEWAN
0

NORTH ' £ A Trout

DAKOTA g ;

Violet Olson9 :‘w

Anderson 28-33
Anderson Smith @ : Deadwood Canyon
' Q Wayzetta

Hognose ) v Parshall

Figure 4.1 Well spots for the eight cores described in this study.

The comparison between vertical and horizontal cores provided an enhanced
understanding of both the lateral continuity of facies and styles of calcite cementation in the
Middle Bakken. The Wayzetta 44-0311H horizontal core was viewed during this study, although
a detailed description is not included. The surface locations of this well and the vertical Wayzetta
core are approximately 1.4 miles apart. Figure 4.4 shows a comparison of calcite cements from
both cores within the same facies. The integration of core types was invaiutide

interpretation of aspect ratios in the layered calcite cements. The growth of cements was
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predominantly in the lateral direction, from parallel to subparallel to the plane of bedding.
Continuous layers exceeding four feet in length were observed in the horizontal core. Cement

growth in the horizontal direction was dominant on both large and small scales.

Table 4.2 Key for the Deadwood Canyon Ranch 43-28H core description (Figure 4.2). The
description combines lithology, sedimentary structures, and calcite cement morphologies through
the CSM Bakken Formation facies nomenclature.

Core Description Key

Bakken Formation Facies:

= ——— C: Laminated and rippled siltst t
A F: Structureless bioturbated dolomitic siltstone = aminaled and rippie 51. stone 10
~ | sandstone. Traces of burrowing and

with brachiopod fragments. — abundant patchy to nodular calcite cement.

| E:Laminated dolomitic siltstone with some -~ = B: Pervasively bioturbated silstone.
_% | Scattered shell fragments and abundant

ks | rippled intervals. Some traces of calcite cement. | Tasss patchy to wispy calcite cement.

D: Lamlyated and rlpp](-ad vig sal-lc'lston.e. * & | A:Siltstone with abundant shell fragments
Alternating carbonate-rich and silica-rich .

. . . & =~ and minor burrowing.
laminae. Calcite cement is layered. = &

el BT |

e

UBS & LBS: Organic-rich siliceous mudstone.

4.1.1 High Resolution Ultraviolet Photographs

Ultraviolet (UV) photos were available for eight vertical cores and two horizontal cores
in this study. This technology has become a critical technique for the evaluation of oil storage in
tight reservoirs such as the Bakken [Hohman & Chuparova, 2014]. UV photos were a useful tool
within the Middle Bakken to associate calcite cemémtke localization of hydrocarbon
saturations. In this study, dull or non-fluorescence is a direct indication of porosity and/or
permeability occlusion by calcite cements.

The combination of whole core analysis with UV photos provided a robust assessment of
cementation in the Middle Bakken. The same variable shapes and sizes of calcite cements were
documented from the photos. However, individual cemented-zones and their related facies could

be evaluated qualitatively for their oil storage capacity.
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Figure 4.3 Representative core from the Violet Olson 31-29H well (C facies) depicting the color
contrast of light grey calcite cement (below red line) versus the remaining dolomitized siltstone
(above red line).
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Figure 4.4 Representative core from the Anderson 28-33 1H well (C facies) depicting the
thickening of sedimentary laminae into a calcite-cemented zone (below red line). The yellow
lines trace thickening laminae across the core [modified from NDIC, 2016].
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Each facies of the Middle Bakken has a characteristic UV fluorescence and degree of
hydrocarbon saturation. Facies E and F in the upper Middle Bakken exhibit a consistent light
blue fluorescence across all cores. Non-fluorescence in these thin bedded dolomitic wackestones
is limited and is associated with thin layers and patches of calcite cement. The C and D facies of
the middle Middle Bakken exhibit the greatest amount of non-fluorescence. In these facies,
calcite cements appear massive and nodular. They occlude pore volumes and decrease
hydrocarbon storage capacity. In certain vertical cores cemented zones were measured up to two
feet in thickness. Any fluorescence in these laminated facies was light blue in color. The lower A
and B facies of the Middle Bakken exhibit the least amount of fluorescence in the member.
Layered and patchy calcite cements do appear to disrupt hydrocarbon saturation. However, the
limited fluorescence may be more related to decreases in depositional porosity and permeability
from pervasive bioturbation. In all cé#tke-cemented zones the contacts between non-fluorescing
cements and the remaining rock fabric are sharp. See Appendix E for a complete set of
ultraviolet core photographs from the Deadwood Canyon Ranch well (courtesy of Kaiser-Francis
Oil Company). The facies boundaries are noted in the photos.

The comparison between vertical and horizontal core photos was invaluable to the
DXWKRUTV X Q@heltdo/pholdgy@ndQ@idefRof calcite cements (Figure 4.5 A&B).
Similarly to the whole core analysis, horizontal core photos provided a visual representation of
the lateral extent of layered calcite cements. The growth of layered cements appears to be
dominant in the direction parallel to subparallel to bedding. Along a three foot section of
horizontal core, a variety of cement shapes were often noted. Individual cemented-zones seemed
to terminate abruptly. These terminationd dot appear to be associated with specific
lithological controls. Figure 4.6 shows a set of horizontal core photos illustrating these variable
morphologies.

4.1.2 Computed Tomography Scans

The incorporation of Computed Tomography (CT) scans provided a window into the
internal structure and heterogeneity of the Middle Bakken. This technique has recently become a
valuable resource in the characterization of tight reservoirs. Both CT scan videos and raw CT

data were utilized in this study. The videos were compiled by Weatherford Laboratories for one
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Figure 4.5 High resolution plane and ultraviolet light photographs for the Wayzetta 46-11M
(vertical) and Wayzetta 44-0311H (horizontal) cores. Vertical and horizontal images are
interpreted to be within the bioturbated upper-B facies of the Middle Bakken. Comparisons
between the two sets provides insight into the lateral extent of calcite-cemented layers. Cements
are indicated in plane light by light grey colors and in UV by dull or non-fluorescence. To guide
the reader, example cemented-zones are tiaged in both plane and UV light. The lack of
fluorescence indicates poor reservoir quality (courtesy of EOG Resources).
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Figure 4.5 continued.
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Figure 4.6 High resolution plane and ultraviolet light photographs for a horizontal core (well
name is not provided). These photos illustrate the variability of calcite cement morphologies and
their abrupt terminations with the non-cemented rock fabric (courtesy of Statoil).
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vertical and one horizontal core. Raw CT data was provided for four vertical cores and evaluated
using software from Ingrain.

CT videos enabled the author to scan entire lengths of core byifin@me to assess
lateral, temporal, textural, and compositional variability [Spaw, 2013]. The images were
effective at elucidating a variety of density contrasts from multiple mineralogies. The assumed,
approximate densities for the primary mineral constituents of the Middle Bakken included:
guartz-rich siltstone/sandstone = 2.65 gm/cc, calcite cement = 2.71 gm/cc, dolomite = 2.87
gm/cc, pyrite = 5.01 gm/cc, and clays ranging from 2.1 to 2.8 gm/cc. Based upon these
assumptions it was possible to interpret the contrasting colors in each image. Figure 4.7 shows a
representative slice from a horizontal core CT video. Calcite cements provide a strong contrast
versus the non-cemented rock fabric. Internally, the patchy, wispy, and irregular morphologies
remain consistent with the previous superficial interpretations. However, the CT images
demonstrate that the internal structure of the rock is often dominated by pervasive cementation.
Additional features that were identified by CT in the Middle Bakken included pyritized zones,
mineralized fractures, sedimentary laminations, contorted bedding structures, and
bioturbation/burrows. Both horizontal and vertical through-going fractures were identified.

Manipulation of the raw CT datasets allowed for an even greater understanding of the
pervasiveness of calcite cements in the Middle Bakken. Utilizing the same mineral constituents
and their respective densities, it was possible, using the Ingrain software, to filter out densities
above and below the assumed value of calcite cement. 3-dimensional (3D) volumes of only the
calcite cement were generated through this process. Figures 4.8B and 4.9B are representations of
these volumes within the C and B facies respectively. The light blue color in eaclnsagex
corresponds to calcite cement.

Qualitative assessment of the 3D volumes corroborates and enhances previous findings.
Calcite cements within the laminated facies of the Middle Bakken are massive. Growth patterns
appear to have been oriented parallel to subparallel to bedding. Significant vertical sections of
reservoir facies were often occluded by cement. Within the lower bioturbated facies the volumes
presented a clearer picture of the relationship between cementation and burrows. Cements trace
burrows both vertically and horizontally and establish pervasive networks through these

conduits. Figure 4.9B portrays this association.
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Figure 4.7 Individual frame from a CT scan video of a three-foot section of horizontal core.
Calcite cements are labeled as the light grey portion of each image. Color contrasts represent the
higher density of calcite cement versus the non-cemented rock fabric. Image at right is a single

slice looking into the core barrel (courtesy of Statoil).
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Figure 4.8 2D image (A) and 3D volume (B) of a 1.5 foot section of vertical core in the C facies
of the Middle Bakken. A) Light grey colors correspond to calcite-cemented zones. Sedimentary
laminae are visible in the image. B) The volume represents only the calcite-cemented pbrtions o
the core. The remaining rock fabric has been subtracted by filtering densities above and below
calcite. Layered cements appear to be oriented parallel to bedding (well name and location is not
provided).
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Figure 4.9 2D image (A) and 3D volume (B) of a 1.5 foot section of vertical core in the B facies
of the Middle Bakken. A) Light grey colors correspond to calcite-cemented zones. B) The
volume represents only the calcite-cemented portions of the core. The remaining rock fabric has
been subtracted by filtering densities above and below calcite. Patchy cements appear to infill
and connect through burrows (well name and location is not provided).
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4.1.3 Routine Core Analysis Data

The macroscopic evaluation of Middle Bakken cements was complemented by the
addition of quantitative information. Routine core analysis (RCA) data was provided for several
wells in the study. Each dataset included the following suite of reservoir properties: porosity,
permeability, grain density, water saturation, and oil saturation. The analyses were run on
regularly spaced core plugs by Weatherford Laboratories. Plug spacing was chosen by the
operators. A qualitative description of the core was made at each plug point by the author. This
included both a general characterizatbrQG DQ 3DFLG WHVW™ WR GHWHUPLQH \
cement. Permeability versus porosity crossplots were utilized to compare reservoir properties of
calcite-cemented zones with non-cemented zones. Figure 4.10 shows a representative crossplot
from the Deadwood Canyon Ranch well. In this example, calcite-cemented samples plot on the
lower end of both porosity and permeability, with mean values of 3.7% and 0.0033mD
respectively. These values are indicative of ultratight non-reservoir rock. The raw RCA dataset

for the Deadwood Canyon Ranch well is located in Appendix B.
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Figure 4.10 Permeability (mD) versus porosity (%) crossplot of regularly spaced core plugs in
the Deadwood Canyon Ranch 43-28H well.
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4.1.4 Interpretation

The integration of multiple core analysis techniques resulted in a comprehensive
macroscopic characterization of Middle Bakken calcite cements. These initial observations
established a foundation, for which the remainder of the project could be built. Calcite cements
have a detrimentampact on the reservoir properties of the Middle Bakken. Cement growth
styles and the associated sedimentary features suggest that depositional porosity and

permeability influenced the pathway of cementing fluids.
The following summary presents the conclusions from this analysis:

1) The timing of calcite cementation in the Middle Bakken is constrained by two
gualitative features. First, the limited saturation of hydrocarbons in cemented-zones
indicates that cementation occurred before regional hydrocarbon migration. Second,
the presence of sedimentary laminae thickening into cemented zones suggests an
early, pre-compaction origin of the cements.

2) There is an association between the laminated C and D facies with the larger, nodular
and layered cements. The lateral growth, parallel to bedding, suggests that
depositional porosity and permeability were an influence on growth. They dictated
the preferential pathways of fluids, which contained the chemicals to precipitate
calcite.

3) Calcite cements are detrimental to reservoir properties in the Middle Bakken. Large
volumes of rock were occluded from regional hydrocarbon charge.

4) The presence of calcite cements is not restricted to areas where the D facies is
present. This suggests it was either not the source of dissolved calcite or not the only

source.
4.2 Integrated Petrography

A microscopic characterization of calcite cements in the Middle Bakken was performed
by integrating standar@dPL microscopy with Cathodoluminescence (CL) microscopy. These
analyses were performed simultaneously to capture the strengths of each technique. While
standard petrographic assessments are common, the application of CL may not be familiar to the

reader. CL analysis is introduced in 4.2.1. The remaining subsets will review the key
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petrographic observations of each Middle Bakken facies in ascending order. Representative

photomicrographs and descriptions are included. The focus of each subset is to stress the

relationship between calcite cements and the respective sedimentary and textural features of each

facies. When available, core analysis and X-Ray Diffraction (XRD) data were added to

complement the assessment. All images are from the Deadwood Canyon Ranch 43-28H well.
NOTE: Two thin sections were made from each facies. These included batids calc

cemented and non-cemented examples. RCA and XRD were performed adjacent to most

samples. Complete XRD data is available in Appe@iAnalysis was not performed on facies

AorF.

4.2.1 Cathodoluminescence Analysis

Cathodoluminescence (CL) petrography was an invaluable tool in this study because of
its ability to help distinguish detrital, authigenic, and diagenetic phases in sedimentary rocks. In
carbonate-bearing rocks, CL provides the basis for understanding fundamental diagenetic
relationships between grains, matrix, cements, porosity evolution, and common replacement
reactions [Hiatt & Pufahl, 2014]. The paragenetic sequence between calcite cementation and
dolomitization is a key question of this study. CL helped decipher that story.

Early diagenesis of carbonate-bearing rocks is controlled by the interaction and exchange
of pore fluids. The geochemical makeup of these fluids includes a suite of ions that are each
indicative of specific redox conditions in the shallow subsurface. Two ions, in particular, are
known for their influence on CL [Budd et al., 2000]. Mangafie@én) and Iro* (Fe) are both
common trace elements in naturally-occurring calcites. Both fit into the crystal structure of
carbonates through substitution with calcium (Ca) and magnesium (Mg). During CL thin section
analysis, the presence of luminescence in carbonates suggests varying amouftsant g"
in the sample. Budd et al. (2000) explained that'Nkithe main activator and ds the main
guencher of visible CL in carbonate-bearing rocks.

By evaluating the luminescence of a sample, CL petrography may be used to interpret
whether or not multiple generations of fluids have influenced its diagenetic history. The color
and intensity of luminescence across a sample may be associated with different oxygen levels in
the diagenetic pore waters [Hiatt & Pufahl, 2014]. A ubiquitous, or uniform, luminescence across

a sample suggests a single generation of fluids has imprinted upon its chemical makeup.
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Whereas, a sample that exhibits variable luminescence is indicative of multiple phases of fluids

carrying differing concentrations of Mhand Fé*. These differences suggest changes in the

redox conditions during the diagenetic evolution of the rock. Table 4.3 presents Hiatt and

Pufak O 1V LQWHUSUHWHG Uunhaterxyder @Yo kt&te BHVN Znd AeQ SR UH

and the expected CL characteristics.

Table 4.3 CL characteristics and their association with varying oxygen levels and cations in early
diagenetic pore waters [Hiatt & Pufahl, 2014].

Oxygen Level Cations present in porewater CL characteristics
O,-rich Mn* /Fe™ Dull/Dark
O;-poor Mn~ /Fe™” Bright Yellow-Orange

Anoxic porewater

Mn*"/Fe** Dark Red to Black

Table 4.4 Key to the abbreviations in all photomicrographs.

Photomicrograph Label Key
D Dolomite
Q Quartz
CC Calcite cement
P Pyrite
Z Zircon

4.2.2 Middle Bakken +B

Patchy calcite cements are pervasive throughout this bioturbated and very fine grained

unit. Petrographically, these patches are visible with a variety of sizes and degrees of

cementation, which yields a fractal and chaotic nature. Bioturbation appears to be the dominant

control upon cemented fabrics. The cements, in turn, dictate the reservoir properties. Occluded

porosity and permeability due to cementation is viewed with a ubiquitous luminescence in CL.

This suggests the overprinting by a single phase of cementing fluids. XRD mineralogy reflects

this as cemented-fabrics are related to high percentages of calcite and relatively low quartz,

dolomite, and clay. In the absence of calcite cement, quartz is the dominant mineral constituent
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and establishes the intergranular porosity. Rhombic and zoned dolomite is present in such
conditions. Dolomite zoning is particularly well documented by CL. Marine carbonate debris is
prevalent regardless of the presence of calcite cement. The fragmented remains of brachiopods
are most common throughout facies B.

Figure 4.11A Sampled at 10,127.3 ft. € 7.5%, k = 0.0044mD, 7% calcite, 9% dolomite, 41%
quartz, 13% clays). The sample is predominantly composed of well sorted, subangular quartz
grains that are often clay-coated. Porosity is predominantly intergranular. Some porosity is
occluded by minor patches of calcite cement. Equant, rhombohedral dolomite is common,
although difficult to discern in plane polarized light. Stylolites commonly enhance porosity in the
sample (traced in yellow). Brachiopod fragments are the most common carbonate allochem.

4.2.3 Middle Bakken +C

Nodular and layered calcite cements are typically associated with facies C. Individual

photomicrographs can portray entire samples cemented with calcite, which is associated with the
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Figure 4.11B Under CL, varying degrees of luminescence are present suggesting multiple
phases of diagenetic fluids have impacted the system. Luminescent, rhombohedral dolomites are
often zoned indicating more than one phase of growth. The luminescence of quartz grains and
the minor calcite cement are relatively quenched in the image. The bright blue coloration of
quartz grains under CL suggests high-temperature metamorphic origins [Augustsson &

Reker, 2012].
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Figure 4.12A Sampled at 10,125.9 ft. £ 3.0%, k = 0.0024mD, 45% calcite, 7% dolomite, 29%
quartz, 8% clays). Pervasive calcite cements are the dominant feature and occlude most pore
space. Some angular to subangular quartz is present. Dolomite crystals are rare in calcite-
cemented zones. Carbonate allochems include delaminated brachiopod fragments (traced in
yellow) and crinoid fragments. Silty laminae are sometimes noted to thicken in the direction of,
and into, cemented-zones. An example of this bifurcation is shown in Figure 4.14.
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Figure 4.12B There is a ubiquitous dull luminescence across the sample. Calcite cements exhibit
the most luminescence, while quartz grains and dolomite crystals are quenched. Quartz and
dolomite are commonly matrix-supported. The carbonate allochems appear to be in optical

continuity with the calcite cement crystals. This suggests a singular episode of diagenesis has
overprinted the sample.
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Figure 4.13 Example of bifurcating silty laminae around a zone of calcite cement. Yellow lines
trace the laminae and indicate their trajectory off-image. Cement is indicated by the pervasive
Alizarin red staining. This feature is consistent with similar observations made in core analysis.

occlusion of large pore volumes. Intergranular porosity exists in non-cemented portions of facies
C, and is typically between quartz grains and some euhedral dolomite. CL photomicrographs
portray varying degrees of luminescence associated with the presence or absence of calcite
cement. Dull and uniform luminescence is prevalent where calcite cement is the dominant
diagenetic feature. Contrastingly, luminescent euhedral dolomite rhombs are present in the
absence of calcite cement. The zoning of dolomite suggests multiple phases of growth.
Additional features of facies C include occasional carbonate debris and porosity-enhancing

stylolites.
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Figure 4.14A Sampled at 10,115.6 ft. £ 7.6%, k = 0.0084mD, 6% calcite, 11% dolomite, 37%
guartz, 14% clays). The sample is predominantly moderately sorted, angular to subangular quartz
of larger maximum grain size than facies B. Porosity is predominantly intergranular. Minor
amounts of calcite cement do occlude some porosity. Stylolites are present in the sample and
commonly filled with organic matter. Delaminated brachiopod fragments are the primary
carbonate allochem but are less common than in facies B.
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Figure 4.14B Under CL, the sample exhibits variable luminescence. This suggests multiple
phases of diagenetic fluids have passed through the system. Zoned, euhedral dolomite rhombs
are prevalent and often were noted with euhedral terminations. This is a common feature of
reservoir enhancement via dolomitization. Dolomites exhibit the brightest luminescence in the
sample. Calcite cements and quartz grains were quenched.
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Figure 4.15A Sampled at 10,114.8 ft. £ 2.9%, k = 0.0016mD, 57% calcite, 5% dolomite, 21%
quartz, 7% clays). The sample is pervasively cemented by calcite. Porosity is mostly occluded by
the cement. Moderately sorted, angular to subangular quartz grains are present and most often
matrix-supported. Carbonate allochems are infrequent. Delaminated brachiopod fragments are
the most common bioclastic debris (traced in yellow).
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Figure 4.15B Under CL, the sample exhibits ubiquitous dull luminescence. This indicates the
overprinting of a single phase of diagenetic fluids. Calcite cements are the most luminescent
feature, while quartz and dolomite grains are quenched. The calcite cements and any allochems

are in optical continuity throughout the sample.

4.2.4 Middle Bakken +D

The alternation between siliciclastic and carbonate-rich grains is characteristic of facies
D. This is the coarsest grained unit of the Middle Bakken (upper fine grain size); however, the
majority of the pore space is occluded by calcite cements. Under PPL and CL the visible
intergranular porosity is most often associated with the siliciclastic-rich laminae. In these zones
CL portrays varying degrees of luminescence, which demonstrates multiple phases of diagenetic
fluids have passed through the system. The presence of zoned dolomite reinforces this.
Carbonate-rich laminae are often entirely cemented and exhibit a ubiquitous and dull
luminescenceThis is reflective of a single phase of diagenetic fluids overprinting the rock
fabric. XRD analysis is consistent with these trends. Additional information regarding facies D
of the Middle Bakken may be found from the work of Listiono (2016).
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Figure 4.16A Sampled at 10,085.7 ft. &nd k not available, 67% calcite, 1% dolomite, 21%
guartz, 3% clays). The sample is rich with carbonate allochems in the form of broken ooids,
delaminated brachiopod fragments, and echinoderm fragments. Calcite cements are pervasive,
but they have not occluded all pore space. Poorly sorted, subangular quartz grains have the
largest maximum size of any facies. Intergranular porosity is primarily between quartz grains but
also in spaces not entirely filled by calcite cement.

71



Figure 4.16B Under CL, there is variable luminescence across the sample. Some zoned, euhedral
dolomite rhombs are present and their zoning suggests multiple phases of growth. Quartz grains
are quenched. Calcite cements and carbonate allochems exhibit varying degrees of luminescence.
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Figure 4.17A Sampled at 10,085 ft. € 2.5%, k = 0.0022mD, 70% calcite, 3% dolomite, 17%
quartz, 3% clays). Carbonate allochems are pervasive in the sample. Syntaxial overgrowth of
whole and fragmented echinoderms is common by calcite cement (traced in yellow). Both
broken and whole ooids are present in the sample. Subangular quartz grains float within a matrix
of pervasive calcite cement. Porosity is not easily identifiable in the sample. Dolomite grains are
rare.
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Figure 4.17B The sample exhibits a ubiquitous luminescence under CL. Carbonate allochems

and calcite cement appear in optical continuity and exhibit the same degree of luminescence.
This suggests one phase of diagenetic fluids has overprinted their crystal structures. Quartz
luminescence is quenched, and there are a few zoned dolomite rhombs across the sample.

425 Middle Bakken +E

Pervasive dolomitization is apparent through both PPL and CL in facies E. Euhedral and
zoned dolomites are common in this thin-bedded unit. Individual rhombs portray alternating
growth bands of dull and bright luminescence, which suggests an evolution over multiple phases.
Traces of calcite cement are visible in intergranular spaces, although, facies E does not contain
the pervasive calcite cementation visible in B through D. PPL and CL photomicrographs depict
intergranular porosity amongst quartz and dolomite grains. Argillaceous silty laminae have the

most detrimental influence on reservoir properties within this facies.

74



Figure 4.18A Sampled at 10,084 ft. € 5.9%, k = 0.046mD, XRD not available). This sample
exhibits alternating layers of argillaceous silty laminae (traced in yellow) with coarser quartz-
rich silty laminae. Calcite cements and carbonate allochems are rare. Intergranular porosity is

visible. Equant dolomite rhombs appear are rhombohedral and pervasive throughout the sample.

Quartz grains are well sorted and range from angular to subangular.
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Figure 4.18B Under CL, the sample exhibits variable luminescence. Equant dolomite rhombs
appear zoned and are pervasive. This is the most pervasively dolomitized of any facies in the
study. The zoning of individual crystals suggests that dolomite rhombs grew in multiple phases.
Quartz luminescence is quenched throughout the sample.

4.2.6 Interpretation

Integrated petrography was an effective tool to characterize the micro-scale influences of
calcite cements on the Middle Bakken facies. Many of the findings were consistent and further
supported those made through core analysis. The pairing of PPL photomicrographs with CL
photomicrographs was a powerful tool to view diagenesis at a grgirain level. Across all
facies there is a consistent relationship between pervasive calcite cementation and ubiquitous
luminescence. Under plane and polarized light, cements typically appear in optical continuity
with other calcite-bearing grains. CL analysis corroborates this, and exhibits a singular degree of
luminescence across these same zones. These features suggest that calcite cementation has
overprinted the crystal structures as a single episode of fluids. However, these petrographic

results do not signify whether this overprinting was contemporaneous across all samples and
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facies. Incorporating the isotopic variability across cemented zones will help determine whether
these different phases of fluids are from a singular origin.

By comparing calcite-cemented samples with non-cemented samples it is apparent that
pervasive dolomitization has only occurred in minimally to non-cemented zones. This suggests
an important timing relationship between calcite cementation and dolomitization. The calcite
cements likely formed earlier and occluded the pore spaces inhibiting dolomitization. Across the
Williston Basin, pervasive dolomitization is a primary drieéreservoir enhancemeint the
Bakken Formation.

The following summary presents the conclusions from this analysis:

1) Rhombohedral, zoned dolomite crystals are less frequent in conjunction with
pervasive calcite cement and exhibit dull luminescence. This suggestgtbasl
calcite cementation occurred prior to regional dolomitization. Under this scenario,
porosity and permeability were occluded by calcite cements thereby blocking these
zones from dolomitizing fluids.

2) Syntaxial overgrowth of carbonate allochems is common in cemented zones. This
feature is often associated with phreatic conditions. Both meteoric and marine sources
are possible.

3) Calcite cements are detrimental to reservoir quality properties in the Middle Bakken.
On a micro-scale it is clear that cements occlude large volumes of pore space. This

supports the findings drawn from core analysis.
4.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) offered the highest level of resolution in this study.
This component of the research included the combination of phase contrast detection through
backscatter electron (BSE) imaging with the elemental identification of energy dispersive
spectroscopy (EDS). The analytical program used by the Colorado School of Mines generated
composite image built upon a series of overlain layers. Individual layers included a BSE base
that highlighted grain boundaries, followed by elemental maps for silicon, calcium, magnesium,
and aluminum. Each map served as a mineralogical proxy. Silicon represented quartz, calcium

represented calcite (cement), magnesium represented dolomite, and aluminum represented
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orthoclase feldspar grains and pores lined with clays. The color scheme for each element/mineral
is consistent across all figures.

Many of the same sedimentary and textural features were noted between this technique
and those discussed in section 4.2. This section will focus more on the analytical strengths of
SEM (BSE + EDS). These include porosity characterization, and the assessment of mineralogic
variability and replacement reactions. The remaining subsets will present representative
descriptions and photomicrographs for the same thin sections analyzed through integrated
petrography. Figures 4.19 through 4.33 follow a consistent pattern for each facies. The first
image in a sequence portrays a lower magnification view and a red box highlights the enhanced

field of view in the second image.
4.3.1 Middle Bakken B

SEM photomicrographs depict the interplay between patchy calcite cements and
hydrocarbon storage capacity in facies B. In the absence of calcite cement, porosity is occluded
by pore-lining clays and enhanced by dolomite. Clays are identified lining pore spaces and
aluminum-colored grains highlight the presence of orthoclase feldspar. Euhedral dolomite
rhombs and quartz grains establish the bulk of available porosity in zones that are not cemented
by calcite. When present, pervasive calcite cements appear as networks of interlocking equant
crystals. These crystals appear to grow larger as their distance from other grains increases
indicating the original pore volume present before cementation. There is less dolomite present in
samples cemented with calcite, and the majority of the dolomite in thesev situations appears to
be weathered. This is indicative of detrital origins. In the absence of calcite cement, facies B is

pervasively dolomitized.

4.3.2 Middle Bakken +C

In the absence of calcite cement, intergranular porosity amongst quartz and dolomite is
well developed witim facies C. In these circumstances SEM photomicrographs depict euhedral
and rhombic dolomite grains. This type of dolomite crystal structure is indicative of authigenic
growth. Clay-lined pores and orthoclase feldspar grains also appear to be more common in the
absence of calcite cement. In the presence of calcite cement, all other mineral constituents are
limited and porosity is occluded. Often, entire samples are cemented with calcite due to their

massive and nodular nature in facies C. Calcite crystal growth appears to be equant and there are
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Figure 4.19 Sampled at 10,127.3 ft. £ 7.5%, k = 0.0044mD, 7% calcite, 9% dolomite, 41%
quartz, 13% clays). This representative BSE image is the only one shown in the section. It
reflects the different densities of the constituent grains (via the atomic number for the elements).
Among carbonates, darker grains represent dolomite and lighter grains represent calcite.
Intergranular porosity is pervasive in the sample and shown by black voids. Patchy calcite
cements are rare but in some cases completely fill some intergranular voids. Subangular quartz

grains are common.
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Figure 4.20 Sampled at 10,127.3 #.£ 7.5%, k = 0.0044mD, 7% calcite, 9% dolomite, 41%
guartz, 13% clays). This composite BSE+EDS elemental map reflects the heterogeneity in the
sample. The yellow grains represent the pervasive quartz, purple highlights the euhedral
dolomites, blue shows the limited extent of patchy calcite cement, and green shows the presence
of orthoclase feldspar grains and pore spaces lined by clays. Trace grains in this sample include
pyrite and a few zircons.
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Figure 4.21 This higher resolution map demonstrates the interplay between pervasive quartz,
dolomite, and clays in the sample. Pore-filling dolomites are common as well as equant
rhombohedral dolomites. Patchy calcite cements are sporadic in the image and do not completely
occlude pore spaces, which are identified as black void spaces. Clay-lined pores appear to be the
biggest detriment to hydrocarbon storage capacity in the sample.
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Figure 4.22 Sampled at 10,125.9 f. £ 3.0%, k = 0.0024mD, 45% calcite, 7% dolomite, 29%
guartz, 8% clays). Pervasive calcite cement is the dominant feature in the sample. Minute pore
spaces are visible but infrequent. Subangular quartz grains and dolomite are commonly floating
in the cement matrix. Most of the dolomite appears weathered with subrounded corners versus
the equant rhombs seen in the previous sample. This suggests detrital origins. Trace grains in the
sample include orthoclase feldspar, pyrite, rutile, and clays.
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Figure 4.23 Under higher magnification, the poor sorting of subangular quartz grains is apparent.

Dolomite grains appear to be mixed but are predominantly weathered (detrital). Calcite cements

have occluded the majority of the pore space. Calcite crystals are granular and appear to have

grown largest away from the grains. Clays are present coating some pore spaces. Orthoclase
feldspar grains are shown in green.
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Figure 4.24 Sampled at 10,115.6 ft. £ 7.6%, k = 0.0084mD, 6% calcite, 11% dolomite, 37%
quartz, 14% clays). The sample is a heterogeneous mixture of predominantly angular to
subangular quartz grains and rhombohedral dolomite. Intergranular porosity is pervasive

although clays appear to line most pores. Patchy calcite cements fill many of the intergranular

spaces, but they are not a dominant feature of the sample. Trace grains include pyrite, zircons,
and phosphorus-rich allochems.
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Figure 4.25 This well sorted sample is grain-supported by predominantly quartz and dolomite.
Dolomite exists as both networks of pore-filling crystals and as individual rhombs. The
individual dolomite crystals are variable in size. Intergranular porosity is prevalent in the sample
and appears to be most occluded by clays. In addition, clays are commonly coating pore spaces.
Several trace grains are present.

85



Figure 4.26 Sampled at 10,114.8 f.£ 2.9%, k = 0.0016mD, 57% calcite, 5% dolomite, 21%
guartz, 7% clays). Calcite cement is the predominant feature in this sample. Pore spaces are
mostly occluded and the remaining grains are supported by the calcite matrix. Dolomite grains
appear mixed between weathered and rhombohedral forms. Quartz and orthoclase feldspar grains
are present. Trace grains include pyrite, rutile, and zircons.
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some indications of syntaxial overgrowths. Dolomite grains appear more weathered with

rounded edges and breakage features.

Figure 4.27 Quartz, dolomite, and clay-coated grains are floating in a calcite matrix. Calcite
crystals are blocky and have often grown largest away from the grains. The remaining pore space
is limited and appears to be within the calcite cement. Both weathered and rhombohedral
dolomite grains are present in the sample. Weathered dolomite appears to be more prevalent.

4.3.3 Middle Bakken D

The intergranular porosity in facies D is typically limited. The abundance of calcium
carbonate in this facies suggests pervasive dissolution and re-precipitation was likely. Syntaxial
overgrowths of echinoderms are common within facies D. SEM photomicrographs depict equant
calcite crystals in both cements and bioclasts. Porosity appears to be best developed in the
siliciclastic-rich laminae of facies D. In these circumstances rhombic dolomite is more prevalent.
Otherwise, in the carbonate-rich facies, dolomite grains appear to be more weathered. This
suggests an abundance of detrital dolomite where calcite cements are dominant.
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Figure 4.28 Sampled at 10,085.7 f. &nd k not available, 67% calcite, 1% dolomite, 21%
guartz, 3% clays). This sample is poorly sorted and heterogeneous. Angular to subangular quartz
grains are common, as well as, multiple forms of dolomite. These forms include pore-filling
cements, weathered, and euhedral rhombs. The dolomite content increases upwards in the
sample. Calcite cement is pervasive although the sample still appears grain-supported. Calcite
grains are predominantly granular. Porosity is variable throughout the sample. Intergranular
pores are most common but there do appear to be some voids within the calcite cement.
Orthoclase feldspar grains are present, as well as, clay-lined pores.
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Figure 4.29 Calcite cement is pervasive across the sample although traces of porosity are
indicated by black void spaces. The limited porosity is predominantly intergranular and some of
it is clay-lined. The granular nature of calcite crystals is clearer. Both quartz and orthoclase
feldspar grains are visible. A patch of pore-filling dolomite is clear in the upper-right portion of
the image. Otherwise, both weathered and rhombohedral forms are present.
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Figure 4.30 Sampled at 10,085 ft. £ 2.5%, k = 0.0022mD, 70% calcite, 3% dolomite, 17%
quartz, 3% clays). Calcite has ubiquitously cemented this sample. Carbonate allochem
boundaries are visible although they appear to be syntaxially-cemented. Visible allochems
include ooids and echinoderms. The remaining quartz, dolomite, and orthoclase feldspar grains
appear to be floating in the cement matrix. Dolomite grains appear in both weathered and

rhombohedral forms. Porosity is mostly occluded.
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Figure 4.31 The syntaxial cementation of carbonate allochems is clearer. Calcite crystals are

mostly granular in nature. Weathered dolomite grains are scattered throughout the sample and

some smaller rhombohedral dolomites are present. Subangular quartz grains are present in a

variety of sizes and are matrix-supported. Porosity is mostly occluded. Pyrite is the only trace
grain identified.

4.3.4 Middle Bakken +E

Calcite cements are uncommon in facies E. When present, they are typically visible
within scattered intergranular pore spaces. As a result of the limited cement, facies E is
pervasively dolomitized. SEM portrays a relatively angular grain fabric among both quartz and
dolomite grains. The majority of dolomite grains appear as individual authigenic crystals;
however, there does appear to be some pore-filling dolomite. Weathered dolomite is uncommon.
Clay-lined pores and orthoclase feldspar grains are pervasive throughout facies E. Porosity is
well developed between quartz and dolomite grains, although there is some occlusion by clays

and the aforementioned cements.
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Figure 4.32 Sampled at 10,084 ft. € 5.9%, k = 0.046mD, XRD not available). This well
sorted, grain-supported sample is predominantly angular quartz. Dolomite grains are
predominantly rhombohedral in nature. Some pore-filling dolomite is present. There is
intergranular porosity throughout the sample. Calcite cements are rare but do fill some
intergranular voids. Both orthoclase feldspar grains and clay-lined pores are present.
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Figure 4.33 The enhanced view highlights both the quartz-rich nature and the euhedral nature of
dolomite in the sample. Intergranular porosity is clearer and well established. Some calcite
cement is present but it does not completely fill the pore spaces. The lower-right portion of the
image portrays an amalgamation of dolomite rhombs. Orthoclase feldspar grains and clay-lined

pores are both apparent in the sample.

4.3.5 Interpretation

The micro to nano-scale resolution of scanning electron microscopy, and its related tools,
was a powerful addition to the comprehensive characterization of Middle Bakken calcite
cements. This enhanced view allowed the author to test findings from the previous analyses and
draw additional ones. Earlier interpretations of calcite cement morphology were consistent with
SEM analysis. The syntaxial overgrowth of carbonate allochems is a common feature within
calcite-cemented zones. In addition, the occlusion of porosity by cements was much clearer.

The relationship between calcite cement and dolomite was further developed through
SEM analysis. A trend was established between dolomite morphology and the presence or
absence of calcite cement. The two noted forms of dolomite across all samples included

weathered dolomite with rounded edges and/or breakage features and euhedral dolomite. The
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presence of weathered dolomite suggests detrital origins, whereas euhedral dolomite suggests
authigenic origins via dolomitization. In all calcite-cemented samples there was a higher relative
proportion of detrital dolomite to authigenic dolomite. In all minimally to non-cemented samples
the opposite was noted.

The following summary presents the conclusions from this analysis:

1) The greater proportion of detrital dolomite to authigenic dolomite, in calcite-
cemented zones, suggests that cementation preceded the dolomitization phase. This
finding is consistent with petrographic analysis.

2) Syntaxial overgrowth of carbonate allochems by calcite cement is a common texture
throughout the Middle Bakken. It is particularly prevalent in the allochem-rich D
facies. This style of cementation is often attributed to early growth in a phreatic
environment. This finding is consistent with petrographic analysis.

3) SEM analysis did not identify de-dolomitization as a common feature in the Middle
Bakken. Previous work by Alexandre (2011) identified this diagenetic phase in

Montana.
4.4  Stable Isotope Geochemistry

Carbonate isotope sampling was performed across multiple cores to help decipher the
complex diagenetic history of the Middle Bakk@ihis analysis was conducted to better
understand the unique biogeochemical environment where calcite cements formed in the
Famennian through Tournaisian aged rock. Certain environment&Eatldd RZ WKH HDUWK{V
have well established isotopic fingerprints due to the preferential fractionation of heavy and light
isotopes. The objective of isotope sampling was to compaieL V \WMddHeBekkén dataset
with other published isotope values. These included Devonian-Mississippian age brachiopod
shell calcite (Van Geldern et al., 2006; Mii et al., 1999), calcite-filled fractures in the Bakken
Formation (Pitman et al., 2001), and carbonate cements precipitated through the alteration of
organic matter (Curtis, 1978). These comparisons could help constrain both the environmental
and temporal conditions under which calcite cements formed in the Middle Bakken.

The dataset from this study was constructed by regularly-spaced sampling for carbonate
isotopes in three cores. The cores included the Deadwood Canyon Ranch 43-28H, Wayzetta 46-

11M, and Parshall 2-36H wells. They were selected based upon previously identified facies
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variations from welko-well. Measured carbon and oxygen isotopes were assessed in each core
for stratigraphic variability. This documented any localized environmental changes. Regional
environmental changes were evaluated by comparing the isotope values of all three cores. In
addition, high resolution isotope sampling was performed from edge to edge across cemented
zones in each well. This was done to ascertain whether changes occurred to the ambient water
conditions during the growth of cements, based upon the assumption that the cements at the
center precipitated earlier than those at the outer edges [Klein et al., 1999].

A single brachiopod fragment from the Deadwood Canyon Ranch core was sampled as a
guality control measure. The shell of articulate brachiopods, like those found within the Bakken
Formation, is typically composed of low-Magnesium (Mg) calcite [Diener et al., 1996]. In
nature, pure calcite is the most stable crystallographic form of the mineral, although in the
marine realm it is rarely present [Humphrey, 2014, personal communication]. Instead, calcite
exists as a polyphase assemblage of calcium carbonate and other substituting ions. Mg is a
common replacement ion, and as its presence increases in calcite the product becomes
increasingly more soluble [Humphrey, 2014, pers. comm.]. Therefore, over geologic time a
brachiopod shell originally composed of low-Mg calcite is more resistant to diagenesis than
higher-Mg carbonate sediments. An unaltered brachiopod would exhibit the same isotopic
composition as the marine conditions at the time of its formation.

Isotope values for the brachiopod sampled in this study were +3.96 and\-f@0
carbon and oxygen respectively. These values were compared with literature values for unaltered
brachiopods of the Late Devonian and Early Mississippian. Figure 4.35 demonstrates that the
values for the sampled brachiopod are not consistent with the literature. Oxygen isotopes in the
brachiopod are enricheeB A in 0 relative to literature, and carbon isotopes show slight
enrichment of3C. This suggests the brachiopod, and potentially the Middle Bakken, has
undergone an isotopic shift from its formative marine conditions, or it represents an analytical
error. The larger shift in oxygen may reflect its greater susceptibility to meteoric alteration

relative to carbon [Humphrey, 2015, pers. comm.].
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Figure 4.34/**Carbon versug*®0xygen crossplot comparing the sampled brachiopod from the

Middle Bakken (labeled by the shell) with literature values for unaltered brachiopods in the Late

Devonian and Early Mississippian. The boxes indicate the isotopic ranges during each respective
time frame. Literature sources include Mii et al., 1999 and Van Geldern et al., 2006.

In addition to the brachiopod, 114 powdered samples were collected from Middle Bakken
rock matrix and analyzed fof*C and /0O (Figure 4.36). 76 samples were collected from
calcite-cemented zones and the remaining 38 were noted as non-cemented. In the diagenetically-
altered calcite-cemented zones, M€ values ranged from +4.58 to -4 86 and the/*%O
values ranged from -2.64 to -5.88 Contrastingly, the non-cemented zones were a tighter data
cluster. /*3C values ranged from +0.87 to -1.A5and the/®0 values ranged from -2.99 to -
4.67A.

Figure 4.36 shows a crossplot of all carbonate isotopes analyzed in this study. The data
shows the brachiopod has been enriched in the heavier oxygen isotope relative to the 114 other
points. Carbon values are relatively consistent between them. The brachiopod represents a single
data point and analytical error is highly probable.

A comparison between all isotopes collected in this study and the aforementioned

Devonian-Mississippian literature values shows a stronger correlation (Figure 4.37). Middle
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Bakken oxygen values are slightly enriched®@, but carbon values remain relatively

consistent. In addition, a comparison with the isotopic data from Pitman et al. (2001) shows

similar results; slight variations O and similarity amongséC YDOXHV 3LWPDQTV GDWL
collected from calcite-cemented fractures in the Middle Bakken, and it serves as an appropriate
benchmark for the data collected in this study. Figure 4.37 shows a crossplot of all the data for

comparison.

Figure 4.35/*%Carbon versug*®0xygen crossplot comparing 114 rock matrix samples to the
brachiopod sample. Amongst the matrix samples 76 were identified as calcite-cemented and 38
as non-cemented.
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Figure 4.36/*3Carbon versug*®0xygen crossplot comparing the data collected in this study
with literature values. Literature sources include Late Devonian-Early Mississippian unaltered
brachiopods from Mii et al. (1999) and Van Geldern et al. (2006) and calcite-cemented fractures

within the Middle Bakken from Pitman et al. (2001).

4.4.1 Interpretation

Stable isotope analysis was a useful tool to interpret the environmental conditions under
which calcite cements formed in the Middle Bakken. Additionally, it provided a window to

assess potential diagenetic alterations to these cements through geologic time.
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The isotopic signatures for 114 Middle Bakken matrix samples are relatively consistent
with Late Devonian-Early Mississippian literature values. The calcite cement values collected in
this study do not reflect the highly depleted carbon-13 signature of biogenically-driven
cementation. Table 4.4 represents the empirically-derived isotopic ranges for cements
precipitated in the presence of the biogenic alteration of organic matter. Curtis (1978) identified
six diagenetic zones in the subsurface of increasing depth, each with characteristic carbon-13
signatures. The carbon-13 fingerprints of biogenic cementation are less tfanS2@ificantly
more depleted than the samples analyzed in this study.

Table 4.5 Six diagenetic zones within compacting marine mudstone sequences identified by
Curtis (1978). The table reflects the variable temperatures, carbon isotopes, and carbonate
precipitates with increasing depth [modified from Curtis, 1978].

Alternatively to biogenic-origins, the isotope data from the Middle Bakken suggests the
calcite cements were sourced from the dissolution of detrital carbonate and marine skeletal
debris in the Bakken Formation. Isotopes analyzed in this study are relatively consistent with
contemporaneous literature values. The enrichment of oxygen isotopes relative to literature is

representative of re-equilibration to meteoric waters through geologic time. The carbon
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VLIQDWXUHV RI WKH WZR GDWDVHWYV DUH FBakesmllatizecEOH DQG
resistance to diagenesis [Humphrey, 2015, pers. comm.].

Higher resolution isotope sampling across calcite-cemented zones provided insight into
chemical changes within the subsurface waters during the growth of cements. Growth of cements
is dependent upon a continuous influx of subsurface waters oversaturated with respect to calcium
carbonate [Humphrey, 2015, pers. comm.]. Assuming that the cements grew outwards from a
point of nucleation, they would have entrained the carbon and oxygen isotopic signature of the
surrounding waters. These signatures can exhibit slight variability through time as waters are
continually pumped through the system [Humphrey, 2015, pers. comm.]. Isotope profiles were

built across several cemented-zones and they reflected these changes (Figure 4.38).

Figure 4.37 Carbon-13 (left) and oxygen-18 (right) isotope profiles across a cemented zone in
the C facies of the Middle Bakken (outer rims of cement traced in red). This example is from the
Deadwood Canyon Ranch 43-28H core. The x-axis represents per mille changes in carbon and
oxygen isotope values, and the y-axis represents depth in core across the cemented zone. Isotope
fluctuations are traced by the yellow lines.
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Overall, the isotope trends identified betweerMhV W X G\V GDWDVHW DQG OLW
consistent with previous findings in the project. Qualitative analyses suggest the calcite cements
formed relatively early in the post-depositional history of the Middle Bakken. Isotope data
reflects early origins from the dissolution of detrital carbonate and re-precipitation as cement.
Otherwise there were no apparent stratigraphic trends amongst the isotopes sampled in this

study.
The following summary presents the conclusions from this analysis:

1) Carbonate isotope values analyzed in this study are consistent with marine conditions
of the Late Devonian-Early Mississippian time frame. This suggests the source of
original calcium carbonate, in calcite-cemented zones, came from the dissolution of
detrital carbonate within the Bakken Formation.

2) Isotope values in this study are not consistent with the isotopic signature of

biogenically-driven cementation (i.e., methanogenesis).
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CHAPTER 5 DISCUSSION

The combination of core analysis, integrated petrography, SEM microscopy, and stable
isotope geochemistry yielded a comprehensive characterization of Middle Bakken carbonate
diagenesis. Many interpretations were corroborated by the integration of qualitative and
guantitative research methods. This chapter presents a synthesis and discussion of the results

described in Chapter 4.
5.1 Macroscopic Characterization of Cements

The relationship between sedimentology and calcite cement morphology was a consistent
theme of this study. Facies with higher depositional porosity and permeability were often host to
layered and nodular calcite cements. The dimensions of these cemented zones were noted to
exceed multiple feet in both vertical and horizontal directions. However, pervasive bioturbation
and post-depositional alteration of reservoir properties was typically associated with patchy and
irregular calcite cements. In these zones, interconnected networks of calcite cement appeared to
trace both horizontal and vertical burmw

The growth of more massive cements in the laminated facies of the Middle Bakken is
consistent with analogous studies such as Dutton (2008). Her work on calcite cements in deep-
water sandstones associated depositional architecture with the preferential growth of laterally
extensive carbonate-cemented layers. The movement of cementing fluids was predominantly
oriented parallel to bedding and constrained between zones of lower porosity and permeability.
The controls on cementation in the C and D facies of the Middle Bakken may have a similar
explanation.

Within the bioturbate® facies of the Middle Bakken, the controls on patchy calcite
cements may be explained by the work of Fligel (2004). Through his evaluation of the impact of
bioturbation and burrowing on diagenesis, he determined that certain processes may selectively
increase individual bed permeability. The back-filling of burrows by organisms with coarser
VHGLPHQWY LV RQHHWHR®AMLRIIFELZKLFK PD\ HQRmIp&E,FH UHVHL
2004]. A situation like this would result in the development of preferential fluid pathways for
cementing reagents.

In addition to the morphological controls recognized through macroscopic

characterization, there were key relationships established to better constrain the timing of calcite
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cementation within the Middle Bakken. Both core analysis and integrated petrography identified
the presence of sedimentary laminae thickening into cemented zones. This feature was not
ubiquitous through all cores and thin sections. Therefore, the relative timing between
cementation and sedimentary compaction may hagedmntemporaneous and subtle

differences could have been controlled locally. The limited to absent charge of hydrocarbons
within calcite cemented zones serves as an additional constraint on timing. Regional cementation
must have occurred prior to the regional migration of hydrocarbons from the Upper and Lower
Bakken Shales into the Middle Bakken.

5.2  Regional Distribution of Cements

Calcite cements were identified in all cores in this study except the A Trout 6H 3-14,
which was drilled along the depositional margin of the Bakken Formation. In the remaining
cores that hosted calcite cements, there was no consistent relationship between the presence of a
specific facies of the Middle Bakken and pervasive calcite cementation. There is an established
link between certain facies and the relative geometries of cemented zones; however, no facies
acted alone as a catalyst in the precipitation of cements. Instead, isotope analysis suggests a link
between the availability of an original source of calcium carbonate and the resultant dissolution
and re-precipitation as cement.

There are a variety of marine carbonate sediments throughout the Middle Bakken
including visible skeletal remains and finer-scale micrite. Certain facies are hosts to larger
volumes of original carbonate such as facies D. Cores identifieth\lid shoal facies were
associated with more extensive cementation and gross cement volumes exceeding those cores
without it. The interpretation by Grau et al. (2011) identified the shoal facies as a necessary
componentoF DOFLWH FHPHQWDWLRQ XQGHUQHDMWHs styrtire VKR D O\
not consistent with their work. Pervasive cements were noted in the absence of the shoal facies,
including the Parshall 2-36H well, which was used in their study. XRD and petrographic
analyses identified patchy calcite cements in this core (Figure 5.1). However, the standard color
contrasts between cemented zones and non-cemented zones were not apparent through whole

core analysis.
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Figure 5.1 Parshall 2-36H, sampled at 9,286.5-ft=2.7%, k = 0.0012mD, 49% calcite, 5%
dolomite, 26% quartz, 7% clays). The color contrast of calcite cement was not apparent through
whole core analysis. The presence of cement was identified through XRD and petrographic

analyses. A) PPL photomicrograph of facies B. B) CL photomicrograph of the same.

The presence of calcite cements in the Bakken Formation in both Montana and Canada
further supports the notion that present day volumes of calcite cement are linked to the
availability of an original source of calcium carbonate for dissolution and re-precipitation.
Cements have been identified in the Coyote Putnam well at EIm Coulee Field, Montana [Nandy,

2015, pers. comm.]. The shoal facies is not present in Montana and volumes of calcite cement
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are significantly less than those in portions of northwestern North Dakota. Figure 5.2 illustrates
calcite cements in facies B of the Silver Hawk Constance 3B16-36-4B1-36-3-29 in southern
Saskatchewan. Similar patterns of cementation are noted in this region of the Williston Basin
where the shoal facies is not present [MacLeod, 2014, pers. comm.]. Overall, it is apparent that
decreasing amounts of detrital carbonate from east to west across the Williston Basin are linked

to decreasing present day volumes of calcite cement.

Figure 5.2 Silver Hawk Constance 3B16-36-4B1-36-3-29 core from southern Saskatchewan,
Canada. Patchy calcite cement is highlight in red and was documented in facies B of the Middle
Bakken (courtesy of Husky Energy).
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Theloy (2014) established a link between the regional abundance of carbonate and the
expected ultimate recoveries (EUR in Mbll) of individual wells. The findings of this study
enhance her interpretation. The regional abundance of carbonate appears to be linked to the
localized volumes of calcite cement. The cement, in turn, is a controlling factor(@b5yV G XH

to its influence on reservoir quality.
5.3 Early Diagenetic Controls on Cementation

Qualitative analyseis this study have established that depositional and post-depositional
controls influenced the preferential pathways of cementing fluids. These include: pre-compaction
indicators, pre hydrocarbon migration indicators, and the relationship between dolomite and
calcite cement in cemented zones. Insights regarding the envireawiname calcium carbonate
dissolution and calcite cement precipitation may have occurred were determined from stable
isotope analysis. Modern analogs such as the Bahamian carbonate platform or the Belizean
mixed carbonate and siliciclastic system demonstrate that both dissolution and precipitation may
occur early in the post-depositional environment and relatively quickly [Humphrey, 2015, pers.
comm.]. The subsurface environments where these processes occur are often host to complex
biogeochemical interactions.

Isotopic data collected from multiple Middle Bakken cores demonstrates that the original
source of calcium carbonate, which dissolved and re-precipitated as calcite cements, was likely
the marine carbonate debris mixed internally throughout the member. The constraints on the
timing of cementation suggest that the dissolution of internal carbonate was likely in the
meteoric (i.e., fresh water) realm within the shallow subsurface. The meteoric diagenetic
environment is characteristic for aggressive pore fluids that may dissolve carbonate grains and
matrix relatively rapity [Moore & Wade, 2013]. Afterwards, the carbonate derived from this
dissolution can precipitate nearby, or in the same system, as porosity-destructive carbonate
cement [Moore & Wade, 2013].

Waters concentrated with carbon dioxide and undersaturated with respect to carbonate
are the primary cause for the dissolution of carbonate in the meteoric environmgoanCO
accumulate in water through dissolution within the atmosphere or soil zone in the form of rain.

These same waters are undersaturated with respect to carbonate. Therefore, as these relatively
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acidic waters migrate downwards through the vadose and phreatic zones, they react chemically
with any carbonate in the system. This interaction favors the dissolution of carbonate. Within the
Middle Bakken, this includes marine carbonate sediments and skeletal debris. The carbonate
dissolved by these aggressive waters is available for later precipitation as carbonate cement
[Moore & Wade, 2013]. Dissolution will occur until the relative saturation state of carbonate
reaches equilibrium in the water and sufficient.@legassed from the system.

The transition from carbonate dissolutiorcalcite cement precipitation may occur under
both meteoric and marine conditions. However, the identification of syntaxial overgrowths on
echinoderm fragments, within this study, indicates that calcite cementation was likely still in the
meteoric realm. According to Longman (1980), syntaxial overgrowths form most rapidly in the
freshwater phreatic environment and they are very rarely identified in marine phreatic
environments (Figure 5.3). In order for calcite cementation to have initiated, there must have
been annflux of waters oversaturated with respect to calcium carbonate. Afterwards, calcite
crystals nucleated on free surfaces and calcite cements grew within the available pore spaces.
Growth would have been sustained until the influx, or pumping, of oversaturated waters into the
Middle Bakken was stopped [Humphrey, 2014, pers. comm.].

Figure 5.3 Patterns of calcite cementation in vadose and phreatic zones [Moore, 1989].
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Submarine hardgrounds were considered as an alternative explanation for the formation
of pervasive calcite cements in the Middle Bakken. Hardgrounds (or firmgrounds) can serve as
environmental indicators or stratigraphic markers when present. They are most often recognized
by the remnants of encrusting and boring biota, as well as, mineralized crusts [Fllgel, 2004].
Neither borings nor crusts were identified within the architecture of calcite cements in this study.
Therefore, this concept was not given further consideration.

The relationships identified in this study between calcite cement and dolomite indicates
that pervasive dolomitization of the Middle Bakken occurred after the completion of pervasive
calcite cementation. This suggests the system went through another environmental transition into
subsurface waters oversaturated with respect to dolomite (i.e., calcite + magnesium + carbonate).
The paragenetic sequence between calcite cementation and dolomitization is crucial to the
reservoir quality distribution of the Middle Bakken. Figure 5.5 portrays the paragenetic sequence

developed by the author based upon observations in thig stud

Table 5.1 Paragenetic sequence comparing calcite cementation, dolomitization, and other
diagenetic processes in the Middle Bakken. The position of lines indicaitesetagve timing.
The color of lines indicates timeelative effect on reservoir quality distribution: black = neutral,
green = positive, red = negative [modeled after Alexandre, 2011].
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5.4  Calcite Cements and Reservoir Quality Distribution

Diagenetic calcite cements have a detrimental impact on reservoir quality properties
within the Middle Bakken. This association is apparent through multiple scales of analysis: on a
microscopic level, photomicrographs depict large pore volumes occluded by pervasive calcite
cements; on a macroscopic level, high resolution UV photographs portray large cemented
nodules and layers absent hydrocarbon fluorescence; and on a regional level, there is an
established link from Theloy (2014) between increased carbonate content and decreased EUR for
individual wells producing from the Bakken.

Two of the primary drivers of successful production from the Bakken Formation include
both the effective hydrocarbon charging and ubiquitous dolomitization of reservoir facies.
Calcite cements formed early in the post depositional history of the Middle Bakken and preceded
each of these processes necessary for successful production. The overall economics of individual
wells is therefore profoundly influenced by the presence and pervasiveness of calcite cements.

The documented abundance of calcite cements across the Williston Basin suggests that
any desire by operators to avoid thera ¢hallenging task. Dutton (2008) explained that the
prediction of calcite cement distribution in sandstone reservoirs remains an elusive goal, and it is
difficult to determine this diagenetic heterogeneity from subsurface data. The current resolution
of petrophysical logging tools is too coarse to adequately predict the volumes of hydrocarbon
storage capacity that are occluded by calcite cements. However, further work may help refine
ther identification in the subsurface. This could be integrated with core analysis data, which
provides benchmarks for the relative porosity and permeability of cemented zones in each facies.

It may benefit Williston Basin operators to refine their pre-drill economic assessments of
individual wells based upon the regional abundances of carbonate content. While this may
already be commonplace, this study demonstrates the importance of doing so. The economics of
tight reservoirs like the Bakken require the effective integration of geologic assessment and
technological execution. Theloy (2014) determined that geological variability impacts
hydrocarbon production from the Bakken to a greater extent than technological advancement.
This author suggests that amongst the various forms of heterogeneity in the Bakken Formation,
calcite cements present the greatest potential risk.
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CHAPTER 6 CONCLUSIONS

The objectives of this comprehensive study on Middle Bakken diagenesitowg@ne
characterize the relationship between sedimentary facies and cement geometries, (2) decipher the
geochemical evolution of the cements, (3) develop the paragenetic sequence of the Middle
Bakken, and (4) characterize the effects of calcite cement on reservoir quality distribution across
northwestern North Dakota. The integration of multiple analytical techniques resulted in the

following conclusions:

x The various morphologies of cemented zones are associated with the depositional
and/or post depositional properties of individual facies in the Middle Bakken.

x Large nodular and layered calcite cements are associated with the laminated C and D
facies of the Middle Bakken. In these facies, cement growth was primarily parallel to
subparallel to bedding corresponding to preferential fluid pathways.

x Patchy calcite cements are associated with the bioturbated B facies of the Middle
Bakken. Chaotic interconnected networks of cement are often associated with vertical
and horizontal burrows.

X The presence of calcite cements is not restricted to areas where the D facies is
present. This is contrary to the findings of previous work.

x Two qualitative features of calcite cements help constrain the timing of its formation.
Hydrocarbon saturations are limited to absent in cemented zones, which demonstrates
they formed prior to regional hydrocarbon migration. Sedimentary laminae are often
seen to thicken into cemented zones, which suggests they formed prior to substantial
amounts of mechanical compaction.

x Calcite cements are detrimental to reservoir properties in the Middle Bakken. They
occlude large volumes of hydrocarbon storage capacity.

x Authigenic euhedral dolomite is more prevalent in the absence of calcite cement, and
weathered detrital dolomite is more prevalent in the presence of calcite cement. This
suggests that regional calcite cementation occurred prior to regional dolomitization,
and calcite cements occluded pore spaces from dolomitizing fluids.

x The presence of syntaxial calcite overgrowths on echinoderms indicates that calcite

cementation occurred in an early phreatic zone, most likely in meteoric waters.
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x Carbonate isotope values analyzed in this study are consistent with marine conditions
of the Late Devonian-Early Mississippian time frame. This suggests that the source of
original calcium carbonate, in calcitenmented zones, came from the dissolution of
detrital carbonates within the Middle Bakken.

X Isotope values in this study are not consistent with the isotopic signature of
biogenically-driven cementation (i.e., methanogenesis).

X The regional abundance of calcite cement is controlled by the original abundance of
marine carbonate sediments in the Middle Bakken. This controlled the potential

amount of dissolution and re-precipitation of calcite cement.
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CHAPTER 7 FUTURE WORK

There are multiple opportunities for future work studying diagenesis within the Bakken
Formation. The Williston Basin is a prolific petroleum province and will continue producing
large volumes of oil into the foreseeable future. Continued research on the diagenetic controls on
reservoir quality distribution will be invaluable. This is especially true as both secondary and
tertiary recovery methods are employed across the Basin. Specific recommendations for future

work include:

X An analysis of carbonate isotopes from calcite cemented zones in Montana and/or
Canadian Bakken Formation cores. Evaluate whether there is a genetic link between
calcite cements across the Williston Basin.

x Enhanced understanding of the petrophysical properties and identification of calcite
cements in the subsurface. Correlation between standard logging tools and high
resolution logging of cores.

X Mechanical testing associated with calcite cemented zones. Determine whether there
were controls on cementation related to the original stress regimes and whether there
are implications regarding completions in cemented zones (fracture propagation).

X Model the influence of calcite cemented zones on subsurface fluid flow and evaluate
the impact on secondary and tertiary recovery operations.

X Integrate the understanding of pervasive calcite cements with resource estimation.

x Evaluate the control of8order residual structure on the presence of calcite cements.

x Develop a model for predicting carbonate cements.
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APPENDIX A CORE DESCRIPTIONS

Table A-1 Key to the core descriptions in the appendix. This includes the sedimentary structures,
lithologies, and styles of calcite cement identified in each core.
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Figure A-1 Anderson 28-33 1-H core description.
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Figure A-2 Parshall 2-36H core description.
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Figure A-3 Wayzetta 46-11M core description.
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Figure A-4 Anderson Smith 1-26H core description.
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Figure A-5 A Trout 6H 3-14 core description.
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Figure A-6 Violet Olson 31-29H core description.
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Figure A-7 Hognose 152-94-18B-19H-TF core description.
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APPENDIX B DEADWOOD CANYON RANCH 43-28H RCA DATA

Table B-1 Raw RCA data from the Deadwood Canyon Ranch 43-28H well used to plot porosity
versus permeability in Chapter 4 Results.

Depth (ft.) Perm. (to air) || Porosity (amb) Gra(gnl]D/(e:z)sny Sa\?L/l?::iLn Oil Saturation Notes Facies
10079.5 0.011 6.3 2.75 57.4 28.3 HCI minor fizz F
10080.5 0.017 6.7 2.74 58.1 25.5 No cement (minor/trace fizZ
10081.55| 0.041 6.9 2.74 60.6 23.8 Cement band nearby (achize) E
10082.5 0.0094 8.0 2.76 60.6 25.3 No cement

10083.5 0.137 8.2 2.74 69.7 18.9 No cement

10084.5 0.046 5.9 2.70 37.7 33.8 Light fizz

10085.5 0.0022 2.5 2.70 41.6 33.4 Cement

10086.5 0.0021 2.5 2.72 54.4 21.4 Cement

10089.55| - 12.8 2.68 25.0 43.8 No cement (very light fizzG H
10090.5 0.0037 2.9 2.70 43.2 40.9 Cement

10091.5 0.012 5.2 2.70 29.0 42.3 Stringy cement

10092.6 0.0047 3.1 2.70 18.0 60.5 Stringy cement

10093.55| 0.0066 3.9 2.70 20.1 56.0 Stringy cement

10094.5 0.335 11.3 2.69 25.0 36.8 No cement D
10095.6 0.0065 3.8 2.70 18.8 49.9 Patchy cement

10096.5 0.096 6.5 2.70 29.1 35.7 Patchy cement

10097.4 0.0014 2.0 2.70 33.2 42.4 Patchy cement

10098.5 0.0031 2.2 2.70 43.1 28.7 Cement

10099.5 0.0044 2.6 2.70 36.9 36.3 Cement

10100.5 0.0033 2.3 2.74 29.1 40.9 Cement

10101.5 0.0024 2.2 2.70 28.8 44.0 Cement

10102.5 0.0024 2.3 2.70 36.8 40.6 Cement

10103.2 0.0084 7.3 2.70 39.8 30.4 No cement

10104.5 0.0049 7.5 2.70 45.2 30.5 Few splotches of cement|
10105.5 0.0008 3.0 2.71 48.2 35.8 Cement

10106.2 0.002 3.4 2.70 54.6 29.6 Cement

10107.5 0.0052 6.9 2.71 46.9 28.4 Few splotches of cement|
10108.55| 0.0056 7.3 2.71 40.4 32.4 Few splotches of cement]
10109.5 0.0055 7.0 2.71 36.5 31.2 Light/irregular fizz to HCI
10110.65| 0.0013 3.1 2.70 57.4 30.1 Cement C
10111.5 0.0067 7.1 2.71 48.1 27.0 No cement

10112.25| 0.0038 6.8 2.71 45.1 29.7 No cement

10113.5 0.015 6.9 2.71 52.1 29.9 No cement

10114.5 0.0016 2.9 2.70 57.0 30.1 Cement

10115.5 0.0084 7.6 2.71 47.8 33.4 No cement

10116.7 0.0098 4.1 2.70 50.9 29.9 Patchy/stringy cement

10117.5 0.013 7.1 2.72 47.3 29.5 No cement

10118.5 0.0058 8.0 2.71 45.3 31.6 No cement
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Table B-1 continued.

Depth (ft.) Perm. (to air) || Porosity (amb) Gra(gnl?/tcez)sny Sa\?{l?zt:t)i;n Qil Saturation ‘ Notes Facies
10119.5 0.0011 3.2 2.70 64.6 25.1 Cement

10122.5 0.0056 6.3 2.71 44.0 30.2 1/2 cemented and 1/2 not
10123.6 0.0049 7.5 2.70 48.6 30.2 No cement

10124.5 0.0053 7.8 2.70 52.7 335 Very light fizz to HCI

10125.5 0.0024 3.0 2.69 54.3 35.7 Cement

10126.5 0.0015 2.9 2.70 47.6 49.8 Cement

10127.5 0.0044 7.5 2.70 46.5 38.0 No cement

10128.5 0.0048 4.0 2.70 78.0 14.2 Patchy cement

10129.5 0.0045 7.0 2.71 53.6 32.3 No cement (but nearby pgh
10130.5 0.0071 6.4 2.70 48.0 36.7 No cement (but nearby pefh
10131.5 0.0025 2.9 2.70 63.0 313 Cement

10132.5 0.0039 5.6 2.70 54.1 30.4 Patchy cement B
10133.5 0.0035 6.0 2.70 58.6 24.6 Patchy cement

10134.5 0.0093 6.6 2.71 64.0 26.7 Patchy cement

10135.5 0.0017 4.5 2.72 67.8 21.6 1/2 cemented and 1/2 not
10136.5 0.0024 4.8 2.71 66.2 24.9 1/2 cemented and 1/2 not
10137.5 0.0041 5.8 2.71 63.5 25.7 Patchy cement

10138.5 0.0086 7.1 2.71 62.4 19.5 Patchy cement

10139.5 0.0012 5.0 2.70 64.5 25.3 Patchy cement

10140.3 0.0071 6.5 2.72 57.8 18.8 No cement

10140.6 - 7.0 2.73 58.8 20.8 No cement

10141.5 0.015 6.2 2.72 64.1 19.7 No cement

10142.5 0.014 5.3 2.72 68.8 16.8 Patchy cement

10143.5 0.0007 3.2 2.70 78.2 19.1 Cement A
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APPENDIX C XRD DATA

Table C-1 Raw XRD data collected in this study. The values shown for the Deadwood Canyon
Ranch 43-28H well were referenced in Chapter 4 Results.
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Deadwood Canyon Ranch 43-28H

Anderson 28-33 1H

Parshall 2-36H

Figure C-1 XRD data plots for the wells analyzed in this study. The values shown for the
Deadwood Canyon Ranch 43-28H well were referenced in Chapter 4 Results.

130



APPENDIX D CARBONATE ISOTOPE DATA

Table D-1 Raw carbonate isotope data collected in this study. The values shown for the
Deadwood Canyon Ranch 43-28H well were referenced in Chapter 4 Results.

Deadwood Canyon Ranch 43-28H

Sample Depth (ft) d13C
Dw1l 10077.5 -0.02
DW2 10079.5 -0.77
DW3 10081.55 -3.61
Dw4 10083.5 0.04
DWD1 10084.67 -0.28
DWD2 10084.75 -0.16
DWD3 10084.83 1.34
DWD4  10084.92 0.54
DWD5 10085 1.82
DWD6  10085.13 1.34
DWD7  10085.21 0.33
DW5 10085.5 1.87
DWD8  10085.67 1.61
DWD9 10085.75 1.38
DWD10 10085.83 1.20
DW6 10087.5 0.35
Dw7 10089.5 -0.23
DW8 10091.5 3.45
DwW9 10093.55 3.77
DW10 10095.6 4.14
DW11 10097.4 1.42
Dw12 10099.5 4.58
DW13 10101.5 4.21
Dw14 10103.2 0.72
DW15 10105.5 2.05
DW16 10107.5 0.81
DW17 10109.5 0.87
DW18 10111.5 0.25
DW19 10113.5 0.25
DWC1 10114 0.46
DWC2 10114.08 0.30
DWC3 10114.17 2.31
DWC4  10114.33 1.44
DWC5 10114.5 1.17
DWC6 10114.67 0.67
DWC7 10114.83 1.15
DWC8 10115 0.95
DWC9 10115.17 1.52
DWC10 10115.2% 2.66
DWC11 10115.33 0.27
DW20 10115.5 0.15

d18C
-3.19
-3.50
-3.43
-3.38
-4.47
-4.41
-3.39
-3.78
-3.55
-3.81
-4.27
-3.54
-3.91
-3.93
-4.12
-4.34
-4.39
-3.75
-3.69
-3.74
-3.76
-3.52
-3.59
-3.84
-3.55
-3.83
-4.12
-4.00
-4.29
-4.06
-3.96
-3.77
-4.22
-4.13
-3.87
-4.23
-4.23
-4.04

-3.54
-3.72

-4.20
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C

C
C
C
C

Notes
Not cemented
Not cemented
Cemented
Not cemented
Above cemented zone
Upper cement rim
Cemented
Cemented
Cemented
Lower cement rim
Below cement rim
Cemented
Not cemented (but bands of oqgtdy/
Not cemented (but bands of oqgidy/
Not cemented (but bands of éqiz)s
Not cemented
Not cemented

Patchy cement bar
Patchy cement bar
Patchy cement bar
Patchy cement bar
Patchy cement bar
Patchy cement bar

Not cemented
Cemented
Not cemented
Not cemented
Not cemented
Not cemented
Above cemented zone
Above cemented zone
Upper cement rim
Cemented
Cemented
Cemented
Cement "core” (highest bambino ra
Cemented
Cemented
Lower cement rim
Below cement rim
Not cemented



Table D-1 continued.

Sample Depth (ft) d13C d18C Facies Notes
DwWC12 10115.5 0.42 -3.73 C Not cemented
DWC13 10115.58 0.11 -3.84 C Not cemented
DWC14 10115.67 -0.09 -3.99 C Not cemented
DwW21 10117.5 -0.01 -3.91 C Not cemented
Dw22 10119.5 0.60 -4.63 B Cemented
Dw23 10121.5 0.18 -3.90 B Not cemented
DW24 10123.6 0.24 -3.90 B Not cemented
DWB1 10124.79 0.22 -3.94 B Above cemented zone
BRAC  10124.79 3.96 -0.90 B Brachiopod fragment
DWB2 10124.88 1.89 -4.35 B Upper cement rim
DWB3 10124.96 2.83 -4.94 B Cemented
DWB4 10125.17 2.60 -4.80 B Cemented
DWB5 10125.42 -0.53 -4.78 B Cemented
DwW25 10125.5 -0.42 -4.62 B Cemented
DWB6 10125.67 -0.12 -4.63 B Cemented
DWB7  10125.92 0.64 -4.20 B Cement "core" (highest bambino da
DwB8 10126.17 -0.29 -4.54 B Cemented
DWB9 10126.42 -0.80 -4.71 B Cemented
DWB10 10126.67 -0.69 -4.77 B Cemented
DWB11 10126.92 2.32 -4.04 B Cemented
DWB12 10127.13 1.84 -4.58 B Cemented
DWB13 10127.2% 1.94 -4.16 B Lower cement rim
DwWB14 10127.33 0.30 -3.94 B Below cement rim
DWB15 10127.42 0.26 -3.84 B Below cement rim
DW26 10127.5 0.26 -4.03 B Not cemented
Dw27 10129.5 -0.13 -4.70 B Patchy cement bar
Dw28 10131.5 2.88 -3.83 B Cemented
DwW29 10133.5 -0.18 -4.23 B Not cemented
DW30 10135.5 2.62 -4.91 B Cemented
DW31 10137.5 -0.81 -4.41 B Not cemented
DW32 10139.5 2.13 -4.36 B Patchy cement bar
DW33 10141.5 -0.36 -4.06 B Not cemented
DW34 10143.5 0.70 -3.67 A Cemented
DW35 10145.5 1.84 -3.10 A Patchy cement bar
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Wayzetta 46-11M

Sample Depth (ft)

EW21
EW20
EW19
EW18
EW17
EW16
EW15
EW14
EW13
EW12
EW35
EW34
EW33
EwW11
EW32
EW31
EW30
EW29
EW28
EW27
EW26
EW25
EW24
EW23
EW22
EW10
EW9

EwWS8

EW7

EW6

EW5

Ew4

EW3

Ew2

EW1

9362.25
9364
9366
9368
9370
9372
9374
9376
9378
9380
9381.5

9381.67

9381.83
9382

9382.17

9382.34
9382.5

9382.67

9382.83
9383

9383.17

9383.34
9383.5

9383.67

9383.83
9384
9386
9388
9390
9392
9394
9396
9398
9400
9402

d13C
0.04
-0.22
0.57
-1.09
0.35
-0.96
-0.05
-0.63
0.67
-0.38
0.11
0.17
0.20
2.10
2.05
0.09
-0.27
-0.29
2.25
3.16
3.34
2.15
3.10
2.95
0.08
3.16
3.42
0.40
0.19
0.43
0.11
2.40
0.20
1.64
1.36

Table D-1 continued.

d18C
-2.99
-3.09
-2.64
-2.87
-3.13
-3.11
-3.27
-3.35
-4.36
-3.35
-3.03
-3.16
-3.25
-3.75
-3.46
-3.59
-3.12
-3.18
-3.69
-3.77
-3.92
-3.80
-3.92
-3.79
-3.30
-3.94
-4.04
-3.31
-3.22
-3.22
-3.18
-3.44
-3.13
-3.10
-2.40

Facies Notes
F?
Appears to be in cement (diff. to drill)
Appears to be in cement (diff. to drill)
Patchy cement
Patchy cement
Patchy cement
Patchy cement
not cemented
Appears to be cemented
not cemented
Above cement rim
Upper cementrim
Cemented
B Cemented
Cemented
Lower cement rim
Below cement rim
Above cement rim
Upper cementrim
B Cemented
Cemented
Cemented
Cemented
Lower cement rim
Below cement rim
Patchy cement (patches incr. in size)
Patchy cement (patches incr. in size)
Patchy cement (patches incr. in size upwards)
Patchy cement
Patchy cement (small patche
Patchy cement
Patchy cement
Patchy cement
Minimal (if any) cement
Minimal (if any) cement

mmmMmMmMmimmmm
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Parshall 2-36

Sample Depth (ft)

P1
P2
P4
P3
PS5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18

9274.7
9276.5
9278.5
9280.5
9280.5
9282.5
9284.5
9286.5
9288.5
9290.5
9292.5
9294.5
9296.5
9298.5
9300.5
9302.5
9304.5
9305.5

d13C
-0.65
-1.54
-6.25
-1.82
-1.32
-1.31
-0.96
-2.74
0.62
-1.56
-0.70
1.12
-0.47
2.30
2.16
2.18
1.97
2.01

d18C
-2.47
-2.69
-2.68
-2.73
-2.77
-2.86
-3.37
-3.87
-3.43
-3.34
-3.27
-3.08
-3.26
-3.32
-3.25
-3.41
-3.36
-3.49

Facies
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Table D-1 continued.

Notes

Dark "muddy" lamination

XRD and Bambino suggest cement
XRD and Bambino suggest cement



APPENDIX E DEADWOOD CANYON RANCH 43-28H CORE PHOTOS

Figure E-1 High resolution plane light and ultraviolet light images for the entire Deadwood
Canyon Ranch 43-28H core.
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Figure E-1 continued.
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Figure E-1 continued.
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