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ABSTRACT 

The Late Devonian – Early Mississippian Bakken Formation, is a prolific petroleum system 

that is currently producing more than 1.4 million barrels of oil per day (NDDMR, 2019). Advances 

in horizontal drilling and hydraulic fracturing technology has caused a resurgence in production 

from the Bakken Formation, that was once thought to be uneconomic. Located in the Williston 

Basin of North Dakota, Montana and Canada, the Bakken Formation is composed of four 

members: Upper and Lower Bakken shales, Middle Bakken and Pronghorn. The Middle Bakken 

Formation is a significant unconventional hydrocarbon accumulation that is sourced by the 

organic-rich Upper and Lower Bakken shales. 

 Six facies, A-F, have been identified within the Middle Bakken Formation by the 

Colorado School of Mines MUDTOC Consortia. Within the C, and E facies the presence of 

microbialites is observed.  Classifying the type of microbialite that is present- Microbially 

Influenced Sedimentary Structure (MISS) or Stromatolites- allows for a more comprehensive 

understanding of the extrinsic controls on the deposition of the Middle Bakken Formation. MISS 

trap and bind detrital sediment. Stromatolites trap sediment and organically precipitate carbonate. 

Calcite content exhibits the strongest correlation to reservoir quality (R
2
=0.65). Trapping and 

binding of detrital sediment creates a framework that enhances reservoir quality, while organic 

carbonate precipitation occludes primary porosity. MISS, which engage in trapping but not 

precipitation, host better reservoir quality than stromatolites. Differentiation between MISS and 

stromatolites provides insight into the effects that different classes of microbialite have on 

reservoir quality.  
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CHAPTER 1 

INTRODUCTION 

1.1 Microbialites 

Microbial colonies, akin to primitive algal life, are the oldest extant life form on earth. The 

oldest evidence of microbial life is a desiccation structure (petee) from Greenland’s Isua 

Supacrustal Belt; 3.7 Ga (Nutman et al., 2016). These microbial (algal) mats are composed of 

cyanobacteria colonies that aggregate in shallow water. The structures these mats leave behind in 

the fossil record are known as microbialites. Microbialites are defined as “organosedimentary 

deposits that have accreted as a result of a benthic microbial community trapping and binding 

detrital sediment and/or forming the locus of [calcium carbonate] precipitation” (Burne and Moore, 

1987). Microbialites are preserved through the following processes: the trapping of detrital 

sediment, catalyzing mineral precipitation (organic) and acting as a locus for inorganic mineral 

precipitation. For the purpose of this study “stromatolite” will be used as a catch all term for 

microbialites that precipitate calcium carbonate, though thrombolites and other algal structures are 

formed through the same processes. The microbialites that do not form with the assistance of 

carbonate precipitation will be referred to as microbially influenced sedimentary structures 

(MISS). Though there are many types of microbialites found throughout the world, such as 

lacustrine tufas and travertines, this study will focus on those that formed in the saline nearshore 

environment present during the deposition of the Middle Bakken Formation.  
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1.1.1 Temporal Trends 

As previously mentioned, microbialites have been found in the rock record as far back as 

3.8 billion years ago (Nutman et al., 2016). As a result, they have had a massive impact on the 

rock record. Throughout the Archean and most of the Proterozoic, microbialites flourished. 

Cyanobacteria faced minimal competition and predation from other forms of life, but during the 

Late Proterozoic (1250 Ma), microbialite abundance reached its peak (Riding, 2006). From 1250 

Ma to the present, there has been an overall decline in microbialite abundance, punctuated by two 

large resurgence intervals: Late Devonian and End Permian (Figure Error! Reference source not 

found.). The resurgence at the end of the Devonian was likely due to two Devonian extinction 

events: Kellwasser and Hangenberg (Riding, 2006). These events decreased the abundance of 

predatory metazoans, creating more favorable conditions for microbial life to flourish. The Late 

Devonian resurgence is important to this study because that was during the time of deposition for 

the Middle Bakken Formation. 

1.1.2 Processes and Classification 

One distinguishing criterion used to classify microbialites is the process by which 

sedimentation and growth occur (Figure 1.2) (Riding, 2011).  Stromatolites form through the 

trapping and binding of detrital sediment and the precipitation of calcium carbonate onto an algal 

substrate, while MISS form as detrital sediment is trapped and bound to the algal substrate (Noffke 

and Awramik, 2013).  Grain trapping is the process by which suspended siliciclastic sediment is 

accreted onto the surface of the microbial mat. The mat binds the sediment in an ordered 

arrangement that generates a microbialite morphology (Riding, 2011).  Inorganic precipitation of 

calcium carbonate is driven by factors that are not directly attributed to microbial mats, such as 

oversaturation of seawater with calcium carbonate. The microbialites simply provide a locus for 
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this calcium carbonate to aggregate and build the microbialite structure. The primary group of 

microbialites associated with this process are sparry stromatolites. These are also known as 

cementstones. Lastly, biologically driven carbonate precipitation is a process that occurs when 

microbialites are performing metabolic activities, such as photosynthesis. This is the primary 

process for microbialite structure (Figure 1.4) formation, including thrombolites and stromatolites 

(Riding, 2011). 

 

Figure 1.1: Temporal trends in microbial and metazoan abundance. Extinction events denoted 

by dashed lines. Note the resurgence in microbial abundance during the late Devonian and end 

Permian (Riding, 2006). 
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Figure 1.2: Varying Processes for microbialite generation: grain trapping, organic mineral 

precipitation and inorganic mineral precipitation. Microbially influenced sedimentary structures 

included in 'grain trapping' (Riding, 2011). 

Microbially influenced sedimentary structures (MISS) do not aggregate into a layered 

pattern as easily as stromatolites because of the lack of carbonate precipitation. (Figure 1.3). 

These MISS rely on the trapping, binding and stabilization of grains into a structured framework 

(Figure 1.5). This results in structures that are more difficult to identify than stromatolites. 

Sedimentary action, extrinsic to the microbial mat, has a greater influence on the resultant 

microbialite in MISS than in stromatolites. The primary structure of MISS is often a wrinkled or 

crinkly lamination that can often be mistaken for a non-microbial sedimentary feature. Calcium 
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carbonate is key in generating the topography and 3D structure of stromatolites.  Without this 

process, microbial morphologies are more difficult to recognize. Stromatolites can be preserved 

as algal heads and other morphologies that are more readily identified as a microbialite.   

 

Figure 1.3: Formation of microbially influenced sedimentary structures (MISS) versus. 

Stromatolites. MISS and stromatolites both trap, bind and stabilize detrital sediments. 

Stromatolites organically precipitate calcium carbonate, MISS do not. This allows for an outward 

layered morphology for stromatolites with increased topography. In MISS the structure is only 

composed of the layered fossilized microbial mats and bound sediment (Noffke and Awramik, 

2013).  
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Figure 1.4: Various microbialite morphologies. The red box indicates the most prevalent 

morphologies observed within this study (Riding, 2011). 

 

Figure 1.5: (A) Trapping and Binding. Successive generations of microbial filaments or 

extracellular polymeric substances (EPSs) trap grains or mud and bind the sediments via 

precipitated cements. (B) Precipitation. Cements are nucleated either directly upon decaying 

organic compounds or adjacent to the organics with little or no clastic sedimentary component. 

(C) Sealing. Mechanical sediment accumulates in depressions and microbial communities spread 

over the sediments, sealing the deposit. (D) Skeletal. The microbialite is composed of microbial 

body fossils (external or internal molds, casts, permineralized sheaths). Reprinted from Shapiro 

(2005). 
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1.1.3 Petrophysical Implications 

Microbialites are important in oil and gas exploration as a reservoir unit. This is due to the 

depositional framework that allows for enhanced preservation of reservoir properties (Eberli et al., 

2012).  The early microbial processes strengthen the rock framework and allow for enhanced 

preservation of primary porosity.  In the Santos Basin, Brazil, the primary reservoir for billions of 

barrels of recoverable oil is a microbial facies (Mohriak, 2015).  Microbialite facies are not unique 

to offshore Brazil. They are found within the Green River Formation, United States (Rezende, 

2015) and are also found in the Middle Bakken Member of the Bakken Formation, Williston Basin, 

United States.  

1.2 Bakken Formation 

The United States “Shale Boom” of the 21
st
 century represents the most prolific energy 

revolution of the past two decades. Technological advances in drilling and completion techniques 

are largely credited with the development of unconventional hydrocarbon systems. Within the 

Williston Basin of North Dakota, Montana and Canada, the Bakken Formation has become an 

enormous producer of hydrocarbons (Grau et al., 2011).  

The Bakken Formation of the Williston Basin is a continuous hydrocarbon accumulation 

that embodies the unconventional hydrocarbon revolution of the 21
st
 century.  According to the 

United States Energy Information Administration (EIA), the Bakken has increased production 

from 1482 barrels of oil per day in 2004 to more than 1.4 million barrels of oil per day in 2019 

(Figure 1.6, 2019). This increase in production is largely attributed to technological advances, in 

the form of hydraulic fracturing and horizontal drilling (Simenson and Sonnenberg, 2011). The 

United States Geological Survey estimates that the total volume of technically recoverable oil, 

within the Bakken, is in excess of 7.3 billion barrels (USGS, 2013). The Bakken Formation 
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consists of the Upper and Lower Bakken Shales, the Middle Bakken Member (MBM), a mixed 

carbonate and siliciclastic unit, and the Pronghorn Member (Figure 1.7).  

 

Figure 1.6: Monthly U.S. crude oil production from prominent reservoir units. The Bakken 

Formation is one of the most prolific producers, in excess of 1.3 million barrels per day (EIA, 

2019). 

The most recent cycle of Bakken E&P has been fueled by the exploitation of the MBM 

(Sonnenberg and Pramudito, 2009).  In 2001, development of the MBM in Elm Coulee Field 

spurred exploration for an analogue in other portions of the Williston Basin (Grau et al., 2011). In 

2006, EOG Resources successfully drilled the #1-36H Parshall well, which marked the discovery 

of the Parshall Field in North Dakota (Kowalski and Sonnenberg, 2011) (Figure 1.8). Parshall 

Field contains the thickest sections of the MBM and has an EUR of more than 100 MMBO (Jarvie 

et al., 2011).  
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Figure 1.7: Stratigraphic division of the Bakken Formation; upper and lower shale members, 

a mixed carbonate/siliciclastic middle member, and the basal Pronghorn Member (Sonnenberg, 

2017).  

Parshall Field, The Fort Berthold Indian Reservation (FBIR), Antelope Field and other 

smaller fields located within North Dakota possess exceptional reservoir quality. This is due to 

multiple factors: pore scale and regional fracture networks (Sonnenberg et al., 2011), pore over-

pressuring (Sonnenberg, 2015), and world class source rocks; 11% TOC (Figure 1.9). 

Understanding the geological variability of the MBM within the region is critical for effective 

production.  This variability includes an understanding of the types of microbialites present and 

their effects on reservoir quality.  
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Figure 1.8: Map illustrating the location of major unconventional field of the MBM (Dark 

Green) and the location of the MBM (light green). Significant production occurs within the 

North Dakota portion of the Bakken (Grau and Sterling, 2011).  
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Figure 1.9: Model illustrating the factors contributing to the enhanced MBM reservoir quality 

in Parshall Field; Tmax isotherm creating an up-dip thermal maturity boundary, the Lodgepole 

Fm. regional top seal (grey) , and lateral sealing faults (Grau and Sterling, 2011).  

1.3 Study Area 

The location of this study area is within the North Dakota portion of the Williston Basin 

(Figure 1.10). Cores from Parshall, Antelope, South Fork, McGregory Buttes, Moccasin Creek 

and Ranch Coulee Fields are included within this study area. Six cores are located within the study 

area. Five Enerplus cores are located fairly near each other while the Pajorlie (Continental 

Resources) is located on the west margin of the study area.  
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Figure 1.10: The study area is located in Dunn, McKenzie, Mountrail, and Williams Counties, 

North Dakota.  Green circles indicate core locations.  

1.4 Research Objectives and Purpose 

Since the beginning of the horizontal drilling revolution, the Bakken Petroleum System has 

been heavily studied by many energy companies, as well as academic groups, such as the Colorado 

School of Mines MUDTOC consortia. An analysis of the microbialite facies within the MBM and 

their effects on reservoir quality has not been available. In fact, the relationship between 

microbialites and the petrophysical properties of reservoir units has rarely been extensively 

analyzed. This study aims to supplement existing knowledge of MBM reservoir properties by 

enhancing the understanding of the effects microbialites have on reservoir units, as well as 

providing a useful analogue for separate petroleum systems that have a microbialite imprint.  
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1.5 Proposed Research and Methods 

This study will classify and characterize microbialite facies and their effects on Middle 

Bakken Member (MBM) reservoir quality through analysis of varying datasets.  The methods 

included: 

1) Core description and analysis of five cores provided by Enerplus: the Danks 17-44H 

located in Antelope Field (SE SE Sec. 17, T151N-R94E in McKenzie, Co., ND), the Henry 

Bad Gun 09C-04-1H, (Moccasin Creek Field SW SW Sec. 9, T147N-R93E in Dunn Co., 

ND), the Hognose 152-94-18B-19H-TF, (Antelope Field SW SW Sec. 7, T152N-R94E in 

Dunn Co., ND), the Pumpkin 148-93-14C-13H-TF, (the NW SW Sec. 14, T149N- R93E 

in Dunn, Co., ND), and the Roberts Trust 1-13H, (McGregory Butte Field SW SW Sec. 

13, T148N-R94E in Dunn Co., ND).  Continental Resources’ Pajorlie 21-2-1H (Ranch 

Coulee Field Sec. 2, T146N-R98W in McKenzie Co., ND).  

2) Routine core analysis (RCA) with data available for all six cores; porosity, klinkenberg 

and air permeability, and residual oil and water saturations. 

3) X-Ray diffraction (composition) with data available for five cores: Danks, Henry Bad Gun, 

Hognose, Pumpkin and Roberts Trust.  

4) Mercury injection capillary pressure (MICP) with data available for the Roberts Trust Core. 

This was used to analyze porosity, permeability and pore throat radius.  

5) Petrographic thin section analysis of the six previously mentioned cores was performed. 

Thin sections provided by Enerplus, as well as those created for this study.  

6) Carbon and oxygen isotopic analysis from the Danks 17-44H (one-foot sample frequency) 

and Roberts Trust 1-13H (two-foot sample frequency). Samples were sent to the University 

of New Mexico Center for Stable Isotopes.  
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The integration of these different analysis should enhance the understanding of the microbialite 

facies within the MBM, regarding classification and occurrence, as well as their effect on reservoir 

quality.  

1.6 Previous Work 

Extensive research has been performed on the Bakken Petroleum System since oil was 

discovered there in 1951. North Dakota requires that all cores and associated data are provided to 

the North Dakota Geological Survey. This has resulted in a large quantity of data available to 

researchers and companies that wish to study the Bakken Petroleum System. The advent of 

horizontal drilling and hydraulic fracturing has led to an extensive reservoir characterization of the 

Middle Bakken Member, in order to better understand geologic controls on production 

(Sonnenberg, 2011), (Sonnenberg, 2015), (Sonnenberg et al., 2017) and (Grau and Sterling, 2011),  

Extensive research has been conducted on microbialites regarding temporal trends (Riding, 

2006), morphology (Riding, 2011), environmental controls (Bouton et al., 2016), classification 

(Burne and Moore, 1987) and methods of growth (Noffke and Awramik, 2013). Research 

regarding the petrophysical effects of microbialites has been conducted, though not for the Bakken 

Petroleum System (Rezende, 2015; Eberli et al., 2012; Mohriak, 2015). The classification of 

microbialites within the MBM varies from paper to paper; some recognized as cryptalgal structures 

while some are lumped into soft sediment deformation. Although some recent work has mentioned 

the presence of microbialites within the Bakken Formation, an in depth analysis has yet to be 

conducted. This study will aim to join microbialite research and reservoir characterization within 

the context of the MBM.   
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CHAPTER 2 

GEOLOGIC SETTING 

The Williston Basin is currently producing more than 1.4 million barrels of oil and 2.65 

billion cubic feet of gas per day (EIA, 2019). This production has allowed the North Dakota House 

of Representatives to pass a bill abolishing the state income tax; instead using the funds from oil 

and gas taxation. This, long lived, relatively stable basin has allowed for the accumulation of 

massive amounts of sediments, more than 15,000 feet thick, dating to the Early Paleozoic (Gerhard 

et al., 1990). This massive accumulation of sediments, within the basin, is a primary factor in the 

deposition of the excellent source rocks of the Bakken Formation. There have been an estimated 

180-200 billion barrels of oil generated and expelled from the upper and lower Bakken shales. 

However, minimal amounts of these hydrocarbons were able to accumulate in overlying 

conventional reservoir units. With the advent of hydraulic fracture stimulation and horizontal 

drilling, the Middle Bakken reservoir unit has become an important target for unconventional 

hydrocarbon exploration and development.  

2.1 Overview 

The Williston Basin is a large, intracratonic depression, located on the western margin of 

the North American Craton (Anna, 2010).  This elliptical basin lies on the border of the United 

States and Canada (Figure 2.1). Three Archean (> 2.5 Ga) cratonic provinces surround the 

Williston Basin: Superior, Churchill, and Wyoming (Redly, 1998) and the basin lies atop the 

Dakota Block.  The Trans-Hudson Orogen (~1.7 Ga) is the manifestation of the suturing of these 

three cratonic provinces. Sedimentation has consistently occurred within the basin throughout the 

entire Phanerozoic; comprising the six major North American stratigraphic sequences of Sloss 
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(1963). These sequences are the: Sauk (Cambrian-Lower Ordovician), Tippecanoe (Middle 

Ordovician-Lowest Devonian), Kaskaskia (Devonian-Lower Carboniferous), Absaroka (Upper 

Carboniferous-Lower Jurassic), Zuni (Middle Jurassic-Paleocene) and Tejas (Eocene-Modern).  

These unconformably bound sequences embody the cyclic transgressive-regressive nature of 

sedimentation on the paleogeography of North America.   

According to Gerhard et al., (1990) the primary focus of exploration within the Williston 

Basin, is the Paleozoic sediments of the Sauk, Tippecanoe, and Kaskaskia. There is a marked 

transition from carbonate deposition during the first half of the Paleozoic, toward siliciclastic 

deposition during the latter half of the era (Gerhard et al., 1990).  Siliciclastic deposition continued 

to dominate the basin throughout the Mesozoic and Cenozoic (Redly, 1998). It is within the 

Paleozoic carbonate units that the majority of hydrocarbons have been generated and preserved.  

The Sauk Sequence represents the beginning stage of a 1
st
 order transgression over the 

Precambrian basement (Anna, 2010) with the Nesson Anticline, trending N-S along the center of 

the basin, exerting some influence on sedimentation. During this time, the basin was open to the 

west while sediment entered from the east. The sources for the Cambrian Deadwood Formation 

were eroded Precambrian sediments from the Transcontinental Arch to the southeast and the 

highlands to the east (Anna, 2010). Repeated transgressive-regressive sequences throughout the 

Sauk comprise the Deadwood Formation, ranging from shallow marine to alluvial plain (Anna, 

2010).  

The circular Williston Basin at the beginning of the Ordovician was subjected to another 

major transgression, as well as the initiation of subsidence that would accommodate more than 

15,000 feet of sediment at its center (Gerhard et al., 1990). This subsidence drove the formation 
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Figure 2.1: Geographic extent of the Williston Basin. Cratonic province suture zones and 

prominent structures illustrated by dashed lines. Shading represents the Trans-Hudson Orogenic 

Bel (Gerhard et al., 1990). 
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of the Williston Basin.  The transition from Lower Ordovician shales and siltstones into carbonates 

marks the beginning of the major carbonate deposition in the Williston Basin (Gerhard et al., 

1990). Open communication with the Cordilleran shelf was key in developing the thick carbonate 

sequences that comprise the Lower Paleozoic (Figure 2.2).  Carbonate deposition would dominate 

the basin until the Pennsylvanian (Anna, 2010). Repetition of shallow marine carbonate and 

supratidal evaporate deposits characterize this interval (Gerhard et al., 1990).  

Throughout the latter half of the Paleozoic, clastic sedimentation began to dominate the 

Williston Basin (Gerhard et al., 1990). The basin became restricted from the Cordilleran shelf 

during the uplift of the Ancestral Rocky Mountains (Gerhard et al., 1990). Deposition within the 

basin was dominated by sediments eroded from the Ancestral Rockies, and the Canadian shield. 

The Cordilleran Orogeny, during the Middle Mesozoic, marks the final large scale change to 

Williston Basin dynamics, as it shifted from a marginal basin to an intracratonic basin (Gerhard et 

al., 1990).  

2.2  Regional Structure 

The intracratonic Williston Basin is a product of significant subsidence along the margin 

of three sutured cratonic provinces: Superior, Churchill and Wyoming (Gerhard et al., 1990). 

Flexural subsidence has been the driving force of basin creation (Sloss, 1987). Basement fault 

reactivation, as well as salt dissolution are two forces driving the structure of the Williston Basin. 

The Nesson, Cedar Creek, Billings and Little Knife Anticlines were generated by the reactivation 

of basement fault systems (LeFever, 1992). The Nesson Anticline has a significant impact on 

hydrocarbon production within the basin and is the locus of initial Bakken production (Sonnenberg 

et al., 2011). These features are associated with increased hydrocarbon production within the 
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Williston Basin. Salt dissolution in the Devonian Prairie Formation is also associated with 

productive fields within the Williston Basin (Gerhard et al., 1990).  

 

Figure 2.2:  Late Mississippian paleogeography of North America. The location of the 

Williston Basin is outlined in orange (Modified from Blakey, 2015). 

The Williston Basin is generally a broad structural depression (Figure 2.3). The center of 

this depression is punctuated by the Nesson Anticline, trending north-south along the center of the 

basin (Sonnenberg et al., 2011). Apart from important anticlinal features, structural control on the 

evolution of Williston Basin sediments is not pronounced. 

Canadian	Shield	
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Figure 2.3:  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). 

2.3 Regional Stratigraphy 

Throughout the Phanerozoic, the Williston Basin has been subjected to consistent 

sedimentation which generated an extensive record of its depositional history. Within the Upper 

Devonian-Lower Mississippian interval, the Bakken Formation was deposited (Sonnenberg, 

2017). Only representing ~140 feet of the 15,000-foot Phanerozoic section (Sonnenberg, 2017), 

the importance of the Bakken Petroleum System is not proportional to its size. The Bakken 
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Petroleum System contains an estimated 7.3 billion barrels of oil and 6.7 trillion cubic feet of gas 

(Gaswirth et al., 2013). Though the entire Bakken Petroleum System is contained within the 

Kaskaskia Sequence, the Williston Basin contains an extensive stratigraphic record, containing all 

six major North American sequences (Anna, 2010). Continuous cycles of transgression and 

regression punctuate the stratigraphic record of the Williston Basin, both bounding and within the 

six major North American Sequences. Throughout the Paleozoic, carbonate deposition dominated 

the Williston basin until the Late Mississippian (Gerhard et al., 1990) where a marked transition 

to clastic sedimentation occurs (Figure 2.5). 

The Sauk Sequence (Cambrian-Lower Ordovician) contains the earliest sediments 

deposited in the Williston Basin (Redly, 1998). Sedimentation during the Cambrian-Lower 

Ordovician occurred on a westward sloping shelf, undergoing a gradual transgression. Much of 

this sediment was deposited in a marginal marine-inner shelf environment, overlying the 

Precambrian Basement (Redly, 1998). Due to Post Sauk erosion, the regressive part of this 

sequence is largely missing (Redly, 1998). 

The initiation of subsidence in the Ordovician allowed for the deposition of more than 

2,500 feet of sediment, in the center of the basin, during the Tippecanoe Sequence (Middle 

Ordovician-Lower Devonian) (Redly, 1998). During the initial transgression of the Cordilleran 

Sea, from the southwest, the Winnipeg Group was deposited unconformably over the Sauk 

sediments (Anna, 2010). During this second major transgressive-regressive cycle, the Winnipeg 

Group (Ordovician) was deposited as a series of shallow marine sandstones, shales, and carbonates 

(Anna, 2010). Carbonate deposition dominated the Tippecanoe after the Winnipeg Group. Cycles 

of carbonate-anhydrite dominate the remainder of the Tippecanoe Sequence, including the Red 

River Formation (Ordovician) and Interlake Group (Silurian) (Gerhard et al., 1990). These cycles 
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are composed of basal shelf limestones, laminated dolomite and anhydrite (Anna, 2010). A major 

regression at the end of the Tippecanoe removed much of the Interlake Group-Red River 

Formation, near the margins of the Williston Basin (Anna, 2010).  

The Kaskaskia Sequence (Early Devonian-Late Mississippian) was largely affected by the 

uplift of the Transcontinental Arch (Anna, 2010). The effect on the configuration of the Williston 

Basin was pronounced (Figure 2.4). Basin geometry shifted from circular, with northeast-

southwest trending deposition, to elliptical, with northwest to southeast trending deposition (Anna, 

2010).  After this reconfiguration, the Williston Basin became the southeastern corner of the Elk 

Point Basin (Anna, 2010).  This restricted marine basin experienced three second-order cycles 

through the Kaskaskia. The Ashern through Prairie Formations represent the deposition of 

repeating successions of limestone, dolomite, and evaporate that punctuate the first of these three 

cycles (Anna, 2010). The second cycle begins with a major transgression, during the Middle 

Devonian, that returned normal marine conditions to the Williston Basin (Anna, 2010). Followed 

by a regression that deposited the Souris River through Three Forks Formations (Redly, 1998).  

During the last transgressive-regressive cycle, in the Kaskaskia Sequence, the Bakken Formation 

was deposited. The deposition of this organic-rich marine shale represents the first input of clastic 

sediment since the Winnipeg Group (Early Ordovician) (Anna, 2010).  Rapid sea level rise acted 

as the catalyst for the deposition and preservation of this world-class source rock. The Bakken 

Formation is composed of two, deep-marine, shale units that sit above and below a mixed 

carbonate and clastic Middle Bakken Member (Sonnenberg, et al., 2011). The Madision Group, 

Lodgepole Formation and Big Snowy Group comprise the remainder of the Kaskaskia Sequence 

(Redly, 1998). The deposition of the shelf carbonate Madison Group was followed by the 

Lodgepole Limestone; the regional seal for the Bakken (Redly, 1998).  
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Figure 2.4:  Depositional patterns of the Tippecanoe and Kaskaskia Sequences in the Williston 

Basin. A: Ordovician and B: Late Devonian. Arrows indicate the direction of water movement 

(Anna, 2010).  

2.4   Stratigraphy of the middle bakken formation 

The four members of the Bakken Formation are the: Pronghorn, Lower Bakken, Middle 

Bakken, and Upper Bakken (Figure 2.6) (Sonnenberg, 2017). The primary focus of this study is 

the Middle Bakken Member. The Middle Bakken was deposited during a regressive event in a 

shallow water setting (Sonnenberg, 2017). The Middle Bakken reaches a maximum thickness of 

~70 feet in the center of the basin, just north of the Nesson Anticline (Figure 2.7) (Sonnenberg, 

2017). There are six lithofacies identified within this mixed carbonate and siliciclastic middle 

member (Figure 2.8) (Sonnenberg, 2017).  
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Figure 2.5:  Stratigraphy of the modern day Williston Basin. The Bakken straddles the 

boundary between the Devonian and Mississippian (Gerhard et al., 1990).  



	

 25 

 The Middle Bakken facies classification scheme, developed by the Colorado School of 

Mines MUDTOC Consortium, contains six facies, A-F. Facies A overlies the Lower Bakken Shale 

and was deposited in an offshore marine shelf environment. Facies B, the thickest component of 

the Middle Bakken is extensively bioturbated and was the product of shallow marine deposition. 

Facies C contains fine silt laminations deposited in a shallow marine, subtidal-intertidal, setting. 

This is the first facies in which microbial influence is observed; in the form of crinkly laminations. 

The fine siltstone laminations are likely MISS. Facies D is the unit with the highest depositional 

energy and most robust sedimentary structures. The environment of deposition for the D facies has 

been interpreted as a shallow intertidal setting. There is not strong evidence for microbialites 

within the D facies. Facies E contains the strongest evidence for the presence of microbialites. The 

structures present within this facies include: stromatolite heads as well as MISS. The interpreted 

environment of deposition for this facies is a shallow marine subtidal to intertidal setting.  Facies 

F is characterized by a return to an offshore marine environment within the storm wave base. 

Facies C and E contain the strongest evidence for microbial influence within the MBM. These two 

facies will be the primary focus of this study. MISS are contained within both facies, while facies 

E also contains evidence for stromatolitic microbialites.  
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Figure: 2.6:  Stratigraphic column of the Bakken Formation, Williston Basin. Red arrow 

indicates location of microbialites (Modified from Sonnenberg, 2017). 
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Figure 2.7:  Isopach (thickness) of the Bakken Formation. Thickness ranges from a wedge to 

more than 140 feet in the basin center. Note that this is the total Bakken, including the upper and 

lower Bakken Shales. The mixed carbonate-siliciclastic MBM is generally ~60 feet in the study 

area (Sonnenberg, 2017). 
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Figure 2.8:  Facies classification of the Middle Bakken Member; developed by Colorado 

School of Mines MUDTOC Consortia. Intervals C and E may contain microbialitic features; 

stromatolites/thrombolites as well as microbially influenced sedimentary structures (MISS) 

(Sonnenberg and Gent, 2011). 
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CHAPTER 3  

FACIES DESCRIPTIONS AND CORE ANALYSIS 

This study utilized six cores from the North Dakota portion of the Bakken Petroleum 

System. Five of these cores were provided by Enerplus: the Danks 17-44H, the Henry Bad Gun 

09C-04-1H-TF, the Roberts Trust 1-13H, the Pumpkin 148-93-14C-13H-TF, and the Hognose 

152-94-18B-19H-TF. One core was studied at the North Dakota Geological Survey, the 

Continental Resources well; the Pajorlie 21-2-1H. The five Enerplus cores have routine core 

analysis (RCA) data and X-ray diffraction (XRD) data available. The Pajorlie 21-2-1H does not 

have XRD data but does have some RCA data available from the North Dakota Department of 

Mineral Resources. These six cores are located within McKenzie and Dunn Counties, ND; their 

locations are shown in Figure 1.10. 

Descriptions of these six cores was the first step in a comprehensive analysis of the Middle 

Bakken Member (MBM) and the presence of microbialite facies. This macro scale analysis of the 

facies in the MBM compliments the other data sets utilized and analyzed in this study, thin section 

petrography, XRD, petrophysical, RCA and isotopic composition. It is only with the integration 

of all these data sets that an effective interpretation of microbialites and their effects on 

petrophysical properties, in the MBM, can be accomplished.  

3.1  Methods 

Through the Colorado School of Mines MUDTOC Consortium, a facies classification 

scheme has been established (Sonnenberg, 2011), (Gent, 2011; Figure 2.8). The Middle Bakken 

Member generally contains six facies, A-F, in a predictable, sequential order.  New subfacies were 
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created for the C and E facies intervals to indicate the presence of microbial influence. Core 

descriptions were conducted at Triple O Slabbing in Denver, as well as at the North Dakota 

Geological Survey, in Grand Forks, ND. Prior core descriptions (Wescott, 2016) of the five 

Enerplus cores were a helpful guide in confirming facies, though minor facies boundary 

adjustments were made based upon observations from this study. The Pajorlie 21-2-H core was 

described for the first time, for the MUDTOC Consortium, in North Dakota. Using a hand lens, 

hydrochloric acid, and spray bottles, descriptions were generated by hand and then transferred into 

EasyCore software (Appendix A). Constituents used to define facies changes include: bioturbation, 

sedimentary structures, and allochems. XRD data was used in conjunction with the core 

descriptions to understand composition variation. RCA data was further utilized (Chapter 6) to 

understand how each facies contributes to reservoir quality.  

3.2  Facies Descriptions 

Using the classification system developed by the MUDTOC Consortium (Figure 2.8), six 

primary facies (A-F) and six additional subfacies (C1-3 & E1-3) were identified. Four cores 

contained all six primary facies: the Pajorlie, Henry Bad Gun, Pumpkin and Roberts Trust. The 

Hognose and Danks were missing facies F. At least one microbialite subfacies was present in each 

of the six cores described.  

3.2.1  Facies A: Fossiliferous Brachiopod Wackestone 

Facies A directly overlies the Lower Bakken Shale (facies G): Fossiliferous Brachiopod 

Wackestone. A sharp contact exists between facies A and the Lower Bakken Shale (LBS), with a 

basal lag that contains numerous allochems-brachiopods, crinoids and bryozoa (Figure 3.1). Facies 

A is grey with calcite cementation throughout the interval. There is pyrite replacement of bioclasts 

within the unit. Helminthopsis Sclarituba bioturbation is present within facies A  
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Figure 3.1: Core from the Danks 17-44H well at 10,647 feet (ND Geological Survey). The 

sharp contact between the Lower Bakken Shale (LBS) and facies A denoted with red arrow. A 

bioclastic lag is present at this contact-containing brachiopod shell fragments and crinoids. The 

fossil content decreases toward the transition with facies B.  There is no presence of microbialite 

influence in facies A.  
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and increases up section, toward the gradational contact with facies B. Facies A is present in all 

six cores, with an average thickness of 3.6 feet. The average composition for facies A is illustrated 

in Figure 3.2. Facies A has the lowest amount of quartz of any of the facies, indicating the lowest 

amount of terrigenous input; likely the furthest of the six facies from shore. The lack of 

sedimentary features, coupled with allochems (brachiopods and crinoids) indicate a moderately 

shallow marine environment of deposition, below the storm wave base. Though it should be noted 

that hummocky cross-stratification is difficult to identify in core and could possibly be above or 

near the storm wave base. 

 

Figure 3.2: Average mineralogical composition of facies A from XRD data on five cores: 

Pumpkin, Henry Bad Gun, Roberts Trust, Danks, and Hognose. A high proportion of calcite 

cement and lowest amount of quartz are characteristic of facies A. More detailed compositional 

analysis displayed in core descriptions. Data courtesy of Enerplus.  

The average porosity and permeability of facies A, from RCA, are: 3.9% and 0.037 mD. 

The petrophysical properties and small thickness of facies A are inadequate to be a target reservoir. 

High degrees of calcite cementation are likely to have decreased permeability and porosity. 
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Additionally, facies A does not contain any apparent microbial signature and will not be a focus 

of this study. These reservoir properties will be further discussed in Chapter 6.  

3.2.2  Facies B: Bioturbated Calcareous Siltstone 

Facies B is a bioturbated calcareous siltstone that gradationally overlies facies A (Figure 

3.3). It is light grey and massive. A high degree of bioturbation obscures any sedimentary 

structures that may have been present. This bioturbation is a distinguishing factor when 

determining the extent of facies B.  Helminthopsis/Sclarituba burrows are the primary type present 

within facies B, though can be difficult to differentiate from one another. Brachiopod shell 

fragments and crinoids are found sporadically throughout facies B. Patchy calcite cementation is 

present throughout the interval, visible as lighter grey sections versu. the darker and brown 

appearance of sections with dolomite as the primary cement.  Dolomite and quartz proportions 

have increased from facies A to facies B, though calcite is still a major mineralogical constituent 

(Figure 3.4). The increased proportion of quartz corresponds with the interpretation that facies B 

is more landward than facies A; receiving a larger amount of terrigenous sediment as a result.  The 

inferred environment of deposition is shallow marine subtidal.   

Facies B is a primary reservoir target with an average thickness of 14.75 feet in the six 

cores described, coupled with good reservoir properties. Porosity averages 5.2% while 

permeability averages 0.102 mD from the six cores described. The high permeability in facies b is 

likely due to backfill of burrows with coarser sediment. This connects previously unconnected 

pore space Facies B is a good reservoir target but does not contain microbial signatures, which is 

the focus of this study. However, these reservoir properties will be further discussed in Chapter 6. 
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Figure 3.3: A) Nine feet of core from the Roberts Trust 1-13H well displaying facies B; 

Bioturbated Calcareous Siltstone (Triple-O Slabbing). Displayed under white light while wet. 

The primary bioturbation are Helminthopsis and Sclarituba burrows (H/S). Patchy calcite cement 

(Ca) is present throughout the interval. Brachipod fragments (br) and crinoids (cr) are also 

present. Sedimentary structures have been obscured by bioturbation. B) Cored section from 

10,704’-10,705 illustrating bioturbation.  



	

 35 

 

Figure 3.4: Average mineralogical composition of facies B from XRD data on five cores: 

Pumpkin, Henry Bad Gun, Roberts Trust, Danks, and Hognose. More detailed compositional 

analysis displayed in core descriptions. Data courtesy of Enerplus. 

3.2.3  Facies C: C1- Algal Calcareous Sandy Siltstone; C2- Crenulated Calcareous 

Sandy Siltstone; C3- Planar Laminated Calcareous Sandy Siltstone 

Facies C is the first interval in which microbial influence can be observed. As a result, it is 

broken into 3 Subfacies: C1 is an algal calcareous sandy siltstone, C2 is a crenulated calcareous 

sandy siltstone, and C3 is a planar laminated calcareous sandy siltstone.  At the core scale, the 

distinguishing feature between these three groups is microbial influence. The three C subfacies are 

very similar to one another in non-microbial characteristics. There are patchy calcite and dolomite 

cements throughout facies C, which consists of light grey sandy siltstone. The grain size is 

predominantly very fine sand with coarse silt present, often aggregated within dark laminations. 

There is not a biogenic signature or bioturbation within the C facies (other than the microbial 

features). Pyrite nodules are scattered throughout the unit.  The composition of facies C (Figure 
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3.5) is not appreciably different from facies B-the largest change is a 4% decrease in clay content.   

The inferred environment of deposition for facies C is a shallow marine subtidal zone due to the 

lack of cross stratification within the unit. C1 contains an algal head, such as a stromatolite or 

thrombolite. This is the least prevalent of the three facies subgroups, and is only present in the 

Pajorlie 22-1-H well (Figure 3.6) and is 1.5 feet thick. Subfaceis C1 has an average porosity of 

4.6% and permeability of 0.305 mD. It is difficult to capture and be certain of the presence of a 

microbial head or shrub structure at the core scale. C2 contains the previously mentioned 

microbially influenced sedimentary structures (MISS). These sedimentary features are most 

commonly represented by crinkly, or crenulated, laminations (Figure 3.7). All six cores contain 

the C2 subfacies, and is an average of 5.6 feet thick. Subfacies C2 has an average porosity of 5.3% 

and permeability of 0.02 mD. These crenulated laminations are generated by the rhythmic trapping 

and binding of detrital sediment to the algal substrate. Facies C3 is characterized by a lack of 

microbial influence and is also present in all six cores, (Figure 3.8) averaging 3.1 feet thick. 

Subfacies C3 has an average porosity of 4.3% and permeability of 0.039 mD. The laminations 

within this subfacies are planar and while they aggregate finer grain silts within the laminations, 

there does not appear to be an algal substrate.  

Microbial influence is often restricted to the photic zone (Burne and Moore, 1987) and the 

planar laminations also indicate tidal influence. The inferred environment of deposition is a 

shallow marine subtidal to intertidal zone.  The planar laminations of the C3 subfacies indicate a 

high energy tidal environment. The preservation of the microbialites, within the C1 and C2 

subfacies, as well as the lack of other biogenic features, indicate that this marine environment was 

also restricted. Additionally, the fine-grained material contained within the laminations indicates 

a low sediment supply.  
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‘Petee’ structures are of a microbial origin; created during cycles of exposure, rehydration, 

and crystallization (Aref et al., 2013). They form when the water table is lowered during summer 

months and increased salt crystallization takes place beneath the mat and at its perimeter (Aref et 

al, 2013).  An additional hypothesis, proposed by Reineck et al. (1990) describes ‘Petee’ creation 

as a result of gas escape from the decay of underlying microbial mats. The presence of a ‘Petee’ 

structure further supports the hypothesis that C1 is deposited in a shallow restricted marine 

environment. The Pajorlie was possibly subjected to subaerial exposure, leading to the tepee 

desiccation feature. This may be indicative of variability in paleotopography and environment 

between wells. Additionally, restricted marine settings increase salinity, allowing for extremophile 

microbial colonies to thrive. The reservoir properties of the C facies are further discussed in 

Chapter 6.  

 

Figure 3.5:  Four inches of core from the Pajorlie 21-2-1H well displaying subfacies C1. Petee 

structure is outlined in white at the bottom of the core. Algal laminations lap onto the structure 

and become horizontal at the top of the core. This desiccation induced structure indicates some 

degree of subaerial exposure.  
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Figure 3.6: One-foot of core from the Danks 17-44H displaying subfacies C2. Crenulated 

laminations indicate a microbial or algal influence and are present throughout the entire foot. 

These laminations are present in all six cores described.  

 



	

 39 

 

 

Figure 3.7: One-foot of core from the Henry Bad Gun 09C-04-1H displaying both subfacies 

C2 and C3. The planar laminations of C3 are present near the base (white box) while the 

crenulated laminations of C2 are present at the top. This may indicate a shift from a less 

restricted shallow marine environment (C3) to a more restricted marine environment (C2). 
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Figure 3.8: Average mineralogical composition of facies C from XRD data on five cores: 

Pumpkin, Henry Bad Gun, Roberts Trust, Danks, and Hognose. More detailed compositional 

analysis displayed in core descriptions. Data courtesy of Enerplus. 

3.2.4  Facies D: Calcareous Laminated Cross-Stratified Oolitic Grainstone 

Facies D is a calcareous laminated cross-stratified oolitic grainstone. It shows the highest 

depositional energy of all six facies. Facies D shares a gradational contact with underlying facies 

C, as well as facies E above.  Facies D is light grey with dark grey silt laminations throughout. 

Patchy calcite cementation occurs through the interval, and dolomite cement varies from core to 

core due to a limey ooid shoal, that can often prevent diagenetic dolomite (Grau et al., 2011). The 

lime ooze produced by this shoal acts as a barrier to dolomitizing fluid that would otherwise move 

through the system. Grain size within facies D ranges from silt to fine-grained sand, though calcite 

is the primary mineralogical constituent (59%) (Figure 3.9). Calcite within facies D is primarily of 

oolitic origin with some calcite cement and muds throughout the interval that is often patchy. There 

is an increase in pyrite framboids toward the top of the D interval.  Biogenic features include: 
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brachiopod shell fragments, echinoid spines and ooids. There is also undifferentiated bioturbation 

present within the D facies. Various sedimentary structures are present within the D facies; low 

angle planar laminations, ripple cross-stratification, trough cross-stratification, and undulose 

laminations (Figure 3.10). Soft sediment deformation is pervasive within the D facies, and can 

sometimes resemble a microbialite. However, petrographic analysis (Chapter 4) indicates a non-

microbial origin.  Laminations in the D facies aggregate finer grained silt and clays.  A drastic 

decrease in clay content occurs within the D facies (Figure 3.9) which can be attributed to the 

increase in depositional energy. Facies D is an average of 6.25 feet thick in the six cores described. 

Facies D has an average porosity of 3.7% and permeability of 0.007 mD. 

 

Figure 3.10: Two feet of core from the Danks 17-44H. 1) Section of the D facies illustrating 

ripple cross-stratification (A); ooids (D); trough cross-stratification (E); and laminae selective 

calcite cementation (Ca). 2) Section of D facies showing planar cross stratification (B) and low 

angle planar laminations (C).  
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The inferred environment of deposition for facies D is a shallow, marine, intertidal shoal. 

facies D is deposited in the shallowest marine setting of all six MBM units.  The high proportions 

of calcite, allochems and sedimentary structures indicate that the D facies was deposited within 

the intertidal zone on a carbonate shoal with significant siliciclastic input. Coarser quartz and a 

large amount of ooids form carbonate/siliciclastic shoals deposited by longshore currents (Gent, 

2011). This carbonate shoal is responsible for a decrease in dolomite within the D facies; relative 

to the other five facies of the MBM (Figure 3.11). Dolomitization of the C and D facies is prevented 

by a lime ooid shoal that produces calcite mud, which acts as a barrier to fluid flow (Grau and 

Sterling, 2011).  

 

Figure 3.9: Average mineralogical composition of facies D from XRD data on five cores: 

Pumpkin, Henry Bad Gun, Roberts Trust, Danks, and Hognose. facies D has the highest 

proportion of calcite, and lowest proportion of dolomite, of any of the six facies. More detailed 

compositional analysis displayed in core descriptions. Data courtesy of Enerplus. 
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Figure 3.11: Well logs, core photos and a diagram illustrating the effect of the “Limey Ooid 

Shoal” on dolomitizaiton within the D facies. The core and logs on the left illustrate normal 

dolomitization that occurs without the overlying shoal shadow. The core and logs on the right 

illustrate the barrier effect that the shoal has on dolomitization of the C and D facies. (Grau and 

Sterling, 2011).  

Facies D is not a possible horizontal target within the MBM. Porosity values range from 

0.80%-9.40%, with an average of 3.7%. Permeability values within facies D range from 0 mD 

(completely cemented) to 0.023 mD; the average is 0.007 mD. When the diagenetic cements 

(Chapter 4) are less pronounced, the D facies represents a decent reservoir unit, even though the 

presence of a ‘limey ooid shoal’ is difficult to predict across the producing fields in the Williston 

Basin (Grau and Sterling, 2011). The reservoir properties of the D facies are further discussed in 

Chapter 6.  
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3.2.5  Facies E: E1- Algal dolomitic siltstone; E2- Crenulated Dolomitic Siltstone 

Facies E is the second interval in which microbial influence is observed. Facies E 

gradationally overlies the D facies. Where the F facies is present, there is also a gradual transition. 

Similar to facies C, two subfacies are observed within this interval: E1-algal dolomitic siltstone; 

and E2-crenulated dolomitic siltstone. It appears that all of the E facies, in the six cores described, 

have some degree of microbial influence. Therefore, a non-microbial ‘E3’ is not discussed. At the 

core scale, the distinguishing feature among these two groups is some type of microbial influence. 

Both subfacies are medium to dark grey with high proportions of calcite (26.55%) and dolomite 

(27.9%) cements. The rebound in dolomite is due to being above the D facies’ barrier (Figure 

3.12).  Pyrite framboids are found preferentially adjacent to MISS, as well as within thrombolites 

and stromatolites (Figure 3.13). Bioclasts include: ooids, coated grains, and brachiopod shell 

fragments. Bioturbation within the E interval includes: Helminthopsis/Sclarituba and Planolites. 

Most if not all sedimentary structures have a degree of microbial influence. The detrital sediments, 

primarily quartz, preferentially aggregate within the microbial laminations due to trapping and 

binding effects. Silt-rich microbial laminations result, as well. 

The algal dolomitic siltstone facies (E1) contains an actual microbialite, such as a 

thrombolite head (Figure 3.13). Organic calcite precipitation allows for the creation of a 

pronounced vertical morphology that does not occur in MISS. Detrital grains are cemented in place 

with coated grains and ooids by the organic calcite. The average thickness for the E1 subfacies is 

2.33 feet, from the six cores described. Subfacies E1 has an average porosity of 4.3% and 

permeability of 0.006 mD. Subfacies E1 is likely a product of an environment with lower energy 

and sedimentation rate.  
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Subfacies E2, crenulated dolomitic siltstone, is differentiated from subfacies E1 by the type 

of microbial structure present. E2 contains MISS instead of thrombolites or stromatolites and 

averages 3.4 feet thick in the six cores studied. Subfacies E2 has an average porosity of 5.8% and 

permeability of 0.066 mD. The MISS within E2 take the form of crenulated, rhythmic laminations 

(Figure 3.13). These mud rich laminations would not contain a crenulated morphology unless there 

was a substrate to maintain this elevated rhythmic morphology. This could be an early cement.  

However, the lack of subaerial exposure makes this unlikely. The best candidate for the binding 

and stabilization of sediment, in this crenulated configuration, are algal mats. These MISS do not 

readily precipitate calcite cement between phases of trapping and binding (Noffke and Awramik, 

2013). This leads to a less pronounced morphology than is found in subfacies E1. 

The inferred environment of deposition for the E interval is a shallow, marine, subtidal 

environment. This environment likely experienced restriction episodically during deposition, 

which allowed for the formation of microbialite features. The lack of cross-stratification, and 

presence of microbialites indicates that it is below tidal influence and the fair weather wave base 

(FWWB), but it is still within the photic zone. This low energy marine environment is ideal for 

the growth and subsequent preservation of microbial mats. Modern environments, such as Shark 

Bay, Australia may be similar to the environment at the time of facies E deposition. Good reservoir 

properties indicate that the E facies represents a possible horizontal target within the MBM. Further 

discussion on the reservoir quality of facies E is found in Chapter 6.  
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Figure 3.12: Average mineralogical composition of facies E from XRD data on five cores: 

Pumpkin, Henry Bad Gun, Roberts Trust, Danks, and Hognose. Note the increase in dolomite 

composition, from the D facies, as well as the increase in clay content. More detailed 

compositional analysis displayed in core descriptions. Data courtesy of Enerplus. 
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Figure 3.13: A) Core from the Danks 17-44H, displaying the E1 subfacies. A thrombolite is 

located at the base of the core. 1) Dark thromnbolite shrubs and coated grains are scattered 

through the interior of the feature. Crenulated laminations, a MISS, are located at the top of the 

core. B) Thrombolite shrubs are analogous to grain size. They come in different sorting, packing 

and morphologies. Variations in these properties impact reservoir quality (Rezende, 2015).  



	

 48 

3.2.6  Facies F: Bioturbated Fossiliferous Wackestone 

Facies F is the uppermost within the MBM and gradationally overlies facies E. In the six 

cores studied, facies F is present in four: The Pumpkin, Roberts Trust, Pajorlie and Henry Bad 

Gun. The presence of this interval appears to be controlled by the thickness of the underlying D 

and E facies; it is not present in the two wells where the D and E are thickest.  The absence of 

facies F is due to post-depositional erosion. Over thickened D and E units do not allow for adequate 

deposition of facies F. These thinner successions of facies F are eroded away and therefore F is 

not present throughout the entire study area. The contact with the overlying Upper Bakken Shale 

is abrupt, appearing erosional.  Facies F is a medium to dark grey bioturbated fossiliferous 

wackestone. There is patchy calcite cementation that appears to be bedding selective, as well as a 

large proportion of clay that likely contributes to poor reservoir quality (Figure 3.14). This silty 

unit is primarily massive but small beds of planar laminations and multiple bioclastic lags, between 

0.1-1.5 inches thick, are present. The bioclasts contained within these lags include: brachiopod 

shell fragments, crinoids and bryozoa (Figure 3.15). These lags are evidence of high energy storm 

events. Soft sediment deformation is found throughout the unit, as well.  

The inferred environment of deposition is similar to that of the A facies; shallow marine 

intertidal to subtidal. The bioclastic lags indicate that facies F is within the storm wave base. The 

planar laminations indicate some degree of tidal influence, though they are not found within the 

entire core. The increase in clay content indicates a a potential decrease in energy and increase in 

water depth. There does not appear to be any evidence of microbial influence within the F facies.  

The F facies, though not laterally continuous, has the highest residual oil saturation of all 

six facies-40.5%. An average porosity of 5.8% is also the highest of all six facies, however the 
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permeability averages 0.006 mD. These reservoir properties will be discussed further in Chapter 

6. 

 

 

Figure 3.15: Average mineralogical composition of facies F from XRD data on five cores: 

Pumpkin, Henry Bad Gun, Roberts Trust, Danks, and Hognose. An increase in clay content 

contributes to poor reservoir quality. More detailed compositional analysis displayed in core 

descriptions. Data courtesy of Enerplus. 
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Figure 3.16: Core from the Roberts Trust 1-13H in the Middle Bakken Member of North 

Dakota, showing facies F: bioturbated fossiliferous wackestone. 1) Planar silty laminations 

overlying soft sediment deformation induced by a storm event. 2) A bioclastic lag containing 

numerous brachiopod shells and fragments. Calcite and mud preferentially aggregate into these 

lags. 3) Patchy calcite cement; found throughout the interval.  
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3.3  Core Descriptions 

Core descriptions were generated by hand and then transferred into EasyCore Software, 

and plotted with available mineralogical data from x-ray diffraction (XRD). A hand lens, 

hydrochloric acid, ruler and spray bottle were used to describe the core. Measurements and 

descriptions were then verified with XRD data and petrographic thin section analysis (Chapter 4). 

The core labs of Triple O Slabbing and the North Dakota Geological Survey (NDGS) were used 

to describe and sample the cores. Photography from the NDGS was also utilized in this analysis. 

Not all six cores will be discussed in this section. The Roberts Trust will be used as a type core 

description. The other five descriptions are located in Appendix A; the Danks 17-44H, Hognose 

152-94-18B-19H-TF, Pajorlie 21-2-1H, Roberts Trust 1-13H, Pumpkin 148-93-14C-13H-TF, and 

Henry Bad Gun 09C-04-1H-TF.  Figure 3.17 contains the updated facies classification, developed 

after analyzing these six cores. The primary focus will be on the microbialite facies C and E, 

regarding classification and variation.  

 3.3.2  Roberts Trust 1-13H 

The Roberts Trust contains all six facies of the Middle Bakken Member (MBM), as well 

as a few feet each of the Lower and Upper Bakken shales (LBS & UBS). The Roberts Trust was 

described by hand and digitized within EasyCore Software (Figure 3.18). The LBS is an organic-

rich black shale; deposited in a low-energy, anoxic marine environment. Total organic carbon 

content averages 11% by weight; making the Lower and Upper Bakken shales world-class source 

rocks.  
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Figure 3.17: Updated facies classification scheme for the Middle Bakken Member. Six facies 

A-F were identified in the six cores described. Facies E and C have been broken into subfacies 

that are characterized by the presence, or lack of, microbial features.  A 1 subscript indicates the 

presence of stromatolitic or thrombolitic structures; 2 indicates the presence of microbially 

influenced sedimentary structures; and 3 indicates a lack of microbial influence. 
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Figure 3.18: Digitized core description of the Roberts Trust 1-13H generated in the EasyCore 

software package. Core description profile, lithology, bioturbation index, facies, notes and 

composition from X-ray diffraction are displayed. All six Middle Bakken facies are displayed, as 

well as the Upper and Lower Bakken Shales (facies G). Subfacies C1 is the only unit not found 

in the Roberts Trust core.  



	

 54 

 (Sonnenberg, 2017). Facies A (fossiliferous brachiopod wackestone) shares a sharp, erosive 

contact with the LBS. This contact is often characterized by a pyritized bioclastic lag (Figure 3.19). 

Facies A contains significant calcite cementation throughout the entire six-foot interval. A lack of 

sedimentary structures indicate deposition below the storm wave base.  

 

Figure 3.19: Core from the Roberts Trust 1-13H displaying the unconformity between the 

Middle Bakken Member and the Lower Bakken Shale. A) facies A-fossiliferous brachiopoidal 

wackestone- lying above the erosive contact with the Lower Bakken Shale, indicated by the 

dashed line. 2) Pyrite replacement of bioclasts at the base of the unit. B) The Lower Bakken 

Shale Member. The LBS lacks the pyrite replaced bioclasts of the overlying A unit.  

The gradual transition from facies A to B (bioturbated calcareous siltstone) is characterized 

by an increase in bioturbation-Helminthopsis Sclarituba, a Neirites group grazer. This trace fossil 

is often found in deep marine shelf environments. This intense bioturbation obscures any 

sedimentary structures that may have been present within the unit (Figure 3.20). The thickest of 

the six facies, B also contains the highest proportion of clastic sediments; quartz, feldspars and 

clays. facies B represents a period of regression within the MBM that will continue until the 

Rip-up	clasts	and	

Fossil	 fragments;	
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crinoids	and	shell	

fragments	
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deposition of facies D. This unit is the primary reservoir target within the MBM, largely due to it’s 

thickness- twelve feet, and reservoir properties.  

 

Figure 3.20: Plain light image of the B (bioturbated calcareous siltstone) facies from the 

Roberts Trust 1-13H core. Patchy calcite cement and nodules are outlined by the white dashed 

lines. Red arrows indicate different cemented zones. Helminthopsis Sclarituba burrows indicated 

by the green arrow. The bioturbation is more visible within the calcite cemented zones.  
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Facies B shares a gradational contact with the overlying C facies (calcareous siltstone). 

Within the Roberts Trust, subfacies C2 (crenulated calcareous siltstone) and C3 (planar laminated 

calcareous siltstone) are present. C2 is characterized by the presence of microbially influenced 

sedimentary structures (MISS), while C3 does not appear to contain microbial influence (Figure 

3.21). The base of the C interval is highly calcified; however, there is an increase in clastic input 

until the contact with the overlying D facies. MISS do not organically precipitate calcite, but form 

through trapping, binding and stabilization of detrital sediments by an algal mat (Noffke and 

Awramik, 2013). This results in the formation of crenulated laminations. These laminations are 

present within two separate intervals in the C interval of the Roberts Trust core. The planar 

laminated C2 unit does not show a change in mineralogical composition, further supporting this 

hypothesis. The alternation between the planar laminated C3 intervals and the crenulated C2 

intervals indicate a back and forth transition from a restricted (C2) to open marine environment 

(C3). The deposition of the C interval occurred during an overall shallowing toward the intertidal 

zone. This alternating package is found in all six of the described cores, further bolstering these 

unique depositional shifts.  

The deposition of the D (calcareous laminated cross-stratified oolitic grainstone) facies 

represents the furthest regression within the MBM and shares an erosional contact with facies C 

(Sonnenberg, 2017). Prolific sedimentary structures, as well as a significant drop in dolomite 

content, characterize this unit (Figure 3.22).  Significant calcite cement is attributed to the presence 

of the limey-ooid-shoal that generated significant amounts of calcite mud. This is colloquially 

referred to as ‘the shadow of the D’.  The lack of microbial influence is likely due to the high 

energy nature of this environment; marine intertidal. High energy environments are not conducive 

to the growth and preservation of algal mats, even if they are hypersaline. The mats are often buried 
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by sediments in intertidal environments (Burne and Moore, 1987). This sediment cover prevents 

the mats from performing effective photosynthesis. 

 

Figure 3.21: Core from the Roberts Trust 1-13H in the C facies interval. A) The crenulated 

laminations of the C2 subfacies; crenulated calcareous sandy siltstone. These laminations are 

further apart and have a crinkled appearance (~1cm). They are formed when the algal mats are 

altered and fossilized after burial. This is an example of a microbially influenced sedimentary 

structure (MISS) and lacks organic carbonate precipitation. B) The planar laminations of the C3 

subfacies; planar laminated calcareous sandy siltstone. These laminations are much smaller 

(~1mm) and closer together, they also lack the crinkly morphology found in the C2 subfacies.  
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The E facies was deposited over unit D at the beginning of a transgressive cycle, and the 

base of the E unit is a flooding surface representing a eustatic rise during the deposition of the 

MBM (Gent, 2011). This shift is visible in all six cores observed, as well as the proceeding 

microbial features. The E is the second unit within the Middle Bakken Member that contains 

microbial features.  The shift away from the pronounced sedimentary structures of the D unit 

indicates a transition into a period of quiet conditions after the initial transgression.  There are two 

subfacies within the unit and both contain microbial features. The E1 subfacies is characterized by 

stromatolitic and thrombolitic features (Figure 3.23). Within the Roberts Trust, the E1 interval is 

2 feet thick and is characterized by stromatolitic laminations. These laminations are undulating or 

bumpy in appearance and are rhythmic in nature. The E2 subfacies is 3.5 feet thick and 

characterized by crenulated laminations. These laminations are less pronounced than the 

stromatolitic laminations of E1. The presence of these microbial carbonate features is indicative 

of a restricted subtidal environment (Riding, 2011). Within the Phanerozoic the presence of 

microbialites can also indicate hypersalinity; microbes thrive in extreme conditions that preclude 

competition and predation.  

The F facies is the final unit deposited within the Middle Bakken Member, and is not 

present in all six cores. This unit represents a continued transgression of sea level, that was initiated 

at the base of facies E (Gent, 2011). Within the Roberts Trust, facies F is 4.5 feet thick and 

terminates at a sharp boundary with the Upper Bakken Shale. This upper boundary is characterized 

by increased pyritization and bioclastic lags. The presence of moderate bioturbation as well as 

allochems within the unit indicates the presence of competing metazoans; a possible reason for the 

apparent disappearance in microbialites in this facies.  
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Figure 3.22: Core from the Roberts Trust 1-13H within the D facies interval. Planar and 

undulating laminations, soft sediment deformation and a calcite filled fracture are denoted by red 

arrows. Patchy calcite cement and nodules are outlined in the dashed white lines. The structures 

within the D facies are sporadic; note the shift from undulating laminations to planar when 

moving up the core.  
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Figure 3.23: Core from the Roberts Trust 1-13H within the E facies interval. At the top of the 

core there are algal laminations, characterized by rhythmic bumps and laminations selective 

calcite cementation. At the base of the core there are laminations lapping onto an algal dome on 

the right side of the core. There are planar laminations below this dome, indicating that this 

structure is syndepositional and likely algal in origin.  
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3.3.3  Depositional Model 

 

Previously discussed in the context of each facies, the deposition of the Middle Bakken 

Member (MBM) took place in a subtidal to intertidal marine environment (Gent, 2011). The MBM 

is sandwiched by the Upper and Lower Bakken Shales that were deposited in a low energy, anoxic 

marine environment (LeFever et al., 1991; Figure 3.24). Evidence for the deposition of these shales 

includes: authigenic pyrite, preservation of organic matter and a lack of bioturbation (Webster, 

1984). Episodic bioturbation and microbial features indicate shifts in energy, salinity and sea level 

throughout the deposition of the MBM.  

The Middle Bakken Member (MBM) is interpreted as a shallow marine offshore ramp 

setting, during a shallowing upward sequence (facies A-D) followed by a deepening event (facies 

E-F) (Sonnenberg, 2017) (Figure 3.25). The basal facies A-fossiliferous brachiopod wackestone-

was deposited following a sea level fall; a dramatic shift from the deep marine deposition of the 

Lower Bakken Shale. This shift is represented by an unconformity at the base of the unit. The 

deposition of facies A represents the beginning of a highstand to a falling stage systems tract 

sequence that contains facies A-C. Facies D was deposited as a lowstand system tract. Facies E 

and F were deposited as a transgressive system tract (Sonnenberg, 2017). Lastly, a transgressive 

surface of erosion is characteristic of the boundary between facies F and the Upper Bakken shale.  

3.3.4  Microbialites In Core 

There are several features that can be used to distinguish microbialites within core, most 

of which are based on morphology. It is important to note that for most microbialites to be 

confirmed with an acceptable degree of certainty, petrography should be integrated with core 

descriptions. Stromatolitic and thrombolitic features are more apparent in core due to a unique 
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layered or clotted morphology. These microbialites cover a spectrum of different growth processes 

and morphologies. The most abundant type of stromatolite within the E1 and C1 subfacies are 

siliciclastic-carbonate in nature. The categorization of stromatolites by composition is based on 

the proportion of siliciclastic content: carbonate <10%; siliciclastic-carbonate <50%; and 

sandstone >50% (Martin and Martin, 2015). Though carbonate stromatolites are more common 

than siliciclastic, the MBM contains enough siliciclastic input for the growth of carbonate-

siliciclastic stromatolites. These stromatolites are “domes with both stromatolitic and thrombolitic 

macrofabrics, associated with marginal marine beach” (Braga and Martin, 2000). Ooids and coated 

grains can also be a significant component of these stromatolites.  

 

Figure 3.24: Depositional model for the Upper and Lower Bakken Shales. The anoxic 

conditions allowed for preservation of large amounts of organic material. These shales are the 

primary source rocks for the Middle Bakken Member (Modified from Meissner 1984; Smith and 

Busin 1996; Sonnenberg, 2011). 
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Figure 3.25: Simplified depositional model for the Middle Bakken Member. 1) Beginning of 

shallowing event; deposition of basal facies (A-D). 2) Maximum regression and period of 

stability. 3) Deepening event; deposition of facies E and F (modified from Kohlruss et al., 2016). 

1)	

2)	

3)	
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Thrombolites are the other type of microbialite that are characteristic of the E1 and C1 

subfacies. Thrombolites are “cryptalgal structures related to stromatolites, but lacking lamination 

and characterized by a macroscopic clotted fabric” (Aitken, 1967). This clotted structure is 

internal, as well as externally reflected in ‘pure’ thrombolites. None of those features were 

observed within this study.  

The most prominent microbialite within this study is from the Danks 17-44H (Figure 3.13). 

The internal clotted structure contains large proportions of bitumen and siliciclastic sediment. 

There are concentric stromatolitic laminations, characteristic of a stromatolite, layered away from 

the internal clotted fabric. The combination of a thrombolitic internal fabric and external 

stromatolitic laminations lead to a hybrid thrombolitic stromatolite classification of this feature 

(Aitken, 1967). The siliciclastic proportion of this E1 subfacies (39%) grades toward a siliciclastic-

carbonate thrombolitic stromatolite. The second type of stromatolitic structure within this study is 

a petee within the C1 facies of the Pajorlie 21-2-1H core (Figure 3.5). These structures form during 

the desiccation, rehydration and crystallization of microbial mats (Aref et al., 2013). This would 

indicate that the C1 facies occurs proximal to shore line and possibly the intertidal zone.  

 Microbially influenced sedimentary structures (MISS) are less distinguishable as they are 

often not subjected to early lithification (Riding, 2011). Intertidal and supratidal marine settings 

are frequently colonized by cyanobacteria mats. The origins of these “bedding plane structures are 

probably complex and varied” (Riding, 2011). Nonetheless, these algal mats are still trapping and 

binding detrital sediment for preservation within the rock record. The resultant structures are 

crenulated laminations that are seen within the E2 and C2 subfacies (Figures 3.6, 3.13 and 3.21). 

These rhythmic laminations are products of the diagenetic fossilization of the microbial mats 
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(Noffke and Awramik, 2013). The crenulated laminations appear to be the only form of MISS 

within these six cores.  

3.4  Summary 

• Six cores were described: Danks 17-44H, Hognose 152-94-18B-19H-TF, Pajorlie 21-2-

1H, Roberts Trust 1-13H, Pumpkin 148-93-14C-13H-TF, and Henry Bad Gun 09C-04-1H-

TF.  

• Six facies units were assigned to the Middle Bakken Member (MBM), A-F. Two of these 

units, C and E, have microbial influence and were further subdivided into subfacies: C1-

algal calcareous siltstone; C2-crenulated calcareous siltstone; C3-planar laminated 

calcareous siltstone; E1-algal dolomitic siltstone; and E2-crenulated dolomitic siltstone.  

• The depositional model for the MBM is interpreted as a shallow marine offshore ramp 

setting, during a shallowing upward sequence (facies A-D) followed by a deepening event 

(facies E-F).  

• There are two types of microbial features: stromatolites/thrombolites and microbially 

influenced sedimentary structures (MISS). The former organically precipitates calcium 

carbonate and traps detrital sediments, while the latter traps detrital sediments without 

organic precipitation.  

• Microbialites at the core scale are recognized as: thrombolitic stromatolites, siliciclastic-

carbonate stromatolites, petee structures and microbially influenced sedimentary structures 

(crenulated laminations).  
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CHAPTER 4 

PETROGRAPHIC ANALYSIS 

A petrographic analysis was performed on thin sections from six cores: Danks 17-44H, 

Hognose 152-94-18B-19H-TF, Pajorlie 21-2-1H, Roberts Trust 1-13H, Pumpkin 148-93-14C-

13H-TF, and Henry Bad Gun 09C-04-1H-TF. Thin sections for the five Enerplus wells were 

already available. Thin sections (5) for the Pajorlie 21-2-1H were created specifically for this 

study, to sample facies C (algal calcareous siltstone), D (calcareous laminated cross-stratified 

oolitic grainstone) and E (algal dolomitic siltstone). The primary focus of this petrographic 

analysis was to confirm and further characterize the microbialites that are observed at the core 

scale. Each of the six Middle Bakken facies were analyzed for the presence of microbialites, with 

a focus on the C and E intervals. A secondary objective of this analysis was to determine the 

diagenetic impact on reservoir quality for the Middle Bakken Member (MBM). 

4.1  Methods 

Core analysis was used as the foundation for petrographic analysis and the creation of 

additional thin sections. Enerplus had previously generated petrographic thin sections available 

though the focus of these was not on the microbialite intervals. To bolster this petrographic 

analysis, samples were collected from these intervals at the North Dakota Geological Survey and 

thin sections were made at the Colorado School of Mines thin section lab. The Enerplus thin 

sections had been injected with an epifluorescent epoxy to better accentuate porosity. This method 

makes it impossible to distinguish artificial fluorescence from oil and organic matter fluorescence. 

To better see any remnant organic matter, as well as understand the distribution of hydrocarbons 

within the MBM, the thin sections created at the School of Mines were not injected with a 
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fluorescent epoxy. All of the newly acquired thin sections were analyzed, as well as many of the 

Enerplus thin sections. Each sample was analyzed regarding: mineralogy, grain size, shape and 

sorting, the presence of microbial indicators, cement type, fossil content, porosity and fluid 

saturations and zonation. These observations contribute to the identification and characterization 

of microbialites, as well as the diagenetic sequence of the MBM.  

4.2  Mineralogy 

X-ray diffraction data was provided by Enerplus for five cores (4.1-4.5). The Pajorlie 21-

2-1H does not have XRD data available. The Middle Bakken Member (MBM) is a mixed 

carbonate-siliciclastic unit and the mineralogical trends support this interpretation. Quartz, 

dolomite, calcite and clays (illite/mica) are the primary components for all six of the MBM facies. 

Trends can be found throughout this data set, though they are not well defined in each core.  Quartz 

and feldspars are a consistent proportion of the MBM until the D interval, where there is a sharp 

increase in calcite content at the expense of siliciclastic input.  The percentage of dolomite 

generally increases throughout the MBM, with the exception of a sharp decrease in the D facies; 

before increasing towards the Upper Bakken Shale. Calcite content is generally inverse of the 

dolomite content in each core, including a sharp increase in the D facies. There is less calcite in 

the Microbially Influenced Sedimentary Structure (MISS) facies than there is in the non-microbial 

facies, even within the same overall unit i.e. C or E. The stromatolitic facies (E1 and C1) generally 

have an increased calcite content relative to surrounding units. This is likely due to syndepositional 

organic precipitation by the algal mats-the key difference between stromatolites and MISS. Within 

the MISS intervals, there is also an increase in the proportion of siliciclastic minerals. This increase 

can be attributed to the trapping and binding of detrital sediment.  
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Figure 4.1: Composition of the Pumpkin core with facies names on the right. Normalized weight percent from X-Ray diffraction. 

Data courtesy of Enerplus. 
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Figure 4.2: Composition of the Henry Bad Gun core with facies names on the right. Normalized weight percent from X-Ray 

diffraction. Data courtesy of Enerplus.
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Figure 4.3: Composition of the Roberts Trust core with facies names on the right. Normalized weight percent from X-Ray 

diffraction. Data courtesy of Enerplus.
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Figure 4.4: Composition of the Danks core with facies names on the right. Normalized weight percent from X-Ray diffraction. 

Data courtesy of Enerplus.
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Figure 4.5:  Composition of the Hognose core with facies names on the right. Normalized weight percent from X-Ray diffraction. 

Data courtesy of Enerplus. 
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4.3  Diagenesis 

The Middle Bakken Member (MBM) has a well studied diagenetic history. The Colorado 

School of Mines MUDTOC Consortium (Kowalski, 2010; Theloy, 2013) and various researchers 

(Pitman et al., 2001; Alexandre, 2010) have proposed various paragenetic sequences that contain 

processes that impact reservoir quality-positively and negatively. Alexandre’s (2010) paragenetic 

sequence focused on the Elm Coulee Field and illustrated significant variation from the Parshall 

Field area; the focus of this study. However, many of the same processes can be applied to this 

study (Figure 4.6). It is important to keep in mind that diagenetic variation is often variable within 

the Williston Basin and dependent on the environment of deposition. 

 

Figure 4.6: Diagenetic sequence chart for the Middle Bakken Member throughout the 

Williston Basin (Pitman et al., 2001). Note that core in this study displayed fractures with calcite 

mineralization. Secondary quartz likely occurs later in the diagenetic history as sufficient 

conditions for quartz were not met until further burial was achieved.  
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For this study a modified paragenetic sequence was developed for the MBM (Figure 4.7). 

This sequence includes syndepositional microbial processes: organic carbonate precipitation and 

detrital grain trapping and binding. These processes only occur as a result of microbial influence 

and are only applicable to facies C and E. Subfacies C1 and E1 experience both processes during 

deposition while C2 and E2 (MISS) do not experience organic carbonate precipitation.  

 

Figure 4.7: Paragenetic sequence for the Middle Bakken Member in the Parshall Field region. 

Organic carbonate precipitation and detrital grain trapping (*) are syndepositional microbial 

processes placed on this diagram for frame of reference.  
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After the syndepositional microbial processes, the first paragenetic event, within the MBM, 

is mechanical compaction (Pitman et al., 2001). This compaction is recognized in thin section by 

elongate concave or convex grain contacts; coincident with low matrix content (Figure 4.8). 

Microstylolites are an indication that early chemical compaction occurred, dissolving carbonate 

grains early in the paragenetic sequence. Framboidal pyrite generation occurs early in the 

paragenetic sequence (Taylor and Macquaker, 2000). The pyrite within the MBM is often 

aggregated near bitumen and organic matter (Figure 4.9). These framboids are also coated with 

organic matter as well as calcite cement (likely early).  Calcite cementation supported grains, 

hindering mechanical compaction during early diagenesis (Figure 4.8). These phases of early 

carbonate precipitation fill much of the primary porosity in the MBM.  The first phase of 

dolomitization is illustrated by euhedral dolomite grains (Figure 4.10). However, these early 

dolomite grains are not prevalent in areas of the MBM with high proportions of early calcite 

cementation, indicating that there was coincidental calcite cementation (Pitman et al., 2001).  

Following the early phases of carbonate precipitation, authigenic clays (illite and chlorite) 

began to form as feldspars and biotite began to dissolve (Pitman et al., 2001). Potassium feldspar 

provided the constituents necessary for illite formation. These clays filled some of the remaining 

primary porosity, but grain coating by chlorite likely helped prevent further early carbonate 

cementation (Figure 4.10). Differentiaion between clays (illite and chlorite) was derived from 

previous work (Wescott, 2016; Gent, 2011). Following authigenic clay formation, there was a 

major phase of carbonate dissolution, primarily calcite. The carbonate dissolution generated 

significant proportions of secondary porosity. This space allowed for additional phases of calcite 

and dolomite precipitation to take place in the MBM. Dissolution of grains and burrows filled with 

early, generally microcrystalline, calcite allowed for macrocrystalline calcite to be deposited 
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within the pores (Figure 4.11). Late stage dolomitization also benefited from carbonate dissolution, 

destroying secondary porosity (Figure 4.11). Throughout MBM diagenesis, carbonate dissolution 

and precipitation act as the primary controls on porosity and permeability. Dissolution acts as a 

benefit while early and late carbonate precipitation hinders reservoir quality. 

Quartz overgrowth occurs late in the paragenetic sequence, due to the high, 80-100 degree 

Celsius, temperatures required; these are reached around 15,000 feet (Hartmann and Beaumont, 

1999). Quartz overgrowths occur where carbonate dissolution has created secondary pore space 

that is not coated with authigenic clays (illite and chlorite) that are prevalent on early carbonate. 

Secondary pores, generated by carbonate dissolution, also contain quartz overgrowth (Figure 

4.12).  

During hydrocarbon generation, increased pressure induced fracturing within the MBM 

(Sonnenberg et al., 2011). These microfractures are often filled with hydrocarbons or carbonate 

cement (Figure 4.13). LeFever (1991) discussed that the hydrocarbon-generated microfracturing 

within the MBM greatly enhances production. Hydrocarbon-generated microfracturing is induced 

by overpressuring of pore fluids (Tissot and Welte, 1984). These pressures may be significant to 

overcome capillary pressure, or the mechanical strength of the rock (Sonnenberg et al., 2011; 

Figure 4.14). The transformation of kerogen to hydrocarbons may be able to generate sufficient 

pressures to induce microfractures within the MBM. Hydrocarbon generation and the resultant 

fracturing represent the end of the paragenetic sequence of the MBM (Pitman et al., 2001).  

The diagenetic processes that alter porosity within the MBM are numerous and variable: 

mechanical compaction; carbonate precipitation and cementation; carbonate dissolution; 

authigenic clay generation and coating; feldspar dissolution; quartz overgrowth; and lastly, 
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hydrocarbon induced fracturing. Early carbonate cement helps preserve some primary, 

intergranular, porosity from mechanical compaction (Pitman et al., 2001). However, this carbonate 

cement will occlude some of the primary pore space (Figure 4.15A and 4.15B). Authigenic clay 

(illite and chlorite) coatings help prevent quartz overgrowths from forming though they can 

occlude small pore throats within this tight reservoir (Pitman et al., 2001; Wescott, 2016). Feldspar 

dissolution increases secondary porosity within the MBM. Carbonate dissolution also enhances 

secondary porosity, though it is often occluded by late stage carbonate precipitation (4.15A and 

4.15B). Lastly, hydrocarbon generation often induces microfracturing that increases porosity as 

well as permeability within the MBM.  

 

Figure 4.9: Photomicrograph (reflected light) at 10,697.0’ (subfacies E1) from the Roberts 

Trust. Bright yellow indicates pyrite framboids (red arrows). Opaque clusters of bitumen are 

commonly associated with pyrite in the MBM (green arrows). 
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Figure 4.8: Photomicrograph in plain light at 10,609.1 from the Danks 17-44H (subfacies 

E2). Stylolites are present throughout the sample, indicating early chemical compaction (red 

arrow) cross cutting calcite cement. Long convex grain contacts indicate mechanical compaction 

(green arrow).  

 

Figure 4.10:  Photomicrograph (plain light) at 10604.50’ (subfacies E1) from the Danks 17-

44H. A dolomite rhomb (red arrow) is coated with authigenic illite (green arrow).   
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Figure 4.11: Photomicrograph (cross polarized light) at 10,604.5’ (Subfacies E1) from the 

Danks 17-44H. A previously cemented burrow has been filled with late calcite (green arrow) as 

well as bitumen (blue arrow). A few dolomite grains are also contained in the pore (yellow 

arrow) Microcrystalline, early, calcite is still visible on the rim (red arrow).   

 

Figure 4.12: Photomicrograph (cross polarized light) at 10604.5’ (Subfacies E1) from the 

Danks 177-44H. A secondary pore is filled with silica polymorph, a common diagenetic silica 

texture (red arrow). This coated grain is possibly surrounded by a microbial lamination (green 

arrows).  
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Figure 4.13: Photomicrograph (blue light epifluorescence 65x) at 11287.7’ (subfacies E1) in 

the Pajorlie 21-2-1H. Pyrite nodules appear red. Horizontal microfractures are glowing green due 

to the presence of hydrocarbons. This indicates they were likely open during hydrocarbon 

generation and migration. Patchy yellow fluorescence indicates organic matter or bitumen.  

 

Figure 4.14: Diagram illustrating the formation of hydrocarbon-generated fractures. The 

transformation of kerogen into hydrocarbons generates sufficient pressure to induce fractures 

(Sonnenberg et al., 2011).  

10!m 
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Figure 4.15: Photomicrographs from 10,609.10’ (subfacies E2) in the Danks 177-44H core. A) 

Plain polarized light with pink epiflourescent epoxy. B) Same photomicrograph in cross 

polarized light. Red arrows denote quartz grains, the top of which appears to be experiencing 

dissolution. Blue arrows indicate a dolomite rhomb that appears to be undergoing dissolution. 

Yellow arrows indicate a quartz grain that appears to be overgrown with secondary calcite. 

Green and pink arrows indicate dissolution porosity.    

4.4  Microbialites in thin section 

Microbialites are most readily identified in thin section by the fabrics and morphologies 

they generate. Within the Middle Bakken Member (MBM) two intervals, facies C and E, contain 

what appear to be microbialite signatures at the core scale. These observations were used to 

determine where additional thin sections should be sampled in each core. Seventeen thin sections 

were created from the six cores, some of which are discussed in this section as evidence for 

microbial influence within the MBM.  

4.4.1  Stromatolites and Thrombolites in Thin Section: Subfacies C1 and E1 

Facies C1, algal calcareous siltstone, is only present within the Pajorlie 21-2-1H core. The 

C interval in the other five cores is composed of subfacies C2-crenulated calcareous siltstone or 

C3-planar laminated calcareous siltstone. Within the Pajorlie, there does appear to be evidence 

that the microbialite influence is not limited to MISS. A mounded morphology with internal 
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clotting and a fenestral fabric is characteristic of this unit in thin section (Figure 4.16). According 

to Scholle and Ulmer-Scholle (2003) this shrub like architecture is characteristic of stromatolites 

from a hypersaline lake. Internally clotted stromatolites are characteristic of the C1 and E1 

subfacies, further supporting the presence of microbial influence within this unit (Figure 4.17). 

These mounded features with a relatively flat base indicate a microbial mound that grew atop a 

marine hardground; a substrate that has been cemented and partially lithified. These microbialites 

often contain grains, peloids or ooids, that have been coated with microbial carbonate (Figures 

4.16 and 4.17). The C1 subfacies contains many petrographic features that point to a microbial 

origin.  

The E1 subfacies, algal dolomitic siltstone, is most prominent within the Danks core, 

though it is present within all except the Henry Bad Gun. At the core scale, there is compelling 

evidence for stromatolitic presence, especially within the Danks 17-44H core. There is a 

thrombolitic stromatolite present within the Danks 17-44H; the Pajorlie 21-2-1H also contains 

strong evidence for the E1 subfacies at this scale. The petrographic signature of subfacies E1 is 

similar to that of C1, though more pronounced. A mounded peripheral morphology with an internal 

clotted structure is characteristic of the stromatolites within E1. A concentric, laminated, 

phosphatic crust (Figure 4.18) is a morphology with likely microbial origin (Scholle and Ulmer-

Scholle, 2003).  Subfacies E1 contains these concentric growth laminations that radiate outward 

from an internal nucleation point (Figure 4.19). The phosphatic crust is a strong indicator of an 

organic microbial origin (Scholle and Ulmer-Scholle, 2003). Coated grains are present within E1 

(Figure 4.20). These grains are often shell fragments or ooids that have been coated with what 

appears to be microbial carbonate and subsequently replaced with crystalline calcite. A fenestral 

fabric, similar to that within C1, is also observed within subfacies E1 (Figure 4.21). The elongate 
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pores are aggregated within a microbial feature; these pores are not observed in the surrounding 

matrix. The presence of this fenestral fabric is further support for the presence of microbial features 

within subfacies E1. Under blue light epifluorescence, it is possible to see that microbialites within 

this subfacies are saturated with hydrocarbons; bitumen and oil (Figure 4.22). This bright yellow 

fluorescence indicates that the microbialites are able to store hydrocarbons more readily than the 

surrounding matrix. The microbial framework allows for grains to resist some mechanical 

compaction, preserving some primary porosity (Eberli et al., 2012). The presence of oil within the 

microbialites indicates that hydrocarbons were either generated in-situ from decaying organic 

matter or that they possess sufficient permeability to allow for hydrocarbon migration into the 

microbial feature.  

 

Figure 4.16: Photomicrograph (cross polarized light) of a thin section from the Up. Permian 

Yates Fm. Eddy Co., NM. There is a clotted microbial morphology (red arrows) that contains 

abundant fenestral pores (green arrows). These pores have been filled with crystalline secondary 

calcite. Within the clotted microbial structure there are abundant coated grains (yellow arrows). 

Fenestral fabric is characteristic of a microbially induced feature (Modified from Scholle and 

Ulmer-Scholle, 2003).  
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Figure 4.17: Photomicrograph of a thin section at 11299.0’ (subfacies C1) in the Pajorlie 21-2-

1H. A) Plain polarized light; B) Cross polarized light. Red dashed lines indicate the boundaries 

of the microbial structure (stromatolite). The top displays a mounded morphology, while the base 

has a concentric morphology with a semi-planar base. Green arrows indicate fenestral pores that 

have been filled with secondary calcite. Yellow arrows indicate one of the coated grains present 

in this feature.  
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Figure 4.18: Photomicrographs, plain (A) and cross polarized (B) light, of a thin section from 

the Oligocene-Miocene hardground in Oamaru, Otago, New Zealand. A stromatolitic crust has 

formed on this hard ground, radiating outward. These dark, phosphatic laminations are a strong 

indicator of microbial origin.  Fenestral fabric is observed within the laminations. A proposed 

nucleation point indicated by the dots. Arrows indicated the likely direction of growth (modified 

from Scholle and Ulmer-Scholle, 2003, p. 17).  
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Figure 4.19:  Photomicrographs, plain (A) and cross polarized light (B), of a thin section from 

the Danks 17-44H at 10,604.10’ (subfacies E1). A recrystallized stromatolitic crust appears to be 

radiating outward from a nucleation point (yellow circle). The layered morphology is 

characteristic of microbially induced growth. The darker bands on the periphery of these 

laminations are high in bitumen content. 

 

Figure 4.20: Photomicrographs, plain (A) and cross polarized (B) light, of a thin section from 

the Danks 17-44H at 10,604.10’ (subfacies E1). A recrystallized coated grain (red arrows) with 

possibly microbial calcite laminated coating (green arrows). The clotted internal morphology of 

a possibly microbialite (blue arrows). A second coated skeletal fragment (yellow arrows). 

Organically precipitated microcrystalline calcite is commonly found on skeletal fragments.  
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Figure 4.21: Photomicrographs, plain light (A & C) and cross polarized light (B & D), of a thin 

section at 11287.0’ (subfacies E1) from the Pajorlie 21-2-1H. White dashed line (A&B) indicates 

the extent of a possibly microbial feature. There is significant calcite replacement of skeletal 

grains. These features are not found in the matrix. This microbialite aggregated skeletal grains 

into its framework. Blown up sections (C&D) are indicated by the yellow boxes. Red arrows 

indicated some recrystallized allochems, likely brachiopods.  
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Figure 4.22:  Photomicrograph, blue light epifluorescence, of a thin section at 10,604.1’ 

(subfacies E1) from the Danks 17-44H core. Red coloration indicates pyrite. The microbialite is 

stained bright yellow with hydrocarbons.  

4.4.2  Microbially Influenced Sedimentary Structures: Subfacies C2 and E2 

The C2 and E2 subfacies, crenulated calcareous siltstone and crenulated dolomitic 

siltstone, are characterized by the presence of microbially influenced sedimentary structures 

(MISS). Variation between the two units is due to cement type; calcite versus dolomite. Within 

this data set these structures are represented by crenulated microbial laminations. These laminate 

morphologies are not as pronounced as the aforementioned stromatolites, and are better recognized 

at the core scale. However, petrographic observations still appear to confirm the presence of MISS 

(Figure 4.23). Organic matter aggregate in these rhythmic laminations, though cloudy, the 

proportion of detrital grains is significant. During diagenesis these organic laminations are often 

recrystallized with microcrystalline calcite, while the organic matter evacuates toward the 
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periphery of the lamination. Bitumen is common byproduct of this maturing organic matter. The 

appearance of fractures within these laminations seem to indicate a preference for the brittle 

recrystallized microbial mats.  

 

Figure 4.23:  Photomicrogaph of a thin section at 11,297.0’ (Subfacies C2) from the Pajorlie 

21-2-1H. A) Plain polarized light. B) Cross polarized light. Three microbial laminations 

aggregate opaque organic matter (red arrows). Fractures tend to favor the laminations (green 

arrows).  

The evidence for the E2 and C2 subfacies is not as robust as the evidence for their algal 

counterparts (E1 and C1). This is most likely due to the lack of organic calcite precipitation. This 

precipitation allows for the formation of more recognizable three dimensional morphologies. Very 

different from the recrystallized crenulated laminations of MISS. However, by combining core 

and petrographic observations, it can be theorized that MISS are present within the C and E facies 

of the MBM.  

4.5  Summary 

• X-ray diffraction data from five cores: Danks 17-44H, Hognose 152-94-18B-19H-

TF, Roberts Trust 1-13H, Pumpkin 148-93-14C-13H-TF, and Henry Bad Gun 09C-

04-1H-TF was analyzed to determine mineralogy. The Middle Bakken Member 
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(MBM) is a mixed siliciclastic-carbonate system, and displays an inverse 

relationship between dolomite and calcite.  

• The diagenetic processes that enhance, preserve or create porosity within the MBM 

are numerous and variable: mechanical compaction; carbonate precipitation and 

cementation; carbonate dissolution; authigenic clay generation and coating; 

feldspar dissolution; quartz overgrowth; and lastly, hydrocarbon induced 

fracturing.  

• Carbonate dissolution and precipitation, predominantly calcite, occlude and 

enhance reservoir quality. Calcite dissolution is likely induced by meteoric waters 

migrating through the system. Subsequent precipitation occurs where/when these 

waters become supersaturated with carbonate.  

• There are four intervals that likely contain microbial features: subfacies C1, C2, E1 

and E2. Petrographic analysis of these intervals supports this hypothesis in 

conjunction with core descriptions.  

• The E1 and C1 subfacies contain strong evidence for the presence of microbialites, 

specifically stromatolites.  

• The E2 and C2 subfacies contain recrystallized (calcite) laminations that support 

the presence of MISS.  
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CHAPTER 5 

ISOTOPIC ANALYSIS 

Isotopic geochemistry is based on the study of how different species of the same element 

are preferentially proportioned based on exterior factors. In a multiphase system, there will be a 

biased distribution of isotopes, in which one isotope may show a biased distribution. This concept 

is referred to as isotope fractionation. By studying the different amounts of isotopes of the same 

element, assumptions can be made about these exterior factors, such as environmental controls 

(Briscoe and Robinson, 1925; Sharp, 2017).  

Carbon and oxygen isotopic analysis was conducted on two cores: Roberts Trust 1-13H 

and Danks 17-44H. This research was performed with the goal of further analyzing the Middle 

Bakken Member (MBM) microbialites. The carbon and oxygen isotope fractionation can yield 

valuable information about paleoclimate (temperature) and origins and alterations to carbon in the 

rock record. Both, carbon and oxygen are subject to isotopic fractionation through natural cycles; 

the hydrologic and carbon cycles. Both elements are low in atomic mass, are naturally abundant, 

and readily form chemical bonds with high covalency (Sharp, 2017). These factors make carbon 

and oxygen good candidates for stable isotope analysis.  These isotopic fractionation relationships 

will be referred to as δ
13

C (relationship between δ
12

C to δ
13

C)  and δ
18

O ( relationship between 

δ
16

O to δ
18

O).  The most important trend to study microbialites through stable isotopes is the ratio 

of light to heavy carbon or δ
12

C to δ
13

C. An increase in light carbon is attributed to two processes: 

1) meteoric water dilutes the δ
13

C (heavy carbon) within the invaded interval; and 2) bacteria 

produce δ
12

C (light carbon) (Humphrey, 1988).  
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5.1 Methods 

Samples for this analysis were taken from two cores; the Danks and Roberts Trust. The 

Danks has the strongest evidence for microbial influence and was sampled at a one-foot interval. 

The Roberts Trust contains all of the facies within the MBM and was sampled at a two-foot 

interval. The most desirable sampling locations are on broken surface, to avoid drilling fluid 

contamination. A small portable drill was used to grind out small areas of core into powder (>0.1g). 

Each sample was weighed on clean weigh paper. These samples were labelled, capped and sent to 

the University of New Mexico’s Center for Stable Isotopes (UNMCSI). The CO2, content was 

measured using Isotope Ratio Mass Spectrometry. The  oxygen and carbon isotopes were 

standardized against the NBS19; δ
18

O= -2.2% and δ
13

C= 1.95%. The standard value, used to 

convert carbon is 0.0118. For example, a material with a ratio of 0.010743 has a δ13C value of 

(0.010743/0.01118 − 1)*1000‰ = −39‰ (Sharp, 2017).  

5.2  Oxygen Isotopes 

The distribution of oxygen isotopes within the earth’s crust are primarily dependent on the 

hydrologic cycle, especially temperature. This predictable correlation between oxygen isotope 

fractionation and temperature make this analysis useful in determining paleotemperature. Higher 

temperatures contribute to a decrease in δ
18

O relative to δ
16

O. Generally, a 1% decrease when 

mean surface temperatures increase by four degrees Celsius (Veizer, 1992). Driven by the 

hydrologic cycle (Figure 5.1), oxygen isotope fractionation is based on differences in isotopic 

mass; δ
18

O has two more neutrons (10) than δ
16

O. The oxygen within the hydrologic cycle is 

contained within water molecules. Evaporation is the process that drives oxygen fractionation, 

through preferential utilization of lighter molecules. As a result, δ
16

O is more readily utilized in 

processes such as evaporation.  
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Figure 5.1: Diagram of the hydrologic cycle. Light oxygen preferentially evaporates from the 

ocean. When this atmospheric water is precipitated as a solid (ice and snow) the previously 

evaporated light carbon becomes segregated from the cycle, increasing δ
18

O (OpenLearn, 2019). 

Temperature influences oxygen isotope fractionation by dictating the phase of water within 

the hydrologic cycle. Ice is a static phase that does not readily allow for the exchange of water 

molecules from system to system. Fluids allow for fractionation by facilitating the exchange of 

δ
16

O molecules between systems. When temperatures are high, δ
16

O is evaporated from the oceans 

preferentially, increasing δ
18

O in the oceans. During higher global temperatures, most of the 

resultant precipitation is as rain (liquid state). Water is eventually able to return to the oceans; δ
18

O 

decreases as a result of δ
16

O influx from rain and runoff. When global temperatures are low, the 

light carbon that was preferentially subject to evaporation can be segregated within snow and ice. 

Carbon stored within snow and ice do not return to the ocean and is also segregated from the 
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sedimentary record as a result. Therefore, oceanic δ
18

O increases in times of decreased 

temperatures and this shift is recorded in the sedimentary record. An increase of four degrees 

Celsius (Veizer, 1992) generally correlates to a 1% increase in δ
18

O. Oxygen isotope fractionation 

can be correlated between regions because of dependence on the global hydrologic cycle.  

The oxygen isotope data from this study (Figure 5.2) is consistent between the Danks and 

Roberts Trust wells. The range of  δ
18

O values for the Roberts Trust is -3.53 to -5.76 and the range 

for the Danks is -3.54 to -6.27. The Roberts Trust exhibits an overall increase in δ
18

O values when 

moving up the core (Figure 5.3). This indicates a decrease in paleotemperature as greater quantities 

of δ
16

O are segregated into ice and snow, away from geologic processes. The Danks does not 

contain an observable trend in the δ
18

O data,  though there are several abrupt changes indicating 

possible flux in paleotemperatures (Figure 5.4). It is important to note that a global shift in 

temperature is not a likely catalyst when the data is not correlative.  The E microbial units do  

weakly correlate with a decrease in paleotemperature. Microbial mats are extremophiles and are 

not temperature sensitive. However, metazoan competition may decrease in relation to 

temperature. Decreased competition may allow for increased microbial abundance. δ
18

O data 

within the Danks does not display any significant trends. There are observable fluctuations of δ
18

O 

within the Danks, though they do not display a relationship with any facies. Overall, there is an 

observable increase in δ
18

O values upward through the MBM.  
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Figure 5.2: Carbon (δ
18

C)  and Oxygen (δ
18

O ) isotope distribution from the Danks and 

Roberts Trust cores within the MBM. Both cores exhibit similar isotopic trends. δ
18

O within the 

Danks and Roberts Trust.  
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Figure 5.3:  Isotopic fractionation of δ
18

O and δ
13

C within the Roberts Trust core. A general 

increase in δ
18

O occurs upward through the core (decrease paleotermperatures). δ
13

C fluctuates 

throughout the sample interval. Correlations between microbial facies and isotopic fractionation 

are not readily observed.  
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Figure 5.4:  Isotopic fractionation of δ
18

O and δ
13

C within the Danks core. Trends in δ
18

O are 

not readily observed. Microbialite intervals (C2, E2 and E1) display a weak correlation with 

lower δ
13

C values (less biogenic activity).  

5.3  Carbon Isotopes 

Carbon isotopic fractionation is primary based on the exchange of carbon throughout the 

carbon cycle. Carbon isotope fractionation is inherently more difficult to generate conclusions 

from due to the complexity of the carbon cycle. Variations in habitat, climate, and other 

environmental factors play a role in worldwide carbon distribution (Figure 5.5). Variability in 

carbon isotope analysis is more pronounced than in oxygen isotope analysis. comparing the 
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hydrologic and carbon cycles, it is clear that the more complex carbon cycle will yield data that is 

more difficult to interpret. Correlating variations in δ
13

C from region to region can be impossible, 

due to this variability. 

 

Figure 5.5: Diagram of the carbon cycle. Bolded arrows indicate the greatest amounts of 

carbon flux (10
15

g/year). Bolded values indicate indicated by bolded values (10
15

g). Values in 

parentheses indicate δ
13

C values. (Modified from Sharp, 2017).  

Carbon isotope fractionation is influenced by many factors, the strongest of which include 

atmospheric, oceanic, biotic, and geologic processes (Sharp, 2017). The most prolific carbon 

reservoirs are the mantle, carbonate rocks, deep ocean carbonates, and organic carbon within rocks. 

It is important to note that the abundance of carbon within the Earth’s mantle, is not reflected in 
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the amount of carbon exchanged with the other reservoirs. The mantle participates in minimal 

carbon exchange with other reservoirs. Biogenic processes, such as photosynthesis and respiration, 

are responsible for the largest flux of carbon (Sharp, 2017). Isotopically light δ
12

C  is preferentially 

utilized in biological processes. An increase in δ
13

C (δ
13

C : δ
12

C) within the sedimentary record 

generally indicates that there is a trend toward increased biologic activity.  An estimated 122 x 

10
15 

grams of carbon per year is transferred from the atmosphere to biota. Segregation of light 

carbon into living matter, precludes it from being transferred into the sedimentary cycle; resulting 

in higher δ
13

C values (Sharp, 2017).  

It is difficult to observe meaningful correlations between the δ
13

C trends in the Danks and 

Roberts Trust cores.  The Roberts Trust exhibits significant variation between data points, no 

useful conclusions can be drawn from the lack of trends. The Danks δ
13

C  data contains a few 

interesting trends. δ
13

C does appear to decrease in correlation with microbial facies (C2, E1 and 

E2). Within the Danks, δ
13

C exhibits two sharp declines. Dramatic decreases in biologic activity 

can be caused by various factors, including: extinction events, rapid episodes of climate change, 

and altered environmental dynamics, such as salinity (Riding, 2006). Two extinction events have 

been dated near the end of the Devonian, the Kellwasser and Hangenberg. However, these events 

are often associated with black shales (anoxic) (Percival et al., 2018). There is not consensus 

concerning the interpretation of δ
13

C as a direct indicator of biogenic activity. Percival et al., 

(2018) correlates these extinctions to increasing δ
13

C; which indicates an increase in biogenic 

activity, thought to be primary producers rebounding. It is unlikely that these two negative 

excursions in the Danks δ
13

C data represent extinction events. Danks δ
18

O data does not show 

meaningful trends associated with the negative excursions in δ
13

C. Though oxygen isotopes are 
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not ironclad when interpreting paleotemperatures, it is more likely than not that these negative 

δ
13

C excursions are not due to rapid climactic fluctuation.  

Increasing δ
13

C can be an indication of an increase in biologic activity, though it is not 

possible to say what type of biota is responsible for these trends. More data is needed to decipher 

what kind of biota may be fueling the increase in δ
13

C within the sedimentary record.   Overall, 

the δ
13

C data is not significant regarding the identification and classification of microbialites 

within the MBM.  

5.4  Summary 

• The Roberts Trust and Danks cores were sampled to analyze carbon and oxygen 

isotope fractionation.  

• δ
18

O is a strong indicator of paleotemperature. The hydrologic cycle determines 

oxygen isotope fractionation; δ
16

O is more readily incorporated into the cycle, 

when global temperature decreases, light oxygen is segregated into snow and ice. 

Segregation increases the δ
18

O within the oceans. Oxygen is readily correlative 

between regions.  

• δ
13

C values are influenced by numerous external factors. Carbon isotope 

fractionation is difficult to correlate between regions. The most prolific δ
13

C 

exchange takes place between biota and the atmosphere; light carbon (δ
12

C) is 

preferentially utilized in the carbon cycle. Increased biotic activity likely 

corresponds to an increase in δ
13

C, as δ
12

C is segregated into biotic life.  
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• Oxygen isotope data indicates a gradual decrease in paleotemperature within the 

Roberts Trust. The Danks does not display a trend.  

• Carbon isotope data does not display a trend in the Roberts Trust. The Danks does 

appear to show a correlation between lower δ
13

C and microbialite facies. This could 

indicate a decrease in metazoan activity.  
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CHAPTER 6 

MICROBIALITE IMPACT ON RESERVOIR QUALITY 

Reservoir quality of the Middle Bakken Member (MBM) is subject to various depositional 

and diagenetic controls. The Upper and Lower Bakken shales are world class hydrocarbon source 

rocks with total organic carbon content that averages 11 weight percent (Sonnenberg, 2011).   The 

MBM is sourced from above and below by these organic-rich shales. The MBM is a low porosity 

and low permeability reservoir, requiring advanced technology to be economically viable. 

Technological improvements at the beginning of the 21
st
 century, in the form of horizontal drilling 

and multi-stage hydraulic fracturing, allowed for improved hydrocarbon production from the 

MBM. This technology has fueled a steady increase in hydrocarbon production from the Bakken 

Petroleum System, with record production of 1.3 million barrels of oil per day at the start of 2019 

(NDDMR, 2019). The Bakken is the second largest producer of oil in the continental United States 

(Permian Basin being the largest), therefore a complete understanding of MBM geology should be 

pursued.  

6.1  Methods 

Porosity and permeability data from all six wells was used in this study to quantify reservoir 

quality. The porosity and permeability data was produced by routine core analysis (RCA) and 

mercury injection capillary pressure (MICP) analysis. RCA data tends to show higher porosity but 

lower permeability than the MICP data. The Strater modelling package from Golden Software was 

used to plot porosity, permeability, residual oil saturation, residual water saturation and x-ray 

diffraction data for each well. Porosity versus permeability plots were generated for each facies in 

Microsoft Excel. MICP data was plotted in Excel to determine pore size for each facies. 
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Petrophysical cutoffs were determined from previous work to delineate possible reservoir 

intervals: porosity >5%, permeability >0.01mD, residual residual oil saturation >20% and residual 

water saturation <45%. It should be noted that residual fluid saturations, especially oil, are subject 

to a high degree of experimental error that can skew the data. Bringing a core to surface often leads 

to expulsion of significant quantities of hydrocarbons as the pressure is reduced. However, by 

comparing apples to apples some information was gleaned from the data.  

6.2  Reservoir Quality 

 

6.2.1 Porosity and Permeability  

The most prevalent porosity type within the Middle Bakken Member is dissolution porosity 

(Figure 4.15). When analyzing these pores using mercury injection capillary pressure data 

(Wescott, 2016; Figure 6.1) each facies contains pore throats smaller than 0.1 microns in diameter. 

This indicates that the pores present within this portion of the MBM are nano-pores (Loucks et al., 

2012). Although the MBM is a tight reservoir unit with low porosity and permeability, 

technological advances have allowed for significant hydrocarbon production. Overall, mean pore 

throat radius is larger in the D and E units (Figure 6.1).  

Two data sets were used to analyze MBM porosity and permeability; mercury injection 

capillary pressure (MICP) and routine core analysis (RCA). Each facies, A-F, was analyzed using 

both datasets to determine reservoir quality. The average values from RCA for each facies are 

shown in Table 6.1. The highest porosity values, 5.8%, are found in the E2 (Crenulated Dolomitic 

Siltstone) and F (Bioturbated Fossiliferous Wackestone) facies. The B facies (Bioturbated 

Calcareous Siltstone) hosts the highest permeability, 0.0102 mD. The lowest average residual 

water saturation (25.93%) and highest average residual residual oil saturation (40.28%) are within 

the E1 (Algal dolomitic siltstone) facies. It is important to note that residual saturations from RCA 
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are subject to large degrees of error. Though these measurements may not be accurate, the trends 

within the same core are still worth considering, because the entire core likely experienced the 

same testing phases.  

 

 

Figure 6.1: Mercury injection capillary pressure data for the Roberts Trust well. Mean pore 

throat radius plots below one micron for all six facies. This size categorizes the pores as 

nanopores and illustrates how tight the Middle Bakken Member is (modified from Wescott, 

2016).  
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Table 6.1: Average petrophysical values for each of the Middle Bakken Member facies. A 

bolded facies name indicates all petrophysical cutoffs were met within that unit. A bolded 

numerical value is the most optimal within that category. A green numerical value meets or 

exceeds cutoff value. Two of the microbial facies are possible reservoir units: C2 and E2 

(MISS). Facies E1 and C1 did not exceed 5% porosity; E1 also hosts low permeability <0.01mD. 

 

6.2.2  Facies A 

Facies A, fossiliferous brachiopod wackestone, is not a reservoir target. An average 

thickness of 3.5 feet is not enough to be considered a reservoir target. Facies A also hosts the 

lowest residual oil saturation (23.84%) of all six facies, despite being directly above the Lower 

Bakken Shale, a prolific source unit. Porosity values are also low for facies A (Figure 6.2), though 

permeability is sufficient (0.037mD) for a MBM reservoir unit (>0.01mD).  The low reservoir 

quality of facies A is likely related to its high calcite (34.0%) and clay content (18%), as these 

appear to display an inverse relationship in the MBM.  
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Figure 6.2: Facies A, fossiliferous brachiopod wackestone, porosity versus permeability. Data 

generated from RCA on five cores. With the exception of one point, there is a positive 

correlation between porosity and permeability.  

6.2.3 Facies B 

Facies B is the primary target for most wells in the MBM. This is due to a combination of 

factors: thickness, good porosity, and good permeability. Facies B is the thickest unit within the 

MBM, averaging 14.8 feet. Porosity (5.2%) and permeability (0.102 mD) values indicate the 

presence of a viable reservoir unit (Figure 6.3). The average residual oil saturation (32.46%) does 

meet the reservoir target cutoffs (>20% So). The low residual residual water saturation (35.7%) 

does meet reservoir criteria (<45% Sw). This is likely due to the heterogeneous distribution of 

calcite cement throughout the B facies. There also appears to be a significant amount of gas in the 

B facies, >30%. The B facies has the second lowest proportion of calcite (25.4%); calcite appears 

to have an inverse correlation with porosity in this data set.  The combination of these petrophysical 

properties make the B facies a probable target reservoir within the MBM.  
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Figure 6.3: Facies B, bioturbated calcareous siltsone, porosity versus permeability. Data 

generated from RCA on five cores.  

6.2.4 Subfacies C2 

Subfacies C2, crenulated calcareous siltstone, is the second thickest interval within the 

MBM (5.58 feet) and is a reservoir unit. Porosity averages 5.3% within the C2 subfacies, the third 

highest in the MBM. Permeability of 0.02 mD is adequate to be considered a reservoir target 

(Figure 6.4). Residual oil saturations in the C2 Subfacies average 28.7% while residual residual 

water saturations average 32.0%. This indicates the presence of nearly 40% gas. The Microbially 

Influenced Sedimentary Structures (MISS) contained within this unit may trap more detrital 

sediment than the non-microbial C3 unit. This increased proportion of detrital sediment and a 

strong framework, may enhance porosity. The lack of early organic carbonate precipitation 

preserves this primary porosity.  The 13.5% calcite content is much lower than its C3 counterpart 

(22.7%). The C2 subfacies is a reservoir unit.  
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Figure 6.4: Subfacies C2, crenulated calcareous siltstone, porosity versus permeability. Data 

generated from RCA on five cores.  

6.2.5 Subfacies C3 

Subfacies C3, planar laminated calcareous siltstone, displays significant variance from the 

C2 subfacies. It is the smaller of the two C subfacies with an average thickness of three feet.   

Porosity values are lower (4.3%) but average permeability is higher than in C2 (0.039mD) (Figure 

6.5). The porosity and permeability show a stronger correlation in the C3 subfacies than in C2. 

This may be an indication that the pores within the C3 subfacies are more connected than those 

within the C2 unit. Average residual oil (31.19%) and residual residual water saturations (34.69%) 

are very similar to the C2 subfacies. The inverse relationship between porosity and calcite content 

can be observed in this unit.  
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Figure 6.5: Subfacies C3, planar laminated calcareous Siltstone, porosity versus permeability. 

Data generated from RCA on five cores.  

6.2.6 Facies D 

Facies D, calcareous laminated cross stratified oolitic grainstone, is the second largest 

interval within the MBM with an average thickness of 6.25 feet. The D unit is characterized by a 

significant increase in calcite content (59%). This likely contributes to the low average porosity in 

the D (3.7%), the lowest of all eight units. The correlation between porosity and permeability is 

poor (Figure 6.6). This could possibly be due to diagenesis creating a heterogeneous reservoir.  

The D facies has an average permeability of 0.007 mD. The D facies has adequate fluid saturations. 

However, the low porosity precludes this from being a reservoir target.  
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Figure 6.6: Facies D, calcareous laminated cross-stratified Oolitic Grainstone, porosity versus 

permeability. Data generated from RCA on five cores.  
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 Subfacies E1, algal dolomitic siltstone, is a possible reservoir target despite being a small 

interval; averaging 2.33 feet thick. The porosity and permeability are both below desired values 

for a reservoir unit; 4.3% and 0.006mD (Figure 6.7). There are only three porosity/permeability 

data points within the E1 facies, many of the permeability points within the E1 are blank. This 

may artificially influence these reservoir values.  Despite poor reservoir properties, Subfacies E1 

hosts the highest average residual oil saturation (40.28) and lowest average residual water 

saturation (25.9%).  This high oil saturation, coupled with low permeability, may indicate in situ 

maturation of organic matter.  A significant decrease in calcite content (24%) is observed during 
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the transition from the D to the E1 intervals. This represents a return to ‘normal’ diagenesis in 

which dolomitization can occur unhindered by the D facies.  This is still a significant proportion 

of calcite and may hinder porosity within the E1 subfacies. 

 

Figure 6.7: Subfacies E1, algal dolomitic siltstone, porosity versus permeability. Date 

generated from RCA on six cores.  
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within the E3 subfacies is 0.066 mD and has a moderate correlation to porosity (Figure 6.8). A low 

calcite content (22%) correlates with an increase in porosity. The difference in calcite content 
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water saturation is 28.4%. The porosity, permeability, residual oil saturation and residual water 

saturation all plot above their respective cutoffs. The E2 subfacies is a likely reservoir unit.  

 

Figure 6.8: Subfacies E2, crenulated dolomitic siltstone, porosity versus permeability. Data 

generated from RCA on five cores.  

6.2.9 Facies F 

Facies F, bioturbated fossiliferous wackestone, is a possible reservoir unit within the MBM, 

when it is present. The Roberts Trust, Henry Bad Gun and Pumpkin are the only wells where facies 

F is present. The average thickness of facies F is 2.8 feet. The average porosity of 5.8% is the 

highest within the MBM, and the average residual residual oil saturation is the third highest at 

39.5%. The permeability within this unit is 0.006 mD and does not show a correlation to porosity 

(Figure 6.9). The residual residual water saturation in facies F is 34.6%. The low permeability 

(0.006 mD) and high residual oil saturation is similar to the relationship in the E1 Subfacies (40.3% 
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oil and 0.006 mD). This relationship implies in situ maturation of hydrocarbons as large amounts 

of bitumen are seen in this interval.  The calcite content in facies F is 21.8% and is the lowest in 

the MBM. This may contribute to the high average porosity in the unit. The high porosity, and 

residual oil saturation indicate that facies F is a likely reservoir unit. 

 

Figure 6.9: Facies F, bioturbated fossiliferous wackestone, porosity versus permeability. Data 

generated from RCA on 3 wells.  

6.3  Reservoir Targets 

Possible reservoir targets were determined using the following petrophysical cutoffs: 

porosity >5%, permeability >0.01mD, residual oil saturation >20% and residual water saturation 

<45%. Petrophysical data from six cores was plotted in Strater Software (Figures 6.13-6.18). 

Intervals in which all four criteria were met are likely reservoir units. Intervals in which one or 

more of the petrophysical properties is below the cutoff are possible reservoir targets.  
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Calcite exhibits the strongest relationship to porosity of any mineralogical constituent 

(Figure 6.10). As the proportion of calcite increases, porosity decreases. This is expected in a 

reservoir with dissolution porosity as the dominant type. Where more calcite is present, there has 

been less dissolution to create secondary porosity within the MBM and less calcite cementation to 

occlude pore space. It is important to note that some wells follow this trend better than others. An 

R
2
 value of 0.64 indicates a correlation between porosity and calcite content that is statistically 

and geologically significant.  

Quartz exhibits a positive correlation to porosity (Figure 6.11). The correlation between 

quartz and porosity is statistically and geologically significant; R
2
=0.511. Most of the quartz within 

the Middle Bakken Member is detrital in origin and is often the largest grain size ‘family’ within 

each unit.  This relationship of increased quartz content corresponding to increased grain size and 

larger, more connected pore space is characteristic of the MBM.  

Dolomite exhibits a positive correlation with porosity within the MBM (Figure 6.12). The 

relationship between dolomite and porosity is less significant than that seen in quartz and calcite; 

R
2
=0.36. Dolomite is primarily diagenetic within the MBM and may occlude pore space during 

diagenesis. Dolomite and calcite content are also inversely related. It might be this indirect 

relationship, through calcite, that is illustrated here.  

The Henry Bad Gun contains 14 feet of potential reservoir. This interval is from the lower 

portion of facies F to the upper portion of facies C. Permeability values are sporadic but hydraulic 

fracture stimulation could make this a viable target. The Danks is the least prospective of all five 

wells. The only petrophysically prospective interval is too thin to be considered a viable target (3 

feet). High calcite content throughout the Danks likely hinders reservoir quality. The Pumpkin has 
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the greatest potential for viable production from the MBM. There are 21 feet of potential reservoir 

that meets the petrophysical criteria. Facies B, C, and E all display adequate reservoir quality. The 

Hognose contains two potential reservoirs within the MBM, both within facies B. The Roberts 

Trust contains potential reservoirs within facies B, C and E.  

 

 

Figure 6.10: Relationship between porosity (%) and calcite content for the Enerplus wells. This 

is the strongest correlation observed between mineralogy and reservoir quality. Calcite content 

was derived from x-ray diffraction and porosity from routine core analysis.  
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Figure 6.11: Relationship between porosity (%) and quartz content for the Enerplus wells. 

Quartz content was derived from X-ray diffraction and porosity from routine core analysis.  

 

Figure 6.12:  Relationship between porosity (%) and dolomite content for the Enerplus wells. 

dolomite content was derived from X-ray diffraction and porosity from routine core analysis. 
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Figure 6.13: Petrophysical properties alongside composition and facies distribution for the 

Henry Bad Gun 9C-4-1H. Possible reservoir intervals are indicated by the dashed black line and 

green shading. Porosity greater than 5% is shaded blue. Permeability greater than 0.01 mD is 

shaded purple. Residual residual oil saturation greater than 20% is shaded green. Residual 

residual water saturation less than 45% is shaded red.  
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Figure 6.14: Petrophysical properties alongside composition and facies distribution for the 

Danks 17-44H. Possible reservoir intervals are indicated by the dashed black line and green 

shading. Porosity greater than 5% is shaded blue. Permeability greater than 0.01 mD is shaded 

purple. Residual residual oil saturation greater than 20% is shaded green. Residual residual water 

saturation less than 45% is shaded red.  
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Figure 6.15: Petrophysical properties alongside composition and facies distribution for the 

Pumpkin 148-93-14C-13H-TF. Likely reservoir intervals are indicated by the solid black box 

and green shading. Possible reservoir intervals are indicated by the dashed black line and green 

shading. Porosity greater than 5% is shaded blue. Permeability greater than 0.01 mD is shaded 

purple. Residual residual oil saturation greater than 20% is shaded green. Residual water 

saturation less than 45% is shaded red.  
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Figure 6.16: Petrophysical properties alongside composition and facies distribution for the 

Hognose 152-94-18B-19H-TF. Likely reservoir intervals are indicated by the solid black box and 

green shading. Possible reservoir intervals are indicated by the dashed black line and green 

shading. Porosity greater than 5% is shaded blue. Permeability greater than 0.01 mD is shaded 

purple. Residual residual oil saturation greater than 20% is shaded green. Residual residual water 

saturation less than 45% is shaded red.  
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Figure 6.17: Petrophysical properties alongside composition and facies distribution for the 

Roberts Trust 1-13H. Likely reservoir intervals are indicated by the solid black box and green 

shading. Possible reservoir intervals are indicated by the dashed black line and green shading. 

Porosity greater than 5% is shaded blue. Permeability greater than 0.01 mD is shaded purple. 

Residual oil saturation greater than 35% is shaded green. Residual water saturation less than 45% 

is shaded red.  
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Figure 6.18: Petrophysical properties alongside composition and facies distribution for the 

Pajorlie 22-1-2H. Likely reservoir intervals are indicated by the solid black box and green 

shading. Possible reservoir intervals are indicated by the dashed black line and green shading. 

Porosity greater than 5% is shaded blue. Permeability greater than 0.01 mD is shaded purple. 

Residual oil saturation greater than 35% is shaded green. Residual water saturation less than 45% 

is shaded red. 
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6.4  Summary and Conclusions 

• Routine core analysis (RCA), mercury injection capillary pressure (MICP), and x-

ray diffraction (XRD) data were all utilized in this reservoir analysis.  

• MICP indicates that all Middle Bakken Member pores are nanopores. D and E have 

the largest pore throat radius.  

• Petrophysical cutoffs were used in determining reservoir potential: porosity >5%, 

permeability >0.01mD, residual residual oil saturation >20% and residual residual 

water saturation <45%. 

• The highest porosity values, 5.8%, are found in the E2 (crenulated dolomitic 

siltstone) and F (bioturbated fossiliferous wackestone) facies. The B facies 

(bioturbated calcareous siltstone) hosts the highest permeability, 0.0102 mD. The 

lowest average residual water saturation (25.93%) and highest average residual oil 

saturation (40.28%) are within the E1 (algal dolomitic siltstone) facies.  

• Significant bitumen is present in the facies with high residual oil saturation (C1 and 

E1). High residual oil saturations may indicate in situ maturation of organic matter. 

• Calcite content and porosity exhibit a significant inverse correlation; R
2
=0.65. 

Dolomite (R
2
=0.36) and quartz (R

2
=0.51) exhibit positive correlations to porosity. 

Lower calcite content corresponds to lower proportions of cement and higher 

reservoir quality. MBM quartz is predominantly made up of detrital grains. The 

detrital quartz are the largest grains in the MBM. More detrital quartz likely leads 

to larger pores and increased total porosity.  
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• All four microbial facies (C1, E1, C2, and E2) exhibit some favorable reservoir 

quality. However, the correlation appears to be indirectly related through calcite 

content.  

• Facies C2 (crenulated calcareous siltstone) and E2 (crenulated dolomitic siltstone) 

contain Microbially Influenced Sedimentary Structures (MISS) and are two of 

three reservoir facies and exhibit high reservoir quality. This can be attributed to 

the trapping, binding and stabilization of grains. MISS do not organically 

precipitate carbonate.  

• Facies C1 (algal calcareous siltstone) and E1 (algal dolomitic siltstone) trap and 

bind detrital grains which can improve reservoir quality and precipitate organic 

carbonate that may decrease porosity and hinder reservoir quality. Facies C1 and 

E1 exhibit lower reservoir quality than the MISS facies (E2 and C2). 

• Trapping, binding and stabilization of detrital sediment appears to provide a 

framework that leads to improved reservoir quality. Organic carbonate 

precipitation occludes primary porosity, hindering reservoir quality. The MISS 

facies (C2 and E2) appear to be goldilocks facies. Just microbial enough, but not 

too much. 

• Intervals that meet the petrophysical cutoffs are present in all five wells. The Danks 

has the lowest potential while the Pumpkin contains the most significant amount of 

possible reservoir targets. 
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• Facies B is the most consistent potential reservoir. Facies A is not considered a 

potential reservoir in any of the five wells. Facies E and C display moderate 

amounts of potential.  

• The variation in reservoir quality, from well to well, is significant. A larger dataset 

would be helpful in constructing a sufficient petrophysical model.  
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CHAPTER 7 

CONCLUSIONS 

• Analysis of the Middle Bakken Member (MBM) was undertaken to identify, 

characterize and evaluate the impact of microbialites utilizing a combination of 

core analysis, thin section petrography, isotopic fractionation and petrophysical 

analysis. 

• Datasets utilized include: core analysis (RCA), mercury injection capillary 

pressure (MICP), X-ray diffraction (XRD), thin section petrography, and stable 

isotope data (carbon and oxygen).  

• Six cores were described: Danks 17-44H, Hognose 152-94-18B-19H-TF, Pajorlie 

21-2-1H, Roberts Trust 1-13H, Pumpkin 148-93-14C-13H-TF, and Henry Bad 

Gun 09C-04-1H-TF. 

• There are six primary MBM facies (A-F). The C and E units were subdivided 

based on microbial influence (C1, E1, C2, E2, and C3).  

• Microbial influence was observed at the core and thin section scale within C1, E1, 

C2, and E1. Class 1: direct microbial impact, i.e. a petee or algal dome 

(organically precipitates carbonate). Class 2: Microbially influenced sedimentary 

structure (MISS) i.e. crenulated laminations (no organic carbonate precipitated).  
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• Petrophysical cutoffs were used in determining reservoir potential: porosity >5%, 

permeability >0.01mD, residual residual oil saturation >20% and residual residual 

water saturation <45%. facies B, C2 and E2 met all cutoffs.  

• Reservoir quality within the MBM is primarily controlled by diagenesis; 

carbonate dissolution and precipitation. Dissolution enhances reservoir quality by 

increasing pore space. Organic precipitation, in facies E1 (algal dolomitic 

siltstone) and C1 (algal calcareous siltstone) occludes early primary porosity. 

Diagenetic calcite cementation often occludes most of the remaining pore space.  

• Calcite content and porosity exhibit a significant inverse correlation; R
2
=0.65. 

Dolomite (R
2
=0.36) and quartz (R

2
=0.51) exhibit positive correlations to porosity.  

• Lower calcite content corresponds to lower proportions of cement and higher 

reservoir quality.  

• MBM quartz is predominantly made up of detrital grains. The detrital quartz are 

the largest grains in the MBM. More detrital quartz likely leads to larger pores 

and increased total porosity.  

• All four microbial facies (C1, E1, C2, and E2) exhibit some favorable reservoir 

quality. However, the correlation appears to be indirectly related through calcite 

content.  

• Facies C2 (crenulated calcareous siltstone) and E2 (crenulated dolomitic siltstone) 

contain Microbially Influenced Sedimentary Structures (MISS) and are two of 

three reservoir facies and exhibit high reservoir quality. This can be attributed to 
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the trapping, binding and stabilization of grains. MISS do not organically 

precipitate carbonate.  

• Facies C1 (algal calcareous siltstone) and E1 (algal dolomitic siltstone) trap and 

bind detrital grains which can improve reservoir quality and precipitate organic 

carbonate that may decrease porosity and hinder reservoir quality. Facies C1 and 

E1 exhibit lower reservoir quality than the MISS facies (E2 and C2). 

• Trapping, binding and stabilization of detrital sediment appears to provide a 

framework that leads to improved reservoir quality. Organic carbonate 

precipitation occludes primary porosity, hindering reservoir quality. The MISS 

facies (C2 and E2) appear to be goldilocks facies. Just microbial enough. 
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APPENDIX A 

CORE DESCRIPTIONS 

 

Figure A1: Core description for the Hognose well.  
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Figure A2:  Core description for the Pajorlie well.  
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Figure A3:  Core description for the Pumpkin well.  
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Figure A4:  Core description for the Danks well.  
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Figure A5:  Core description for the Henry Bad Gun well.  


