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ABSTRACT 

 

A great variety of factors can influence production, and it is often difficult to discriminate 

how significant the impact of a single factor is. The unconventional nature of the Bakken tight oil 

play requires considering both geological and technological aspects, as completion designs 

evolved at a rapid pace over recent years. Based on an integrated and correlative approach this 

study aims to understand why certain areas in the Bakken play are considerably more 

productive than others, and to identify the responsible factors. 

The Late Devonian to Early Mississippian Bakken Formation in the Williston Basin is a 

world-class petroleum system and represents the most prolific tight oil play known to date. The 

source rocks in this unconventional system are the highly organic-rich Lower and Upper Bakken 

shale members. The silty, dolomitic Middle Bakken member, sandwiched in-between the shales, 

and Upper Three Forks member, underlying the Bakken Formation are the main target horizons 

for production. 

The Bakken is a technology-driven play and a clear trend of increasing production rates 

over time is evident as drilling techniques and the completion design of wells are progressively 

becoming more sophisticated. Since 2010 the majority of operators employ massive hydraulic 

fracturing treatments with up to 40 stages and millions of pounds of proppant. However, 

numerous older wells outperform younger wells despite technological advancements, 

suggesting that geological factors have a larger impact on production than the completion 

design. 

Geological factors influencing productivity can range from reservoir quality and 

thickness, structural and stratigraphic framework, rock-mechanical properties, natural fractures, 

to pore-overpressure distribution, organic geochemical parameters, and trapping mechanisms. 

The interplay of hydrocarbon generation potential and maturity results in tremendous 

overpressuring, and creation of fracture permeability and secondary porosity. Secondary 

migration of hydrocarbons, driven by overpressure, into up-dip located traps can lead to the 

occurrence of large-scale accumulations, such as Sanish-Parshall and Elm Coulee.  

The comprehensive and integrated analysis of technological and geological data allowed 

identification of different Bakken play types, which are productive for different reasons. The 

knowledge and understanding of where and why sweetspot and low productivity areas occur is 

invaluable for both current development and future exploration. 
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CHAPTER 1 

INTRODUCTION 

 

 Unconventional resources, in particular shale gas and shale oil, are a game changer in 

the global energy industry. After the oil embargo in 1973 - 1974 research efforts towards 

accessing new, domestic oil and gas resources were initiated by the U.S. Energy Research and 

Development Administration. One of the projects, the Eastern Gas Shale Project (EGSP), 

focused on the evaluation of the resource base and development of technologies for efficient 

extraction of hydrocarbons.  Mitchell Energy began adapting offshore directional drilling 

technologies in the early 1980’s and succeeded in 1997 in unlocking the vast gas resources of 

the Barnett shale, using horizontal wells and slickwater hydraulic fracturing treatments (Soeder, 

2012).  

Both the knowledge of enormous oil and gas resources within shale formations and 

hydraulic fracturing techniques have been known for decades, but it was not until the early 

2000’s when a veritable boom for exploration of unconventional resources was triggered. This 

shift, bringing unconventional resources into the focus of attention, was enabled by the 

combination of modern horizontal drilling technology and climbing oil prices rendering previously 

sub-economic plays into viable targets. In the meantime, a large number of shale plays 

worldwide have been explored and significant proven reserves established. North America is 

particularly rich in unconventional resources (Figure 1.1) and the current monthly crude oil 

production in the U.S. exceeds levels, which were last attained in 1998 (Figure 1.2), and is 

mainly attributable to liquids production from shale plays in Texas and the Bakken play in North 

Dakota (U.S. Energy Information Administration (EIA), 2012). 

The Late Devonian to Early Mississippian Bakken petroleum system in the intracratonic 

Williston Basin is often referred to as ‘shale oil’ play. However, it is more adequately described 

as ‘tight oil’ play (Sonnenberg, 2011), since the Bakken play consists of discrete source and 

reservoir units. The majority of production comes from the silty, dolomitic Middle Bakken 

member and the Upper Devonian Three Forks Formation, which underlies the Bakken 

Formation. The Three Forks reservoir is composed of interlaminated dolostones and green 

chloritic mudstones. Only comparatively minor amounts of hydrocarbons have been produced 

from the shales directly. The Lower and Upper Bakken shales are the source rocks of the 

system and possess extremely high organic matter contents. The maturity of the black shales 

ranges from immature to late oil mature stage in the U.S. part of the basin. The Bakken is, like 
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other unconventional plays, characterized by low porosities and permeabilities and artificial 

stimulation methods are necessary to procure economic production rates. A prominent feature 

of the Bakken play is the high pore-overpressure with pressure gradients locally exceeding 0.8 

psi/ft. 

 

 
Figure 1.1: Overview of unconventional shale plays on the North American continent (U.S. 
Energy Information Administration (EIA), 2011; Canadian and Mexican plays from Advanced 
Resources International (ARI), 2011). 
 

The Bakken is among the most significant oil discoveries in the U.S. in the past 40 years 

and lifted North Dakota into second place, just behind Texas, in terms of top oil-producing states 

(DuBose, 2012). Daily production rates amount to more than 684,000 bbls/day in North Dakota 

alone (NDIC, 2012). The USGS assessment (Pollastro et al., 2008) of the Bakken petroleum 

system suggested that recoverable oil reserves range between 3.0 to 4.3 billion barrels based  
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Figure 1.2: Current monthly U.S. crude oil production rates exceed levels of 1998, which is 
mainly due to unconventional liquid plays in both Texas and North Dakota (U.S. Energy 
Information Administration (EIA), 2012). 
 

on technology standards of 2008. The newly released assessment (Gaswirth et al., 2013), 

predict a mean recoverable oil resource of 3.65 billion barrels for the Bakken Formation and 

additional 3.73 billion barrels for the Three Forks Formation. Therefore, it is of great interest to 

gain a better understanding and insights into which factors are influencing production the most. 

A comprehensive, integrated study investigating this problem from both geological and 

technological perspectives should help in elucidating contexts and aid in decision making 

processes for current development strategies and future exploration targets. 

 
 
 
1.1) Location of the Study Area 

 

The Bakken Formation is located in the Williston Basin and extends over parts of North 

Dakota, Montana, and the Canadian provinces of Saskatchewan and Manitoba. The main focus 

area of research is outlined in Figure 1.3, which essentially represents the current boundaries of 

the active Bakken play in the United States. The area to the east of Parshall field in North 

Dakota is thermally immature. In the south the play is limited by the subcrop of the Bakken 

Formation. Northeastern Montana, to the west of the study area, is an area at early exploration 

stage and only sparse data are available. Although in Canada the Bakken Formation hosts 
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significant hydrocarbon accumulations and is part of the petroleum system, the available 

datasets were limited to the U.S portion of the basin with exception of one geochemical dataset. 

 

 

Figure 1.3: The main focus area (shaded in red) is defined by data availability and 
encompasses basically the U.S. portion of the active Bakken play in the Williston Basin. The 
structure contour lines indicate the dish-shaped geometry of the basin, only interrupted by few 
major structural elements such as the Nesson anticline and Billings anticline. Note, that the area 
to the east of Parshall is thermally immature and is not part of the active Bakken play (modified 
from Sonnenberg and Pramudito, 2009). 
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1.2) Research Objectives 

 

For the purpose of evaluating which factors are controlling the production in the Bakken 

a substantial dataset was compiled from various sources including the Energy and 

Environmental Research Center (EERC) in North Dakota, a number of Bakken Consortium 

companies, previous Bakken Consortium studies, Geomark Research, Ltd., the United States 

Geological Survey (USGS) and the North Dakota Industrial Commission (NDIC).  

The resulting dataset comprises general production data for almost all Bakken and 

Three Forks wells, detailed production and completion information for a subset of 1095 wells, 

estimated ultimate recoveries for 2246 Bakken wells, source rock analysis data from the Upper 

and Lower Bakken shales (> 500 wells), biomarker distributions for 214 oil samples and 95 

source rock extract samples, pressure data points from bottomhole pressure tests (BHP) and 

diagnostic fracture injection tests (DFIT) for 92 Bakken wells and additional Three Forks wells, 

static rock properties from 28 Middle Bakken and 20 Three Forks samples, as well as core 

analysis data, XRD and QEMSCAN reports, and other information. 

The primary objectives of this research are: 

1. Understand which factors in both technological and geological terms exert the largest 

control on production and whether those control parameters vary across the basin. 

2. Identify sweetspot and low productivity areas and analyze their causes. 

3. Evaluate the effect of improving technology and procedural differences by operators on 

production. 

4. Develop a method to distinguish between completion-related enhancement of production 

versus geological-induced variations in productivity. 

5. Investigate the relationship between hydrocarbon generation, observed pore-

overpressure in the Middle Bakken and Three Forks, and productivity based on a much 

larger dataset than what Fred Meissner had at his disposal for his landmark paper in 

1978. 

6. Create a pressure map for the Middle Bakken based on high quality bottom hole 

pressure (BHP) and diagnostic fracture injection test (DFIT) data without using older, 

unreliable drillstem test (DST) data. 

7. Determine the role of natural fractures in the Bakken play. 

8. Describe the impact of facies variations on rock mechanical properties and fracturing 

behavior. 
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9. Elicit whether secondary migration of hydrocarbons is a significant process in the 

Bakken petroleum system, in particular for the U.S. portion of the basin. 

10. Examine the importance of traps within the Bakken play and what impact their presence 

or absence has on hydrocarbon accumulations. 

 
 
 

1.3) Research Contribution 

 
This multidisciplinary, comprehensive work of investigating which factors are influencing 

the productivity basinwide in the U.S. Bakken play provides a substantially improved evaluation 

basis for development and exploration strategies.  

The main findings of this research are: 

1. Production increases with more sophisticated drilling and completion technology, but 

geological factors have a larger impact on production than technological improvements.  

2. There is a good correlation between hydrocarbon generation, pore-overpressure, 

inferred oil saturations, and production. However, hydrocarbon accumulations became 

partially redistributed due to migration processes. 

3. The ratio of oil/(oil+water) based on cumulative production values from 3379 wells is a 

good indicator for the distribution of prospective areas and location of sweetspots within 

the Bakken play. 

4. A method to determine the effect of technological parameters (e.g. number of hydraulic 

fracturing stages) on production is to plot the oil/(oil+water) ratio against production, 

normalized by the lateral length. The technological parameter can then be displayed in 

various series ranges. 

5. Despite ceramic proppants being of superior quality over sand proppants, wells which 

have been stimulated only with ceramic proppant did not perform as well as wells where 

a mixture of about 2/3 sand and 1/3 ceramic proppant was used, within the same area. 

6. As part of the pore-overpressure analysis a new pressure map for the Middle Bakken 

was created. The Three Forks reservoir is generally higher overpressured than the 

Middle Bakken. The maximum pore pressure - depth plot characterizes the Bakken as 

an inverted continuous system, leaking pressure at the top. Only at Parshall field at the 

updip eastern margin was a discrete pressure cell detected. 

7. Natural fractures play an important role for production. As part of the dual permeability 

system they are responsible for quick deliverability of hydrocarbons to the wellbore and 
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result in prolific initial production rates. Natural fractures, however, do not define 

sweetspot areas. Tectonically-induced, large-scale fractures are rare and likely 

quantitatively insignificant for production. The majority of fractures, as frequently 

observed in cores, are small-scale fractures related to hydrocarbon generation. This 

implies that this type of fractures occur throughout the mature source pod and are thus 

not a discriminative feature of sweetspots. 

8. The process of hydrocarbon migration within the Bakken petroleum system is widely 

accepted with regard to secondary migration of hydrocarbons from the U.S. part of the 

basin into the immature Canadian part as reservoir properties improve northwards. 

Secondary migration of hydrocarbons within the U.S. portion, however, is still a subject 

of debate, in particular for the Parshall area. Maturity ratios of thermo-sensitive 

biomarkers from oil and source rock extract samples suggest Parshall hosts a 

combination of self-sourced low maturity oils as well as higher maturity migrated oils. 

9. Trapping mechanisms appear to play a crucial role for the formation of large-scale 

hydrocarbon accumulations (e.g. Sanish - Parshall, Elm Coulee) with oil being almost 

the exclusive reservoir liquid. The oil/(oil+water) ratio map provides a good basis for trap 

detection, as the contact between highly oil-bearing and highly water-saturated reservoir 

is of a very sharp and abrupt nature. In places where traps are absent this contact is 

gradational. 

10. By integrating all the above information it becomes clear that the Bakken consists of 

multiple play types. Every play type has a different set of ‘ingredients’, which account for 

the observed variations in productivity across the basin. While, for example, the 

outstanding production rates in Sanish - Parshall and Elm Coulee areas are dominated 

by favorable geological conditions, the high production rates in Rough Rider are 

attributable to aggressive completion methods. 

11. Other investigated parameters which showed little or no influence on production are 

variations in rock mechanical properties of the Middle Bakken and Three Forks, the 

regional stress regime, and deep-seated faults below the Prairie salt. 

 
 
 

1.4) Recent Studies Using a Similar Approach 

 

This work is an attempt to analyze the Bakken play on a basinwide scale in terms of 

factors controlling production by using a comprehensive, multidisciplinary approach including 
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both geological and technological parameters. Numerous studies have been conducted looking 

at specific parameters for selected areas, usually either from the technological side or the 

geological side. At this point five papers shall be presented that pertain the most to the 

integrated character of this study. 

Bartberger et al. (2012) discussed in their abstract-only publication the characteristics of 

the sweetspots Parshall and Elm Coulee, their trapping mechanisms, as well as the context 

between shale maturity and pore-overpressure in the deep-basin region and its periphery. 

Bartberger et al. (2012) reasoned based on observed production rates that continuously high oil 

saturations and high overpressure throughout the mature source pod area do not reflect reality. 

Sweetspots, such as Elm Coulee and Parshall, are defined by a limited geographic extent and 

are characterized by low water saturations and water production rates, prolific oil recoveries, 

and high pore pressure gradients. Bartberger et al. (2012) ascribe the existence of these 

sweetspots to the presence of traps, a pore-throat trap at the eastern boundary of Parshall field, 

and a stratigraphic trap at Elm Coulee’s southwestern margin. As explanation for lower pressure 

gradients and oil production rates in the northern surroundings of the central basin, Bartberger 

et al. (2012) suggest that improved reservoir quality of the Middle Bakken allowed for updip 

migration of hydrocarbons, and thus dissipation of reservoir pressure. 

In the publications of Grau et al. (2011) and Grau and Sterling (2011) an elaborate study 

on Parshall field and the surrounding area east of the Nesson anticline were presented, 

including facies variations, depositional environment, diagenetic controls on reservoir properties, 

maturity, pressure distribution, natural fractures, as well as effects of improving technology. The 

authors concluded that the main factors, distinguishing Parshall as the most prodigious 

sweetspot in the Bakken, are above average reservoir quality and the location of the field with 

regard to thermal maturity barrier on the up-dip eastern margin of the basin. The upper Middle 

Bakken unit in Parshall has an average porosity of 6 percent and an average permeability of 4.2 

md (Kair), determined from analysis of 76 proprietary core samples. Grau et al. (2011) described 

the depositional environment of the upper Middle Bakken facies as a back-barrier lagoon with 

the Nesson anticline being the barrier and the paleo-coastline trending north-south on the east 

side of Parshall. A modern analogue for this model is the Belize shelf. Early dolomitization 

enhanced both reservoir quality and storage capacity of this unit. An important observation in 

their work is that, wherever the calcareous, clean gamma ray shoal facies is absent, the lower 

Middle Bakken unit is entirely dolomitized as well and contributes to the net pay. In places, 

where the shoal facies is present, the underlying lower Middle Bakken unit is only partially 

dolomitized and shows lower oil saturations. Grau et al. (2011) documented various types of 
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natural fractures, which are believed to additionally enhance productivity at Parshall. Regional-

scale joints and lineaments are preferentially oriented N55°E. Reservoir-scale horizontal and 

vertical fractures were found in cores (e.g. Hoff 1-10H, Sec. 10, T153N, R90W), and micro-scale 

fractures are visible in thin sections. An anomalously thick Lower Bakken shale east of the 

Nesson anticline, down-dip from Sanish and Parshall fields, may have supplemented the 

charging of this sweetspot. Up-dip migration of hydrocarbons, Grau et al. (2011) suggested, was 

halted by the immature Upper Bakken shale, acting as seal. 

Bergin et al. (2012) identified the ‘line of death’ at the eastern margin of the Bakken play 

where production rates transition from prolific to uneconomic within approximately a half mile to 

two miles distance (west to east). Their work is based on oil and water production data, mud-

gas shows, calculated water saturations, and reservoir quality trends. Bergin et al. (2012) 

observed evidence for this boundary from commercial to non-commercial production within the 

horizontal legs of a few wellbores. In up-dip direction water saturations and water production 

increase, porosity decreases, mud-gas shows decline, and oil production drops. The study area 

of this work focused on the east side of Parshall field. The authors suggest however, that this 

thin transition zone can be traced south until Bailey field in Dunn County. 

The work of Baihly et al. (2012) focuses primarily on technological aspects. They 

evaluated whether there is an upper hydraulic fracturing stage count limit taking into 

consideration the economical aspect of higher expenses versus production increases. The 

authors subdivided the wells into six different extended field areas within North Dakota to avoid 

too pronounced geological differences within a subarea. For each subdivision they calculated 

average lateral length, average stage spacing, average proppant amount and average fluid 

volume for various hydraulic fracturing stage count ranges. For the majority of investigated 

areas the optimum number of stages lies between 18 and 37. Any higher stage counts did not 

yield justifiably higher production. 

Flannery and Kraus (2006) presented a thoughtful study on fundamental geologic 

parameters and relationships influencing the productivity in the Bakken play. They created a 

three-dimensional thermal, fluid flow model based on framework stratigraphic data, geochemical 

input, reservoir properties, and temperature data.  At the time of publication, however, the 

majority of drilling activity was limited to Elm Coulee, Montana. Parshall and Sanish fields were 

not discovered until later that year, which in turn was the advent of intense exploration activity 

over large areas in North Dakota. Also, the development of hydraulic fracturing treatments with 

multiple, separated stages was not practiced at this time. Thus, the type and quantity of 
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available data today are not quite comparable with what Flannery and Kraus had at their 

disposal. 

Publications with more specific contents will be reviewed and discussed in the relevant 

sections of the following chapters. 
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CHAPTER 2 

GEOLOGY OF THE WILLISTON BASIN 

 

The Williston Basin is a large, oval-shaped, intracratonic sag basin and encompasses 

portions of Saskatchewan, Manitoba, North Dakota, South Dakota and Montana. A sediment 

thickness of over 16,000 ft (4,878 m) reflects an almost complete stratigraphic record from 

Cambrian to Tertiary time (Carlson and Anderson, 1965; LeFever et al., 1991). While Paleozoic 

deposits are mainly carbonate-dominated, the Mesozoic and Cenozoic strata are primarily 

siliciclastic sediments (Peterson and MacCary, 1987) (Figure 2.1). Sedimentation was governed 

by successive transgressive – regressive cycles. Sloss (1963) identified six mega-sequences, 

divided by interregional unconformities across the North American craton. These sequences are 

from latest Precambrian to present-day: Sauk, Tippecanoe, Kaskaskia, Absaroka, Zuni, and 

Tejas. The strata in the Williston Basin are characterized by a draping, layer-cake geometry, 

interrupted only by few structural features such as the Nesson and Cedar Creek anticlines. The 

Bakken Formation is a very thin, widespread unit and reaches a maximum thickness of 150 ft 

(Pitman et al., 2001). The Williston Basin accommodates, aside from the Bakken petroleum 

system, eight other petroleum systems (Lillis, 2013).  The Madison petroleum system provided 

historically the lion share in oil production, however, in the meantime, the Bakken is rapidly 

catching up (NDIC, 2012, https://www.dmr.nd.gov/oilgas/stats/2012CumulativeFormation.pdf, 

accessed 8/26/2013).  

 
 
 

2.1) Basin Evolution and Subsidence 

 

 The basement of the Williston Basin is composed of three Precambrian tectonic 

provinces: the Archean Wyoming craton in the west, the Early Proterozoic Trans-Hudson 

orogenic belt, and the Archean Superior craton in the east (Peterman and Goldich, 1982). The 

north-south trending orogenic suture zone connects the two Archean provinces (Figure 2.2). 

Subtle, episodic reactivation of major basement faults shaped the regional structural features 

until at least Late Cretaceous to Eocene times (Gerhard et al., 1987; Gibson, 1995). Initial 

sedimentation began over an uneven, irregular Precambrian surface (LeFever et al., 1991). 

During the Paleozoic the landmasses of the North American craton consisted of the Canadian 

shield and the Transcontinental arch as its southwestern extension (Peterson and MacCary,  

https://www.dmr.nd.gov/oilgas/stats/2012CumulativeFormation.pdf
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Figure 2.1: General stratigraphic column of the Williston Basin in North Dakota. The Williston 
Basin hosts several petroleum systems and oil- and gas-bearing strata are indicated on the side 
of the column (modified by Sonnenberg (2010, unpublished) from Gerhard et al., 1990). 
 

1987) (Figure 2.3 and 2.4). The Transcontinental arch divided effectively the eastern from the 

western marine shelf. The inundated, geographically extensive western flank of the North 

American craton is referred to as the Cordilleran shelf. Gerhard et al. (1990) interpreted the 

Williston Basin to have originated as a continental shelf or craton-margin basin. Accretion of 

terranes and crustal fragments to the active western continental margin led to deformation 
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Figure 2.2: The Archean Superior and Wyoming craton basement blocks are amalgamated by 
the Early Proterozoic Trans-Hudson orogenic suture zone. The superposed location of the 
Williston Basin is shown in the blue outline (modified by Gent (2011) from Foster et al., 2005). 
 

during Ordovician orogenic events. The compressional forces transformed the Williston Basin 

into its current shape, an intracratonic depression. The shallow marine environment favored 

wide-spread carbonate deposition intercepted by occasional evaporitic sequences. Gerhard et 

al. (1990) proposed that water depths over the crystalline basement of the Cordilleran shelf 

were at maximum a few hundred feet. Sedimentation and periods of major erosion were 

governed by eustatic sea level variations and recurrent movement along basement faults and 

their structural expressions (Peterson and MacCary, 1987; LeFever et al., 1991). During the late 

Paleozoic and early Mesozoic the Antler Foreland Basin separated the Cordilleran shelf from 

Antler orogenic belt, a north-south oriented, narrow island arc. Peterson and MacCary (1987) 

reconstructed the position of the island arc to extend from present-day southwestern Nevada to 

Idaho, while Blakey (2005) indicated the orogenic belt as a feature stretching along the entire 

length of the active western continental margin. The Alberta and Wyoming shelves, which are 

portions of the Cordilleran shelf, are divided by the east-west oriented Central Montana Trough. 

This depression connected the Williston Basin to the Antler Foreland Basin. Due to activity 

along the Transcontinental arch during the Devonian the seaway was reoriented to the 

northeast, linking the Williston Basin to the Canadian Elk Point Basin. During the Mississippian 

the Central Montana Trough became yet again the connection to open marine conditions in the 
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Antler Foreland Basin (LeFever et al. 1991). Marginal marine, evaporite, and terrestrial 

sediments reflect an overall falling sea level trend during Pennsylvanian to Triassic times. 

Mesozoic strata unconformably overlie the Paleozoic section, marking a major period of erosion 

and non-deposition. McCabe (1959) described that in particular the northeastern part the 

Williston Basin became uplifted and differentially eroded, while strata in the southern part of the 

basin remained relatively unaffected. Subsequent deposition of thick Jurassic and Cretaceous, 

predominantly clastic, sediments occurred over truncated Paleozoic strata. During the upper 

part of the Zuni sequence the Williston Basin ceased to exert control on sedimentation as a 

structural unit and became part of the larger Western Interior Cretaceous Basin (Gerhard et al., 

1990; Haid, 1991). 

 

 
Figure 2.3: Regional paleogeography and paleostructural elements during the Paleozoic and 
Mesozoic (modified by Gent (2011) from Peterson and MacCary, 1987). 
 

Subsidence mechanisms in the Williston Basin are still a subject of debate. A variety of 

mechanisms have been proposed and predicted subsidence models show significant disparity  
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Figure 2.4: Paleogeographic reconstruction of the North American continent during the Late 
Devonian (360 Ma). The location of the Williston Basin, outlined in blue, is shown in relative 
position to the Canadian shield, the Transcontinental arch, and the active continental margin 
with the Antler orogenic belt to the west. Other age-equivalent shale formations to the Bakken 
Formation are indicated across the North American craton (modified from Blakey, 2005, and 
Sonnenberg, 2011). 
 

in duration, periodicity and pattern (Haid, 1991) (Table 2.1). In particular, dissent prevails 

whether the subsidence history of the Williston Basin was continuous or episodic. Durations for 
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tectonic subsidence in the Williston Basin vary from 50 Ma (Sleep, 1971) to 520 Ma (Hamdani et 

al., 1994). Earlier studies on the formation of intracratonic basins suggested that thermal 

contraction of hot lithosphere is the main driving mechanism for subsidence (Sleep, 1971; Mc 

Kenzie, 1978; Ahern and Mrkvicka, 1984; Klein and Hsui, 1987). However, this exponential 

decline behavior does not match with the subsidence record of a number of intracontinental 

basins. The subsidence histories of the Michigan, Illinois, Hudson Bay, and Williston basins 

indicate a period of accelerated subsidence rates some time after basin inception (Quinlan, 

1987; Haid, 1991; Hamdani et al., 1994) (Figure 2.5). The observed protraction requires an 

additional mechanism other than thermal contraction contributing to subsidence. Fowler and 

Nisbet (1985) proposed the theory of a mafic, subcrustal body undergoing a metamorphic phase 

change into eclogite facies, causing steady subsidence of the Williston Basin throughout the 

Phanerozoic until Cretaceous times. They attributed breaks in the sedimentary record to 

changes in eustatic sea level. In comparison to other intracratonic basins the Williston Basin 

exhibits an extraordinarily long-lived subsidence history. This fact inclined some authors to 

suggest multiple, episodic events of subsidence related to isostatic re-equilibration due to large-

scale compressive tectonics (DeRito et al., 1983). Haid (1991) investigated both continuous and 

discontinuous subsidence models for the Williston Basin, listed in Table 2.1. He favored 

continuous subsidence models based on the following aspects: 1) overall simplicity of the 

models, 2) excellent match between a smooth subsidence curve and extrapolated data, 3) the 

depocenter of the Williston Basin remained nearly stationary through time, 4) uplift and erosion 

of topographically high features surrounding the basin during depositional breaks and 5) close 

correlation between of relative falls in sea level with unconformities in the basin. Haid (1991) 

concludes however, that cogent proof for either theory is lacking and that the results are only as 

reliable as the assumptions the models are based upon. More recent studies on intracratonic 

basin formation mechanisms in North America, for example, by Handami et al. (1994) and 

Kaminski and Jaupart (2000), lean towards emplacement of mantle plume material into the 

lithosphere leading to subsequent cooling and contraction, as well as the effect of the density 

contrast of higher density mantle material driving steady-state flexure of the overlying crust. 

Figure 2.5 illustrates a compilation of burial history, sea level and subsidence data and some 

controversy becomes apparent. Large-scale events such as the interregional unconformities 

separating the six sequences defined by Sloss (1963) are neither much in unison with the 

modeled periods of erosion in the burial history diagram (Kuhn et al. 2012) nor with falling sea 

levels based on curves from Vail and Mitchum (1979), Haq and Schutter (2008), and Haq et al.  
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Table 2. 1: Summary of proposed subsidence mechanisms for the Williston Basin (Haid, 1991). 

 
 

(1987). The timing for the boundaries between the sequences were adapted from the 

stratigraphic column created by the North Dakota Geological Survey (Murphy et al. 2009). The 

ages of the boundaries between sequences were approximated to be the following: Sauk (~470 

Ma), Tippecanoe (416 Ma), Kaskaskia (318 Ma), Absaroka (201 Ma), Zuni (~40 Ma), Tejas. 

Sloss (1963) was more conservative in estimating the age of unconformities and 

suggested early Middle Ordovician, early Middle Devonian, “post-Elvira” Mississippian, early 
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Figure 2.5: The comparison of published data shows some inconsistency in terms of where the 
interregional unconformities, defined by Sloss (1963), would be evident. The burial history chart 
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from Kuhn et al. (2012) displays sediments at the deepest location in North Dakota. The 
temperature evolution through time is indicated by the colored overlay. The boundaries for the 
sequences of Sloss (1963) were approximated from the detailed stratigraphic chart for North 
Dakota from Murphy et al. (2009). The upper relative sea level curve is from Vail and Mitchum 
(1979). The lower eustatic sea level curve is based on the work from Haq and Schutter (2008) 
for the Paleozoic and from Haq et al. (1987) for the Mesozoic and Cenozoic part. The 
subsidence history of the Williston Basin and three other North American intracratonic basins is 
shown in the bottom chart (modified from Hamdani et al., 1994). 
 

Middle Jurassic, and late Paleocene. He cautioned that time values may vary considerably due 

to uncertainties in amounts of erosion and nondeposition. Most erosional events in the burial 

history plot (Kuhn et al. 2012) coincide with drops in eustatic sea level (Haq et al., 1987; Haq 

and Schutter, 2008) and periods of diminished subsidence rates (Hamdani et al. 1994). 

However, other more significant falls in eustatic sea level go unnoticed in the burial history of 

the Williston Basin. The relative sea level curve of Vail and Mitchum (1979) is recognized to 

rather represent coastal onlap instead of actual changes in sea level (Haid, 1991).  First order 

and to some degree second order cycles match reasonably well with Haq’s eustatic sea level 

curve, but at higher levels of resolution the details become confusing. As Haid (1991) pointed 

out correctly, the interplay of subsidence, changes in sea level, sediment supply, and events of 

uplift and erosion in the Williston Basin and its surroundings is not yet fully understood. 

 
 
 

2.2) Stratigraphy and Sedimentology 

 

 The Sauk sequence in the Williston Basin is represented by the Deadwood Formation, 

which was deposited during a transgression onto the Cordilleran shelf through an eastward 

located indentation during the Late Cambrian to Early Ordovician (Gerhard et al. 1990). The 

onlapping sediments are comprised of quartz-rich sandstones and conglomerates, followed by 

shales and glauconitic limestones. The irregularity of the Precambrian surface and structural 

features such as the Nesson anticline caused thinning of the formation over topographic highs.  

The upper carbonate beds account for most of the thickening trend of the Deadwood Formation 

from eastern to western North Dakota (Carlson and Anderson, 1965). Erosion of the strata 

occurred coevally with the Taconic orogeny, marking the end of the Sauk sequence. During this 

interval the structural depression of the Williston Basin evolved. 

From Middle Ordovician through Silurian times, the Tippecanoe sequence was 

deposited and contains the Winnipeg, Red River, Stony Mountain, Stonewall and Interlake 
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formations. The basal rocks of the Winnipeg Formation are transgressive sandstones, followed 

by siltstones and organic-rich shales, showing good source rock potential. The Red River 

Formation represents the advent of major carbonate deposition, a characteristic for 

sedimentation during the lower and middle Paleozoic in the Williston Basin (Gerhard et al. 

1990). The carbonates are intermixed with organic-rich argillaceous layers and transition into 

evaporitic sabkha deposits towards the upper Red River Formation. Shallow-marine, peritidal 

carbonates and shales make up the Stony Mountain and Stonewall formations, which in turn are 

conformable overlain by the Interlake Formation of similar sediment composition. Extensive 

weathering and dissolution achieved good reservoir conditions in the latter unit. By the end of 

the Tippecanoe sequence basically all structural elements of the present-day Williston Basin 

were in place. 

  Gerhard et al. (1990) modified Sloss’s sequences by further subdividing the Kaskaskia 

sequence into a lower and upper part, representing two cycles of rising sea level. The dividing 

unconformity lies between the Three Forks and the Bakken formations.  

The Lower Kaskaskia sequence encompasses the Devonian Winnipegosis, Prairie, 

Dawson Bay, Souris River, Duperow, Birdbear (Nisku), and Three Forks formations. While 

during Tippecanoe times the basin was open to marine influence from the south and southwest, 

uplift of the Transcontinental arch caused northwestward tilting of the Williston Basin, 

connecting it with the Canadian Elk Point Basin (Gerhard et al., 1990; LeFever et al., 1991) 

(Figure 2.6). This also induced a shift of the axis of sedimentation from western North Dakota to 

the north in the direction of the Elk Point Basin. The sediments of the Lower Kaskaskia 

sequence are dominated by limestone and dolomite deposits with the exception of the Prairie 

and Three Forks formations. The Prairie sediments consist of halite, gypsum and potash 

evaporites. Salt dissolution and collapse structures affected younger Paleozoic and Mesozoic 

strata and have locally economic significance by creating fractures and trapping structures for 

hydrocarbons (Gerhard et al., 1990). The Three Forks Formation contains besides dolomite and 

dolostones abundant detrital material in the form of siltstones and clay-rich interlaminations. 

The Upper Kaskaskia sequence includes the Bakken Formation and the Mississippian 

Madison and Big Snowy groups. With the reestablishment of the seaway to west, the Central 

Montana trough, the depocenter of the Williston Basin shifted back to western North Dakota 

(Figure 2.6). The Bakken Formation, unconformably overlying the Three Forks Formation, is 

composed of a lower silty Pronghorn member, the extremely organic-rich Lower Bakken and 

Upper Bakken shales as well as a silty, dolomitic Middle Bakken member between the two 

shales (LeFever et al., 2011). The well preserved organic matter testifies to conditions of 
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Figure 2.6: Diagrams illustrating the evolution of sediment infill and direction of marine influence 
for (A) the Tippecanoe sequence, (B) the Lower Kaskaskia sequence, (C) the Upper Kaskaskia 
sequence, and (D) the Absaroka sequence (Gerhard et al., 1982). 
 

restricted circulation and a stratified water column with anoxic bottom waters. The rapid rate of 

transgression during Bakken times slowed down, producing widespread carbonate deposits of 

the Madison Group (Lodgepole, Mission Canyon, and Charles formations) in an overall shoaling 

upward trend. This general trend can be subdivided into several smaller-scale shoaling upward 

cycles, which are capped by muddy carbonates and prograding evaporites, forming updip 
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permeability seals (Gerhard et al., 1990). The Mission Canyon represents the most prolific 

petroleum system in the Williston Basin, rivaled only recently by the Bakken tight oil play. The 

culmination of the shoaling upward cycle leads to the deposition of sabkha evaporites of the 

Charles Formation. The lowermost salt bed represents a marker horizon “base of the last salt” 

(BLS) and is used industry-wide as isopach and structural datum. The sediments forming the 

uppermost part of the Kaskaskia sequence (Kibbey, Otter, and Heath formations) are thin 

intermixed beds of siliciclastics and limestones. 

The Absaroka sequence reaches from Pennsylvanian to Triassic rocks, including the 

Tyler, Minnelusa, Opeche, Minnekahta, and Spearfish formations. Compressive tectonic forces 

in combination with slowed subsidence caused regional uplift and erosion. The availability of 

detrital sediment supply from surrounding uplifted features such as the Canadian shield, the, 

Hartville uplift, and potentially the Sioux arch, heralded the transition from carbonate-dominated 

to siliciclastic-dominated deposition in the Williston Basin (Gerhard et al., 1990). The Central 

Montana trough provided still a passageway for marine influx. The Tyler Formation consists of 

marginally marine, estuarine and fluvial sediments, whereby the estuarine black shales have 

source potential. Stratigraphically younger formations are thin, progradational units composed of 

siliciclastics, evaporites (Opeche Formation and Pine Salt) and minor carbonates (Minnekahta 

Formation). The Triassic Spearfish Formation contains fine- to medium-grained detrital 

sediments. 

The rocks of the Zuni and Tejas sequences make up the remainder of the sediment fill. 

The basal unit is formed by carbonates, evaporites, and siliciclastics. The majority of Late 

Jurassic and Cretaceous deposits are shales, siltstones, and sandstones. The last major marine 

influence is manifested in the Upper Cretaceous Pierre shale (Gerhard et al., 1990). The 

depression of the Williston Basin was filled by Upper Zuni times and younger sediments 

blanketed the area. Not much of the Tejas deposition is present in the Williston Basin, which is 

characterized by terrestrial and glacial sediments. 

 
 
 

2.3) Structural Elements 

 

 The basin is bounded by the Sweetgrass arch and the lower Paleozoic Meadow Lake 

escarpment in the northwest, the Bowdoin dome in the west, the Miles City arch and the Black 

Hills uplift in the southwest, the Sioux arch in the south, and the Transcontinental arch in the 

east (Gerhard et al., 1982; Gerhard et al., 1990; LeFever, 1992). Pre-Phanerozoic basement 
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structures exuded a strong influence on sedimentation through time and the development of 

structural features within the Williston Basin. Brown and Brown (1987) described the basement 

of the basin as blocks dissected by lineaments, which are defined as zones of weakness. The 

prevailing structural grain in the Williston Basin was induced by major directional changes in the 

structure of the Rocky Mountain belt, and trends in north-northwest orientation (Gerhard et al., 

1982; Clement, 1987).  

In the U.S. part of the basin, the northwest-trending structures are the Cedar Creek and 

Antelope anticlines. Although slightly divergent in orientation, the Poplar dome reveals also a 

general northwest trend. North-south trending features include the Nesson, Little Knife and 

Billings anticlines (Figure 2.7). The two main structural elements in the Williston Basin, the 

Nesson and the Cedar Creek anticlines, are associated with major fault systems (Gerhard et al., 

1982; LeFever, 1992). Sporadic growth of the anticlines through time was triggered by 

rejuvenation of Precambrian strain fields. Movement along the west flank-bounding normal fault 

of the Nesson anticline is recorded in isopach and structural contours. Gerhard et al. (1982) 

identified offsets and anomalous thickness changes for numerous other faults and lineaments. 

The magnitude of faulting, however, in comparison to other basins remains modest. Only major 

faults associated with the flanks of the Nesson and Cedar Creek anticlines are detectable by 

seismic surveys and appear near-vertical in dip (Fischer et al., 2005). A schematic basin cross-

section in east-west direction, illustrated in Figure 2.8, shows the Nesson anticline and the  

adjacent Antelope anticline. All of the above-mentioned structures have commercial 

significance. In particular, for conventional petroleum systems major oil occurrences are 

associated with the anticlines (Gerhard et al., 1990; LeFever, 1992) (Figure 2.9). 

 The Brockton-Froid-Fromberg lineament and the Colorado-Wyoming lineament are 

regarded as left-lateral shear systems. Gerhard et al. (1982) suggested the Williston Basin 

originated as pull-apart basin between those two wrench faults. However, little evidence was 

found for lateral movement along the fault zones rather than vertical uplift motion (Gerhard et 

al., 1990).  

Another mechanism for formation of structural elements is salt dissolution and collapse 

of Devonian evaporites, most notably the Prairie salt (Gerhard et al., 1990; LeFever, 1992; 

Fischer et al., 2005). In North Dakota, the Newburg syncline is a prominent feature resulting 

from salt collapse. In Figure 2.10, a number of smaller bullseyes in the Prairie salt isopach map 

indicate other locations where salt dissolution caused abrupt, localized thickening in overlying 

strata. Associated deformation of the strata and changes in depositional patterns can result in  
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Figure 2.7: Major structural features in the Williston Basin include the Nesson anticline, Little 
Knife anticline, Billings anticline, Cedar Creek anticline, the Poplar dome, and the Brockton-
Froid fault zone (Grau and Sterling, 2011). 
 

 

 

Figure 2.8: Schematic cross-section of the Bakken Formation from West to East (modified by 
Sonnenberg (2011) from Meissner, 1978). 
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Figure 2.9: Major structural elements and lineament trends in the Williston Basin and associated 
oil fields (Gerhard et al., 1990). 
 

hydrocarbon traps, while permeabilities are enhanced by fracturing. Two different processes are 

suggested for dissolution of various salts through time by moving groundwater:firstly, fresher 

groundwater penetrates deeper parts of the basin from the periphery via porous beds and 

dissolves salts along the way; secondly, upward migrating waters enter evaporitic beds along 

fault zones (LeFever, 2012). 

 Structural features in the Canadian portion of the Williston Basin are primarily related to 

salt dissolution such as the Elbow-Hummingbird monoclinal flexure, the Hummingbird syncline, 

the Roncott anticline, and the Torquay-Rocanville trend. In Saskatchewan several major oil 

accumulations are hosted by these structures, as for example, the Rocanville field, producing 

from the Bakken. 

 



26 
 

 

Figure 2.10: The isopach map of the Prairie salt in North Dakota indicates the edge of salt 
dissolution (modified from LeFever and LeFever, 1995).  
 
 
 

2.4) Bakken Age-Equivalent Black Shale Sequences 

 
The age of the Bakken shales was determined by using conodont stratigraphy and 

reaches from Famennian to Tournaisian (Sandberg and Klapper, 1967; Sandberg and 

Gutschick, 1979). Conodonts in the lower shale are identified with the upper Polygnathus 

styriacus zone (Famennian), whereas in the upper shale the conodont fauna is entirely 
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Mississippian in age, belonging to the lower Siphonodella crenulata zone. Between the two 

shales five conodont zones have not been recognized yet, suggesting a large timespan for the 

deposition of the Bakken Formation (Hayes, 1985).  

In Canada, the Bakken Formation is formally recognized in eastern Alberta, southern 

Saskatchewan, and southwestern Manitoba. The Exshaw Formation and the lower part of the 

Banff Formation in the Western Canadian Sedimentary Basin are the equivalents to the Bakken 

Formation. The black shale and the siltstone member of the lower and upper Exshaw correlate 

to the Lower Bakken shale and the Middle Bakken member, while the Upper Bakken shale is 

represented by the basal Banff shale member (MacDonald, 1956; Macqueen and Sandberg, 

1970).  

The Late Devonian period is known for widespread black shale deposition. The 

paleogeographic reconstruction of North America during the Late Devonian of Blakey (2005) 

(Figure 2.4) shows large parts of the continent inundated by shallow seas. In deeper 

depressions across the craton black shales have been deposited in a similar setting as the 

Bakken. These organic-rich sequences include portions of the Exshaw, Sappington, 

Cottonwood Canyon, Pilot, Leatham, Percha, Chattanooga, Woodford, New Albany, Antrim and 

Sunburry formations (Peterson and MacCary, 1987; Sonnenberg, 2011). In Figure 2.11 

additional time-equivalent black shale deposits of various locations around the world are 

indicated.  

The global extent of black shale deposits alludes to the occurrence of a mass extinction event, a 

marine crisis turning ocean waters anoxic. A ‘big five’ mass extinction event, the Kellwasser 

event, occurred prior to Bakken deposition during the Frasnian to Famennian. Another 

extinction episode, the Hangenberg event, has been dated to have occurred shortly before (0.3 

to 0.8 Ma) the Devonian-Mississippian systemic boundary and is named after the Hangenberg 

Shale in the Rheinisches Schiefergebirge in Germany (Walliser, 1984). Caplan and Bustin 

(1998) compiled from various authors worldwide information about mudrocks associated with 

the Hangenberg event. An estimated 21 % of the total depositional area during the Famennian 

was covered by black shales. These areas, stretching from North America, Western and 

Eastern Europe, North Africa, Middle East, Russia, Ukraine, and southern China, were mainly 

confined to paleo-equatorial to low paleo-latitude ranges (Caplan and Bustin, 1998). 

The causes for global oceanic anoxia during both extinction events and the conditions 

for preservation of vast quantities of organic matter are still a subject of debate. Climate change 

seems to be a plausible explanation for events of this magnitude. Earlier studies suggested 

global cooling caused the collapse of shallow marine ecosystems (Copper, 1977; McGhee, 
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Figure 2.11: The Late Devonian to Early Mississippian was a period of widespread black shale 
deposition, in particular, in North America. The maroon-colored bars show the temporal extent 
of shale plays in the United States and Canada (WCB = Western Canadian Sedimentary Basin) 
(Zumberge, 2010, unpublished). 
 

1982; Stanley, 1984). Despite a general cooling trend from Devonian greenhouse conditions to 

Mississippian icehouse conditions, some authors argued that episodic warming events had 

much more detrimental effects on biota than cooling and that threshold water temperatures in 

shallow epeiric seas were exceeded for marine organisms (Thompson and Newton, 1988; 

Brand, 1989). Based on carbon, oxygen and sulfur isotope data, Caplan and Bustin (1998) 

interpreted that spiking primary productivity in oceans caused a decline in atmospheric carbon 

dioxide levels. In conjunction with global cooling during this period this may have led to changes 

of the thermohaline circulation in oceans and subsequent eutrophication.  

Another point of argumentation is whether the black shales were truly deposited under 

anoxic conditions. Schieber (1994) and Calvert et al. (1996) observed in black shales of the 

Chattanooga Formation in the Appalachian Basin vertical and horizontal burrows of benthic 

organisms requiring oxygen for survival. They suggested that the shales were deposited under 

an, at least intermittently, oxic water column. Brown and Kenig (2004) indicated that the 

deposition of green/gray versus black shales in the Michigan and Illinois basins was driven by 
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vertical fluctuations of the chemocline, which in turn was determined by phytoplanktonic activity. 

A particular biomarker, isorenieratene, originates exclusively from the green sulfur bacteria 

Chlorobiaceae, and is an indicator for euxinic conditions within the photic zone. The derivatives 

of isorenieratenes were found in black shales including the Bakken, Woodford, Antrim, New 

Albany, Chattanooga, Duvernay (Canada), Domanik (Russia), and the Hangenberg Shale 

(Poland) (Brown and Kenig, 2004; Zumberge, 2010, unpublished; Marynowski et al., 2012). 
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CHAPTER 3 

BAKKEN PETROLEUM SYSTEM 

 

 The Bakken Formation was first described from cuttings by Nordquist (1953) as the 

strata occurring in the Amerada Petroleum Corporation – H.O. Bakken #1 deep test in Williams 

County (Sec. 6, T 141N, R 94W) at the depth interval from 9,615 to 9,720 ft. In this 105 ft thick 

section he identified three informal members of the Bakken Formation: two organic-rich black 

shales, separated by a very fine-grained, light gray to gray-brown, calcareous sandstone unit. 

LeFever et al. (2011) elevated the upper, middle and lower members of the Bakken Formation 

to formal status and added as fourth and basal member the Pronghorn. The Pronghorn was 

formerly associated with a number of terms, such as “Sanish”, “Sanish sand”, “Lower Bakken 

silt”, “basal Bakken”, or “extra Bakken” and interpretations of various workers remained 

ambiguous whether this unit represents uppermost section of the Three Forks Formation or the 

basal portion of the Bakken Formation. The placement of the Pronghorn member into the 

Bakken Formation was based on both the transgressive character of the member, matching the 

trend of successive Bakken strata, and the fact that it lies above the regional unconformity, 

separating the Three Forks and the Bakken formations (LeFever et al., 2011).  

 
 
 

3.1) Stratigraphy and Petroleum System 

 

 The Bakken petroleum system encompasses the Three Forks Formation, the four 

members of the Bakken Formation and the Scallion member of the lowermost Lodgepole 

Formation (Figure 3.1).  

The stratigraphically lowest formation, the Three Forks Formation, is Late Devonian in 

age and consists of thinly interbedded green shale and tan dolostone layers, green-gray to 

reddish shales, brownish-gray siltstones, and anhydrite in the lower part (Kume, 1963). The 

Three Forks is informally subdivided into a lower, middle, and upper member based on marker 

horizons in the Socony-Vacuum Oil Co. Bird Bear F-22-22-1 well (Sec. 22, T 149N, R 91W, 

Dunn County) (Dumonceaux, 1984). The formation reaches a maximum thickness of 250 ft in 

eastern McKenzie County and underlies throughout the basin the Bakken Formation. The 

contact between the Three Forks and Bakken formations is in the deepest part of the basin 
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abrupt but conformable, whereas outside of the basin center the contact becomes erosive and 

unconformable (Webster, 1984).  

The Bakken formation is subdivided into four formal members: Pronghorn, Lower 

Bakken shale, Middle Bakken, and Upper Bakken shale (LeFever et al., 2011). The Bakken 

Formation straddles the Devonian – Mississippian boundary with upper Middle Bakken units 

being the first Mississippian deposits. The maximum formation thickness amounts to 150 ft and 

the depocenter is located east of the Nesson anticline (LeFever et al., 1991). The depocenter of 

the Pronghorn member, however, is located further south close to the basin margin and will be 

discussed in the following section. The shales are silica-rich, thinly laminated to massive, dark 

brown to black, fissile, carbonaceous mudrocks, while the Pronghorn and Middle Bakken 

members exhibit highly heterogeneous lithologies of mixed siliciclastic-carbonate character. The 

Pronghorn is further subdivided into four lithofacies (PH-1 through 4) and the Middle Bakken 

into six lithofacies (MB-A through F). 

The Mississippian Lodgepole Formation conformably overlies the Bakken Formation 

everywhere in the basin and a maximum thickness of 900 ft is observed in eastern McKenzie 

County (Heck, 1979; Webster, 1984). The basal portion of the Lodgepole Formation, directly 

overlying the Bakken Formation, is the Scallion member. It is described as dense limestone of 

dark gray to brownish-gray color with minor admixtures of chert and anhydrite (Heck, 1979). 

Atop the limestone, Kume (1963) identified a thin, calcareous, black shale unit, which is 

industry-wide referred to as ‘false Bakken’. 

A petroleum system consists of critical elements (source, reservoir, trap, and seal) and 

processes (generation, migration, and timing) in order to generate and store hydrocarbons. 

Although the Bakken is an unconventional tight oil petroleum system it contains the same 

components as a conventional system.  

The source rocks of the petroleum system are the extremely organic-rich Upper and 

Lower Bakken shales with TOC contents as high as 35 weight percent. The false Bakken shale 

within the Lodgepole Formation has in comparison to the Bakken shales modest total organic 

matter contents (4 – 8 wt. %). Potentially, in the south where the Bakken shales pinch-out, the 

false Bakken may gain importance as source bed (Sonnenberg et al., 2011). Due to the high 

organic matter content the Bakken shales can be easily recognized on wireline logs by very high 

gamma-ray readings (> 200 API), high resistivities where the shales are mature, and high 

density-log porosities (Schmoker and Hester, 1983) (Figure 3.2).  

The reservoir units of the Bakken petroleum system include the Three Forks Formation, 

the Middle Bakken member, and in some areas the Pronghorn member. All units are  
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Figure 3.1: Stratigraphic chart of the Bakken petroleum system with facies descriptions, 
depositional environments and interpreted sea level trends. Reservoir units are indicated with 
yellow stars, the most significant targets being Middle Bakken facies C and E, and the upper 
Three Forks laminated facies (UTF-H) and clean dolomite bench (UTF-I). FB = false Bakken, S 
= Scallion, UBS = Upper Bakken shale, MB-A through MB-F = Middle Bakken facies, LBS = 
Lower Bakken shale, PH = Pronghorn, UTF = upper Three Forks, MTF = middle Three Forks 
(modified from Sonnenberg et al., 2011; Three Forks facies adapted from Gantyno, 2010).  
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Figure 3.2: Type log of the Bakken petroleum system from the well Braaflat 11-11H in Mountrail 
County (Sec. 11, T 153N, R 91W). The Bakken shales are characterized by a hot gamma-ray 
signature exceeding 200 API units, high resistivity and high density porosity values. Where 
present, the “bench facies” (Middle Bakken facies D) has low gamma-ray and high resistivity 
readings. The shale marker at the top of the Middle Three Forks can be traced across the basin. 
A second shale marker is present at the top of the Lower Three Forks. FB = false Bakken, S = 
Scallion, UBS = Upper Bakken shale, A through F = Middle Bakken facies, LBS = Lower 
Bakken shale, PH = Pronghorn, UTF = Upper Three Forks, MTF = Middle Three Forks, LTF = 
Lower Three Forks; modified from Gutierrez and Franklin (2013, unpublished). 
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characterized by low porosities and low permeabilities. The upper Three Forks and the Middle  

Bakken are the main productive horizons; however, as the play evolves more productive 

intervals are being identified and targeted. Current drilling activity includes, besides the main 

horizons, completions in the middle Three Forks and the Pronghorn intervals. The latter is a 

target of interest, in particular in the southern part where the Pronghorn reaches the greatest 

thickness and the Middle Bakken thins and pinches out.  

The impermeable limestones of the Mississippian Lodgepole Formation act as regional 

seal to the petroleum system. Production derived from the Waulsortian-type Lodgepole mounds 

occurs in Stark County.  

Despite continuous hydrocarbon saturation levels throughout the central part of the 

basin, trapping mechanisms seem to play a significant role in sweetspot areas close to the 

basin margin. Trap types include stratigraphic pinch-outs of the reservoir facies (e.g. Elm 

Coulee field) as well as diagenetic traps in the form of rapid deterioration of reservoir properties, 

possibly associated with the shale maturity boundary, at the eastern basin margin (e.g. Parshall 

field). 

The Bakken shales within the U.S. part of the basin are immature to late-stage oil 

mature. In North Dakota, the mature source pod extends to the west of central Burke, Mountrail, 

and Dunn counties, forming a roughly north-south trending maturity boundary at the eastern 

margin. Oil mature shales are also encountered in most of northeastern Montana. In Canada, 

the Bakken shales are immature (Meissner, 1978). 

Hydrocarbon expulsion from the shales into the reservoir units occurred during primary 

migration. Evidence for secondary migration is the presence of voluminous accumulations of 

Bakken oils in the immature Canadian part of the Williston Basin (e.g. Viewfield and Daly fields) 

(Jarvie, 2001). 

The aspect of timing of hydrocarbon generation with respect to trap formation is of 

negligible importance in the structurally relatively quiescent basin. None of the observed trap 

types falls into the category of structural traps. 

 
 
 

3.2) Depositional Environment and Sequence Stratigraphy 

 

 During the Late Devonian and Early Mississippian the Williston Basin was located close 

to the paleo-equator (Ettensohn and Barron, 1981) (Figure 3.3). Sources of clastic sediments  
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Figure 3.3: The paleogeographic reconstruction shows the Williston Basin north of the equator 
under the influence of the prevailing trade winds (blue arrows). The main sediment sources are 
the Canadian shield and the Transcontinental arch (yellow arrows), modified from Blakey 
(2005). 
 

are predominantly the Canadian shield to the north and east and to lesser extent the 

Transcontinental arch in the southeast. Northeasterly paleo-trade winds contributed to 

transportation of sediment by carrying siliciclastic fines into the basin (Gent, 2011). Franklin and 

Sonnenberg (2012) describe the depositional environment of the Three Forks as a broad 

subtidal to supratidal mudflat in an arid, evaporative climate setting, comparable to the modern 

Arabian Gulf coast in terms of facies zonations (Figure 3.4). As no epeiric seas exist today, care 

must be taken when drawing parallels between present-day marginal seas and paleo-epeiric 

seas. First of all, the vast dimensions of epeiric seas occupy an entirely different order of 

magnitude in comparison to marginal seas, thus facies belts in epeiric seas can spread over a 

much larger areal extents. Secondly, the slope in epeiric seas usually ranges from 0.1 to 0.3 

feet per mile and is much gentler than that of marginal seas (2 to 10 feet per mile) (Shaw,  
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Figure 3.4: The depositional model for the Three Forks Formation illustrates a shallow platform 
in arid climate conditions, ranging from sabkha to shallow subtidal environments (Franklin and 
Sonnenberg, 2012). 
 

1965). Hallam (1981) and Dumonceaux (1984) doubted that currents and tides have strong 

influence on deposition of sediments due to quick frictional attenuation of energy in a shallow 

water body. Instead, locally generated wind waves are suggested to have shaped and reworked 

the sediments in the Three Forks. However, Bottjer et al. (2011) observed frequently in cores bi-

directional ripple laminations, reactivation surfaces, and double mud drapes, all of which are 

indications for tidal reworking of sediments. The lithological composition of the lower Three 

Forks reflects predominantly supratidal to continental sabkha conditions based on considerable 

amounts of primary anhydrite within a structureless dolomudstone matrix. The typical reddish 

brown color indicates an oxidizing environment and subaerial exposure. The middle and upper 

Three Forks contain shallow subtidal to intertidal facies and grain sizes increase to silt to very 

fine-grained sand in higher energy deposits. Parallel to subparallel laminations are frequently 

disturbed by soft sediment deformation, rip-up clasts, desiccation cracks, and burrowing traces 

of organisms. Brecciated and mottled facies are likely the product of storm reworking. The 

deposits consist of up to 60 % dolomite and lesser amounts of quartz and clays. The relatively 

high percentage of chlorite in the clay fraction lends the mud-rich deposits the characteristic 

green color (Gantyno, 2010; Bottjer et al., 2011; Franklin and Sonnenberg, 2012).  
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The Three Forks shows an overall deepening trend from early anhydrite-rich sabkha 

deposits to primarily intertidal and subtidal sediments in the upper section. Superimposed 

smaller-scale sea level variations produced three deepening-upwards cycles, which are 

reflected by subtidal shale caps at the top of the lower and middle Three Forks members 

(Franklin, 2013, personal communication) (Three Forks shale markers in Figure 3.2). The 

uppermost section of the upper Three Forks is an intertidal laminated facies. A subtidal shale 

facies may have been deposited at the top of this interval prior to erosion. The amount of 

erosion associated with the eustatic drop in sea level at the boundary between Three Forks and 

Bakken formations is unknown. 

 According to Haq and Schutter (2008) a fall in eustatic sea level of approximately 300 ft 

occurred close to the Devonian – Mississippian boundary. Although, there is a sequence 

boundary in the Middle Bakken at this point in time it is unlikely that a drop in sea level of this 

magnitude occurred. One possibility would be that the estimated timing of this major drop is 

slightly off and rather represents the Three Forks – Bakken boundary. Another explanation 

would be that fluctuations in global eustatic sea level are not affecting all areas equally and local 

basin morphology and location have a large impact on relative sea level. The Williston Basin is 

an intracratonic basin, which had at the time only restricted connection to open marine 

conditions. In Figure 3.1 an overall slightly deepening trend is indicated for the Three Forks as 

discussed in the section above. The subtidal shale at the top of the middle Three Forks is 

interpreted as transgressive systems tract, representing deepest water conditions. The following 

intertidal facies of the upper Three Forks are considered to be high stand deposits. The falling 

stage systems tract and falling sea level trend may appear as sudden events in Figure 3.1, 

however, it should be clarified that they represent a time interval of regression and erosion. 

Above the unconformity, the Bakken Formation displays an overall transgressive character. 

 The subtidal deposits of the Pronghorn overlie unconformably the Three Forks 

Formation and usually a lag of rip-up clasts and abundant pyrite is developed in the basal 

portion (Figure 3.5). The contact between the Pronghorn and the Lower Bakken shale is 

interpreted as transgressive surface of erosion (Bottjer et al., 2011), marking the Pronghorn as 

lowstand deposits (Figure 3.1). Johnson (2013) recognized a transgressive surface within the 

upper part of the Pronghorn, and it may be possible that more than one surface exists or that 

the vertical position of the surface varies depending on location in the basin. The rate of sea 

level rise reaches its maximum during the transgressive systems tract and deposition of the 

Lower Bakken shale.  
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Figure 3.5: The contact between the upper Three Forks and the basal Pronghorn member of the 
Bakken Formation in the well Farhart 11-11, Sec. 11, T 157N, R 92W, is an unconformable, 
erosive surface with rip-up clasts, originating from the underlying Three Forks. The contact 
between Pronghorn and Lower Bakken shale is sharp and abrupt and represents a 
transgressive surface of erosion (Bottjer et al., 2011).  
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Figure 3.6: Depositional and erosional limits of the Bakken Formation members and the Three 
Forks Formation (modified from Meissner, 1978; Franklin and Sonnenberg, 2012; Pronghorn 
limits from Le Fever et al., 2011). 
 

These relationships can also be observed when studying the depositional limits of the 

Three Forks Formation and subsequent deposits of the Bakken members (Figure 3.6). The 

Three Forks has the largest areal extent. After a period of erosion and non-deposition 

Pronghorn sediments filled in topographic lows. The Pronghorn has, unlike overlying Bakken 

strata, a depocenter at the southern margin of the basin with maximum thickness of 54 ft. The 

thickest Pronghorn accumulation extends in a linear trough shape, which coincides with both the 

edge of the Prairie salt and the Heart River fault on the southwestern side (LeFever et al., 2011; 

Bottjer et al., 2011). The fault may have facilitated movement of fluids into the Prairie salt, which 

in turn could have triggered dissolution and larger scale salt collapse features.  

After the major drop in sea level at the Three Forks – Bakken boundary, all four 

members of the Bakken exhibit a successively larger areal extent and onlapping relationships 

with the Three Forks at the basin margin, reflecting rising sea level conditions. The isopach 

maps of the Lower and Middle Bakken indicate a north-south elongated depocenter just east of 



40 
 

 

 

Figure 3.7: Isopach maps of the three Bakken members (contour interval = 10 ft). Both the 
Lower (a) and Middle Bakken (b) have their depocenter east of the Nesson anticline. The Upper 
Bakken shale (c) is the thinnest of all members and has a blanketing distribution. Note, each of 
the members has consecutively larger areal extent than the previous member (Sonnenberg, 
2010, unpublished). 
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Figure 3.7: Continued. 
 

the Nesson anticline (Webster, 1984) (Figure 3.7). The Middle Bakken also thickens in Elm 

Coulee, Richland County, Montana, and stretches across the state border into North Dakota. 

Due to the linearity of the feature, the marginal position, and changes in lithological composition 

of Middle Bakken facies, this thick is interpreted as longshore bar (Larson, 2010, personal 

communication). The Upper Bakken shale is the thinnest unit and blankets older members 

without a well-defined depocenter (LeFever et al., 1991). 

 After the deposition of organic-rich black shales of the Lower Bakken, the lower part of 

the Middle Bakken (facies MB-A to MB-C) are interpreted as highstand deposits (Figure 3.1). 

The lithologies change from subtidal skeletal lime wackestones at the base (MB-A) over heavily 

bioturbated calcareous, dolomitic siltstones (MB-B) to thinly laminated, silty sandstones and 

mudstones of intertidal character, and display a coarsening-upward trend. A sequence 

boundary is recognized at the base of the coarsest-grained Middle Bakken facies MB-D, which 

is in cores of both unconformable and conformable nature (Sonnenberg, 2010, personal 

communication). The relatively small-scale drop in sea level was likely attenuated by the overall 

rising sea level trend, and thus caused only locally erosional scours. Facies MB-D is a lowstand 

deposit and is the most laterally discontinuous facies of the Middle Bakken. The sediment 

composition shows variable amounts of bioclastic material and ooids, as well as very fine to 
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fine-grained sandstone depending on the position within the basin. In the north, facies MB-D is a 

calcite-cemented sandstone whereas in other parts of the basin it is a limestone with minor 

clastic admixtures. The following Middle Bakken facies (MB-E and MB-F) show a progressive 

deepening and fining-upward trend going from intertidal laminated dolomitic silt- and mudstones 

to subtidal fossiliferous, massive, mudstones. They are interpreted as the initial deposits of the 

transgressive systems tract, leading to the deposition of the Upper Bakken shale in deeper 

water conditions. A continuous transgressive surface has not been identified to clearly mark the 

transition from lowstand to transgressive systems tract. Thus, facies MB-E and MB-F could 

potentially be also late lowstand sediments, if the transgressive surface is located at the base of 

the Upper Bakken shale. The overlying Lodgepole limestones are regarded as a highstand 

deposit, spreading far beyond the reaches of the Bakken formation, and showing southward-

dipping clinoforms downlapping onto the Upper Bakken shale (Sereda, 1990). 

 The above described sequence stratigraphic framework represents the CSM 

stratigraphic model, which resulted from the joint effort of a number of workers within the CSM 

Bakken Consortium. A discussion of alternate models and concepts will be provided at this point 

(Table 3.1).  

Smith and Bustin (2000) regarded the Bakken shales as transgressive systems tract. 

However, their interpretation of the Middle Bakken unit is quite different from the above-

mentioned description. Smith and Bustin (2000) place a sequence boundary right at the top of 

the Lower Bakken shale due to Chondrites feeding structures. They assign the burrows to 

specimens of the Glossifungites ichnofacies, which are indicative for exhumation and exposure 

as these organisms burrow only into firm and solidified grounds. Smith and Bustin (2000) 

subdivided the Middle Bakken into three subunits, of which the lower two units (equivalent to 

facies MB-A to MB-E) are regarded as lowstand systems tract. A marine flooding surface 

separates the uppermost Middle Bakken subunit (MB-F) and is together with the Upper Bakken 

shale the second transgressive systems tract. 

Eggenhoff et al. (2011) promotes a similar interpretation as Smith and Bustin (2000) in 

terms of systems tract division and placement of the sequence boundary. The Lower Bakken 

shale is the transgressive systems tract, capped by a sequence boundary. The entire Middle 

Bakken is according to Eggenhoff et al. (2011) a lowstand systems tract with a transgressive 

surface at the top, separating it from the next transgressive systems tract. The Upper Bakken 

shale contains both the transgressive and highstand systems tracts. Eggenhoff et al. (2011) 

recognized eleven Middle Bakken facies, which were grouped into up to six parasequences in 

the basin center and three to four parasequences in marginal locations. 
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Table 3.1: A comparison of proposed sequence-stratigraphic framework models for the Bakken 
petroleum system shows differing approaches. Sequence boundaries are indicated in red lines. 
LP = Lodgepole, UBS = Upper Bakken shale, MB-A through MB-F = Middle Bakken facies, LBS 
= Lower Bakken shale, PH = Pronghorn, UTF = upper Three Forks, MTF = middle Three Forks 
(Three Forks facies adapted from Gantyno, 2010). 

 
 

Hlava et al. (2012) split the Middle Bakken into eleven facies, but used for systems tract 

interpretation a coarser subdivision into a lower package (equivalent to facies MB-A to MB-C), a 

middle package (MB-D), and an upper package (MB-E and MB-F). They assigned the Lower 

Bakken shale as highstand systems tract, followed by a sequence boundary at the base of the 

Middle Bakken. The lower and middle packages of the Middle Bakken are both lowstands 

separated by a second sequence boundary between them. The upper package is the 

transgressive systems tract, overlain by the Upper Bakken shale, which is again a highstand 

deposit. 

Angulo et al. (2008) and Angulo and Buatois (2012) recognized three systems tracts: the 

lower portion of the Lower Shale is a transgressive systems tract, the upper portion of the shale 

and lower half of the Middle Bakken (MB-A to MB-C) are highstand deposits, and the upper 

section of the Middle Bakken (MB-D to MB-F) and the upper shale are included in another 

transgressive systems tract. The placement of the maximum flooding surfaces within the shales 
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and not at the boundary is in agreement with the proposed interpretation of this study, and 

should coincide with the highest TOC values. Two sequence boundaries were identified: the first 

one separating the Bakken and Three Forks formations, and the second one lies within the 

Middle Bakken between the facies MB-C and MB-D. Angulo and Buatois (2012) pointed out a 

number of issues with ichnofacies interpretations in the model of Smith and Bustin (2000). For 

example, the Chondrites burrows, which were used as evidence for exposure and a sequence 

boundary, can be produced by both deposit feeders and chemosymbionts. Additionally, Angulo 

and Buatois (2012) observed compressed Thalassinoides burrows, which belong to the 

Glossifungites ichnofacies. The compacted feeding structures though, allude to soft ground and 

not hard ground conditions. 

The model of Cobb (2013) and the CSM stratigraphic model, presented here in this 

study, are overall very similar as they are an effort of joint collaboration. Cobb’s sequence 

stratigraphic interpretation of the Bakken varies slightly, as he includes the Pronghorn into the 

transgressive systems tract together with the Lower Bakken shale, whereas above it was 

described as lowstand deposit due to the presence of a transgressive surface close to the top of 

the Pronghorn unit.  

Further work is being conducted to identify significant surfaces within the Bakken shales 

based on the distribution of organic matter content. Jin (2013, personal communication) 

observed two spikes in organic matter content within the lower shale. The first TOC peak occurs 

close to the bottom of the unit and is present basinwide, while the second spike is close to the 

top and is most pronounced in the basin center. In the Upper Bakken shale no consistent TOC 

peaks have been observed. The TOC contents are highest at the bottom of the upper shale and 

show an overall declining pattern along several smaller-scale cycles towards the top. It is yet 

unresolved whether the zones of maximum TOC are directly relatable to maximum flooding 

surfaces. 

In summary, it becomes clear that the sequence stratigraphic framework of the Bakken 

petroleum system is still a matter of healthy discussion and further evidence is needed to 

determine which model most adequately reflects the reality.  

 The opinions about the depositional environment of the Upper and Lower Bakken shales 

range from vast swamps (Fuller, 1956; McCabe, 1959) to deep-water offshore marine settings 

(MacDonald, 1956; Smith and Bustin, 1996) as extremes. Swamps are an unlikely option since 

the Bakken shales contain homogeneously sapropelic-amorphous kerogen type II (algae) and 

only at the margins some kerogen type III (land plants) influence is evident (Webster, 1984; Jin 

and Sonnenberg, 2012). The proposed water depth by Smith and Bustin (1996), in excess of 
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200 m, would demand repeated drastic changes in sea level over short periods of time. Another 

point of concern with such great water depths is the lack of clinoforms in the entire Bakken 

Formation, which should be expected on a slope of over 200 m. The majority of workers 

assume intermediate positions between these two end members.  

 Webster (1984) concluded the shales were deposited in quiet water conditions below 

wave base based on preservation of very fine and thin planar laminations. The floral and faunal 

fossil assemblages, including Tasmanites spores, inarticulate brachiopods, cephalopods, 

conodonts and fish remains, indicate a marginal-marine to marine setting. The abundance of 

both preserved organic matter and pyrite points to anoxic redox conditions. The existence of a 

stratified water column during the Bakken time was suggested by Ettensohn and Barron (1981) 

and Lineback and Davidson (1982) as a result of restriction in circulation and lack of mixing of 

surface and bottom waters. The proximity of the Williston Basin to the paleo-equator in a warm, 

temperate climate setting may account for the development of a pycnocline, as oxygenated 

surface waters rarely cool sufficiently to sink and displace colder, anaerobic bottom waters 

(Byers, 1977; Ettensohn and Barron, 1981). High organic productivity of predominantly marine 

plankton in the photic zone caused a ‘rain’ of dying organisms settling into stagnant, deeper 

waters (Figure 3.8). The oxygen needed for the process of bacterial degradation of organic 

matter exceeded the availability of dissolved oxygen in the water column, creating an oxygen 

minimum zone or in other words anoxic conditions within the bottom part of the water column. 

Webster (1984) estimated a water depth of at least 150 ft to allow for euxinic bottom waters 

below the photic zone and wave base. 

 The repeated turnover from oxic conditions during Three Forks and Middle Bakken 

deposition to strongly reducing environments during deposition of the Lower and Upper Bakken 

black shales poses a challenge to explain. Christopher (1961; 1962) suggested a restriction of 

water circulation due to sags and swells in conjunction with sea level fluctuations and tectonic 

tilting, while Stasiuk (1993) favored episodes of intense algal blooms as the reason for 

eutrophication of the shallow epeiric Bakken sea.  

Detailed organic geochemical analysis of Bakken shale extract samples revealed an 

abundance of 2,3,6- and 3,4,5-trimethyl diaryl isoprenoids over n-alkylbenzenes and n-

alkyltoluenes within the aromatic fraction. Aryl isoprenoids are derivatives of the green sulfur 

bacteria Chlorobiaceae, which is indicative for a stratified water column and euxinic conditions 

within the photic zone (Figure 3.9). The now extinct species Chlorobiaceae provided the 

precursor molecules isorenieratenes, which became subsequently reduced to isorenieratanes, 
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Figure 3.8: Schematic of the shallow marine offshore setting as depositional environment for the 
Bakken shales. The combination of algal blooms and a stratified water column resulted in 
excellent conditions for preservation of organic matter (modified by Sonnenberg (2011) from 
Smith and Bustin, 1996; Meissner et al., 1984). 
 

 
Figure 3.9: Aryl isoprenoids found in Bakken shale extracts suggest that even within the photic 
zone anoxic conditions occurred, enabling the assumption of shallow water depths at the time of 
Bakken shale deposition (Zumberge, 2010, unpublished). 
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which were then converted to structurally similar aryl isoprenoids during the maturation process 

(Jiang et al., 2001; Brown and Kenig, 2004; Zumberge, 2010, unpublished). The presence of a  

photic zone euxinia may imply that water depths indeed could have been very shallow, even 

less than 150 ft as proposed by Webster (1984). The findings of green sulfur bacteria 

biomarkers not only in the Bakken shales, but also in age-equivalent black shale sequences in 

various places around the world (see section 2.4) allude to a larger-scale phenomenon of 

anoxic conditions within the photic zone of very shallow epicontinental seas, possibly in 

conjunction with a global mass extinction event of marine organisms. 

 
 
 

3.3) Lithofacies and Mineralogy 

 

In the following section the lithofacies characteristics and the mineralogical composition 

of the units comprised in the Bakken petroleum system will be described. The units are ordered 

from stratigraphic bottom to top, including the Three Forks Formation, the Pronghorn, the Lower 

Bakken shale, the Middle Bakken member, the Upper Bakken shale, and the lowermost 

Lodgepole member. 

 
 
 

3.3.1) Three Forks Formation 

 

 Sandberg and Hammond (1958) described the original Three Forks type section in the 

Mobil Producing Company No. 1 Solomon Bird Bear well, Sec. 22, T 149N, R 91W, Dunn 

County, North Dakota, using a clastic classification scheme. Dumonceaux (1984) promoted the 

use of carbonate terminology based on the predominance of micrite and dolomicrite in 

lithologies encountered in the Three Forks. Poor preservation of the original type section core 

led to the selection of a new standard reference section for the Three Forks in the EOG 

Resources #2-11H Liberty well, Sec. 11, T 151N, R 91W, Mountrail County, North Dakota. This 

well was drilled in 2009 and the Three Forks is present in the interval from 9,693 to 9,929 ft 

(LeFever et al. 2011). The Three Forks Formation exhibits a complex character and depositional 

processes for certain facies are still poorly understood. Frequently, workers focused only on the 

upper section of the Three Forks as it represents the primary target of interest for oil production. 

Some of these studies were conducted by Karasinski (2006), Berwick (2008), Berwick and 
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Hendricks (2011), and Bottjer et al., (2011). Other authors, including Dumonceaux (1984), 

Gantyno (2010), LeFever et al., (2011), Franklin and Sonnenberg (2012), Franklin (2013), and 

Gutierrez (2012), described the complete Three Forks interval. The number of identified 

lithofacies ranges from five (Dumonceaux, 1984) to nine (Gantyno, 2010). Franklin (2013) 

preferred a subdivision into eight facies with a further refinement into fifteen subfacies in total. 

For reasons of simplicity, the various facies interpretations will be lumped together into a 

broader categorization of lower, middle and upper Three Forks. 

 
 
 

3.3.1.1) Lower Three Forks 

 

 The deposits of the lower Three Forks reflect mainly a low energy, supratidal sabkha 

setting in dry, evaporative climate conditions. The very fine grain sizes of sediments and the 

abundance of anhydrite set the lower Three Forks deposits apart from the overlying units. 

Anhydrite occurs as massive, argillaceous mosaic anhydrite, or as distinctive beds, stringers 

and nodules within a mudstone matrix. The precipitation of anhydrite is interpreted to have 

occurred coevally with sedimentation or at very early stage of diagenesis. The dolomitic 

claystones within the lower Three Forks are either reddish-brown or green in color and both 

variations can occur in close juxtaposition to each other. The dolomudstones contain minor 

amounts of silt and are typically non-calcareous, hard, fissile, and well-cemented. Usually, the 

mudstones are structureless to faintly laminated. Other sedimentary structures include 

compaction-loading features, distortion around anhydrite nodules and granule-sized clasts, as 

well as mud cracks and brecciation. The breccia clasts can be either monomictic or polymictic, 

containing clay and dolomudstone fragments, floating in a matrix-supported fabric. Common 

cementing agents are anhydrite, dolomite, and pyrite in disseminated form (Gantyno, 2010; 

Franklin and Sonnenberg, 2012).  

The lower Three Forks is represented by facies A through E in the overview chart in 

Table 3.1, with facies E being the red shale marker at the top of the lower Three Forks (see 

Figure 3.2). 
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3.3.1.2) Middle Three Forks 

 

 Due to the cyclic depositional pattern, some facies occur repeatedly throughout the 

Three Forks Formation, but in varying proportions. The middle Three Forks is dominated by 

chaotic and brecciated facies. Franklin (2013, personal communication) recognized the middle 

Three Forks as storm-dominated deposit, while the lower and upper Three Forks units are 

storm-influenced. Gantyno (2010) believed that brecciated fabrics to have originated from either 

tempestite reworking or deformation due to evaporite solution in underlying strata. Another 

suggested process responsible for brecciation in the middle Three Forks is a meteorite impact 

and associated shock tsunamis. Mescher et al. (2012) based this concept on the presence of an 

iridium anomaly and trace amounts of shocked quartz grains with planar deformation features. A 

meteorite impact and resulting tsunamis certainly have the power to produce chaotic and 

brecciated fabrics, however the cyclical occurrence of brecciated facies in the Three Forks 

would require multiple events. The idea of frequent storm reworking, possibly enhanced by 

prevailing climatic and paleo-geographic conditions, may offer a plausible explanation.  

Two types of brecciated fabrics occur in the middle Three Forks, including matrix-supported and 

clast-supported breccia. Gantyno (2010) describes facies G as chaotic claystone and dolomitic 

siltstone. The dolomitic, silty clasts are of pinkish to tan color, while the matrix- mudstones are 

of the typical green color. The clast sizes range from granules to pebbles. Original sedimentary 

structures such as parallel and ripple laminations are rarely preserved due to the high degree of 

brecciation and soft-sediment deformation. High energy spring tides and storms are likely the 

cause for the chaotic appearance of this facies. The depositional environment is interpreted as 

lower supratidal to upper intertidal setting. 

A laminated facies occurs in both the middle and upper Three Forks. The facies consists 

of thin to thick bedded (millimeter to centimeter scale) alternating layers of green mudstones 

and pinkish-tan dolomitic siltstones. Bottjer et al. (2011) observed parallel laminations, uni- and 

bidirectional ripple laminations, reactivation surfaces, and double mud drapes, attesting the 

intertidal character of these deposits (Figure 3.10A). This facies corresponds to facies H in 

Gantyno’s classification. Scour surfaces and mud-cracks point to intermittent exposure. Other 

sedimentary structures include soft-sediment deformation, loading structures, and rip-up mud 

clasts. The laminations often exhibit flaser to wavy structures. The thickness of facies H reaches 

up to 15 feet (Gantyno, 2010). 
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Table 3.2: Overview of lithofacies in the Three Forks Formation (modified from Gantyno, 2010). 
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Figure 3.10: The core photographs display the two main reservoir facies within the Three Forks: 
A) laminated mudstone and dolostone facies, and B) clean dolomite facies.  The laminated 
facies shows bidirectional ripple laminations (R) and reactivation surfaces. Vertical micro-
fractures (MF) are visible in the top portion of the photograph. Photo A is derived from the well 
Lars Rothie 32-29H, Sec. 32, T 151N, R 95W, McKenzie County, at a core depth of 10,692 ft 
(core photo from LeFever and Nordeng, 2008; Bottjer et al., 2011), and photo B is from the well 
Gunnison State 36-16H, Sec. 36, T 161N, R 91W, Burke County, at a depth of 8,234 ft (Bottjer 
et al., 2011). 
 

The top of the middle Three Forks is capped by a massive, structureless subtidal shale. 

This shale can be mapped basinwide and is easily identifiable in gamma ray logs (see Figure 

3.2). The shale is of often the green-colored variety (facies F), but in cores also the red shales 

(facies E) have been observed. Sometimes both color variations are present adjacent to each 

other. Sonnenberg (2013, personal communication) attributes the change in color whether or 

not the mudstones have come into contact with migrating hydrocarbons from the Lower Bakken 

shale. The green color of the mudstones would represent reducing interaction with the organic 

fluids and imbibition with hydrocarbons, while the red shales are still in the oxidized state and 

iron ions are bound in hematite cement. This suggestion is based on core photos taken under 

ultraviolet light, showing fluorescence in green shales while adjacent red shales are barren.  
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3.3.1.3) Upper Three Forks 

 

 Above the shale marker of the middle Three Forks, the basal part of the upper Three 

Forks is usually composed of a clean dolomite facies (Figure 3.10B). The ‘clean’ character 

refers to low clay content, which becomes apparent in the gamma-ray log response. The silty to 

sandy dolostones can occur either in massive or mottled / brecciated or laminated form (facies I 

in Table 3.2). The reduced amount of clays in combination with larger grain sizes indicate an 

environment with higher levels of hydrodynamic energy. Bottjer et al. (2011) suggested the 

following environments for the three subfacies of the clean dolomite facies: a) the massive 

subfacies is interpreted as shallow marine deposit in a tidal sand flat within the lower intertidal to 

subtidal regime; b) the mottled subfacies represents more distal, lower energy deposits towards 

the seaward edge of the tidal flat; and c) the laminated variety is the highest energy deposit, 

reflecting upper flow regime planar laminations, produced by sporadic high energy currents in 

channels within the sand flat. An overall progradational stacking pattern from lower energy to 

higher energy deposits has been observed. Gantyno (2010) places this facies into the intertidal 

setting under tidal wave and storm influence due to the presence of climbing ripples, 

bidirectional ripples, wave ripples, and mud drapes. The maximum thickness of the clean 

dolomite facies is 25 feet. 

The clean dolomite facies is overlain by the laminated facies H, which has been 

described above for the middle Three Forks. Those two facies are the main production targets 

due to proximity to the Lower Bakken shale and decent reservoir properties. The laminated 

facies underlies directly the Bakken shale, where the Pronghorn is absent. Figure 3.11 

illustrates in thin section photomicrographs that good porosity is linked to dolomite-rich layers 

within the two reservoir facies. Oil saturations and reservoir properties will be described in more 

detail in section 3.5.  

The dolomite content in the upper Three Forks can reach up to 60 to 70 %, while the 

average mineralogical composition for the clean dolomite facies is 57 % dolomite, 29 % quartz, 

10 % clay, and 2 % pyrite based on semi-quantitative x-ray diffraction results (Figure 3.12). In 

contrast, the average composition of the green mudstone facies is 38 % dolomite, 30 % clay, 27 

% quartz, and 2 % pyrite, and acts as barrier to fluid flow, as will be discussed in section 3.5. 

The clay fraction is mostly composed of illite with minor amounts of chlorite (Bottjer et al., 2011). 
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Figure 3.11: Thin section photomicrographs from the upper Three Forks (A) laminated facies, 
and (B) the clean dolomite facies, depicted in (1) plain polarized light and (2) epifluorescent 
light. The dolomite-rich, soft-sediment deformed layers of the laminated facies show good 
intergranular matrix porosity between dolomite rhombs, while clay-rich layers are very tight. The 
clean dolomite facies is composed of detrital dolomite grains and silt-sized quartz grains. The 
epifluorescent photomicrograph (B-2) enhances visibility of intergranular and additional 
microporosity. The photomicrographs were derived from the wells (A) Gunnison State 36-16H, 
Sec., 36, T 161N, R 91W, Burke County, core depth 8,234.2 ft, and (B) Trippell 32-16H, Sec. 
32, T 160N, R 90W, Burke County, core depth 8,411.2ft (Bottjer et al., 2011). 
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Figure 3.12: X-ray diffraction mineralogical data indicates very high dolomite contents in the 
upper Three Forks and fairly high clay contents in green middle Three Forks mudstones. 
Samples from the heterolithic Pronghorn member and silica-rich Bakken shales are shown in 
comparison. The data represents averages from multiple samples and wells and the 
percentages for each mineral group have been normalized to 100 percent (Bottjer et al., 2011). 
 
 
 

3.3.2) Pronghorn 

 

 The Pronghorn is the basal member of the Bakken Formation and unconformably 

overlies the Three Forks. Johnson (2013) subdivided the Pronghorn into four lithofacies which 

are from bottom to top: PH-1) heavily bioturbated fine-grained sandstone, PH-2) burrowed 

dolomitic silty mudstone with storm deposits, PH-3) skeletal wacke- to packstone, and PH-4) 

shale with siltstone and sandstone laminations (Figure 3.13). The Pronghorn reveals an overall 

deepening- and fining-upward character (Bottjer et al., 2011). 
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Figure 3.13: The Pronghorn is subdivided into four facies from bottom to top: PH-1) burrowed 
very fine- to fine-grained sandstone; PH-2) laminated dolomitic siltstone to very fine sandstone 
interbedded with gray, silty mudstones; PH-3) lime wacke- to packstone with skeletal lags; PH-
4) clay-rich siltstone to silty shale. Well locations: Jorgensen 1-15H, Sec. 15, T 148N, R 96W, 
Dunn County; Kubas 11-13TFH, Sec. 13, T 140N, R 99W, Stark County; Braaflat 11-11H, Sec. 
11, T 153N, R 91W, Mountrail County. Facies interpretations and photos are adapted from 
Bottjer et al. (2011) and Johnson (2013). 
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3.3.2.1) PH-1 Heavily Bioturbated Sandstone 

 

 The basal facies of the Pronghorn member is a very fine to fine-grained sandstone to 

siltstone with minor admixtures of dolomite, clays and pyrite, and was formerly referred to as 

‘Sanish sand’. The quartz grains are well-sorted and subangular to subrounded, which may 

point to eolian transport. Individual burrows are difficult to identify due to the extensive degree of 

bioturbation, but Skolithos and Cruziana ichnofacies traces have been observed. The 

depositional environment was likely shallow marine (intertidal to subtidal) based on the 

ichnofacies assemblages. However, any primary sedimentary structures have been occluded by 

burrowing activity.  The thickness of this laterally discontinuous unit ranges between several 

inches to sixteen feet, with an average thickness of two to three feet. The Pronghorn sandstone 

exhibits the best reservoir properties of the member with average porosities of 9 % and 

permeabilities of 0.16 md and is productive in Sanish and Parshall fields, North Dakota (Bottjer 

et al., 2011; Johnson, 2013). 

 
 
 

3.3.2.2) PH-2 Burrowed Dolomitic Silty Mudstone 

 

 This facies consists of laminations of variable thickness of light gray dolomite-rich sandy 

siltstones, alternating with darker greenish-gray silty mudstones. The light gray dolomitic beds 

are interpreted as storm deposits, and show subsequent reworking by horizontal and vertical 

burrowing traces. Occasionally, faint wavy laminations are still preserved in the otherwise often 

massive appearing layers. Johnson (2013) concludes that facies PH-2 was deposited in a 

slightly deeper environment than PH-1 due to the decrease in bioturbation and the occurrence 

of muddy storm deposits. This interval is the thickest unit of the Pronghorn and an average 

thickness of 20 ft was observed. Bottjer et al. (2011) included this unit into the first facies and 

termed the combined package the Pronghorn sandstone. 

 
 
 

3.3.2.3) PH-3 Skeletal Lime Wacke- to Packstone 

 

 The fossiliferous wackestone to packstone contains abundant fragments of crinoids and 

disarticulated brachiopods. X-ray diffraction results show high percentages of calcite (up to 87 
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%) and minor quantities of quartz, dolomite, clay and pyrite. The limestone is medium to dark 

gray in color and has a micrite matrix. The limestone facies is relatively easy to identify due to 

higher resistivities than adjacent beds (Bottjer et al., 2011). The elevated resistivity is likely 

attributable to tight reservoir properties, with porosities in the 1 – 2 % range and permeabilities 

two orders of magnitude lower than the sandstone facies PH-1 (Johnson, 2013). The limestone 

unit occurs mainly in the northern and central part of the basin, but also appears locally in the 

southern part, where it is much more fractured and brecciated. A skeletal lag with high quartz 

content and pyrite blebs forms the top of the limestone package, which Johnson (2013) 

interpreted as transgressive surface of erosion. The depositional environment is construed as 

transitional lower shoreface to open marine. 

 
 
 

3.3.2.4) PH-4 Silty Shale 

 

 The Pronghorn shale, formerly referred to as ‘Lower Bakken silt’, is the most clay-rich 

unit within the entire Bakken petroleum system. X-ray data reveals an average mineralogical 

composition of 48 % clay, 34 % quartz, 7 % dolomite, and 2 % each of calcite and pyrite (Figure 

3.12). Greyish-green shales alternate with darker gray shales, occasionally intermitted by silty 

and sandy layers of potentially eolian origin. The dark gray shales have some organic matter 

content, ranging between 1 and 3 %, while the greenish shales are usually devoid of any 

significant quantities of organic carbon. A marine environment with alternating dysoxic to oxic 

conditions is interpreted as depositional setting. Imparted by the high clay content, the 

mechanical stability of this unit is poor. Cores from this facies often disintegrate into small 

fragments. Bottjer et al. (2011) pointed out that the weakness of the beds may be hazardous for 

drilling operations and wellbore integrity.  

 Johnson (2013) observed an unconformable contact between the underlying limestone 

facies and the shale facies, whereas Bottjer et al. (2011) described the contact as transitional. 

Both workers agree on an upward-deepening trend, as quartz percentages decrease and TOC 

contents increase, transitioning into the Lower Bakken shale. The facies reaches a thickness of 

up to 28 feet.  
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3.3.3) Lower Bakken Shale 

 

 The Lower and Upper Bakken shales are very similar and this description applies to both 

members. The shales range in color from dark gray to brownish-black to black and are either 

massive or fissile along planar laminations. The shales exhibit high silica contents (~ 40 to 70 

%) in the form of silt-sized quartz grains and other sources such as radiolaria and sponge 

spicules. Other mineralogical components include clays (~ 20 to 40 %), predominantly illite and 

smectite, and minor amounts of feldspar, dolomite, calcite, and pyrite. Pyrite is abundant and 

occurs in concentrated form in lenses and laminations as well as disseminated throughout the 

shales. The silica content makes the shales hard and brittle, while the high organic content 

lends them a waxy luster. A variety of fractures has been observed comprising horizontal, 

vertical, blocky, conchoidal, and ptygmatic types. The amorphous sapropelic organic matter is 

evenly distributed throughout the matrix and is not confined to lenses or laminations. Both 

shales reveal a remarkable lithological uniformity on a regional scale. The Lower Bakken shale  

 

 

Figure 3.14: Photomicrograph of compressed Tasmanites spores from algal plants in the Lower 
Bakken Shale, floating in an organic matter rich matrix. The TOC content in this sample is 15.6 
%. The sample derives from the well Braaflat 11-11H, Sec. 11, T 153N, R 91W, Mountrail 
County, at a core depth of 9,940 ft (Sonnenberg, 2010, unpublished). 
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reaches a maximum thickness of 55 ft in the depocenter east of the Nesson anticline (Meissner, 

1978; Webster, 1984; LeFever et al., 1991; LeFever 1992; Mba and Prasad, 2010; Vickery, 

2010; Bottjer et al., 2011; Sonnenberg et al., 2011; Jin and Sonnenberg, 2012).  

Hayes (1985) identified a number of fossils including tasmanites spores, conodonts, fish 

scales and bones, inarticulate brachiopods, choncostracans, ostracods, and woody plant 

fragments. Figure 3.14 shows a compacted Tasmanites spore within a dark brown organic-rich 

matrix in thin section. The source rock characteristics of the Bakken shales will be detailed in 

section 3.4. 

 
 
 

3.3.4) Middle Bakken Member 

 

 The Middle Bakken member is divided into six facies according to the Colorado School 

of Mines classification (Sonnenberg, 2011) (Figures 3.15 and 3.16). From stratigraphic bottom 

to top these are: MB-A) skeletal lime wackestone, MB-B) bioturbated argillaceous siltstone, MB-

C) laminated sandstone / siltstone, MB-D) calcareous sandstone / grainstone, MB-E) laminated 

dolomitic siltstone, and MB-F) massive fossiliferous wackestone (Table 3.3). Detailed facies 

interpretations from cores in Mountrail County have been published by Simenson (2010), 

Kowalski (2010), and Gent (2011). Alternative facies description schemes to the Colorado 

School of Mines classification have been produced by LeFever et al. (1991), LeFever and 

Nordeng (2008), Canter et al. (2008), and Kohlruss and Nickel (2009). 

 
 
 

3.3.4.1) MB-A Skeletal Lime Wackestone 

 

 Facies MB-A is the basal unit of the Middle Bakken and overlies the Lower Bakken 

Shale with a sharp contact. The deposits are light to medium gray in color and consist of fine-

grained limestone with admixtures of silt-sized quartz, clays, and dolomite. The calcite content 

averages at 42 %, while the quartz percentage is about 36 %. Brachiopod and crinoid allochems 

are abundant, but bryozoans and gastropods have also been observed. Shell fragments range 

from 1 to 3 mm in size and are often replaced by pyrite or other cementing agents. The texture 

of facies MB-A is massive and indicates deposition below storm wave base. The contact to the 
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overlying facies MB-B is very gradual as bioturbation increases and the abundance of fossils 

decreases. The thickness is usually not more than a few feet (Kowalski, 2010; Gent, 2011). 

 

 

Figure 3.15: Complete cored section of the Bakken Formation in the well Big Sky #1, Sec. 2, T 
30N, R 58E, Roosevelt County, Montana. The Middle Bakken has a thickness of 35 ft and 
occurs at a depth of 9,884 to 9,919 ft. Core photos courtesy of the USGS Core Research 
Center. 
 
 
 
3.3.4.2) MB-B Bioturbated Argillaceous Siltstone 

 

 The main characteristic of facies MB-B is the profuse occurrence of horizontal 

helminthopsis / scalarituba burrows (Figure 3.16). Lithologically, the facies is a light gray to tan 

argillaceous, calcareous siltstone with scattered brachiopod and crinoid fragments. Any original 

sedimentary structures have been obscured by the high degree of bioturbation. The crudely 

layered aspect of the facies stems from varying cement types, with calcite cement producing a 

light gray color while dolomite-cemented areas appear more tan in color. Occasionally, calcite
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Table 3.3: Middle Bakken facies descriptions from stratigraphic bottom to top (Gent, 2011). 
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Figure 3.16: Core photographs of Middle Bakken facies: MB-A) skeletal lime wackestone with 
crinoids, MB-B) characteristic helminthopsis burrows in argillaceous siltstone, MB-C) thinly 
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interbedded silty sandstones and mudstones, MB-D) cross-stratified limy sandstone, MB-E) 
laminated to wavy, lightly bioturbated dolomitic siltstones and mudstones, MF-F) massive 
skeletal dolomitic mudstone with brachiopod fragments. Well locations: Braaflat 11-11H, Sec. 
11, T 153N, R 91W, Mountrail County; Deadwood Canyon Ranch 43-28H, Sec. 28, T 154N, R 
92W, Mountrail County; Gunnison State 44-36H, Sec. 36, T 161N, R 91W, Burke County; Long 
1-01H, Sec. 1, T 152N, R 90W, Mountrail County; N&D 1-05H, Sec. 5, T 152N, R 90W, 
Mountrail County. Core photos are from the NDIC, but all photos except MB-D have been used 
in publications by Kowalski (2010) and Simenson (2010). 
 

concretions and calcite-cemented fractures have been observed in cores. The mineral 

percentages vary widely: quartz (17 – 51 %), calcite (5 to 70 %), dolomite (6 to 29 %), and clay 

(2 to 11 %). Facies MB-B is interpreted as subtidal deposit and the thickness of this unit ranges 

between 3 and 34 feet (Simenson, 2010; Kowalski, 2010; Gent, 2011). 

 
 
 

3.3.4.3) MB-C Laminated Siltstone / Sandstone 

 

 Alternating thin layers of lighter gray, very fine-grained, silty sandstones and darker gray 

muddy siltstones make up facies MB-C. The planar laminations vary in thickness from 0.1 to 1.2 

cm and are either parallel or slightly undulating and crinkly. Ripple laminations with double mud 

drapes, soft sediment deformation in thicker layers, and fluid escape structures are present, but 

less frequent. Facies MB-C is the most silica-rich facies within the Middle Bakken with quartz 

contents of up to 47 % (Figure 3.17). Dolomite and calcite occur in lesser amounts. The 

increase in grain size as well as the rhythmically laminated nature place this facies into an 

intertidal setting. Gent (2011) studied the cyclicity of laminations and recognized a semi-diurnal 

to mixed tidal pattern. Thicker laminations are likely a result of storms events, as these layers do 

not bear evidence of tidal influence. The lack of fossils and bioturbation allude to stressed 

conditions, as water levels are becoming shallower and potentially more dysoxic. Facies MB-C  

has a thickness of 2 to 14 feet and represents one of the better reservoir horizons in the Middle 

Bakken (Simenson, 2010; Gent, 2011). 
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Figure 3.17: Mineralogical composition of Middle Bakken facies and the Bakken shales based 
on QEMSCAN data from the well Braaflat 11-11H, Sec. 11, T 153N, R 91W, Mountrail County; 
LBS= Lower Bakken shale; MB-A through MB-F = Middle Bakken facies; UBS = Upper Bakken 
Shale; modified from Kowalski (2010, unpublished). 
 
 
 
3.3.4.4) MB-D Calcareous Sandstone / Grainstone 

 

 Facies MB-D is the coarsest-grained, highest energy deposit in the Middle Bakken. 

Grain sizes reach up to fine sand, locally even medium-grained sand, with a coarsening trend 

towards northern areas of the Williston Basin, closer to the sediment source. The Canadian 

Middle Bakken is rather a conventional reservoir due to larger grain sizes and improved 

reservoir properties. Within the U.S. part facies MB-D shows significant lateral variations, 

ranging from carbonate mud-dominated lithologies with low detrital grain percentages to 

sandstones, tightly cemented with calcite (Figure 3.18). In other areas facies MB-D is an ooid-

rich grainstone with abundant fossil fragments and remnants of stromatolites. The lateral facies 
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variations reflect decreasing detrital input in the southern parts of the basin in conjunction with 

increasing in-situ carbonate production. Sedimentary structures include ripple laminations, 

cross-stratification, rhythmic centimeter scale laminations, micro-faults and slumps, soft 

sediment deformation, or the unit can also appear massive in cores (LeFever et al., 1991; 

Simenson, 2010; Kowalski, 2010; Gent, 2011). The color of the unit ranges from light gray to 

dark gray. Larger-sized grains are usually rounded to well rounded, while the smaller fraction is 

subangular to subrounded. The sandstones consists of predominantly quartz grains and fewer 

feldspar components, and show generally good sorting except for localized areas with poor 

sorting (LeFever et al., 1991). The deposits overlie facies MB-C often with a sharp, erosive 

contact, although the contact can be conformable in other areas. Facies MB-D is interpreted as 

a lowstand-deposit in an intertidal setting. Higher hydrodynamic energy conditions in longshore 

currents produced shoal-like features rich in ooids and quartz, with carbonate muds generated 

by a moderately active carbonate factory (Gent, 2011). Localized exposure of topographic high 

features caused scouring and erosion into the underlying substrate, which is belied by the 

discontinuous nature of facies MB-D.  

Although facies MB-D is the coarsest-grained unit, porosities and permeabilities have 

been occluded by pervasive early calcite cementation. The unit represents rather a barrier to 

fluid flow than a reservoir, as will be discussed in section 3.6. The log response shows clean 

gamma ray readings and high resistivities, compared to other Middle Bakken strata. Facies MB-

D ranges in thickness from a few inches to 22 feet. 

 
 
 

3.3.4.5) MB-E Laminated Dolomitic Siltstone 

 

 Light gray dolomitic very fine-grained sandstones are interbedded with darker gray 

argillaceous siltstones in facies MB-E. The thin laminations appear either planar or slightly 

contorted. Wavy laminations, ripples and localized moderate bioturbation are also common. 

Gent (2011) identified brachiopod, echinoid, and bryozoan fragments in this unit. The facies is 

rich in quartz and dolomite with lesser amounts of calcite and some pyrite. The dolomite content 

increases upwards at the expense of calcite, making facies MB-E a good reservoir. Both 

horizontal and vertical microfractures add to the flow capacity. In gamma ray logs, facies MB-E 

is often characterized by a hotter spike at the bottom of the unit, followed by a serrated 

signature.   
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Figure 3.18: Lateral facies variations within facies MB-D, ranging from a calcite cemented 
sandstone (Harvey Gray) over a bioclast-rich, sandy limestone (Big Sky 1) to a carbonate 
mudstone with minor silt-sized detrital grains (BN 15-22). Thin sections are stained with Alizarin 
Red for calcite. PPL = plain-polarized light; CPL = cross-polarized light; Cal = Calcite; Dol = 
Dolomite; Anh = Anhydrite. The scale bar is 0.1 mm. Well locations: BN-15-22, Sec. 15, T 146N, 
R 101W, McKenzie County, North Dakota; Big Sky 1, Sec. 2, T 30N, R 58E, Roosevelt County, 
Montana; Harvey Gray, Sec. 26, T 31N, R 54E, Roosevelt County, Montana. 
 

 Following the shallow, higher energy deposits of facies MB-D, facies MB-E represents 

the beginning of an overall deepening and fining-upwards trend. The depositional environment 

is interpreted as lower intertidal to subtidal, gradually transitioning into facies MB-F. The 

thickness of the unit ranges from 6 to 11 feet (Kowalski, 2010; Gent, 2011).  
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3.3.4.6) MB-F Massive Fossiliferous Wackestone 

 

 Facies MB-F is a massive to bioturbated, calcareous fossiliferous silty wackestone, 

deposited in similar conditions as facies MB-A, within or just below storm wave base. 

Brachiopod fragments, bryozoans and echinoderm spines are common. Occasional shell lags 

may have been produced during storm events. Pyrite occurs in nodules or is disseminated 

throughout the unit. The contact with the Upper Bakken shale is sharp and frequently larger-

sized pyrite nodules form in close proximity. The thickness of the facies is usually between 1 to 

3 feet (Gent, 2011). 

 
 
 

3.3.5) Upper Bakken Shale 

 

 The Lower and Upper Bakken shales are lithologically almost identical and the reader is 

referred to the description of the Lower Bakken shale in section 3.3.3. Some dissimilarities of 

the upper shale in comparison to the lower shale include a slightly higher average TOC content, 

higher abundance of fossils, and a thinner maximum thickness of only 28 feet. 

 
 
 

3.3.6) Lodgepole Formation 

 

 The basal part of the Lodgepole Formation is formed by the Scallion member. It is a 

crinoidal mudstone to wackestone with pods of shelly packstone. The unit has a thickness of 8 

to 12 feet and is of light gray to dark gray to tan color. Other allochems besides crinoids are 

brachiopods, ostracods, mollusk shells, and coral fragments. The high degree of bioturbation 

obliterated any primary sedimentary structures. Bioturbation declines towards the top of the unit 

and the fabric becomes more nodular with frequent horsetail stylolitization. Large calcite-

cemented vugs and healed sub-vertical to vertical fractures are common features. The Scallion 

member has a transitional contact with the overlying false Bakken shale (Stroud, 2010). 

 The role of the Lodgepole for the Bakken petroleum system is primarily that of an 

effective regional seal, hindering upward migration of hydrocarbons due to extremely low 

permeabilities. 
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3.4) Source Characteristics 

 

 The Lower and Upper Bakken black shales are exceptionally rich source rocks. 

Schmoker and Hester (1983) calculated an average TOC of 11.5 % (weight percent) for the 

lower shale and 12.1 % for the upper shale. Locally, TOC contents can exceed 35 %. Both 

shales exhibit high organic matter contents throughout their extent, although some variability 

has been observed in association with the depositional environment (marginal / basinal) and the 

maturity trend. In contrast, the vertical variation in organic richness within the shales can be 

quite significant. The kerogen in both shales is predominantly of amorphous nature, which 

amounts to 70 to 95 % of the total kerogen, and originates from algal material (Webster, 1984).  

Pyrolysis data indicate excellent hydrocarbon-generation capacities due to high hydrogen 

indices, as shown in Figure 3.19, in a modified van Krevelen diagram.  

 

 

Figure 3.19: Source rock analysis data (n = 1261) of both Upper and Lower Bakken shales 
plotted in a pseudo-van Krevelen diagram indicate a dominance of kerogen type II with some 
type I and type III inputs; modified from Jin and Sonnenberg (2012). 
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The original van Krevelen diagram uses the atomic ratios H/C and O/C to determine the 

type of kerogen and hydrocarbon generation potential. The modified pseudo-van Krevelen 

diagram is based on hydrogen indices (HI = S2/TOC *100, in mgHC/gTOC) and oxygen indices 

(OI = S3/TOC *100, in mgCO2/gTOC), which are easily obtained from commercial Rock EvalTM 

pyrolysis devices or alternatively Source Rock AnalyzersTM. Pulverized source rock samples are 

heated at a rate of 25 °C per minute until a temperature of 550 °C is reached. The procedure, 

developed by Espitalié et al. (1977), mimics the maturation and hydrocarbon generation process 

of source rocks in fast-track. Although Rock Eval pyrolysis has some limitations, it is a standard 

technique for rapid and inexpensive characterization of source rock samples. The analysis 

results are obtained in a thermogram, showing four significant pieces of information in graphical 

form. The first peak is referred to as S1 peak and represents the amount of free (already 

generated) hydrocarbons in the sample. The S2 peak indicates the quantity of pyrolyzable 

hydrocarbons within the kerogen, or in other words the remaining hydrocarbon generation 

potential. Carbon dioxide emitted during the combustion is captured in the S3 peak and relates 

to the oxygen content present in the kerogen. The fourth parameter is Tmax, measured in 

degrees Celsius, and relates to the temperature when maximum generation of hydrocarbons 

occurred during the S2 peak. These four criteria allow the determination of level of maturity, 

using Tmax and / or the production index (PI = S1/ (S1+S2)), as well as categorization of the 

kerogen type by using the above-described hydrogen and oxygen indices in conjunction with 

TOC measurements. 

Based on pyrolysis data the Bakken shales contain oil-prone kerogen type II with 

relatively high hydrogen indices (> 500 mgHC/gTOC). The organic matter is rich in lipid material, 

typical for marine planktonic algae. Figure 3.20 shows the distribution of kerogen types for both 

shales throughout the basin. On the basin margins more input of kerogen type III is evident, 

which originates from terrestrial woody, herbaceous material (Webster, 1984; Jin and 

Sonnenberg, 2012). The type III samples are in the modified van Krevelen diagram (Figure 

3.19) on the right side towards higher oxygen indices and lower hydrogen indices. Kerogen type 

III has a low oil generation potential and is primarily gas-prone. Locally, isolated areas with 

kerogen type I influence occur in both shales. In contrast to type III, kerogen type I exhibits the 

highest oil generation potential with extremely high hydrogen indices of up to 800 mgHC/gTOC. 

Kerogen type I is usually associated with lipid-rich organic matter deposited in lacustrine 

settings. Hydrogen is the limiting factor in the conversion of kerogen via bitumen to 

hydrocarbons. The higher the original hydrogen content within the kerogen the higher is the 

hydrocarbon generation potential. Intense oil generation goes in hand with a rapid decrease in  
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Figure 3.20: The organic matter of the Lower and Upper Bakken shales is the predominantly of 
type II kerogen. Only at the eastern margin of the basin the kerogen type indicates more 
terrestrial input, while type I occurs in scattered isolated pockets (Jin and Sonnenberg, 2012).  
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Figure 3.21: A three-dimensional illustration of the hydrogen index (HI) distribution of the Upper 
Bakken shale shows a drastic decrease along the so-called ‘HI Wall’ in response to intense oil 
generation (Coskey and Leonard, 2009). 
 

hydrogen indices, as hydrogen in the kerogen is consumed for forming hydrocarbon molecules. 

The rapid decrease in hydrogen indices is illustrated in three-dimensional form in Figure 3.21, in 

which Coskey and Leonard (2009) and Jarvie et al. (2011) referred to as ‘HI-Wall’. The 

hydrogen index map is a good approximation for maturity and Tmax maps show similar 

distributions. Two main source kitchens with low remaining hydrogen indices become apparent. 

The first one is located in western North Dakota stretching over Billings, McKenzie and southern 

Williams counties. A second high-maturity area occurs in Montana, straddling the border 

between Richland and Roosevelt counties. 

In a setting with constant geothermal gradients, the highest maturity would coincide with 

the location of deepest burial. In the Williston Basin however, the maturity of the Bakken shales 

does not match up exactly with depth and cuts across structural contour lines (Figure 3.22). 

Price et al. (1984) postulated an area with augmented paleo-geothermal gradients in western 

North Dakota, as neither differences in burial history nor variations in organic matter type 

seemed plausible explanations. Sonnenberg (2011) extended the high paleo-geothermal 

gradient area into Montana, where the second smaller source kitchen is located. The electrical 

resistivity of the Bakken shales is also linked to maturity. Immature water-saturated shales have 

low resistivity readings (< 25 ohm-m), while mature highly oil-saturated shales may attain very 
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high resistivities. The onset of oil generation is reflected by an increase in resistivity from about 

25 to 100 ohm-m (Meissner, 1978; Hester and Schmoker, 1985). 

 

 

Figure 3.22: Shale maturity does not follow exactly the depth trend indicated by the structure 
contour lines. Price et al. (1984) identified an area of elevated paleo-geothermal gradients in 
western North Dakota, which likely extends into Montana (Sonnenberg, 2011). The onset of oil 
generation is reflected by a rapid increase in resistivity in the shales (Hester and Schmoker, 
1985); modified from Sonnenberg (2011). 
 
 
 

3.5) Reservoir Properties 

 

 The laminated lithofacies and the clean dolomite facies are the main reservoir horizons 

in the upper Three Forks and show excellent fluorescence under ultraviolet light. A comparison 

of core porosities and core permeabilities of the Pronghorn sandstone facies, the upper Three 

Forks clean dolomite facies and laminated facies shows that the latter exhibits the best reservoir 

properties (Figure 3.23). Bottjer et al. (2011) calculated based on a large sample base (n > 200) 

an average porosity of 8.2 % and an average permeability of 0.1117 md for the laminated upper  
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Figure 3.23: Distribution of core analysis data in a porosity – permeability crossplot indicates 
that the laminated facies in the upper Three Forks has the highest reservoir quality in 
comparison to the clean dolomite Three Forks facies and the Pronghorn (Bottjer et. al., 2011). 
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Three Forks facies. Pore types include small micropores and larger intergranular pores, 

whereby most of the effective porosity is present in the coarser-grained dolomitic layers. Small- 

to medium-scale vertical and horizontal natural fractures improve permeability across 

interbedded green mud-rich layers. In the clean dolomite facies the same pore types and 

fracture types have been observed, however average porosities are slightly lower (6.25 %) while 

average permeabilities are somewhat higher (0.261 md) than in the laminated facies. The 

reservoir properties are characteristic for an unconventional tight reservoir, in which horizontal 

drilling and artificial stimulation techniques are needed to take advantage of the natural fracture 

and pore network for economic recoveries.  

The fine grain size of green mudstone facies at the top of the middle Three Forks 

accounts for little to no effective intergranular porosity and microporosity is very modest as well. 

Dipole sonic logs and magnetic resonance logs attest the impermeable character of this facies 

(Bottjer et al., 2011). Figure 3.24 shows how the oil saturations rapidly diminish from the upper 

to the middle Three Forks across the green shale facies. The presence of subvertical and 

subhorizontal microfractures allows for limited migration of hydrocarbons into deeper levels of 

the Three Forks. Thus, the green mudstone represents a baffle to fluid flow, and potentially a 

weak hydraulic fracturing barrier. 

 The average porosity of the Pronghorn sandstone is 5.8 %, with maximum values 

reaching up to 9 %. The permeability averages at 0.161 md based on 66 samples (Bottjer et al., 

2011). The higher thickness of the Pronghorn in the southern part of the basin makes it a drilling 

target by itself, however in the northern and central parts of the basin the thickness is usually 

less than 10 feet and constitutes in comparison to the underlying Three Forks a much lower 

reservoir volume. In these areas the laterally discontinuous Pronghorn unit is regarded as 

additional contributor to production, but not as a primary target horizon. 

In the Middle Bakken core porosities range between 1 and 16 %, with an average of 5 % 

according to Pitman et al. (2001) based on 22 cores in North Dakota. The range for 

permeabilities is from essentially 0 to 20 md, averaging at 0.04 md. The lack of basinwide core 

analysis studies renders it difficult to pinpoint specific average values to Middle Bakken 

reservoir properties. In sweetspots, such as Elm Coulee and Parshall, average porosities may 

reach 6 to 7 %, while 5% may be the average for non-sweetspot areas. Pitman et al. (2001) 

reported no relationship between reservoir properties and mineralogical composition of the 

facies or grain size sorting. The proposed reason for observed variations in reservoir conditions 

is the thermal maturity of shales and the impact of organic fluids on the diagenesis of the 

reservoir facies. A decrease in permeability, going from adjacent immature to mature source  
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Figure 3.24: Migration of hydrocarbons into the middle Three Forks has been retarded by the 
green shale facies at the top of the middle Three Forks as indicated by the oil saturation profile 
in the well Liberty 2-11H, Sec. 11, T 151N, R 91E, Mountrail County; UTF = upper Three Forks; 
MTF = middle Three Forks (Gutierrez, 2012). 
 

rocks, is associated with calcite precipitation due to released carbon dioxide during kerogen 

maturation. Opposing the opinion of Pitman et al. (2001), Kowalski (2010) observed that Middle 

Bakken facies rich in quartz and dolomite (facies MB-C and MB-E) form better reservoirs than 

units rich in calcite and clays. An illustration of the detrimental effect of calcite on porosity is 

shown in Figure 3.25. With respect to the influence of shale maturity on reservoir properties, a 

number of workers have observed a reversed trend to what Pitman et al. (2001) suggested. 

East of Parshall field reservoir properties deteriorate rapidly, creating a pore-throat trap (Grau et 

al., 2011; Bartberger et al., 2012; Bergin et al., 2012). It is speculated that the so-called ‘line of 

death’ is related to the maturity boundary of the shales. Organic acids expelled from mature 

shales rather dissolve calcite than cause its precipitation. Thus in areas where the shales are 

still immature, calcite cement occluding porosity and permeability has not been leached away to 
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create secondary porosity, and reservoir properties are poorer than in the area of the mature 

source pod. 

 

 

Figure 3.25: QEMSCAN images illustrate that calcite cement can effectively occlude porosity in 
the Middle Bakken. In image A calcite is displayed in red coloration, and in image B porosity is 
shown in red in the QEMSCAN backscatter mode at a resolution of 2 microns. The sample 
derived from facies MB-B in the well Braaflat 11-11H, Sec. 11, T 153N, R 91W, Mountrail 
County, at a core depth of 9,919.5 ft (Kowalski, 2010). 
 

Alexandre (2011) identified several different types of pore spaces in the Middle Bakken, 

which include micropores, intercrystalline pores, intergranular pores, secondary dissolution 

pores, slot pores, and fractures (Figure 3.26). While micropores in clay-rich parts contribute very 

little to enhancement of reservoir quality, intergranular, intercrystalline, slot pores, and 

secondary dissolution porosity are the most important pore types. Although fractures are in 

some areas of the Bakken play of significance, in Elm Coulee they are relatively rare and only of 

ancillary relevance for reservoir quality. Slot pores are very narrow, approximately 10 mircons 

wide pores along the edges of dolomite rhombs. The formation of slot porosity can be either 

facilitated by initial dissolution of dolomite rhombs or when during growth of the crystal the  
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Figure 3.26: Different porosity types observed in facies MB-B in the well RR Lonetree-Edna, 
Sec. 1, T 23N, R 56E, in Elm Coulee, Montana. FL = thin sections treated with epifluorescent 
epoxy; XPL = cross-polarized light (Alexandre, 2011). 
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space to the neighboring crystal has not been filled completely. Slot porosity is not only 

beneficial for hydrocarbon storage, but also greatly enhances permeability when slot pores are 

linked together. The frequency of this type of porosity is directly related to the percentage of 

dolomite present in the reservoir. 

 
 
 

3.6) Diagenesis 

 

 The Middle Bakken reservoir underwent a series of diagenetic alterations including 

processes which either enhance or destroy reservoir quality. Alexandre (2011) performed an 

elaborate petrographic study on 135 thin sections, derived from wells in the Elm Coulee area, to 

evaluate the diagenetic sequence. The resulting paragenetic sequence is shown in Figure 3.27, 

and was slightly modified as early calcite cementation was added, which was observed in other 

wells than Alexandre (2011) investigated. It should be clarified that Elm Coulee is a special field 

and is not necessarily comparable to other locations in the basin, as present-day reservoir 

quality is primarily controlled by diagenetic alterations inherent to the specific depositional 

environment.  

The position of Elm Coulee field at the southwestern margin of the basin sets it apart in 

terms of mineralogical composition and facies distribution from other basin locations. Detrital silt 

and sandstone input was very low during the time of deposition due to the distal position relative 

sediment sources from the north and east. Modest influx of siliciclastics favored in-situ 

carbonate production and longshore currents promoted formation of elongated shoal bars. 

Furthermore, the proximity to the, at the time, outcropping Three Forks Formation provided a 

source for detrital dolomite grains. Thus the diagenetic sequence, described below, may differ 

from other parts in the basin. The diagenetic sequence includes mechanical and chemical 

compaction, calcite cementation, dolomitization, pyrite formation, dedolomitization, two stages 

of fracturing, precipitation of ferroan dolomite, sphalerite, and anhydrite, quartz overgrowths, 

and creation of secondary porosity related to hydrocarbon generation.  

Silty, calcite cemented lime muds, deposited in an evaporitic shelf type environment, 

were soon subjected to pervasive dolomitization, transforming the sediments into silty 

dolostones. Pyrite formation started early in the diagenesis and continued until the onset of 

hydrocarbon generation. Pyrite is found in the center of dolomite rhombs, as replacement agent 

of fossils, in clusters, and in framboidal form disseminated throughout the sediment. Alexandre 

(2011) observed evidences for dedolomitization, which may be attributed to a shift in pore fluid  
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Figure 3.27: Paragenetic sequence of the Middle Bakken member, modified from Alexandre 
(2011). 
 

chemistry towards higher calcium contents. Locally, dissolution of calcareous fossils caused the 

release of calcium ions which later reprecipitated in the vicinity in the form of calcite at the 

expense of dolomite. The first stage of fracturing is associated with dewatering processes 

during sediment lithification and occurred prior to hydrocarbon generation. Those fractures were 

subsequently mineralized with pyrite, dolomite, anhydrite, and sphalerite. Ferroan dolomite 

occurs as thin rims around dolomite rhombs and has been identified with the aid of 

potassiumferrocyanide staining. Some of the dolomite rhombs show up to five zonations under 

epifluorescent light, attesting multiple phases of dolomitization throughout burial. In the 

advanced diagenetic stage, sphalerite, anhydrite, and quartz overgrowths began to form. Quartz 

is also present as cement and has been observed to replace fossils. Coevally with hydrocarbon 

generation and expulsion occur dissolution of dolomite and the second stage of fracturing. The 

release of organic acids from the kerogen during the maturation process caused leaching of 

soluble dolomite and creation of significant secondary porosity. With ongoing hydrocarbon 

generation pore fluid pressures build up to critical levels and induced fractures in the shales as 
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well as in the Middle Bakken. Some of these fractures remained unmineralized and contain 

residues of hydrocarbons on the fracture walls. 

Grau et al. (2011) and Grau and Sterling (2011) made a significant discovery about the 

importance of whether or not facies MB-D is present at Parshall field in North Dakota. Facies 

MB-D is very discontinuous in this marginal location of the basin and may disappear or reappear 

from one well to another. Grau et al. (2011) observed when facies MB-D, a limy shoal in this 

area, is absent the entire thickness of the Middle Bakken is prone to early dolomitization. As 

previously pointed out, reservoir quality improves with dolomite content due to porosity creation 

during the dolomitization process itself as well as later formation of secondary porosity. Thus, in 

the absence of facies MB-D the net reservoir thickness and quality is greatly enhanced and 

comprises almost the entire Middle Bakken section.  

 

 

Figure 3.28: The presence of the calcite-rich facies MB-D causes at Parshall field only partial 
dolomitization (shoal shadow) of the underlying facies, whereas when facies MB-D is absent the 
entire Middle Bakken section becomes dolomitized. The enhancement in reservoir quality due to 
dolomitization is reflected in oil saturations under ultraviolet light (Grau and Sterling, 2011). 
 

 Alternatively, where the limy, relatively impermeable shoal facies is present, the 

underlying Middle Bakken facies are only partially dolomitized. Grau et al. (2011) termed this 

phenomenon the ‘shoal shadow’. Figure 3.28 shows core photographs under ultraviolet light, 
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indicating a mottled, patchy distribution of oil saturations underneath facies MB-D. As 

consequence, the net reservoir thickness is reduced to the facies overlying facies MB-D, 

although some contribution may still derive from the lower Middle Bakken facies. 

 
 
 

3.7) Overpressure, Natural Fractures, and Migration  

 

 A prominent feature of the Bakken petroleum system is the extraordinarily high pore-

overpressure, present in large parts of the basin. In 1978, Meissner wrote an insightful landmark 

paper, recognizing a connection between changes in electrical resistivity and sonic velocities 

with maturation of the shales as well as the relationship between observed formation fluid 

overpressures and hydrocarbon generation. He noted that maturation of the Bakken shales is 

rather more temperature-dependent than depth-dependent, which was later corroborated by 

Price et al. (1984) by outlining an area of elevated paleo-geothermal gradients (see Figure 

3.22). Rapid increases in resistivity in conjunction with decreasing sonic velocities occur at a 

temperature of about 165 °F (74 °C), marking the boundary between immature and mature 

shales. By integrating all the above-information, Meissner (1978) created a basinwide pore 

pressure gradient map based on six drillstem test data points (Figure 3.29A), which is still used 

in publications to date. Spencer (1987) furthered the collection of reservoir pressure data, 

shown in Figure 3.29B, as part of a large-scale overpressure study in basins in the Rocky 

Mountain region. He observed that above-normal pressure conditions are commonly associated 

with tight reservoir strata with low porosities and permeabilities in juxtaposition to mature source 

rocks. For oil-prone source beds vitrinite reflectance values of at least 0.6 Ro % are necessary 

to produce overpressure and 0.8 Ro % is the threshold maturity for gas-prone source rocks. The 

overpressured tight reservoirs in the Rocky Mountain region show continuous high hydrocarbon 

saturation levels, lacking distinct hydrocarbon-water contacts. Spencer (1987) concluded that 

maximum pore fluid gradients are about equal to the fracturing gradient of the reservoir rocks 

based on the presence of vertical fractures, interpreted as products of sudden pressure release. 

Pore-overpressure can be caused by a number of reasons, with the most important ones 

being undercompaction and metamorphic phase changes (Meissner, 1978). While overpressure 

in the sands and shales in the Gulf Coast region are related to rapid depositional rates and pore 

waters being trapped during burial, the excess fluid in the Bakken system are hydrocarbons. 

The conversion of kerogen via bitumen to oil and gas has two-fold implications for 

overpressuring. Firstly, solid kerogen is supporting the overburden while liquid and gaseous 
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Figure 3.29: Published pore-overpressure data include A) pressure gradient map based on six 
data points from Meissner (1978), and B) drillstem test data plotted on a temperature map by 
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Spencer (1987). The corrected Bakken temperature contours have been produced by Schmoker 
and Hester (1983). 
 

hydrocarbons are non-load bearing. Thus, during organic metamorphism the overburden-

supporting framework is reduced by a significant part of the kerogen content, which amounts to 

roughly 25 volume percent. Secondly, a considerable volume expansion is associated with the 

conversion of solid kerogen via bitumen into liquids and gases, which fill the pore spaces in 

addition to the organic residue. A third parameter contributing to the high overpressure in 

theBakken is the confined nature of the system, as the Bakken is encapsulated above and 

below by the tight Lodgepole and Three Forks formations (Meissner, 1978). 

Figure 3.30 summarizes the processes inherent to hydrocarbon generation in the 

Bakken (Meissner, 1978; Bend, 2007). In immature shales the pores are water-saturated at 

normal hydrostatic fluid pressures, and the shales are characterized by low resistivities as the 

pore fluid medium is conductive. With onset of oil generation, oil starts lining the pore spaces 

and incipient displacement of pore water takes place. When the shales enter maturity levels of 

intense hydrocarbon generation, oil and gas become almost the exclusive phases in the pore 

network apart from irreducible water saturations. The resulting oil-wet shales exhibit high 

resistivities and high pore fluid pressures due to volume expansion and compaction as the load-

bearing solid kerogen content decreases. Locally and temporarily, pressures are building in 

excess of the fracturing gradient of the rock and even the overburden pressure, and pathways 

are created for hydrocarbons to be expelled in continuous phase from the shale. The local pore 

pressure drops abruptly with fracturing of the rock, only to build up again to critical levels with 

newly generated hydrocarbons. These pulses of primary migration are repeated throughout 

hydrocarbon generation. According to Bend (2007) hydrocarbons migrate along bedding-parallel 

planes of weakness, capable of uplifting the overburden, until at intersections with vertical or 

subvertical fractures migration out of the shales is facilitated.  

Laboratory experiments emulating the process of maturation exemplify very well the 

forces generated during hydrocarbon generation (Figure 3.31). Lewan and Birdwell (2013) 

performed hydrous pyrolysis at 360 °C for 72 hours on Green River shale core samples under 

both confined and unconfined conditions. The unconfined sample showed 38 % vertical 

expansion of the core due to the development of open, bedding-parallel tensile fractures in 

organic-rich layers. In the core sample, which was heated under uniaxial confinement, vertical 

expansion was inhibited. Instead numerous short, open vertical fractures occurred as a result of 

the pore fluid pressures generated during hydrocarbon generation. The latter case is likely very  
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Figure 3.30: Illustration of the relationship between hydrocarbon generation-induced 
overpressure (A, C) and creation of bedding plane-parallel and vertical fractures in the shales to 
release pore-overpressure and facilitate primary migration (B, C). Figure A is from Meissner 
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(1978); core photo B derives from well Charlotte 1-22H, Sec. 22, T 152N, R 99W, McKenzie 
County, at a core depth of 11,265 ft; figure C is from Bend (2007). 
 

similar to the natural maturation process under reservoir conditions. The same hydrous 

pyrolysis experiments have been conducted on Bakken shale samples, however are unavailable 

for citation. 

 

 

Figure 3.31: The power of hydrocarbon generation is visualized by hydrous pyrolysis 
experiments on Green River Mahogany zone core samples, which were heated at 360 °C for 72 
hours. (A) Original unheated core sample. (B) Recovered confined core shows vertical 
fracturing and lateral expansion.  (C) Recovered unconfined core shows bedding-parallel tensile 
fracturing in organic-rich layers and a vertical expansion of 38 % (Lewan and Birdwell, 2013). 
 

Natural fractures are an essential component in the Bakken petroleum system and 

greatly enhance the permeability and formation deliverability. Numerous authors have 

performed detailed studies on fracture types and causes of fracturing (Murray, 1968; Momper, 

1980; Cramer, 1986; Carlisle et al., 1992; LeFever, 1992; Lempp et al., 1994; Vernik, 1994; 

Pitman et al., 2001; Gu et al., 2008; Price, 2000, unpublished; Hill, 2010; Warner, 2011; 

Sonnenberg et al., 2011). Fracture types can broadly be categorized into regional-scale 
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tectonically-induced fractures, reservoir-scale fractures, and small- to micro-scale hydrocarbon 

generation-induced fractures. Another distinction criterion is the timing of fracturing, as early- 

formed fractures are usually mineralized whereas younger fractures may be unmineralized and 

open. 

 Larger-scale fractures are rarely encountered in cores while the most common types are 

fractures within millimeter to centimeter range. Figure 3.32 shows how numerous small-scale 

fractures are linked together into a reticulate fracture network system, which becomes apparent 

when the core is wetted. These fracture networks are extremely important for transmitting fluids 

through the relatively tight rocks. Kurtoglu (2013, personal communication) found that 

microfractures increase permeabilities by several orders of magnitude. Measurements of core  

 

 
Figure 3.32: Reticulate fracture network system in the Middle Bakken becomes visible when 
wetting the slabbed core, NDGS 8902, depth = 10,542 ft (Pitman et al., 2001). 
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matrix permeability indicate a range of nano- to microdarcies, whereas calculated permeabilities 

from flow tests are in the order of tenth of millidarcies due to the presence of a dual permeability 

system. 

Despite the tight character of rocks surrounding the Bakken shales, secondary migration 

of hydrocarbons is a significant process in the Bakken petroleum system. Early studies 

suggested the Bakken shales were the source for most Mississippian oil accumulations, 

including the prolific Madison reservoirs. Based on carbon isotopes and gas chromatography 

Dow (1974) and Williams (1974) identified three distinct oil types within the Williston Basin and 

correlated them to potential source intervals. The first main source rock is the Winnipeg shale, 

which mainly charged Ordovician reservoirs as well as some Silurian, Devonian, and 

Mississippian strata. The second source bed is the Bakken Formation and was regarded as the 

main source for Mississippian accumulations. The third oil type, present in Pennsylvanian and 

Tyler reservoirs, was tied back to shales within the Tyler Formation. 

Price and LeFever (1995) pointed out a ‘dysfunctionalism’ of the Bakken-Madison 

petroleum system as oil types of the different formations showed disparate saturate and 

aromatic gas chromatographic compositions. By using light C7 hydrocarbon and biomarker data 

the Red River, Bakken, and Madison oils were characterized as distinguishable oil families. 

Jarvie and Walker (1997) correlated Madison oils to calcareous source beds within the Mission 

Canyon Formation. The Bakken petroleum system is a relatively closed system, with the vast 

majority of hydrocarbons generated by the shales, remaining within the immediately adjacent 

Middle Bakken and Three Forks reservoirs. The oils in the Lodgepole mounds in Stark County, 

North Dakota, as well as oils in the Nisku Formation are Bakken-sourced. Mixing with Madison 

oils is limited to structurally active areas such as the Poplar dome in Montana and the Nesson 

anticline in North Dakota. Although vertical migration is largely precluded by the lack of 

migration pathways, lateral migration is an important process in the Bakken. Long distance (> 

100 miles) secondary migration occurred from the thermally mature U.S. portion of the play into 

the immature Canadian part of the basin, evidenced by the presence of large oil fields like 

Viewfield, Daly, and Sinclair (Jarvie, 2001; Jiang et al., 2001). Secondary migration was aided 

by improving reservoir properties as the Middle Bakken attains conventional reservoir standards 

in Canada. Jiang et al. (2000) reported high inputs of Bakken oils into Madison reservoirs in the 

Canadian Williston Basin, implying that the Lodgepole loses its sealing competence and 

represents a leaky barrier. 
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3.8) Production History 

 

 An overview of the production history of the Bakken play is provided in Table 3.4 and 

Figure 3.33. The website of the Energy and Environmental Research Center (EERC), affiliated 

with the University of North Dakota, also provides an excellent overview of the milestones 

during Bakken exploration (http://www.undeerc.org/bakken/pdfs/BakkenTimeline2.pdf, accessed 

4/22/2013).   

The Amerada Hess No. 1 Clarence Iverson, drilled in 1951 on the Nesson anticline, was the first 

well to produce oil from the Bakken in North Dakota (LeFever et al., 1991). This discovery 

spurred exploration and Antelope field, on a southeast trending bifurcation of the Nesson 

anticline, was found in 1953. Vertical wells targeted the Bakken and upper Three Forks 

intervals, achieving average daily production rates of 200 BOPD due to the presence of natural 

fractures on the steeply dipping Antelope anticline. Exploration efforts during the 1950s and 

1960s stretched from southeastern Saskatchewan to the Cedar Creek anticline in the south of 

the basin. The oil embargo in 1973 further intensified exploration and led to the discovery of 

multiple fields such as Red Wing Creek, Mondak, Little Knife, and the Billings Nose anticline. 

The Elkhorn Ranch field in the Billings Nose area became known as the ‘Bakken Fairway’, and 

vertical wells were first artificially stimulated with sand and oil in 1976. 

 
Table 3.4: Exploration history of the Bakken play (Gent, 2011). 

 
 

http://www.undeerc.org/bakken/pdfs/BakkenTimeline2.pdf
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Collapsing oil prices in 1982 and 1986 slowed down the development of the Bakken 

play. However, already in 1987 the boom continued with the first horizontal well drilled into the 

Upper Bakken shale. This well was the Meridian Resources Corporation #33-11 MOI and 

initially produced 258 BOPD and 299 MCFD (EERC, 2013). Horizontal drilling in the Bakken 

Fairway progressed until the early 1990s, when commodity prices dropped again and ended the 

development of the field. 

 

 

Figure 3.33: Daily production rates over time indicate a steep rise with the discovery of Elm 
Coulee in Montana and Bakken play expansion into large parts of North Dakota (Grau et al., 
2011). 
 

With the discovery well Kelly/Prospector Albin FLB2-33 in Elm Coulee in 1996, the 

potential of a ‘sleeping giant’ was foreseen by independent Dick Findley. It took until 2000 when 

Lyco Energy Corporation drilled the first horizontal well into the Middle Bakken in Elm Coulee. 

Since then more than 600 wells have been drilled with average estimated ultimate recoveries 

ranging between 300,000 to 750,000 barrels of oil per well (EERC, 2013).  

Based on the success in Montana with the giant field Elm Coulee, a frantic search for 

analogues in North Dakota began. In 2005, a resistivity anomaly was detected in the 1981 Lear 

Petroleum, Parshall SD#1 (Sec. 3, T 152N, R 90W), in Mountrail County, North Dakota, by a 
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group led by Mike Johnson, an independent geologist, and shortly afterwards by EOG 

Resources. EOG Resources bought the acreage from Mike Johnson and Associates, and drilled 

the well Parshall 1-36H in June 2006. Due to high formation pressures the lateral was drilled 

only 1,800 ft instead of planned 5,000 ft and completed open hole and unstimulated. Parshall 1-

36H flowed 436 BOPD and no water. Soon 5,000 ft laterals in combination with multi-stage 

hydraulic fracturing treatments were employed, yielding prolific production rates. The adjacent 

Sanish field was discovered in December 2006 (Grau et al., 2011). 

From early structure-dominated targets, to horizontal development of the Upper Bakken 

shale play, the discovery of the giant field Elm Coulee in Montana, and successful development 

of Parshall and Sanish, drilling activity in the Bakken play now expands over the entire 

northwestern area of North Dakota and begins to sweep into northeastern Montana. More than 

4,500 Bakken and Three Forks wells have been drilled and currently (2013) over 210 rigs are in 

operation. 
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CHAPTER 4 

RESEARCH METHODS AND DATA 

 

The database of this study is exclusively based on the collection of existing datasets and 

the integration of their information; no additional samples have been taken or analyzed. While 

the majority of data derives from publicly accessible sources other datasets come from 

company-internal sources and remain confidential. The multidisciplinary character of this study 

covers aspects from a wide range of disciplines including production and estimated ultimate 

recovery analysis, evaluation of completion design strategies, reservoir characteristics, organic 

geochemistry of source rocks and oils, structural and stratigraphic relationships, pore-

overpressure distribution, as well as rock-mechanical properties. Table 4.1 provides an 

overview on type and quantity of data used in this study. 

 
Table 4.1: Overview of available datasets and data quantity per interval of interest. 
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4.1) Production and Completion 

 

General production data such as initial production rates and cumulative production were 

gathered for most of the Bakken and Three Forks wells. The data were queried and exported 

from a company-internal ‘Petra’ project in July 2011 (Supplemental File A). Petra (IHS) is a 

geological interpretation and database software and is widely used in the petroleum industry. 

The exported dataset required cleaning up to verify well by well the target horizon and to 

eliminate older wells with comingled production from other formations in the Williston Basin. At 

that point in time, little attention was paid in database management to differentiate Bakken from 

Three Forks producers, and instead often the term ‘Bakken Pool’ was used, which includes the 

upper 50 ft of the Three Forks Formation. By using formation depths and log information from 

well files, stored on the North Dakota Industrial Commission (NDIC) website 

(https://www.dmr.nd.gov/oilgas), the wells could be identified either as Bakken or Three Forks 

producers. In 2012 the cumulative production values for Middle Bakken wells were updated to 

calculate and map basinwide the oil/(oil+water) ratio (Supplemental File B). 

A detailed production and completion dataset of 1095 wells was compiled to obtain more 

representative production values than initial production rates, and information about the 

completion design of the wells. The dataset was merged together from existing spreadsheets 

from company-internal sources and data collected by Darren Schmidt from the Energy and 

Environmental Research Center (EERC). Effort was taken in unifying the different 

spreadsheets, filling in blanks, as well as expanding the dataset utilizing the NDIC well files. The 

resulting master spreadsheet on detailed production and completion information is available in 

Supplemental File C. The dataset includes 898 Bakken producers and 197 Three Forks 

producers (Figure 4.1). 

Obtaining representative production values such as first thirty day average production 

rates (FTDA), 30 day cumulative, 90 day cumulative, 180 day cumulative, 365 day cumulative 

production was associated with some difficulties. Since the dataset was compiled and worked 

on by more than one person, some subjective elements of decision-making processes are likely 

present, despite the effort of keeping the methods as consistent as possible. For company-

internal wells much more detailed information was usually available and the database software 

Carte (Merrick) was utilized. Subjective decisions can come into play, when the well’s 

performance has been compromised by external factors causing interruptions in production. For 

example, the well comes onto initial production, but is shortly afterwards shut in because of  
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Figure 4.1: The detailed production and completion dataset comprises 1095 wells, of which 898 
wells are Bakken producers and 197 wells are Three Forks producers. 
 

drilling the neighboring well on a dual well pad or the tanks are full and trucks are unable to 

access the well site due to inclement weather conditions or the well is not stimulated until later 

due to a shortage of hydraulic fracturing crews. The resulting much lower average production 

values would not be representative of the well’s capacity, which is reflected in the production 

numbers after the interruptions occurred. Although the main interest lies in determining the 

actual well performance, taking these external factors into account poses difficulties in correctly 

and consistently assessing the productivity of wells where such detailed information is 

unavailable. For a large number of wells the production information was derived directly from 

the NDIC website, where no information about causes of unusually low production rates is 

provided. In Supplemental File D, the average production calculation spreadsheet including 

explanations of the procedure is shown. This calculation spreadsheet was created by a 
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completions engineer to be used by group’s the engineering tech to compile production 

information for non-op wells. To keep methods consistent, the spreadsheet was used for any 

additional wells, which were added later on. The process of obtaining average production values 

included adjustment of monthly production rates from the NDIC by the actual number of days 

the well was producing during the month. Thus, the effect of downtime during production was 

mitigated for these wells, too. The start of production was counted from the official IP month 

onwards, regardless whether the well produced prior to this date or not.  

 Another point of discrepancies in data collection between workers was the assignment of 

the well location area. While Darren Schmidt (EERC) used field names, other workers preferred 

grouping wells into greater areas based on township and range boundaries such as, for 

example, North Nesson or South Nesson areas. The latter system was adapted and expanded 

on by importing all wells into Petra, delineating the existing township-range areas as polygons, 

and adding additional polygon areas for wells, which were not yet covered. The wells in these 

10 polygon areas were then exported separately and formed the basis for average estimated 

ultimate recovery calculations by area as well as the investigation of other factors. 

 The well completion or recompletion report (Form 6) in the NDIC well files was the 

primary source for completion information for company-external wells. However, not much 

information was included in the files for wells drilled prior to 2010. In order to use a consistent 

date for the age of wells the completion date was chosen, which can also be easily obtained 

from the ‘Scout Ticket Data’ on the NDIC website. For normalizing production or calculate the 

proppant loading, lateral lengths were also derived from the ‘Scout Ticket Data’, by taking the 

difference of ‘Perfs’. 

 
 
 

4.2) Estimated Ultimate Recovery Data 

 

 Three different estimated ultimate recovery (EUR) datasets were analyzed and 

compared to each other. The first dataset (EUR 1) was generated by various members of the 

company’s reservoir engineering group and a consistent methodology and maintenance may 

not have been applied. The dataset comprises 2,312 Bakken and 455 Three Forks producers. 

Due to the occurrence of some spurious data points, an attempt was made to obtain a more 

accurate dataset by downloading production information form the IHS server. 

For the second EUR dataset (EUR 2) production data for 4,015 Bakken wells and 681 

Three Forks wells were queried from the IHS server. The production data included cumulative 
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production, first month production, first 12 months production, last 12 months production, and 

last month production for oil, gas, and water, respectively. For calculating EUR 2 a decline 

behavior of 80% nominal for first 8 months, 35% nominal for next 2 years, and then 7% for the 

remainder of time was assumed until an economic limit of 150 bbls per month was reached. 

Wells with less than two months production or less than 1,000 bbl estimated ultimate oil 

recovery were ignored. The mathematic formulas for EUR calculation were provided by the 

company’s reservoir engineering group. The original production data and calculated EURs are 

shown in Supplemental File E. 

The comparison of EUR 1 and EUR 2 showed some major discrepancies in estimated 

ultimate recovery for the same wells (Supplemental File F). Only 28 % of 2,787 wells were 

within a EUR difference range of ± 10 % to each other. 48 % of wells were within ± 20 % EUR 

range, and 81 % of wells were within ± 50 % EUR range. The correlation coefficient between 

the two datasets resulted in a meager value of 0.54. The second EUR dataset seemed to be 

prone for unrealistically high EURs, which were mainly caused by huge predicted volumes 

during the 7 % decline leg.  

The third EUR dataset (EUR 3), also calculated by the company’s reservoir engineering 

group, contained 695 Bakken and Three Forks wells and was based on wells with at least 12 to 

18 months production. A type curve with a b-factor of 2 was fitted to the production data. All of 

the wells were past the initial 80 % decline stage and some of the wells already displayed the 

leveled out 7 % decline stage after only one and half years of production. The EURs were 

compared to the peak monthly production rate and revealed a decent correlation.  

The comparison of all three EUR datasets is shown in Figure 4.2 and Supplemental File 

G, and considerable deviations in estimated ultimate recoveries for the same wells are evident. 

Although the EUR values in the third dataset seem to be the most accurate approximation, the 

small size and limited geographic distribution of wells excluded this dataset from being the first 

choice. Ultimately, the decision was made to use the dataset EUR 1 and to accept an amount of 

approximately 5 % of questionable data points, as dataset EUR 2 revealed the highest 

uncertainty in data quality. 

 
 
 

4.3) Pore Pressure 

 

Over 420 pore pressure data points from various sources had been collected by the geologists 

in the company. The data points derived from public sources such as NDIC well files, 
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Figure 4.2: For the same 695 wells three estimated ultimate recovery (EUR) datasets were 
compared and a significant spread was noticed.  
 

published drillstem test data, exhibits, as well as company-internal sources. Depending on 

origin, the data points were ranked for quality and maps were created using various 

combinations of data point sources. The resulting maps were very disparate in terms of 

maximum pressure location and general contour orientation trend. This prompted in-detail 

investigation of the highest quality-ranked pressure data source, the bottom hole pressures.  

Bottom hole pressures (BHP) are measured by installing a downhole pressure bomb 

with a bridge plug. This is usually performed after the drilling operations are completed and 

before the well is stimulated. Two independent pressure gauges and two temperature sensors 

constantly measure the pressure build-up and change in temperature over time. The build-up 

time for good quality data points ranged between 32.7 hours and 3,269.8 hours, with an 

average of 572.5 hours (= 23.85 days). In Figure 4.3 a method for visual quality screening of 

bottom hole pressure data is shown. Due to tool malfunctions a number of BHP data points had 

to be excluded from the dataset (Figure 4.3, Wells A, B, and C). In some pressure build-up 
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curves single spikes, probably also a result of temporary tool malfunctions, occurred in an 

otherwise stable build-up (Figure 4.3, Well D). For those cases the maximum pressure was 

corrected by taking the value from the stabilized portion of the curve.  

The obtained maximum pressures from the build-up curves do not represent the 

reservoir pressure as the recorder depth differs from the average true vertical depth of the 

lateral, and needs to be adjusted for the depth difference using the following equation: 

 

BHPcorrected (psi) = Max P (psi) + {[Avg. TVD (ft) – Rec. Depth (ft)] * 0.052 * MW (ppg)}  

 

whereby Max P is the recorded maximum pressure, Avg. TVD is the average true vertical depth, 

Rec. Depth is the recorder depth, and MW is the mud weight. The pressure calculation is shown 

for three example wells in Supplemental File H. The quality controlled BHP dataset includes 88 

Middle Bakken and 70 Three Forks pressure data points. 

Drillstem test (DST) data are another common source of reservoir pressure information. 

The procedure of a drillstem test involves sealing off the annulus of the wellbore with packers 

for the interval of interest. For a short period of time formation fluids are then produced through 

the drillstring at surface pressure conditions. Subsequently, the well is shut-in and the reservoir 

pressure is allowed to build-up to original conditions. For interpretation the pressure data is 

plotted in a log Horner time plot (Figure 4.4). Since the Bakken is very low permeability 

formation the majority of DST tests were not conducted long enough to achieve the 

characteristic break in slope, which allows for extrapolation of the reservoir pressure. Many tests 

have been prematurely aborted and are not suitable for obtaining indicative results. The test 

duration commonly ranges from 30 minutes to about 5 hours for Bakken wells. Out of 308 

drillstem tests in total only for 36 wells the reservoir pressure could be extrapolated, and from 

those only 15 data points were deemed to be of good quality. 

Few diagnostic fracture injection tests (DFIT), also known as minifrac tests, mini fall-off 

tests or G-function tests were available for this study. The main difference to the previous two 

pressure measurement options is that DFITs are pressure fall-off tests while DST and BHP tests 

measure a pressure build-up. During a DFIT a small volume of fluid is injected into the formation 

under pressures exceeding the fracturing gradient of the rock. The well is shut-in and the 

pressure fall-off data is recorded and analyzed. DFIT tests are a cost-efficient method to 

procure besides reservoir pressure information, valuable data such as formation permeability, 

leakoff behavior, and fracture closure stress. For low permeability reservoirs DFIT analysis may 

have some limitations in after-closure analysis as the time needed for the tight reservoir to 
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Figure 4.3: Examples for visual quality control screening of bottom hole pressure data. The blue 
curve in the diagrams is the recorded pressure (psi) and the red curve represents temperature 
(°F). The jagged, irregular build-up curves of wells A and B are not suitable for obtaining 
pressure information and are probably caused by tool malfunctions. In case C the pressure is 
more stabilized, but shows an overall declining trend and likely is a spurious data point. Well D 
depicts a scenario found in a number of build-up curves, where single pressure spikes soar up 
to unrealistic values (tool malfunction) in the otherwise stable build-up. The maximum pressure 
was corrected and taken from the stable slope. The curve in well E shows a few initial bumps 
followed by a stabilized increase in pressure and is regarded as acceptable data point. A 
perfect, smooth build-up curve is shown in well F. 
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Figure 4.4: Only few drillstem test build-up curves showed a distinct break in slope for 
extrapolating the maximum pressure, as for example the Toftness 9-8. The majority of data 
points had to be excluded as the test duration was not sufficient for an indicative pressure build-
up curve, modified from Sonnenberg (2010, unpublished). 
 

achieve pseudolinear or pseudoradial flow can be very long and render it economically 

unfeasible.  

 For this study, only for two DFIT analyses information about the interpretation of data 

was provided. In both cases after-closure pseudolinear flow was not achieved and instead after-

closure Cartesian pseudolinear flow plots were used to approximate the upper limit of the 

reservoir pressure. Both DFIT tests characterized a normal leakoff behavior for the Middle 

Bakken. Few more DFIT pressure data points were made available for the Middle Bakken and 

Three Forks, however without additional detailed information. 
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4.4) Reservoir Rocks 

 

The Middle Bakken and Three Forks reservoirs were investigated using the methods of 

core description, facies interpretation and correlation, thin section petrography, core analysis 

data, and mineralogical data. A basinwide analysis of the stratigraphic framework, depositional 

environment, lateral facies variations and associated changes in reservoir quality including 

diagenetic aspects was beyond the scope of this study, as this would present a research topic 

by itself.  

For purposes of personal familiarization about 30 cores and available thin sections 

thereof were looked at. A few cross-sections were created for facies correlation and 

determination of gross trends in lateral facies variability. Core analysis data were integrated 

along cross-sections and compared to production. Mineralogical data in published literature as 

well as in NDIC well files aided with facies descriptions and identification of reservoir facies and 

potential flow baffles. The core photo viewer on the NDIC website was a much appreciated 

option when the actual cores were not directly accessible. 

 
 
 

4.5) Rock Mechanics 

 

A rock-mechanical dataset was provided by Darren Schmidt from the Energy and 

Environmental Research Center (EERC) in North Dakota. Triaxial compression tests were 

performed on 28 Middle Bakken samples and 20 Three Forks samples from 20 wells in North 

Dakota. The data can be found in Supplemental File I.  

The analyses procedure followed the guidelines of ISRM type II multiple failure testing. A 

cylindrical rock sample is subjected to an initial confining pressure. While the confining pressure 

is kept constant the axial strain is increased until peak strength is reached. The steps of 

increasing the confining pressure at constant axial strain and then increasing the axial load at 

constant confining pressure are repeated until failure of the rock sample is triggered. During 

failure the axial strain will drop to the residual strength value of the sample. Subsequently, the 

confining pressure is reduced until the sample is completely unloaded. Figure 4.5 shows a 

Middle Bakken specimen before and after the testing procedure. 

The dataset obtained from the EERC included Young’s modulus, Poisson’s ratio, 

maximum confining pressure, peak strength, and visual percentage estimates of mineralogical 

composition based on 20 thin sections. In order to assign the samples to the correct facies, core 
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Figure 4.5: Middle Bakken core sample before and after performance of triaxial compression 
tests. The bold grid lines measure inches, courtesy EERC. 
 

photographs on the NDIC website were used. The core photographs were also investigated for  

the presence of natural fractures within one foot of the sample depth as well as interpretation of 

the texture. The types of texture were subdivided into three categories: laminated, massive, and 

disturbed. The latter category refers to any cause producing a disturbed texture such as 

bioturbation, soft-sediment deformation, desiccation cracks, and brecciation.  

 
 
 

4.6) Source Rocks  

 

Two organic geochemical datasets, one derived from the USGS and the other one from 

Geomark Research Ltd., were used to evaluate source rock and oil characteristics. The USGS 

(Price, 2000, unpublished) dataset contains general source rock analysis information such as 

total organic carbon content and Rock Eval parameters, from cuttings and cores (Supplemental 

File J). Multiple samples per well have been averaged to obtain one value per shale member.  
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The averaged dataset includes 553 data points for the Lower Bakken shale and 654 data points 

for the Upper Bakken shale. Furthermore, the USGS dataset, modified by Zumberge (2010, 

unpublished) contained back-calculated original total organic carbon contents, original hydrogen 

indices, the conversion fraction and calculated amounts of expelled oil. For estimation of original 

hydrogen indices Zumberge (2010, unpublished) used a value of 650 mgHC/gTOC for the 

majority of samples. In cases where the current hydrogen index, especially for low maturity 

samples, was close to or exceeded 650 mgHC/gTOC a slightly higher original value was 

assumed. Interpreted kerogen types of the Bakken shale samples are shown in Supplemental 

File K and stem from the work of Jin and Sonnenberg (2012). 

The second dataset, generated by Geomark Research Ltd. (Zumberge, 2010, 

unpublished), comprises bulk geochemical parameters, stable carbon isotopes, saturated and 

aromatic biomarkers, gas chromatography, source rock extract analysis data, and interpretative 

information for 214 Bakken oil samples and 95 source rock extract samples. As this dataset still 

represents a commercial product only derivative, non-well specific information can be released 

in this work. The original dataset includes measured depths for sample depths, which in 

particular for horizontal wells would result in skewed maturity-depth plots. Therefore, all wells 

were imported into the Petra project and prognosticated true vertical depths were created from 

all available formation tops picks of the members of the Bakken and Three Forks formations. 

The prognosticated true vertical depths for the Geomark wells were then exported and 

reintegrated into the spreadsheet. Dr. Paul Lillis from the USGS, Lakewood, Colorado, provided 

much appreciated guidance in how to compare and interpret oil and source rock maturity 

parameters. 

 
 
 

4.7) Additional Data 

 

 Other sources of information investigated in this study include drilling mud weights, gas 

shows from mud logs, folding (and potential fracturing) at Bakken level from underlying deep-

seated faults based on 3D seismic data, microseismic data, regional stress regime, natural 

fracture orientations from oriented cores, and lineaments. 
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CHAPTER 5 

FACTORS INFLUENCING PRODUCTION 

 

Numerous factors can potentially influence production in the Bakken play. In contrast to 

conventional plays where production is mainly driven and controlled by geological conditions, in 

unconventional plays, technology and its advancements over time add another layer of 

complexity. For optimizing completion designs, identifying unnecessary cost sinks, and 

understanding the geology of the Bakken play for acquiring the best acreage positions, it is vital 

to understand which factors play the most dominant role for recovering hydrocarbons from the 

ground. Figure 5.1 summarizes potential parameters, which may have a significant impact on 

production.  

 

 

Figure 5.1: List of potential factors influencing production in the Bakken play. The integrated 
nature of geological and technological aspects in an unconventional resource play renders the 
task of discriminating the dominant factor(s) influencing production very challenging. 
Additionally, those factors may vary across the basin. 
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In the following sections the majority of factors listed in Figure 5.1 will be scrutinized and 

possible interactions and variations in relative importance for different areas across the basin 

will be investigated. The chapter is subdivided into three main sections, starting with production 

analysis, followed by the influence of technological and geological parameters on production. An 

integrated interpretation based on outcomes in this chapter will be provided in chapter 6. 

 
 
 

5.1) Bakken Production 

 

 While the first well producing oil from the Bakken was drilled in 1951 in Antelope field, it 

was not until half a century later that the play kicked off and rapidly gained in interest. This 

turning point was marked by the discovery of the giant field Elm Coulee in Richland County,  

 

 

Figure 5.2: In an overview of Bakken production through time, a major increase in initial 
production rates is evident since 2006. The question arises whether this change is mainly 
technology-driven or caused by more favorable geological conditions in new areas of 
exploration. 
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Montana, in the year 2000. Figure 5.2 and Figure 5.3 show a steeply rising trend in initial 

production rates over time, in particular, since 2006 when the discoveries of Sanish and 

Parshall fields triggered widespread exploration activity in western North Dakota. The increase 

in production rates and geographical development is illustrated in three time slices (Figure 5.3 b, 

c, d). The main question is whether the proliferation in production rates is mainly attributable to 

improving drilling and completion techniques or if geological variations, too, exert a significant 

impact on productivity in this unconventional resource play. 

 Initial production (IP) rates provide a first overview of productivity variations in the 

Bakken play. Strong IP rates are recorded for western central North Dakota (Rough Rider area), 

parts of the central Bear Den area, and Sanish-Parshall area in the east. Pronounced low 

productivity areas are the eastern Nesson anticline flank, the area between Elm Coulee and 

Rough Rider, as well as parts of the southern margin of the play (area labels are illustrated in 

Figure 5.7). IP rates, however, can be strongly influenced by the flow test duration and the 

choke size. Some operators let the well flow for 12 to 18 hours and calculate based on this a 24 

hour flow rate. In contrast, other operators follow a more conservative approach and base the 

24 hour flow rate on the average production of the first seven days. The choke sizes may vary 

anywhere from 8/64 to 192/64 inches. Some operators also use the practice of flowing the well 

unstimulated and refrain from hydraulically fracturing the well until a later point in time, when the 

primary flow subsides. Of course, the IP rate of an unstimulated well is much lower. Those 

factors can introduce substantial differences in reported IP rates, and may not be representative 

for the well’s actual performance and capacity. Figure 5.4 indicates significant deviations 

between IP rates and the average production of the first 30 days for numerous wells. 

 To alleviate the discrepancies of IP rates with regard to actual well performance, 

production maps were created by using the first 30 day average production, 30 day cumulative, 

90 day cumulative, 180 day cumulative, 365 day cumulative production values. The drawback of 

using production values for a specific amount of time is that they need to be calculated well by 

well and cannot be queried from public databases (e.g. NDIC, IHS) for all Bakken and Three 

Forks producers at a time. Thus, the resulting dataset and data density is much smaller. Figure 

5.5 shows the 90 day cumulative production distribution based on 815 Bakken wells. The overall 

production trends are fairly similar to the IP map (Figure 5.3), which is based on 3086 Bakken 

producers, although in-detail comparisons do indicate differing production results of individual 

wells. The high productivity and low productivity areas remain the same in both maps, where 

there is sufficient well control. It can be noted though, that the Rough Rider area appears to be 

more productive based on IP rates than based on 90 day cumulative values, while the opposite 
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Figure 5.3: Map of initial production (IP) rates (bbl/day) for Bakken wells with structure contours 
(CI = 125 ft) (a); and initial Bakken production (bbl/day) in three time slices through the 
development of the Bakken play (b, c, d). The color scale is the same in all illustrations. 
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Figure 5.4: A comparison of initial production rates (bbl/day) with first 30 day average production 
rates (bbl/day) shows substantial scatter. IP rates are not the ideal choice for representing 
actual well performance as they can be strongly influenced, for example, by flow test duration 
and choke size.  
 

applies to the Sanish-Parshall area, which shows higher productivity in the 90 day cumulative 

production map than in the IP map. The high IP rates in the Rough Rider area may be 

attributable to extremely high choke sizes (192/64 inches), which are preferentially used by 

operators in this region. The other production maps, first 30 day average, 30 day cumulative, 

180 day cumulative, and 365 day cumulative, are similar but have even lower data density. The 

90 day cumulative production values were thus the first choice for evaluating the influence of 

technological and geological parameters on production, due to the higher data density and 

being a more robust indicator of well performance than IP rates. 

 Another factor to consider when studying production maps is the age of fields and wells, 

and the at that point in time available technology. Despite Elm Coulee being characterized as a 

giant oil field with over 270 million barrels recoverable reserves (Walker et al., 2006), on neither 

IP nor 90 day cumulative production map (Figures 5.3 and 5.5) does it stand out as a highly 

prolific area. This is because it was the first major discovery and the technological standards of 

the early first decade of this century are not quite comparable to modern drilling and completion 



108 
 

methods. Thus, the apparent productivity of an area may be dampened by technological 

differences. 

 

 
Figure 5.5: Map showing 90 day cumulative production values (bbl). Note the overall similarity 
with the initial production map; however, more contouring effects due to diminished well control 
are evident. 
 

 An estimated ultimate recovery dataset (EUR 1), comprising 2246 Middle Bakken wells, 

was used to further establish productivity trends detected in the previous IP and cumulative 

production maps. The EUR map in Figure 5.6 confirms that Sanish-Parshall is a prime 

sweetspot. Fairly large areas across the central basin as well as Rough Rider and Elm Coulee 

show respectable production results, too. With the structure contour overlay both flanks of the 

Nesson anticline coincide with areas of mediocre productivity. This observation will be further 

discussed in following sections. A second distinct area of poor production performance of 

Middle Bakken wells stretches from the southern margin of the basin northwest into Montana, 

separating Elm Coulee from the greater Rough Rider area. 
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Figure 5.6:.Estimated ultimate recovery (EUR) map in Mbbl based on 2246 Bakken wells 
overlain with structure contours shows high and low productivity areas. Note how low 
productivity areas follow the flanks of the Nesson anticline. 

 

 As production is not uniform across the Bakken play and several factors showed already 

an impact on production numbers, the basin was subdivided into ten subareas with similar 

geological conditions and resulting well performance. For easier classification the limits of the 

subunits coincide with township and range boundaries. Most of the subareas were adapted from 

the system established by geoscientists of the company, which provided a substantial portion of 

the production and completion dataset (see section 4.1). It should be clarified that the 

subdivision of the basin into subareas represents an effort to demonstrate the effect of 

geological variability on production across the basin. Although similar geological conditions are 

assumed within those subareas, variations of geological parameters on a local scale are 

certainly present and are not accounted for. 
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Figure 5.7: Average estimated ultimate recovery values (Mbbl) for Middle Bakken wells in ten 
subareas show distinct differences in productivity across the basin. With exception of Elm 
Coulee, the average EUR was calculated from wells drilled between 2010 and 2011. 
 

Figure 5.7 shows average EUR values for each of the ten subareas. In order to 

compensate, at least to some degree, the bias introduced by improving technology, only wells 

drilled between 2010 and 2011 were used for the average. Thus, with the technological 

standards being fairly similar, the differences in productivity across the basin can be largely 

assigned to geological variations. Only for Elm Coulee field, the calculated average EUR was 

derived from wells drilled between 2001 and 2003, as the effect of reservoir depletion over the 

past decade would negatively skew current well performance data. Sanish-Parshall, Ft. 

Berthold, Bear Den and South Nesson areas are the most prolific provinces. Rough Rider, 

Bailey and Elm Coulee (based on old wells!) make up the middle field, and the rear is brought 

up by North Nesson, Mondak and St. Demetrius.  
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The development of average EUR values through time, the number of wells used for 

calculating the average, and the percentage of production increase from 2006 to 2011 is 

illustrated in Figure 5.8. The production increase over time can be interpreted to be of mainly 

technological origin since it is shown for each geological subarea separately. The range of 

production increase due to improved drilling and completion techniques over a five year period 

varies between 153 to 295 %. The considerably differing results in production enhancement 

may be related to procedural preferences of different operators and the locations of their 

dominant acreage positions. While some operators are very aggressive in ramping up the size 

of hydraulic fracturing treatments other operators pursue more moderate and conservative 

strategies. This topic will be further evaluated in section 5.2.1.  

 Another interesting observation is that in some areas the average EUR values decline 

for some time before rising to the most recent levels. The cause for this productivity profile may 

lie within the process of establishing the field boundaries. For example, in Elm Coulee the 

average EUR values decline from 433 Mbbl to 231 Mbbl within the years 2001 to 2007. The 

production decline may be in part related to reservoir depletion, but may also be influenced by 

operators trying to delineate the expanse of the field boundaries, which of course, includes 

drilling poorly performing wells outside the sweetspot. During the period from 2008 to 2011 the 

average EUR for Elm Coulee wells rose to 313 Mbbl, which is probably associable to the 

implementation of more sophisticated completion methods and well spacing arrangements. 

From an economic standpoint, it needs to be considered whether for late field maturity stage 

infill wells expensive high-end completion designs (e.g. 40 fracturing stages) are justifiable or 

whether the economics are more favorable for simpler and cheaper completions (e.g. 15 to 20 

fracturing stages). 

 
 
 

5.2) Technological Factors 

 

 Drilling and completion practices underwent signifcant changes during the development 

of the Bakken tight oil play, and undoubtedly resulted in increasing production trends. A brief 

historical overview of the evolution of horizontal drilling and completion techniques will be 

presented before diving into more specific aspects.  

 The earliest generation of horizontal wells during the late 1980’s targeted the Upper 

Bakken shale and lateral lengths usually did not exceed a couple thousand feet. The wells were 
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Figure 5.8: Changes in estimated ultimate recoveries (EUR) displayed by area and through time. EUR values are displayed in Mbbl.
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completed with slotted liners and were not fracture treated. The economic success depended 

largely on the existence of natural fracture networks (LeFever, 2005). 

 From the mid-1990’s to mid-2000’s a step change took place as horizontal wells were 

drilled into the Middle Bakken interval and were fracture stimulated. Either slotted liners were 

used or the wells were cemented and perforated. The hydraulic fracturing treatment was 

performed as a single stage completion without mechanical isolation techniques, pumping as 

much as one million pounds of sand with large quantities of linear gel (LeFever, 2005; Olsen et 

al., 2009; Baihly et al., 2012).  

 Further experimentation led to the drilling of horizontal multilaterals originating from the 

same vertical monobore (Baihly et al., 2012). Dual and triple laterals were very common in Elm 

Coulee field. A wellbore schematic of a dual lateral open hole completion is shown in Figure 5.9. 

Although some chemical and dynamic diversion techniques were used (Baihly et al., 2012), 

often these types of wells were stimulated by pumping a single stage without having control 

over where exactly the treatment went. Therefore, this type of completion was also dubbed as 

‘Hail Mary Frac’ or ‘Pump and Pray’ (Shaffer, 2011, personal communication). Wiley et al. 

(2004) described the benefits of using perforation ball sealers and high concentraion proppant 

slugs (> 10 ppg) as positive diversion techniques for achieving better heel to toe coverage 

during longitudinal fracture treatments. 

 In 2007 the technique of mechanically isolating stages became a turning point in the 

history of completion development in the Bakken. The ability to more effeiciently stimulate the 

rock volume along the entire length of the lateral had a significant impact on production as well 

as overall economics. The individual fracturing stages were isolated by the means of external 

swell packers in uncemented cased holes. Inside the liner, isolation of stages was achieved with 

either the plug and perf technique or graduated ball actuated sliding sleeves. Hybrid designs 

using both technologies became very popular in long laterals (~ 10,000 ft) because of a 

significant reduction in friction pressure losses (Rankin 2010; McMasters, 2010; Baihly et al. 

2012) (Figure 5.10). Cox et al. (2008) reported that uncemented liner completions in open hole 

horizontal laterals are preferable due to a more ‘dynamic’ diversion of the hydraulic fracturing 

treatment by enhancing the initiation of multiple fracture entry points. Furthermore, in 

uncemented completions the formation damage is minimized and better communication with the 

reservoir via natural and drilling-induced fractures is possible 



114 
 

 

Figure 5.9: Wellbore diagram of a horizontal dual lateral completion (Walker et al., 2006). 
 

 

Figure 5.10: Hybrid completion designs include a combination of the plug and perf technique for 
the first half of the horizontal lateral and sliding sleeves for the second half (McMasters, 2010). 
 

. 
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In Figure 5.11 the completion design development of Brigham Oil and Gas LP (now 

Statoil) illustrates the trend towards longer horizontal laterals with increasing number of 

fracturing stages by reducing the stage spacing and size of individual stages. Although the 

drilling and completion expenses almost doubled with respect to early wells, the improved well 

performance accounted for a reduction of the costs per barrel of oil equivalent to one third of the 

original value.  

The common spacing unit sizes in the Bakken play are 640 acres and 1280 acres. Two 

adjoining 640 acres units are combined to accommodate long laterals of up to 10,000 ft in 

length. Current development strategies for the Bakken play include up to four Middle Bakken 

and four Three Forks completions per 1280 acres spacing unit (Heck, 2013, personal 

communication). 

 

 
Figure 5.11: Technological advancements improve the well performance, while achieving more 
favorable economics at the same time (Brigham Oil and Gas LP., 2010). 
 

 The analysis of the detailed production and completion dataset (Supplemental File C) 

shows a steep increase in productivity with the transition from early short laterals (<7000 ft) and 

multilaterals to long single laterals (> 7000 ft) (Figure 5.12). However, caution must be taken as 

many other factors exert an influence on production, and this type of diagram can only be used 

as a general indicator. The increase in production is not only determined by the lateral length, 
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but also by improving completion technologies as well as geological variability. For this reason, 

the wells from two pronounced geological sweetspots, Sanish-Parshall and Elm Coulee, were 

not included in this graphic, as these top-producing wells would obscure the trend. The 

geological conditions, which cause prolific well performance in Elm Coulee and Sanish-Parshall 

areas will be discussed later in this chapter. 

 

 
Figure 5.12: Production increases with the transition to long single laterals. The wells from the 
two highly productive geological sweetspot areas, Sanish-Parshall and Elm Coulee, were 
excluded. 
 
 
 

5.2.1) Differences by Operators 

 

 Naturally, not all operators adapt to changes in drilling and completion technologies in 

the same manner. In an attempt to understand the impact of procedural differences of operators 

on production results, nine companies were selected to compare their strategy of technological 
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advancements through the critical time period from 2006 to 2011, when the most significant 

improvements in completion design development occurred. To ensure obtaining representative 

averages a cut-off value of at least 50 wells per operator was applied based on the data 

available in the spreadsheet Supplemental File C. The analyzed technological parameters 

include the number of hydraulic fracturing stages, proppant volume, proppant / fracturing fluid 

ratio, average injection rates, and choke sizes. 

 

 

Figure 5.13: The average number of hydraulic fracturing stages of nine investigated companies 
rose from single-stage completions to about 24 stages between the years 2006 to 2011. Bars 
marked with an “X” indicate that insufficient data was available to form representative averages. 
 

Figure 5.13 shows not surprisingly an increase of the average number of fracturing 

stages applied in completions over a timespan of six years. While in 2006 most wells were 

single stage completions the average rose to 24 stages in 2011. Interesting, however, is how 

some operators pursued a very aggressive approach, in particular operator A, while other 

companies were more conservative in stepping up their completion strategies (operators F, I). 

By 2010, all of the investigated operators switched to the employment of large-scale hydraulic 

fracturing treatments.  
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 Similar results are shown for the average total proppant volume pumped during 

stimulation (Figure 5.14 (top)). Operator D and H were leading the field in 2007 to be soon 

surpassed by operator A. Up to four million pounds of proppant were used per well during 

hydraulic fracturing treatments in 2011. When looking at the ratio of proppant volume to the 

volume of fracturing fluid it becomes apparent that many operators were initially experimenting 

with the composition of their stimulation treatments (Figure 5.14 (bottom)). For example, 

operator F started out with a high ratio in 2006, then subsequently reduced the amount of 

proppant relative to the fluid volume, and brought it back up to a ratio of 2.5 in 2010. Overall, 

this graph shows a converging trend of the practices of different operators towards a more 

moderate proppant to fluid ratio of about 1.3, while operators D and F maintained the practice of 

pumping higher proppant concentrations. 

 Average injection rates, measured in barrels per minute, were initially very high and 

declined to 35 to 40 bpm in 2010 and 2011 (Figure 5.15 (top)). The lowering of injection rates 

may be related to the transitioning from lower viscosity linear gels and water as fracturing fluid 

to higher viscosity, higher load-bearing cross-linked gels. Contrary to the declining trend of 

injection rates, the average choke sizes applied in wells coming on production increased 

noticeably (Figure 5.15 (bottom)). In 2011, most operators chose choke sizes ranging between 

20/64 and 48/64 inches, with the exception of operator A using 183/64 inches as average size. 

 The interesting part is then to compare how these changes in completion strategies of 

the various companies are reflected in the well performance. Figure 5.16 shows the average 90 

day cumulative production for the wells from the nine selected operators through the years 2006 

to 2011. The production data shows an increasing trend, but not as substantial as anticipated 

with regard to the major advances in completion technology. To better illustrate the production 

increase, plots have been generated showing production profiles relative to 2006 for each 

company (Figure 5.17). There are basically three types of production profiles: (i) steadily 

increasing; (ii) initial high production in 2006, followed by a sharp decline and slow build-up; (iii) 

bell-shaped production distribution. 

Operators A and F fall into the first category and achieved to steadily increase their well 

performance. Operator A managed to augment their average 90 day cumulative production 

rates to 796 % of the value in 2006. This is by far the highest increase in production in 

comparison to the other operators. Based on the information gathered from Figures 5.13 to 

5.15, it is obvious that company A drives the most aggressive strategy in enhancing the 

efficiency of their completion designs, and does so successfully. Another factor playing into the 

equation is, however, that operator A had the lowest average production per well in 2006, thus it 
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Figure 5.14: While the average total proppant volume shows an increasing trend, the ratio of 
proppant (lbs) to fracturing fluid (gal) leveled out at about 1.3 after an initial wide spread. Bars 
marked with an “X” indicate that insufficient data was available to form representative averages. 
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Figure 5.15: Average injection rates (barrels per minute) dropped from values greater than 60 to 
35 bpm, and the choke sizes (/64”) tended to get increasingly larger over a six year period. Bars 
marked with an “X” indicate that insufficient data was available to form representative averages. 
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Figure 5.16: The graph shows the average 90 day cumulative production for wells of different 
operators during the years 2006 to 2011. Bars marked with an “X” indicate that insufficient data 
was available to form representative averages. 
 

is easier to yield a higher percentage of production improvement. Operator F has more than 

doubled their average production from 2006 to 2011.   

In the category of production profiles with a sharp decline after 2006 are companies B, 

C, and I. All of these operators have in common that the production average of the year 2006 is 

based on wells in Elm Coulee. As the frantic search for an analog of Elm Coulee moved the 

drilling activity into North Dakota, many poorly performing exploration wells were drilled, which 

explains the substantially lower average production. For all three operators the average 

production from 2007 to 2011 is mainly based on wells in North Dakota and shows an 

increasing trend, which is probably attributable to technological improvements. 

 Operators G and H both reveal bell-shaped production profiles. As in the 

previous category, the variation in productivity is, at least in part, influenced by the geographical 

distribution of wells used for forming production averages. While the higher production averages 

of company G in 2007 and 2008 are caused by the influence of a few prolific wells located in the 

sweetspot Sanish-Parshall, the low production values of company H in 2006 and 2011 are the 

result of drilling in less favorable acreage positions as well as aiming for new exploration targets 
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Figure 5.17: Production profiles based on average 90 day cumulative production data of 
different operators (A through I) relative to the year 2006. The red line marks the 100 % line, 
reflecting the production of the year 2006. 
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in the southern part of the basin. The drop in production from 2008 to 2009 for wells of operator 

H within the same area, however, may have been induced by two other factors. Either the 

average production value was lowered by wells drilled beyond the sweetspot boundary or the 

effect of reservoir depletion becomes apparent in infill wells. 

In summary, it becomes clear that in this attempt to illustrate the effect of improving 

technology on production still too many other factors exert an influence on the results, such as 

geological variability of different acreage locations, poorly performing exploratory wells outside 

sweetspot boundaries, completions in new target formations other than the Middle Bakken, as 

well as reservoir depletion. In order to obtain more representative production profiles, a much 

larger dataset would be required and the wells of the different operators would have to be 

further subdivided into their various acreage positions to ensure similar geological conditions. 

 
 
 

5.2.2) Number of Hydraulic Fracturing Stages 

 

 One of the most important parameters on the technological side of factors influencing 

production is the number of hydraulic fracturing stages as it directly correlates to the size of the 

stimulated rock volume. The more stages are applied the more efficiently is the reservoir rock 

volume connected to the horizontal wellbore. This train of thought leads inevitably to the 

assumption that wells stimulated with higher number of fracturing stages ought to achieve better 

well performance than wells with simpler completion designs. In Figure 5.18 the number of 

hydraulic fracturing stages was plotted against 90 day cumulative production based on available 

data in Supplemental File C. The resulting data distribution, surprisingly though, showed no 

clear trend of production improvement with higher number of stages. Even when color-coding 

the data points by area to minimize the effect of geological variability across the basin a direct 

correlation remains absent. Potentially, for the areas Ross and Bear Den a vague trend of 

increasing production with higher number of stages can be interpreted. However, in both areas 

the wells with the largest-sized completions are considerably less productive than some older 

wells. It is not uncommon though to lose stages due to ball failures and suboptimal perforation 

connections. Therefore, not all of the pumped stages actually do contribute to fluid flow 

(Miskimins, 2013, personal communication). 

 Figure 5.19 shows a subset of the data used in Figure 5.18 for three specific areas: Elm 

Coulee, South Nesson, and North Nesson. In Elm Coulee, being an early discovery, the majority 

of the wells were completed with simple single stage completions or one stage for each lateral  
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Figure 5.18: The number of hydraulic fracturing stages is plotted against 90 day cumulative 
production values and is color-coded by area. The data point distribution resembles a gunshot 
pattern and indicates no clear correlation between number of hydraulic fracturing stages and 
production. 
 

in dual and triple laterals. In contrast, the completions in wells in North and South Nesson areas 

show the entire bandwidth from early single stage completions to high-end sophisticated 

completion designs with up to 38 stages. The data distribution in Figure 5.19 illustrates that not 

only for North and South Nesson areas a correlation of number of stages and increasing 

production is lacking, but also that wells in these two areas are not able to outperform the wells 

with simple completion designs in Elm Coulee. This observation leads to the conclusion that the 

variability of geological conditions across Bakken play exerts a larger influence on production 

than the improvement in drilling and completion practices. 

 Furthermore, it is noticeable that younger wells in Elm Coulee with a fracturing stage 

count of up to 15 stages show poorer production results. This is likely attributable to declining 

reservoir pressures and depletion. For late stage infill wells, in terms of field maturity, arises the 

question whether the application of expensive high-end completions is economically expedient 
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or whether simpler, more inexpensive solutions are preferable to achieve the optimum cost- 

benefit balance. 

 

 
Figure 5.19: Despite high-end completion designs (up to 38 stages), wells in South Nesson and 
North Nesson areas are not able to outperform single-stage completed Elm Coulee wells.  
 

The analysis of the Sanish field dataset, originally received from Darren Schmidt 

(EERC), which is now incorporated into the spreadsheet in Supplemental File C, corroborates 

that geology has a larger impact on production than the completion design. Sanish field is in 

relation to other areas in the Bakken play a highly prolific sweetspot. The IP map in Figure 5.20 

indicates a common range for initial production rates is 700 to 3000 barrels per day, whereby 

the eastern part of the field is characterized by better production performance than the western 

part. The observed disparity in productivity is not operator-related, as the dominant operator A 

has wells in both the eastern and western part of the field.  

 The least and most productive wells in the Sanish field sub-dataset were selected and 

compared in terms of completion design (Figure 5.21). It turned out that all wells were 

stimulated with very similar treatments: 10 stages, 1 million pounds of sand proppant, and 1 
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million gallons of fracturing fluid. Only one of the lower productivity wells was stimulated with 12 

stages. While the top-producing wells are all located in eastern Sanish, the poorer producing 

wells are located in the western part of the field. Figure 5.21 shows the cumulative production 

curves for the first year, and the wells in the eastern part of Sanish field produced up to 760 % 

more than their western counterparts, despite comparable completion methods. The eastern 

part of Sanish field forms together with Parshall field a geological sweetspot without rivals in the 

North Dakota Bakken play, and will be discussed later in this chapter. 

 

 

Figure 5.20: The initial production rate map of Sanish field, Mountrail County, illustrates that the 
eastern part of the field is more productive than the western part. The wells have been color-
coded by operator.  
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Figure 5.21: A comparison of the least and most productive wells with similar completion design 
indicates a difference of up to 760% in productivity between the eastern and western part of 
Sanish field. 
 
 
 

5.2.3) Effect of Proppant Choice 

 

 Proppants keep the hydraulically induced fractures open and enable hydrocarbons to 

flow through a conductive pathway towards the wellbore. There are a number of proppant types 

with different properties for applications in varying depth and temperature ranges (Norman et 

al., 1983). The main types of proppants used in the Bakken are sand, resin-coated sand, and 

ceramic. This section will evaluate how production is affected by the type and quantity of 

proppants utilized during hydraulic fracturing treatments. 

 
 
 

5.2.3.1) Proppant Loading 

 

The amount of proppant (in pounds) pumped per foot of lateral length is here referred to 

as proppant loading. With higher quantities of proppant placed into hydraulically induced 

fractures, more layers of proppant grains enable high-conductivity fluid flow and counteract the 

effects of proppant embedment and clogging of permeability pathways due to spalled fines from 
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the fracture wall (Coulter and Wells, 1972). Figure 5.22 shows an overall positive correlation 

between increasing proppant loading and productivity. In-detail analysis, however, reveals that 

many of the top-performing wells in the top right corner of the plot are located in Parshall field. 

Therefore, care must be taken to weigh in the effect of Parshall being a geological sweetspot. In 

Parshall the spacing unit size is 640 acres, in contrast to 1280 acre spacing in the remainder of 

the basin, and the 5000 ft laterals are massively stimulated with up to 20 stages and high 

proppant loadings in excess of 400 lbs/ft.  

The majority of wells, circled in red in Figure 5.22, are within the same production range 

irrespective of the proppant loading. Also, the majority of wells above the red circle belong to 

areas with distinctly better geological conditions, as found for example in Sanish and Parshall. 

Thus again, a strong influence of geological variability is evident, skewing the results of 

technological performance. 

 

 
Figure 5.22: Although a general increasing production trend with higher proppant loading (lbs/ft 
of lateral length) is visible, the majority of wells are within the same production range regardless 
of quantity of proppant used (red circled data points). 
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5.2.3.2) Proppant Type 

 

 A wide variety of proppants are available on the market ranging from natural sand to 

expensive manufactured ceramic proppants, and the American Petroleum Institute (API) 

provides conductivity measurement based on standardized tests for the different proppant 

products. Vincent (2009) pointed out that the results of API standard laboratory tests to 

determine proppant pack conductivity can be very misleading, as the actual effective 

conductivity under reservoir conditions is often less than 1 % of the reported values. To obtain 

more realistic conductivity values, Vincent (2009) included detrimental effects such as non-

Darcy flow, multi-phase flow, gel damage, cyclic stress loading, plugging by fines, smaller actual 

fracture width, and duration (Figure 5.23). All of these factors are important when considering  

 

 

Figure 5.23: The effective conductivity of proppant types under reservoir conditions is 50 to 
1000 times lower than results of the American Petroleum Institute laboratory tests (Vincent, 
2009). 
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Figure 5.24: The conductivity pyramid shows three common proppant types: natural sand, resin-
coated sand, and manufactured ceramic proppants (modified by Saldungaray et al., 2013, after 
Gallagher, 2011). 
 

fracture conductivity under reservoir conditions and over the life of a well. Although, all proppant 

types are affected by the same conductivity-reducing factors, high quality ceramic proppants 

retain a larger economic conductivity than less expensive proppant varieties. Figure 5.24 shows 

the three main types of proppant and their attributes, used in the Bakken play. Ceramic 

proppants are in all but their price tag superior to sand proppants. Ceramic proppants are more 

uniform in their size and shape, enhancing the porosity and permeability of the proppant pack. 

Fewer irregularities of the shape also imply less concentration of closure stress forces on edges 

and protrusions, and therefore ceramic proppants are less prone to create fines, which can plug 

permeability pathways. Ceramic proppants possess higher strength and temperature resistance 

than sand, which renders them favorable for deeper plays. As the reservoir pressure declines 

during the long production life of unconventional wells, increasingly higher effective stresses are 

exerted onto the proppant pack, again favoring the higher strength properties of ceramic 

proppants. Resin-coated sand is in an intermediate position between natural sand and 

manmade ceramic proppants. The resin-coating helps prevent plugging of permeability by fines 

of crushed grains (Barree et al., 2003; Vincent and Huckabee, 2007; Vincent, 2009). 

In the Bakken sand was traditionally used as proppant. During recent years, however, a 

shift towards higher quality ceramic proppants is noticeable. Some operators like Brigham Oil 

and Gas LP (now Statoil) have opted for ceramic proppants many years ago and established 

reliable relationships with proppant manufactures. The high demand and limited supply of 
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ceramic proppants in the Williston Basin has left numerous operators, eager to switch to higher 

quality proppants, stranded with sand proppants as the only available product in a timely 

manner. Based on the data available in Supplemental File C 20/40 mesh sand is the most 

common proppant used in the Bakken. Other popular proppant sizes include 40/70 and 100 

mesh. The latter size is mainly used in combination with either 20/40 or 40/70 mesh sand. Most 

operators pump two mesh sizes of proppants while fewer use either only 20/40 sand or all three 

sizes (20/40, 40/70, and 100 mesh). Alternative proppant sizes include 16/30, 18/40, 20/45, and 

30/50 mesh. 

A study was undertaken by a Bakken Consortium company via Corelab to determine the 

fracture conductivity of sand versus ceramic proppants and proppant embedment 

characteristics of the Middle Bakken. Two different proppant types were tested: 20/40 

EconoProp, a moderately priced ceramic proppant, and 20/40 Badger Sand, a natural sand 

proppant. The analysis was conducted with one foot slabbed Middle Bakken core samples by 

flowing 2 % KCL solution through the proppant pack with a proppant concentration of 1 lb/ft2. 

The initial applied closure stress was 1000 psi and was gradually stepped up in 25 hours 

intervals to 2000, 4000, 6000, 8000, and 10,000 psi, at a temperature of 250 °F. Figure 5.25  

shows the test results for the two proppant types. Unsurprisingly, the ceramic proppant yields 

higher conductivity values at all closure stress levels than the Badger Sand. As the stress levels 

increase, the conductivity disparity becomes larger. At 2000 psi the EconoProp is 2.2 times as 

conductive as the Badger Sand, while at 10,000 psi the ceramic proppant is 12 times more 

conductive than the sand proppant, attesting the higher strength of the EconoProp. 

To approximate closure stress levels encountered in the Bakken, confidential fracture 

gradient data (n = 326) was used to calculate an average fracture gradient of 0.83 psi/ft. The 

average true vertical depth of the respective wells is 10,100 ft (min = 8393 ft, max = 11,294 ft). 

This results in an average stress of 8383 psi (min = 6966 psi, max = 9374 psi), which needs to 

be overcome to create fractures, and is usually somewhat higher than the value of the fracture 

closure stress. Figure 5.25 shows conductivities of 554 md-ft for the EconoProp and 98 md-ft for 

the Badger Sand at 8000 psi closure stress. Keep in mind though, that actual conductivity 

values under reservoir conditions are much lower (as low as 1% of the original value) than the 

ones obtained during laboratory testing, for reasons mentioned above.  

Figure 5.26 shows the one foot Middle Bakken core slabs and the proppant pack after 

the testing procedure. The top core slabs lifted off fairly cleanly for both proppant types, 

indicating the competent nature of the Middle Bakken with only little tendency for proppant  
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Figure 5.25: Conductivity results with increasing closure stress levels for ceramic and sand 
proppant. The Econoprop ceramic proppant yields a 12 times higher conductivity than the 
Badger Sand at a closure stress of 10,000 psi. 
 

embedment. Figure 5.27 shows close-up photographs of the proppant pack after being 

subjected to 10,000 psi closure stress as well as the corresponding top slab portions of the 

core. Again, only minor proppant embedment and spalling of fines from the core becomes 

apparent. The visible porosity appears to be much better retained by the EconoProp pack, while 

the Badger Sand exhibits a higher quantity of crushed grains. 

 To investigate the effect of proppant types on production, all wells with proppant 

information in Supplemental File C have been imported into the Petra project and are displayed 

in Figure 5.28. The separation of wells into the ten productivity areas (see Figure 5.7) should 
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Figure 5.26: Opening of 1ft long Middle Bakken core slabs to investigate the proppant pack, 
ceramic at top and sand at bottom, after the conductivity testing procedure at 10,000 psi closure 
stress and 250 ᵒF. 
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Figure 5.27: Photographs of the two proppant packs at 15x magnification after the conductivity 
test (10,000 psi and 250 ᵒF). Some of the Econoprop grains (top left) are crushed while the 
majority of grains are still intact and maintained visible pore spaces between them. The core 
surface (top right) shows shallow embedment and very little spalled core material. Badger Sand 
grains (bottom left) tend to crush into smaller fragments and pore spaces seem to be more 
occluded. The core slab (bottom right) pulled away from the proppant pack exhibits minor 
embedment and little spalled core fines. 
 

ensure similar geological conditions within those respective areas. Three categories of proppant 

selection were established: ‘Sand’, ‘Sand and Ceramic’, and ‘Ceramic’. While ‘Sand’ refers to 

wells which have been stimulated with only natural sand proppant types, ‘Sand and Ceramic’ 

refers to a mixture of about two thirds of natural sand and one third of ceramic proppant (by 

weight). The category ‘Ceramic’ includes wells in which at least two thirds, if not the total 

amount of proppant was a type of ceramic proppant. As only in few wells within the dataset 

resin-coated sand was used as proppant, the data points were excluded from the comparison. 

Figure 5.29 illustrates how the proppant selection affects the production in three areas: Bear 

Den, South Nesson, and North Nesson. These areas were chosen to be most suitable for a 
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Figure 5.28: Wells with proppant information were subdivided into wells fractured only with sand 
(yellow circles), wells fractured with a mixture of sand and ceramic (green squares), and well 
fractures with mostly ceramic proppants (red triangles). Only three areas displayed enough 
variability in proppant selection to allow for a comparison of how the proppant choice affects 
production (red outline). 
 

comparison, because in terms of proppant selection they show the greatest variability.  

Astonishingly, the wells which have been stimulated with a mixture of sand and ceramic 

proppants are the best performing wells in all three areas, independently.   

 In Bear Den, the number of wells backing up the average cumulative production 

fractured with a mixture of sand and ceramic is relatively limited. It is very surprising that even 

wells fractured only with sand show better performance than those stimulated primarily with 

ceramic proppants, based on the facts outlined above. 
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Figure 5.29: The comparison of different proppant choices shows that a mixture of sand and 
ceramic proppants yielded the best production results in all three areas: a) Bear Den, b) North 
Nesson, and c) South Nesson. The color-coded numbers below the curves indicate on how 
many wells the average production values are based upon 
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Figure 5.29: Continued. 
 

In the North Nesson area both ‘Sand’ and ‘Sand and Ceramic’ production curves are 

supported by a sufficiently large number of wells, whereas too little data are available to form 

representative averages for ‘Ceramic’ wells. Again the mixture of sand and ceramic yielded the 

best production results, while wells stimulated with ceramic proppants came on in intermediate 

position and sand-fractured wells showed the lowest cumulative production. An interesting 

observation is that even though ‘Ceramic’ wells start out better than ‘Sand’ wells, the 

productivity of ‘Ceramic’ wells tapers off too almost identical production levels as ‘Sand’ wells 

after 12 months. 

The production curve distribution in the South Nesson area is the same as in the North 

Nesson area. Only the numbers of wells used for averaging the production values has changed. 

Here, the ‘Sand and Ceramic’ curve has questionable data support, while the other two curves 

are based on at least a moderate number of wells. Again, a tapering off of the ‘Ceramic’ 

production after 12 months becomes evident. 

These unanticipated results may be related to the statistical limitations of this dataset. 

Also, a distinction based on the age of wells and their technological standards was not feasible 

due to the already small size of the dataset. On the other hand though, personal communication 
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with industry representatives indicated that operators do see better well performance when a 

mixture of sand and ceramic proppants was used for stimulation. A possible explanation could 

be that ceramic proppants settle faster than sand proppants due to chemical interactions of the 

proppant surfaces with the fracturing fluid. Harris and Heath (2009) reported that ceramic 

proppant surfaces enter catalytic reactions, which cause the decomposition of oxidizing 

breakers in the fluid and result in an accelerated break-down of the gel. In contrast, uncoated 

sand proppants remained longer in suspension, according to slurry viscometer testing, and 

showed no surface catalytic effects.  This would imply for when a combination of sand and 

ceramic proppants is used for stimulation, that the sand proppant could likely be transported 

farther into the formation, promoting longer fracture half lengths, while the higher strength and 

higher conductivity of ceramic proppant could be very beneficial in near-wellbore locations, 

where fluid velocities and pressure losses are the greatest. Any information regarding in which 

order the sand and ceramic proppants were pumped was not available for the investigated 

dataset. 

 
 
 

5.2.4) Summary of Technological Factors  

 

It is a widely accepted fact, based on numerous publications, that with the development 

of more efficient drilling and completion practices the production has increased. Yet the previous 

sections in this work have shown that it can be difficult to show a clear correlation between 

technological parameters and related enhancement in production. The production profiles of a 

number of operators through the period from 2006 to 2011 remained ambiguous. Neither the 

number of hydraulic fracturing stages nor the proppant loading analysis revealed indisputable 

results without the influence of geological factors. The effect of the proppant type selection on 

production could not be further differentiated into the age and thus the technological standard of 

the well completions. It proved to be very challenging to single out the impact of a specific 

parameter by eliminating the influence of all other factors. Even though the data foundation of 

this work is fairly decent in size, it became apparent that too little data was left after the 

elimination process to provide statistically meaningful results for a specific parameter. 

A qualitative method for discriminating technologically-driven augmentation of production 

from geologically-induced variations in productivity will be presented in chapter 6. 
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5.3) Geological Factors 

 

 The Bakken is an unconventional tight oil play, but this does not imply that geological 

conditions can be regarded as uniform across the basin. The following sections will evaluate the 

relationships of geological factors to each other as well as their effect on production. Geological 

parameters include facies variations, reservoir properties and thickness, rock properties, 

regional stress regime, natural fractures, pore-overpressure, maturity and hydrocarbon 

generation, inferred oil and water saturations, secondary migration, trapping mechanisms as 

well as aspects of the overall stratigraphic and structural framework. 

 
 
 

5.3.1) Reservoir Characteristics 

 

 As mentioned in section 4.4, an in-depth analysis of cores and reservoir property data 

was beyond the scope of this study. About 30 cores were investigated, primarily for personal 

familiarization and recognition of gross facies trends. Cores in the southern part of the basin 

exhibit in general fewer siliciclastic components, higher calcite contents, and a finer-grained 

nature. As the main sediment influx of detrital material occurred from the north and east (Gent, 

2011), the southern part experienced starvation of clastic sediments, which favored the in-situ 

production and deposition of carbonate muds. Around Parshall area in the east, some of the 

facies in the mid-section of the Middle Bakken start to pinch out. Grau et al. (2011) elaborated 

on the significance of whether facies MB-D is absent or present (see section 3.6). Facies MB-D 

is a limey shoal in this area and its tightly cemented nature acts as a baffle to fluid flow. 

Dolomitization, and thus enhancement of reservoir properties, occurred for the entire Middle 

Bakken section where facies MB-D is absent. Where MB-D is present the sediments are only 

partially dolomitized. In the northeastern part of the basin well-developed cross-stratification 

dominates the sedimentary structures of facies MB-D. The sediments are rich in siliciclastics 

and are coarser in grain size with fewer mud-rich laminations, representing higher energy 

conditions. In northern Montana the lithological character ranges from siliciclastic-dominated to 

mixed siliciclastic-carbonate deposits. The latter contain abundant fossil fragments and ooids, 

and cementing agents include calcite, dolomite, and anhydrite. In Elm Coulee area the Middle 

Bakken isopach maps show a thick just off the southwestern basin margin. The elongated 

shape of this sediment body and its marginal position within the basin led to the conclusion that 

it is a longshore bar (Larson, 2010, personal communication). The proximity of Elm Coulee to 
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exposed dolomitic Three Forks sediments at the basin margin, providing a source for magnesia-

enriched fluids, in combination with non-deposition of facies MB-D likely favored intense 

dolomitization and creation of secondary porosity. 

 The Nesson anticline is the most prominent structural element in the Bakken play. Core 

analysis datasets from cores along two east-west and one north-south trending cross-sections 

across the Nesson anticline were investigated. No relationship could be established between 

reservoir property data, structure, and production since too many other factors, such as age and 

completion standards of wells, rendered the results meaningless. Furthermore, it was found 

very challenging to reasonably compare core analysis datasets from different technology eras. 

For example, the lowermost limit for measurement accuracy of core permeabilities in the 1980’s 

was 0.01 md. In contrast, recent core analysis data report matrix permeability values in the 

order of 0.000000001 md, or in other words one pico-Darcy.  

 An attempt was made to correlate reservoir thickness, in this case the Middle Bakken 

thickness, with production. The data point distribution in the thickness versus production plot 

highlighted thickness intervals occurring in geological sweetspot areas. The depocenter of the 

Middle Bakken is located just to the east of the Nesson anticline (Webster, 1984). From 

production maps (e.g. Figure 5.6) it becomes clear that the area where the Middle Bakken 

attains its greatest thickness does not coincide with high productivity, rather the opposite is the 

case. 

 Tying together mineralogical and diagenetic information from the literature (in chapter 3), 

high production rates are encountered where the Middle Bakken is very rich in dolomite and 

siliciclastics, and with minimal calcite contents. Pervasive calcite cementation can effectively 

occlude fluid flow migration pathways and has very detrimental effects on production, which can 

be observed in the St. Demetrius and Mondak areas (see Figure 5.7) in the southern carbonate-

rich part of the basin. The Pronghorn and Three Forks intervals may represent more attractive 

targets in these areas than the tightly cemented Middle Bakken member. An interesting aspect 

to further investigate would be to evaluate which role the Lower Bakken shale plays as it thins 

and pinches out at the southern margin. Would a thin Lower Bakken shale act as a baffle or 

barrier to fluid flow, preventing hydrocarbons, generated in the Upper Bakken shale, from a 

downward migration into the Pronghorn and Three Forks? If that was the case, the area beyond 

the depositional limit of the Lower Bakken shale, but within the extent of the Upper Bakken 

shale, may prove as a prolific target. Whiting Petroleum Corporation is currently exploring the 

potential of the Pronghorn in the far southern part of the basin. 
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5.3.2) Rock Mechanics 

 

 The Energy and Environmental Research Center (EERC) in North Dakota performed a 

rock-mechanical study on 28 Middle Bakken and 20 Three Forks samples, which were taken 

from 20 wells in North Dakota (Figure 5.30). The data was analyzed with regard to whether  

 

 
Figure 5.30: Overview map showing the 20 well locations from which derived the samples for 
the rock-mechanical analysis. From the yellow-circled wells eight samples each were taken for a 
detailed analysis. 
 

variations in the rock-mechanical character of the different lithologies would have an impact on 

both the natural and induced fracturing behavior of the rock, and therefore influence production.  

Figure 5.31 shows a crossplot of Young’s modulus and Poisson’s ratio. Although, for a 

total of 48 samples the static rock properties were measured, only for 27 samples was the 

Poisson’s ratio provided. High Poisson’s ratio and low Young’s modulus indicate a more ductile 

behavior of rocks, while the reverse trend points to brittle, more fracture-prone lithologies. The 

data points show a fairly wide spread, ranging from 2.1 x 106 to 5.5 x 106 psi for Young’s moduli, 

and values from around 0.20 to 0.40 for the dimensionless Poisson’s ratio. 
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Figure 5.31: Plot of the static rock properties Young’s modulus and Poisson’s ratio, showing all 
data points of the EERC dataset. 
 

 Further analyses results are illustrated in Figures 5.32 and 5.33. Based on the core 

photos available on the NDIC website the associated facies of the samples were interpreted. 

While the Three Forks samples exhibit a wide range of Young’s moduli, the Middle Bakken 

samples show a narrower distribution from about 3 x 106 to 4 x 106 psi. Facies MB-B has on 

average higher Poisson’s ratio values than facies MB-E, but overall the data shows a wide 

scatter with indistinct to non-existent clustering of data points according to formation or facies 

association of the samples (Figure 5.32 a). Based on the core photos the texture of the samples 

was subdivided into the following categories: laminated, massive, and disturbed. The latter 

texture refers to any cause of disturbed appearance, including bioturbation, soft-sediment 

deformation, brecciation, and desiccation cracks (Figure 5.32 b). Again, no well-defined 

clustering of data points is recognizable. Other aspects, potentially influencing the rock 

properties of the samples, comprised the presence or absence of natural fractures in the core 

within one foot of the sample depth, as well as visual estimates of the dolomite, quartz and 

feldspar, and clay contents of the samples (Figure 5.32 c, d). Here, only the plot of Young’s 

modulus versus mineral content is shown as the plot of the Poisson’s ratio displayed a similar 

distribution. None of the afore-mentioned factors seems to have a significant impact on the rock- 
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Figure 5.32: The rock-mechanical dataset was investigated in terms of a) formation adherence and facies, b) texture, c) presence or 
absence of natural fractures, and d) visual estimates of the mineral content. 
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Figure 5.33: Vertical profiles of Young’s modulus and Poisson’s ratio of the three in-detail analyzed wells (Anderson Smith 1-26H, 
Sec. 26, T 155N, R 96W, Williams County; Bloom SWD 1 (originally McAlmond 1-05 H), Sec. 5, T 155N, R 89W, Mountrail County; 
EN Ruland 156-94 3328H, Sec. 33, T 156N, R 94W, Mountrail County). 
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mechanical properties and thus the fracturing behavior of the rock.  

 The vertical profiles of Young’s moduli and Poisson’s ratio of the three wells from which 

eight samples each were taken, show variability but not in a facies-consistent manner (Figure 

5.33). 

The dynamic rock properties, derived from shear and compressional sonic log data of 

the well Deadwood Canyon Ranch 43-28 H (Sec. 28, T 154N, R 92W, Mountrail County), 

corroborate the observations from the EERC dataset (Figure 5.34). The Middle Bakken and the 

Three Forks reservoirs possess fairly similar rock properties. The brittleness curve was 

calculated by dividing the Young’s modulus by the Poisson’s ratio (Sonnenberg et al., 2011). 

Only extremely dolomite-rich or clay-rich intervals produced larger variations in brittleness within 

the upper and middle Three Forks. Although the Poisson’s ratio remains fairly uniform 

throughout the Bakken petroleum system, the Lower and Upper Bakken shales indicate 

considerably lower Young’s moduli and brittleness than the reservoir intervals due to the higher 

contents in ductile components, such as clays and organic matter (Sonnenberg et al., 2011). Ye 

and Tatham (2010) interpreted that the rock-mechanical behavior of the shales is vertical 

transverse isotropic (VTI), with fractures being preferentially bedding-parallel, while the Middle 

Bakken shows horizontal transverse isotropic (HTI) character, with predominantly vertical 

fractures. 

The more ductile behavior of the shales brings up the question whether hydraulically-induced 

fractures would remain open for extended periods of time (the life of the well) or whether the 

fractures would quickly heal after initiation. From microseismic surveys the distribution of events 

alludes to fracture heights of up to 500 ft. Although the effective fracture height is in reality much 

smaller than the height of microseismic events it is still likely that hydraulic fracturing treatments 

stimulate both the Middle Bakken and Three Forks intervals at the same time by cross-cutting 

through the lower shale. If it were the case that the higher ductility of the Lower Bakken shale 

would seal off induced fractures, large quantities of fluid and proppant could possibly be lost to 

the reservoir interval which is not connected to the wellbore. This would represent a major cost 

sink and further research of this topic should be of great interest to operators in the Bakken 

play. 

 Microseismic data may also be useful for the detection of larger-scale natural fractures. 

Whiting Petroleum Corporation (2010) reported in an investor presentation that the greater 

lateral extension of microseismic events in some of the 24 stages in the well Holmberg 44-24 H 

(Sec. 24, T 153N, R 93W, Mountrail County), could be attributed to existing natural fractures 

(Figure 5.35). 
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Figure 5.34: Dynamic rock properties (yellow box) of the Deadwood Canyon Ranch 43-28 H 
(Sec. 28, T 154N, R 92W, Mountrail County) indicate only minor variations of the Young’s 
modulus (YM) and the Poisson’s ratio (PR) for the Middle Bakken and Three forks intervals. 
Brittleness = YM / PR; modified after Sonnenberg et al. (2011).  
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Figure 5.35: Map view of recorded microseismic events during the hydraulic fracturing treatment 
of the well Holmberg 44-24 H (Sec. 24, T 153N, R 93W, Mountrail County) in Sanish field shows 
that some stages are influenced by the presence of natural fractures, indicated by the greater 
lateral extension of microseismic events, modified from Whiting Petroleum Corporation (2010).  
 
 
 

5.3.3) Regional Stress and Natural Fractures 

 

 The maximum horizontal stress is uniformly in NE to ENE orientation for the mid-plate 

section of the North American continent, which includes large parts of the central and eastern 

United States (Zoback and Zoback, 1980, 1989). Whiting Petroleum Corporation (2010) 

determined a maximum horizontal stress orientation of N55°E for Sanish field in Mountrail 

County, which is in alignment with the regional tectonic stress regime. Figure 5.36 shows a map 

of the principal horizontal stress orientations as well as natural fracture orientations from Bakken 

cores, compiled by Sonnenberg (2011). With exception of the oriented core recovered from 

Little Knife field, the natural fractures exhibit consistently a northeast – southwest trend. 

 Operators in Sanish and Parshall fields strategically drilled their wells in a more or less 

perpendicular orientation to the maximum horizontal stress to maximize the intersection of 

natural fractures. In other parts of the basin the wellbore orientation was rather dictated by the 

acreage positions of individual operators and the effort to place the largest amount of wellbores 

into often disconnected spacing units. Personal communication with industry representatives of 

the Bakken Consortium sponsors led to the conclusion that neither wellbore stability nor 

production is largely dependent on the orientation of the wells. Operators reported that their best 

performing wells have frequently distinctly different wellbore orientations. Zhou et al. (2008) 

assessed geomechanical stability of the Williston Basin and pointed out that the maximum 

principal stress is the vertical overburden stress, and the magnitudes of the horizontal stresses 
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are still poorly understood due to limited data. Based on the fact that wellbore stability is not a 

concern in any orientation in the Bakken play, it may be a valid assumption that the minimum 

and maximum horizontal stresses are of fairly similar magnitude. 

 

 

Figure 5.36: Map showing the regional stress regime of the Williston Basin and natural fracture 
orientations from Bakken cores. The red line indicates the limit of Bakken Formation; SHmax = 
maximum horizontal stress, SHmin = minimum horizontal stress; modified from Sonnenberg 
(2011). 
 

Deep-seated faults along Nesson anticline were investigated by the means of a 3D 

seismic dataset, acquired by Headington Oil Company LLC (now XTO Energy, a subsidiary of 

ExxonMobil). A number of basement faults, tipping out in the Prairie salt, were projected into the 

Bakken level by the company’s geophysicist. Although the faults terminate in the underlying 

Prairie salt, they still may cause gentle folding at the Bakken level, which in turn could produce 

increased fracture densities along the hinge lines. This concept was tested by selecting six 

wells, which are cross-cutting the projected fault / fold locations or run parallel to the strike of the 

folds. The position of the folds was marked on the mudlogs of the wells and compared to gas 

shows and overall productivity of wells. No clear correlation could be established between 

mudgas spikes and the projected fold locations in wells intersecting the folds. Interesting, 

however, was that the Three Forks well running parallel to a fold had by far the best well 
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performance with an estimated ultimate recovery of over one million barrels. The well was 

completed with 6 stages, and the mudlogs showed background gas levels of up to 7500 units 

and a mud weight of 13.8 ppg was applied to prevent the risk of a blow-out. These extremely 

high gas values coupled with the extraordinarily high production may indicate the intersection of 

a highly conductive fracture or fracture swarm, which may or may not be associated with folding 

caused by basement faults. 

The types of natural fractures occurring in the Bakken have been discussed in section 

3.7. Although large-scale tectonic fractures, as indicated by microseismic data in Figure 5.35, 

exist in the Bakken play, they have not been captured yet in cores. As this type of fractures is 

likely not prevalent throughout the basin, but rather confined to stressed zones such as, for 

example, the Nesson anticline, their quantitative contribution to production within the Bakken 

play is probably negligible.  

Reservoir-scale fractures have been observed in a number of cores, whereby wells in 

the Parshall area seem to have a higher tendency to intersect such fractures. Figure 5.37 shows 

photographs of open, vertical fractures, encountered in two cores of the Parshall area. The 

fracture in the well Liberty 2-11H can be traced for six feet before it exits the core. Reservoir-

scale fractures and fracture swarms are undoubtedly beneficial for production when intersected 

by the well, and may add complexity to the hydraulic fracture network. However, little is known 

to date about the distribution and density of this type of fractures due to limited fracture 

detection methods in the subsurface. 

The most common type of natural fractures observed in cores and thin section are small- 

to micro-scale fractures. The majority of these fractures are bedding-parallel or sub-bedding 

parallel, although vertical fractures are not uncommon either. The fractures occur throughout the 

members of the Bakken petroleum system, and are often interconnected with each other, 

forming reticulate fracture networks (see Figure 3.32). Based on the frequency and widespread 

areal distribution it is believed that small-scale and micro-scale fractures provide the largest 

contribution to production, by greatly enhancing the formation deliverability. The dual 

permeability character allows for hydrocarbons to migrate from the matrix porosity into small-

scale fractures, which in turn facilitate conductive pathways to hydraulically-induced fractures. In 

this way the reservoir contact area of hydraulic fracturing treatments becomes many times 

larger, when taking the connectivity of the natural fracture network into account.  
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Figure 5.37: Open, reservoir-scale natural fractures in the Middle Bakken  in the cores of A) 
Long 1-01H, 9138 ft, Sec. 1, T 152N, R 90W, Mountrail County; and B) Liberty 2-11H, 9629 ft, 
Sec. 11, T 151N, R 91W, Mountrail County). Core photograph A was used by Grau and Sterling 
(2011) and photograph B was used by Sonnenberg et al. (2011). Both core photographs stem 
from the NDIC website. 
 

Soaring initial monthly production rates of over 45,000 bbl/month out of microDarcy 

reservoirs can hardly be explained without the presence of both induced and natural fracture 

permeability (Figure 5.38). The production decline curves in the Bakken indicate on average a 

decrease of 80 % in productivity over the first year. After the hydrocarbons in immediate vicinity 

of fractures, the ‘easy permeability’, have been drained it becomes increasingly more difficult for 

oil and gas molecules to migrate through the narrow pore throats of the reservoir matrix. Thus, 

the flattened out leg of the production decline curves reflects the formation deliverability through 

the matrix permeability, with high formation overpressures as driving force. 
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 The presence of small-scale and microfractures is likely linked to hydrocarbon 

generation and the immense overpressures created during this process, and will be further 

discussed in the following sections. 

 

 
Figure 5.38: Both induced and natural fracture permeability is essential for achieving such 
outstanding initial production rates from tight reservoir rocks like the Middle Bakken and Three 
Forks. 
 
 
 

5.3.4) Overpressure 

 

 One of the most prominent characteristics of the Bakken play is the high pore-

overpressure, encountered in large parts of the basin. Meissner (1978) created a pore pressure 

gradient map based on six data points, while Spencer (1987) published a compilation of 

drillstem test data points (see Figure 3.29).  

 In order to create a new pressure map data from various sources were collected, 

including drillstem test (DST), bottom hole pressure (BHP), and diagnostic fracture injection test 
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(DFIT) data. Companies agreed to share their BHP and DFIT pressure data under the condition 

that actual data points and well locations remain confidential. Descriptions of the different types 

of data and the methods for quality screening were presented in section 4.3.  

 It was found that DST data generally provide too low values, while DFIT data are on the 

higher end in comparison to BHP data. An average pressure recording time of 572.5 hours for 

BHP data points, compared to 30 minutes to 5 hours for DST data, renders the first data type 

more reliable. Maps which included both BHP and DST data showed many irregularities and 

contradictory trends. It seemed that DST data is rather incompatible with BHP data, and was 

thus excluded. The fact that DFIT data derive from pressure fall-off tests, as opposed to build-up 

tests for the other data types, provides a plausible explanation for why DFIT data are somewhat 

higher (0.02 to 0.05 psi/ft) than BHP data, in particular in tight reservoirs like the Bakken.  

 Plotted against normalized production, by lateral length, the pressure gradient data for 

the Middle Bakken and Three Forks indicate a positive correlation (Figure 5.39). Thus, the 

overpressure distribution in the Bakken play does have an impact on productivity. The Three 

Forks seems to be on average more highly overpressured than the Middle Bakken. The effect of 

reservoir depletion seems to have caused lowered pressure gradients in Elm Coulee, as the 

wells were drilled several years after the discovery of the field in 2000.  

 A pressure gradient contour map for the Middle Bakken is shown in Figure 5.40, which is 

based on 92 quality-controlled BHP and DFIT data points. The map indicates that the highest 

pore pressures are encountered in northern Dunn and eastern McKenzie counties. The 

contours are open to the east and northwest, which most likely does not reflect reality. When 

pore-overpressure is indeed caused by hydrocarbon generation, the overpressured area should 

roughly coincide with the maturity boundaries of the Bakken shales. An approximately north- 

south trending maturity line separates the immature eastern part from the mature western part. 

From literature it is also known that pore pressure gradients of 0.72 psi/ft have been observed in 

the Parshall area. In the current dataset no data points were included for the Sanish-Parshall 

area. To address those missing pieces of information some modifications and assumptions 

were introduced into the map.  

 Figure 5.41 illustrates the pressure distribution based on the same 92 quality-controlled 

BHP and DFIT data points, but also includes six hydrostatic ‘data points’ (0.465 psi/ft) in the 

eastern immature part of the basin as well as six data points for the Sanish-Parshall area. The 

hydrostatic data points are not based on actual measurements, but rather logical reasoning. The 

immature shales in the eastern part of the basin have not yet entered the stage of oil generation 

which could cause overpressuring. Hence, the assumption was made that pore-pressures ought 
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Figure 5.39: A positive correlation of 90 day cumulative production values, normalized to the 
lateral length, with higher pore pressure gradients (psi/ft) is evident. 
relatively low pressure gradients of the Middle Bakken in Montana are likely attributable to the  

 

to be close to hydrostatic conditions. Six wells, which produced almost exclusively water and no 

oil, beyond the so-called ‘line of death’, were chosen to represent hydrostatic pressure 

conditions. This effected the closure of the high pressure gradient contour lines to the east. 

From exhibits and NDIC well file sources, six non-quality-controlled data points were selected 

for the Sanish-Parshall area, supported by pressure information presented by Grau and Sterling 

(2011). These data points created some bullseyes and there was still the issue of high pressure 

contours being open to the northwest, which is rather illogical as the maturity of the shales 

decreases in that direction. 
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Figure 5.40: Pressure gradient map based on 92 BHP and DFIT Middle Bakken data points.  
 

 

Figure 5.41: Same pressure map as above, including six additional hydrostatic data points in the 
east, and six data points for the Sanish-Parshall area. 



155 
 

 

Figure 5.42: Introduced control contour lines to mitigate bullseyes in the Sanish-Parshall area 
and to close the pressure gradient contours in the northwest. 
 

To smooth out the contouring effects, control contour lines were used to close the 

contours in the northwest as well as to shape the pressure contours around Sanish-Parshall to 

eliminate isolated bullseyes (Figure 5.42). One extremely high DFIT data point was reduced 

from 0.79 to 0.74 psi/ft to better match the regional trend, based on the reasons mentioned 

above and in section 4.3. The resulting finalized pressure map is displayed in Figure 5.43. The 

pressure map displays elevated pore pressures throughout the mature source pod, and 

pressure gradients exceeding 0.70 psi/ft are present over large parts of the central basin and in 

the Sanish-Parshall area.  

The Middle Bakken and Three Forks data points show in a pressure depth plot a typical 

distribution, indicative of an inverted continuous system, leaking pressure at the up-dip margins 

of the play (Sonnenberg, 2012, personal communication) (Figure 5.44). By extrapolating the 

overpressure trend back to hydrostatic conditions, the depth of onset of oil generation can be
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Figure 5.43: Resulting pore pressure gradient map for the Middle Bakken, based on 92 quality-controlled BHP and DFIT data points, 
six additional hydrostatic data points in the immature eastern part, six data points for the Sanish-Parshall area, and after the usage of 
control contour lines. The raw data of this map remains confidential.
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approximated to 8500 ft. The pressure data points of Parshall field plot above the general trend. 

Parshall’s location at the easternmost fringe of the play in combination with unusually high 

pressure gradients implies the presence of a distinct pressure compartment. The reservoir rocks 

of the Middle Bakken to the east of Parshall must be very tight, forming an effective barrier to 

prevent the dissipation of overpressure. 

 

 

Figure 5.44: Indicative plot of Middle Bakken and Three Forks pressures for an inverted 
continuous system, leaking pressure at the top. The pressure data points of Parshall field plot 
off the general trend and form a distinct pressure compartment. 
 

In this plot again, it becomes evident that the Three Forks exhibits higher overpressure 

than the Middle Bakken. A logical explanation for this observation would be the greater depth of 

the Three Forks, compared to the Middle Bakken. To evaluate whether this is the case, Middle 

Bakken and Three Forks pressures from the same areas were plotted in a pressure-depth 

diagram (Figure 5.45). The plot shows that even for the same depth within the same area, the 

Three Forks data points indicate still higher overpressure. Thus, this topic is apparently more 
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complex than just a simple depth correlation, and the answer to why the Three Forks reveals 

higher overpressure has yet to be found. 

 

 

Figure 5.45: Comparison of Three Forks and Middle Bakken pressures for different areas 
indicates higher overpressure in the Three Forks at the same depth levels. 
 

 Since pressure data are often hard to get by from publicly accessible sources, an 

alternative pressure indicator is presented here. Tubing and casing pressures, which are 

available in the NDIC well files, seem to reflect qualitatively the pore pressure conditions of 

areas in the Bakken play, when plotted against the choke size. Figure 5.46 indicates that Bear 

Den is more highly overpressured than surrounding areas to the south and north, which is 

backed up by actual pressure data shown earlier. With higher formation pressures driving 

hydrocarbons to the wellbore, higher casing or tubing pressures are generated for respective 

choke sizes. At least to a limited degree this method can be used when any other pressure data 

are unavailable. 
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Figure 5.46: To a limited degree alternative indicators can be used to make qualitative 
distinctions in reservoir pressure on a larger scale. In this case, tubing pressures for the Bear 
Den area are significantly higher than for any of other investigated areas. 
 
 
 

5.3.5) Maturity and Hydrocarbon Generation 

 

 Hydrocarbon generation is the probable cause for overpressuring and creation of small- 

to micro-scale natural fractures. Therefore, the USGS dataset (Price, 2000, unpublished), 

modified by Zumberge (2010, unpublished) in Supplemental File J was investigated in terms of 

maturity and hydrocarbon generation potential of the shales. The predominant type of organic 

matter in the shales is amorphous-sapropelic kerogen type II (see Figure 3.20) (Webster, 1984; 

Jin and Sonnenberg, 2012). The kerogen type interpretation of Jin and Sonnenberg (2012) 

(Supplemental File K) was applied to the USGS dataset, in order to determine the average 

maturation path for kerogen type II. Figure 5.47 shows the Upper and Lower Bakken shale 

samples in a Tmax versus hydrogen index diagram, whereby kerogen type II samples are 
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highlighted in bold data points. The black, dashed line indicates the average maturation path, 

with the main oil generation phase marked by where the slope is steepest. The onset of oil 

generation takes place at a Tmax of 425 °C and an average HI of 550 mgHC/gTOC, but it is not 

until a Tmax of 430 °C and a HI of 500 mgHC/gTOC that intense oil generation occurs. The 

phase of intense oil generation continues until a Tmax of 445 °C and a HI of 100 mgHC/gTOC is 

reached to subsequently transition into the wet gas phase. As described in section 3.4, the 

hydrogen content in the kerogen is the limiting factor for hydrocarbon generation. Samples with 

HI < 100 mgHC/gTOC have only modest remaining hydrocarbon generation potential, which will 

be further reduced during the wet gas phase. 

 

 
Figure 5.47: Average Tmax (ᵒC) and HI (mgHC/gTOC) values indicate maturation path for 
kerogen type II Bakken source rocks. Kerogen types from Jin and Sonnenberg, 2012. 
 

 Tmax and hydrogen index maps were created for both the Lower and Upper Bakken 

shales to illustrate the maturity levels of the source rocks (Figures 5.48 and 5.49). With regard  
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Figure 5.48: Tmax maps of the Lower and Upper Bakken shales. 
 



162 
 

 
Figure 5.49: Hydrogen index (HI) maps of the Lower and Upper Bakken shales. 
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Figure 5.50: Based on Tmax (= 430 °C) and HI (= 500 mgHC/gTOC) constraints (top), the 
transition zone (bottom) where the two shales enter the stage of intense oil generation, capable 
of creating overpressure, is outlined in green.  
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to overpressuring, the beginning of intense oil generation was of particular interest. The 430 °C 

Tmax contour was outlined for both shales, as was the 500 mgHC/gTOC HI contour. The 

common area of these contours marks the maturity boundary, where both shales enter the 

stage of intense oil generation (Figure 5.50). Due to the extremely high organic richness of the 

shales, coupled with the tight reservoir character of the Middle Bakken and the Three Forks and 

the effective seal properties of the Lodgepole Formation, the volume expansion inherent to 

hydrocarbon generation leads to overpressuring of the Bakken petroleum system inside the 

maturity boundary. In the central portion of the two source kitchens, one in western North 

Dakota and one in Montana, the HI values are below 100 mgHC/gTOC, indicating that these 

areas are past the phase of intense oil generation. Elevated pore fluid pressures are likely 

maintained by gas generation as well as limited avenues for pressure dissipation in the central 

part of the basin.  

 The present-day organic matter content for the Lower and Upper Bakken shales is 

displayed in Figure 5.51. The shales within the mature source pod show generally lower TOC 

values, while in the immature eastern part of the basin as well as towards the Canadian border 

higher values are encountered. The decrease in TOC in the central basin goes in hand with the 

conversion of organic matter into hydrocarbons.  

 Peters et al. (2005b) devised formulas for back-calculating original TOC values (TOCo), 

to a state before hydrocarbon generation occurred, by first determining the fractional conversion 

(F) from kerogen to petroleum (Equation 5.1), and then to mass-balance the original TOC, 

according to Equation 5.2: 

 
F = 1 – {HI * [1200 – (HIo / (1 – PIo))]} / {HIo * [1200 – (HI / (1 – PI))]} (5.1) 
 

TOCo = (HI * TOC * 83.33) / [HIo * (1 - F) * (83.33 - TOC) + (HI * TOC)] (5.2) 

 

HI, the hydrogen index, and PI, the production index (PI = S1 / (S1 + S2) are both measured 

during Rock Eval pyrolysis. PIo, the original production index is generally assumed to be 0.02 

for most immature samples, while HIo, the original hydrogen index has to be estimated when 

immature samples of the same organo-facies are absent. The HI and HIo are can assumed to 

be equal in immature samples. The number 83.33 refers to the percentage of carbon in 

petroleum. 

 Zumberge (2010, unpublished) interpreted an original hydrogen index of 650 or higher 

for the Bakken shale samples in the USGS dataset. The resulting maps of the back-calculated  



165 
 

 

 

Figure 5.51: Present-day TOC distribution of the Lower and Upper Bakken shales. 
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Figure 5.52: The distribution of original TOC values indicates percentages of 18 % and higher 
for the majority of the mature Bakken play. 
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original TOC are shown in Figure 5.52.  For large parts of the mature central part of the basin 

the original TOC values exceed 18 wt. %. The difference between original and present-day 

organic matter contents, plotted against Tmax, is illustrated in Figure 5.53. Towards the end of 

the oil window approximately 10 wt. % of TOC has been converted into petroleum. The areal 

distribution of the amount of converted organic matter resembles closely the maturity maps 

based on the hydrogen indices and Tmax, presented earlier. The two source kitchens become 

readily apparent in Figure 5.54, indicating the largest difference between original and present-

day TOC. 

 

 
Figure 5.53: The difference between original and present-day TOC increases with maturity. The 
Tmax maturity stages from Figure 5.47 are superposed on this graph. By the end of the oil 
generation window at Tmax = 450 ᵒC over 10 wt. %, on average, of total organic matter are 
converted into hydrocarbons.  
 

 Figures 5.52 to 5.54 were all based on the assumption that the original hydrogen index 

for the Bakken source rocks is 650 or higher. However, most immature Bakken samples of 

kerogen type II have hydrogen indices between 500 and 600, as indicated in Figure 5.47. The 

average HI for immature Upper Bakken shale samples (n = 45) with a Tmax less than 425 °C is  
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Figure 5.54: Areas, where the highest quantities of organic matter have been converted to 
hydrocarbons, are illustrated in warm colors. The values shown are derived from subtracting 
present-day TOC from original TOC for the Upper and Lower Bakken shales.  
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558 mgHC/gTOC, and 543 mgHC/gTOC for the Lower Bakken shale samples (n = 29). These 

average HI values of immature samples are roughly 100 mgHC/gTOC lower than the assumed 

original HI value of 650. In an attempt to adjust the original hydrogen indices to the average HI 

values for immature Lower and Upper Bakken shale samples, respectively, it was found that the 

equations 5.1 and 5.2 of Peters et al. (2005b) are inadequate for immature to low maturity 

levels. For example, when the original HI is assumed to equal the measured HI of immature 

samples, the conversion fraction turns negative and the original TOC value is lower than the 

actual measured value. For this reason, Zumberge (2010, unpublished) likely assumed 

substantially higher values, even for immature samples, in order to avoid negative conversion 

fractions. Lewan (2013, personal communication) reported that a decrease in hydrogen indices 

of up to 100 to 200 mgHC/gTOC has been observed for shale samples going from immature to 

early mature stage, before the onset of actual hydrocarbon generation takes place. The reasons 

for this significant decrease in hydrogen indices and what happens to the consumed hydrogen 

are still obscure. 

 The areal trends and distribution patterns are unaffected by which estimate of the 

original HI is used. However, the absolute values of original TOCs and the difference to present-

day TOCs are certainly influenced by the HIo. Therefore, care must be taken when considering 

basing volume calculations of generated hydrocarbons off of original TOC values. 

Jin (2013) developed an alternative approach for interpreting the original hydrogen 

indices of Bakken shale samples. Average (present-day) hydrogen indices were calculated for 

any given Tmax, as shown in Figure 5.55. To the curve a 6th order polynomial function was 

fitted, which can be used to determine the ΔHI and thus the original HI for each individual 

sample. The resulting maps of the original TOC and the reduction in TOC with maturation are 

similar to the ones presented above.  

Which method is more accurate for determining original hydrogen indices, remains to be 

seen in future studies. 

 
 
 

5.3.6) Distribution of Reservoir Fluids and Trapping Mechanisms  

 

 This section focuses on the distribution and relationships between producible reservoir 

fluids from the Bakken system, including oil, gas, and water. The production data, providing the 

foundation for this work, can be found in Supplemental File B. Calculated from cumulative 
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Figure 5.55: A 6th order polynomial function is used to determine the difference between 
present-day and original hydrogen indices (Jin, 2013). 
 

production values, the gas-oil ratio (GOR) was mapped for the Middle Bakken reservoir (Figure 

5.56). Overall, the GOR is relatively low in the Bakken play, ranging from essentially zero to 

3,000 scf/bbl, with only few wells exceeding the upper limit. For reference, a well with a GOR 

greater than 10,000 scf/bbl is generally considered a gas well. The average GOR in the Bakken 

is 968 scf/bbl.  

The lowest GORs are encountered in Parshall field and along the eastern margin of the 

play to the Bailey area in south-central Dunn County. These low maturity areas produce virtually 

no gas in comparison to the amount of oil. The Nesson and Billings anticlines, in contrast, are 

characterized by the highest GORs.  

An interesting observation is that the gas-oil ratios in the two source kitchens are 

relatively moderate (see Figures 5.48 and 5.49). Only at the structurally highest (northwest) tip 

of Elm Coulee higher GOR values are recorded. Also the location of the Nesson anticline does 

not entirely correspond to the area of the highest maturity. A possible explanation for gas 
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accumulations preferentially in structural highs could be the enhanced mobility of gas versus oil 

or water in tight reservoirs. Thus, gas generated in the high maturity zones in western North 

Dakota and the area to the north of Elm Coulee in Montana, may have migrated up-dip onto the 

anticlines and into the structurally higher northwest corner of Elm Coulee field. 

 

 

Figure 5.56: Gas-oil ratio (GOR) based on cumulative production values from Bakken 
producers. 
 
 Oil and gas exhibit an inverse relationship to each other, as shown in Figure 5.57. The 

oil/(oil+water) and the oil/(oil+gas) ratios were plotted against the estimated ultimate recoveries, 

normalized by lateral length. Both ratios are based on cumulative production data. As the gas 

content in produced reservoir fluids declines, the amount of oil production rises. This 
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relationship is corroborated by the high oil production rates of wells along the eastern margin of 

the basin, in comparison to lower productivity areas such as the Nesson anticline. 

 

 

Figure 5.57: An inverse relationship of oil and gas ratios becomes apparent when plotted 
against normalized production, in this case the estimated ultimate recoveries (EUR). 
 

 The oil/(oil+water) ratio (OOW) turned out to be an excellent yet simple tool to determine 

productivity trends in the Bakken play. As the gas production is overall quite low in the liquid-

dominated Bakken tight oil play, the comparison of oil versus water production is more 

meaningful for evaluating high- and low-productivity zones within the basin. Figure 5.58 

illustrates the oil-rich areas, characterized by high OOW ratios, making it easy to identify 

sweetspots. Sanish-Parshall and Elm Coulee stand out with oil being almost the exclusive 

reservoir fluid. Large parts of the central basin also show quite high OOW ratios, whereas the 

flanks of the Nesson anticline are rather water-dominated, resulting in poor production 

performance. The EUR map in Figure 5.6 reveals a close resemblance to this OOW ratio map, 

apart from a few exceptions: 

 The high OOW ratios in the southern part of the basin do not reflect a high productivity 

area. The high oil content compared to the water content is rather induced by the effect of 
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elevated temperatures. Due to the high maturity in the area almost no producible water remains 

in the pore spaces. The production rates of wells are overall poor because of the tightly 

cemented character of the reservoir, but as oil (and gas) is the dominant reservoir fluid, the 

OOW ratio is accordingly high. 

Elm Coulee wells show good but not outstanding production rates, which, as discussed 

previously, is based on the fact that Elm Coulee was the first major discovery and the 

technological standards were not comparable to modern drilling and completion techniques. In 

the OOW ratio map, however, it becomes clear that Elm Coulee is a sweetspot, with extremely 

high oil contents following exactly the outlines of the dolomitized Middle Bakken thick. 

 Rough Rider, in McKenzie and Williams counties, is another area showing disparity 

between the OOW ratio distribution and production maps (see Figures 5.3 and 5.6). The OOW 

ratio map indicates that the oil content starts to fade out towards the northwest, and that Rough 

Rider is not one of the prime areas. Wells in Rough Rider are characterized by very high initial 

production rates of both oil and water, and relatively high oil EURs. The unusually good well 

performance, given the moderate OOW ratios, is achieved by very aggressive and sophisticated 

completion methods, employed by the active operators in this area. 

The nature of the contact between highly oil-bearing and water-saturated strata ranges 

from very gradational (Rough Rider) to sharp (east side of Parshall, and Elm Coulee). The 

transitional change in the northwestern part of the basin reflects a gradual decrease in oil 

contents with, at the same time, increasing water contents. No obstruction hinders 

hydrocarbons to escape from the highly overpressurized areas into zones of lower maturity and 

correspondingly lower pore pressures. 

At the very abrupt contacts, obviously something must prevent oil from further dissipating 

into lower pressure areas. In particular at Parshall, where oil is almost the exclusive reservoir 

fluid in combination with measured pressure gradients of 0.72 psi/ft, it would seem odd that oil 

would not be forced into the immediately adjacent water-saturated, hydrostatically pressured 

area up-dip to the east. Therefore, the most plausible conclusion is that there must be some sort 

of trapping mechanism forming an effective barrier to hydrocarbon migration. Bartberger et al. 

(2012) and Bergin et al. (2012) reported that a rapid deterioration of the Middle Bakken reservoir 

quality takes place across the ‘line of death’, possibly linked to increasing calcite cementation 

occluding pore spaces and permeability pathways. Bartberger et al. (2012) referred to it as a 

pore-throat trap. 
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Figure 5.58: The oil/(oil+water) ratio (OOW) based on cumulative production values is a good 
indicator for productivity across the basin. Very sharp contacts between highly oil-bearing strata 
and water-saturated strata may hint to the presence of traps, whereas a gradational contact 
represents the lack of trapping mechanisms. The high OOW ratios in the southern part do not 
coincide with high production rates. Oil is the dominant produced reservoir fluid, although in 
small quantities, as water is basically absent, due to the high maturity and temperatures 
encountered in this area. 

 

In Elm Coulee the highly oil-bearing strata is confined to the elongated shape of the 

distinct Middle Bakken thick, which is interpreted as a longshore bar. The bar feature was 

intensely dolomitized during diagenesis resulting in above-average reservoir quality (Alexandre, 

2011). Also here, differences in reservoir quality with the additional component of a stratigraphic 

pinch-out of the reservoir facies (mainly facies MB-B) likely form the trapping mechanism.  
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5.3.7) Migration of Hydrocarbons 

 

 Both primary and secondary migration of hydrocarbons in the Bakken are the 

consequence of tremendous overpressuring during hydrocarbon generation. The overpressure 

created during hydrocarbon generation is based on five aspects: i) the extreme organic richness 

of the Bakken shales; ii) the volume expansion occurring during the transformation of solid 

kerogen via bitumen into liquids and gases; iii) the generated gases and liquids are non-

loadbearing in contrast to the overburden-supporting solid kerogen, which causes further 

compaction of the decreasing remaining kerogen content; iv) the tight reservoir character of the 

Middle Bakken and Three Forks provide only limited pore space; and v) the regional sealing 

properties of the overlying Lodgepole Formation cause the Bakken play to be a closed 

petroleum system. This concept is based upon the approach of Meissner (1978) and Momper 

(1978), described in section 3.7. Hydrous pyrolysis experiments allowed for a visualization of 

forces generated during hydrocarbon generation and associated fracturing of the rock (see 

Figure 3.31). 

Figure 5.59 illustrates schematically the pressure-induced migration of hydrocarbons in the 

Bakken play in two time slices. With basin subsidence the deeper portions of the Bakken shales 

in the Williston reached temperature regimes where the source rocks entered the catagenetic 

stage (Time 1). During hydrocarbon generation the shales become oil-wet and the available 

porosity within the shales is quickly filled with oil. Ongoing hydrocarbon generation results in 

steadily rising pore pressures. The rock-mechanically anisotropic character of the shales leads 

to preferential breakage of the rock in horizontal direction (Duhailan, 2013, personal 

communication). The conversion of overburden-supporting solid kerogen into non-loadbearing 

hydrocarbon products causes compaction of kerogen stringers. In response the elevated pore 

pressures can locally and temporarily reach super-lithostatic pressures. In-situ pressure release 

is achieved by forcing hydrocarbons through temporary partings along bedding planes. As the 

vertical fracturing gradient is lower than the overburden stress, vertical fractures can be in spite 

of the anisotropic character a common feature in the Bakken shales, which may be attributable 

to the high silica content of the mudrocks. Both horizontal and vertical fracture networks aid 

during the primary migration process, allowing hydrocarbons to exit the shales. The Middle 

Bakken and the underlying Three Forks reservoirs become imbibed with hydrocarbons by 

displacement of pore waters.The acids released prior and during hydrocarbon generation 

interact with the soluble mineral components in the reservoirs, creating secondary porosity 

(Price, 2000, unpublished). As hydrocarbon generation continues the pore pressure also rises in  
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Figure 5.59: Pressure-induced migration of hydrocarbons: Time 1) the source rocks in the 
central basin are mature and the deeper Middle Bakken reservoir is saturated with generated 
hydrocarbons. Overpressure and natural fracturing are the result of the extremely high organic 
richness of the shales and the volume expansion associated with the conversion of kerogen to 
bitumen to hydrocarbons. The available pore space is rapidly filled up and the only escape route 
for hydrocarbons is migration up-dip through the Middle Bakken towards normal, hydrostatic 
pressure conditions in the immature play. Time 2) the basin subsided deeper and large parts of 
the Bakken shales are mature. The entire oil column pushes up-dip as the shales keep 
generating hydrocarbons. If the migration pathway is blocked by a trap, overpressured 
conditions may occur even beyond the onset of oil generation (as for example in Parshall field). 
Ph = hydrostatic pressure gradient; Pp = actual pore pressure gradient; green arrows = oil; red 
arrows = gas. 

 

the reservoirs, and natural fractures are formed. The pressure system is bounded vertically by 

the Lodgepole Formation above and the relatively impermeable clay-rich strata at the top of the 

Middle Three Forks. The only logical escape route for overpressured hydrocarbons, saturating 

the reservoir intervals in the deeper portion of the basin, is in up-dip direction, where normal 

hydrostatic pressure conditions still prevail. In the immature shales the pore pressures may be 
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slightly elevated as a remnant of earlier dewatering processes, but was neglected in the 

schematic. The better porosity and permeability of the reservoir units, compared to the shales, 

represents the most favorable avenue for migration. The pressure-driven migration of 

hydrocarbons within the higher permeable reservoirs could potentially even result in a pore 

pressure ‘bulge’ within the Middle Bakken and Three Forks, causing elevated pressure 

gradients ahead (further up-dip) of the maturity line of the shales.  

Time 2 in Figure 5.59 basically corresponds to present-day conditions. The basin has 

subsided deeper and large parts of the Bakken shales are now within the catagenetic stage. 

The transition into the wet-gas phase commenced in the hottest part of the basin, while the 

majority of the shales are within the oil window. The shales along the flanks of the basin keep 

generating voluminous amounts of oil due to the plethora of organic matter.  In the central basin, 

the lower baffle of the petroleum system, the green shale at the top of the Middle Three Forks, 

can potentially be breached under highly overpressured conditions, allowing hydrocarbons to 

drain into deeper levels of the Three Forks until massive anhydrite beds terminate any further 

migration (Berwick, 2011, personal communication). For the Middle Bakken, wedged in-between 

the shales the entire oil column pushes up-dip, forcing hydrocarbons to migrate even beyond 

the maturity limit of the shales in order to dissipate the pore pressure. In the case where the 

migration pathway is blocked, as for example the pore throat trap at Parshall’s east boundary, 

high overpressure can exist in even marginally mature portions of the Bakken play. In most 

other areas surrounding the maturity boundary of the Bakken shales, the hydrocarbons are 

allowed to diffuse, and the pressure subsides.  

A good example for both out-migration and resulting pressure decline is the Nesson 

anticline. Hydrocarbons migrated from the deep flanks of the anticline either up the gentle 

slopes towards the basin margins or onto the anticline and towards Canada. In the structural 

lows around the anticline mainly water remained as reservoir fluid as less dense hydrocarbons 

migrated out. The pressure contour map (see Figure 5.43) shows reduced pressure gradients 

as result of pressure dissipation. The migration of copious amounts of hydrocarbons may have 

been aided by regional-scale fractures associated with the structural activity of the anticline. 

Some of these fractures possibly even interconnect to the overlying Madison petroleum system 

according to Jarvie et al. (2001). The crest of the Nesson anticline appears to be fairly 

heterogeneous in terms of reservoir properties. When comparing the production data (Figure 

5.6) with the pressure gradients (Figure 5.43) and the oil contents (Figure 5.58), productive 

areas reveal a spotty distribution. This could imply that smaller volumes of hydrocarbons are 
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locally entrapped either due to permeability baffles within the reservoirs or subtle structural 

variations. 

For evaluating the importance of secondary migration as a process in the Bakken 

petroleum system, the oil and source rock maturities were compared on the basis of the 

Geomark dataset (Zumberge, 2010, unpublished). As this geochemical dataset still represents a 

commercial product, the data could not be included in the supplemental files. For the same 

reason the work was limited to comparing oil and source rock maturities, without revealing 

information about redox conditions, paleo-environmental indicators, identification of differences 

between Lower and Upper Bakken oils and interpretation of oil families. As mentioned in section 

4.6, the measured sample depths have been corrected to prognosticated true vertical depths. 

Since only for the source rock extract samples, and not for the oil samples, Tmax values were 

available, the Tmax data from the USGS spreadsheet were used in overlays to achieve a better 

data density. 

With increasing maturity, molecular components within the organic matter and 

hydrocarbons rearrange their structure to form more temperature stable configurations. By 

measuring the concentrations of the reactants (A) and the products (B), the maturity ratio is 

described by B/(A+B). Generally two types of reaction can occur: i) cracking reactions, including 

aromatization; and ii) isomerization reactions (Peters et al., 2005a). Often maturity-sensitive 

biomarkers can be influenced by a number of other factors such as source organo-facies, the 

depositional environment, as well as analysis methods of different laboratories. With regard to 

the Bakken dataset, the relatively uniform character of the shales as well as the fact that the 

data were generated in one laboratory only should mitigate most disturbances in the 

assessment of the molecular maturity. 

Figure 5.60 illustrates the maturity ratio of 4/(4+1) dibenzothiophenes versus depth for oil 

and source rock extract samples. The 1 and 4 specifies on which Carbon atom the methyl group 

is attached, with 4-methyldibenzothiophene isomer being the higher thermal stress 

configuration. The plot shows that in particular at shallower depths the oil maturities exceed the 

source rock maturities. At deeper levels the difference in maturity becomes smaller until both 

the oil and source rock maturities finally converge. The disparity in maturity between shallow 

source rock samples and corresponding oils, suggests that the oils derived from deeper parts of 

the basin and migrated up-dip towards the basin margins. 

To determine the accuracy of molecular maturity ratios a comparison was made to the 

conventional maturity parameter, Tmax.  The maturity ratios of source rock extracts and oils 

were plotted, using longitude and latitude information of the samples in the mapping software 
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Figure 5.60: At shallower depths oil maturities are higher than the maturity of the source rocks 
based on the dibenzothiophene maturity ratio.  
 

ArcGIS (Esri), in conjunction with a Tmax overlay. The Tmax data derived from the USGS 

dataset (Price, 2000, unpublished). The comparison of Tmax with molecular maturity ratios 

revealed overall a close match. Figure 5.61 shows the example of the triaromatic steranes 

maturity ratio. Also known as ‘cracking ratio’ the ratio of (C20 + C21)/(C20 - C28) triaromatic 

steranes reflects side-chain cleavage reactions, forming simpler and smaller molecules at 

higher thermal stress conditions (Lillis, 2012, personal communication). All of the investigated 

molecular maturity ratios, including 4/(4+1) dibenzothiophenes and others, described later, 

performed similarly well, showing just few data points off the trend. 

In particular for the Parshall area it is debated whether the oil is self-sourced or migrated 

in from deeper parts of the basin. There are two end member opinions:  

i) The Bakken shales at Parshall are still immature and all the oil, present in the field, has 

migrated in. Lewan et al. (2013) determined that hydrogen indices are a good proxy for atomic 

H/C ratios of the kerogen in the Bakken shales, and is indicative for the amount of generated  
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Figure 5.61: The triaromatic sterane cracking ratio matches well with the Tmax maturity from the 
USGS dataset. The inset area is displayed in Figure 5.62. 
 

hydrocarbons. The onset of oil generation was identified, based on hydrous pyrolysis 

experiments, to occur at an HI of 450 mgHC/gTOC. As the Parshall area is characterized by 

higher HI values, the conclusion was made that the oil in Parshall must have derived from 

deeper sources. 

ii) The Bakken source rocks at Parshall are mature enough to have produced the 

hydrocarbons in-situ based on general underestimation of the onset of oil generation by most 

kinetic models. Jarvie et al. (2011) used the Friedman kinetic model, which resulted in an onset 

of oil generation at Tmax values as low as 415 °C, defined by a conversion rate of 10 %. 

Parshall, accordingly, is within the early oil generation window with a conversion rate of 20 %. 

The molecular maturity ratios of the oil and source rock extract samples were mapped 

and investigated for whether the oil in Parshall field was locally generated or migrated. Figure 

5.62 shows the inset from Figure 5.61, covering the area from the Nesson anticline to Parshall 

field in the east. The triaromatic sterane ratio (TAS3) shows high maturity samples around the 

Nesson anticline, and a decreasing trend in maturity towards the up-dip margin. At Parshall 
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field, all the source rock samples indicate very low maturity. In contrast, the oil samples show a 

wider maturity spectrum, ranging from very low maturity to moderate maturity levels. This 

observation suggests that Parshall field hosts a mixture of very low maturity locally generated oil 

and somewhat higher mature migrated oil, sourced from deeper parts of the basin. 

 

 

Figure 5.62: Comparison of oil and source rock maturities at Parshall indicate a mixture of very 
low maturity in-situ generated oils and somewhat higher mature migrated oils based on the 
triaromatic sterane cracking ratio. The location of the area is shown in Figure 5.61. 
 

 In order to back up the interpretation based on the triaromatic sterane cracking ratio, 

three other molecular maturity indicators were applied. The 4/(4+1) dibenzothiophene ratio, 

described earlier, the phenanthrene/dibenzothiophene ratio (P/DBT), and the Ts/(Ts+Tm) ratio, 

all yielded fairly similar results (Figure 5.63). Some of the data show too great disparity between 

oil and source rock maturity. For example, the combination of a very high mature source rock 

sample with a moderately mature oil sample likely does not reflect reality. To determine if a data  
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Figure 5.63: Molecular maturity ratios show the maturity distribution of both source rock extract 
(SR) and oil (Oil) samples for the area from the Nesson anticline (west) to Parshall field (east), 
as outlined in Figure 5.61. 
 

point is indeed of spurious quality can be achieved by cross-referencing the value to other 

molecular maturity ratios as well as scrutinizing the gas chromatographic ‘fingerprints’ of the oil 

and source rock extract samples. Figure 5.64 shows an example, where the source rock 

maturity (blue square) appears to be much too low for the surrounding area, and the oil maturity 

is fairly high (orange circle), according to the Ts/(Ts +Tm) ratio. The Ts and Tm peaks 

wereidentified on the gas chromatographic fingerprints (m/z 191), and the values of other 

maturity ratios were used for comparison. The oil sample is a little higher mature than the 

source rock extract sample # 1, which can be accounted for by migrational effects. However, the 

Ts/(Ts+Tm) ratio of source rock extract sample # 2 is much lower than the other maturity ratios, 

and when looking at the fingerprints, the Ts and Tm peaks were too small to be accurately 

measured. Thus, the source rock extract sample # 2 is a spurious data point and has to be 

excluded from the Ts/(Ts+Tm) ratio dataset. 
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Figure 5.64: Quality control can be performed on the basis of comparison to alternative 
molecular maturity parameters and peak height control in gas chromatographic fingerprints. The 
example shows an erroneous Ts/(Ts+Tm) ratio for source rock extract sample # 2, due to too 
small peak heights of Ts and Tm. 
 

 This work has shown that secondary migration did not only occur from the mature U.S. 

part of the Bakken play into the immature Canadian part, but also that it is an important process 

within the U.S. portion of the play. The redistribution of hydrocarbons resulted in fully saturating 

prime reservoirs such as Parshall and Elm Coulee fields, located on the up-dip edges of the 

Bakken play. Secondary migration can also negatively influence the productivity of areas, such 

as the surroundings of the Nesson anticline and Rough Rider, where outward hydrocarbon 

migration left lower residual oil saturations behind. 
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5.3.8) Summary of Geological Factors 

 

The work described in the previous section has shown that some geological factors exert 

a larger influence than others. While the regional stress regime and differences in the rock-

mechanical properties of the Middle Bakken and Three Forks reservoirs seem to have little 

impact, a clear correlation could be established between pore fluid pressures and productivity. A 

relationship exists between hydrocarbon generation, overpressure, and small-scale natural 

fractures, all of which influence productivity. Natural fractures provide essential interconnected 

flow conduits as part of a dual permeability system, whereby the micro- to small-scale fractures, 

induced by hydrocarbon generation and overpressuring, appear to be the most abundant and 

thus most important fracture type. This fracture type would logically occur throughout the mature 

source pod and does not represent a discriminative feature of sweetspot areas. Although core 

analysis data could not be directly tied to production, the reservoir quality is another important 

aspect. Areas with high calcite content are often tightly cemented and offer poor production 

performance (e.g. St. Demetrius and Mondak). Reservoirs, with high dolomite content and 

which have undergone a preferable sequence of diagenetic alterations, show above-average 

porosities and permeabilities. This is the case in particular at Elm Coulee. Pressure-driven 

secondary migration, the existence of trapping mechanisms, in conjunction with enhanced 

reservoir quality resulted in large-scale accumulations in the Sanish-Parshall and Elm Coulee 

areas. Low productivity areas (e.g. flanks of the Nesson anticline) are also likely the direct 

product of secondary migration, as hydrocarbons migrated out, the overpressure dissipated, 

and water remained as the dominant reservoir fluid. 
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CHAPTER 6 

INTEGRATION OF OBSERVATIONS AND DISCUSSION 

 

 This chapter encompasses the integration of observations made based on the work 

described in chapter 5, and how this knowledge can be applied to explain productivity trends 

and to identify different Bakken play types. The results will be discussed and compared to other 

publications. 

 
 
 

6.1) Integration of Geological and Technological Factors 

 

 The oil/(oil+water) ratio (OOW) , based on cumulative production data, proved to be a 

powerful tool for highlighting low and high productivity areas across the basin. It basically 

indicates the percentage of oil of the producible reservoir fluids, as the gas content is generally 

rather low in the Bakken play. High oil contents largely correspond to high productivity areas, 

with a few exceptions outlined in section 5.3.6. The positive correlation between the OOW ratio 

and normalized production (by lateral length) is shown in Figure 6.1. The almost step-like 

increase in productivity with higher OOW ratios is highlighted in the bottom graph, showing 

productivity stages ranging from uneconomic wells (OOW < 0.4), marginally profitable wells 

(OOW = 0.4 to 0.6),  average producers (OOW = 0.6 to 0.8), good producers (OOW = 0.8 to 

0.9), all the way to wells in sweetspot areas (OOW > 0.9). The classification of the productivity 

zones is based on the visually recognizable pattern of stepwise increases in production, and the 

areal distribution of the zones is illustrated in Figure 6.2. The OOW ratio can be basically 

regarded as the depiction of the sum of geological properties, determining the area’s 

productivity, should it be dependent on reservoir properties, overpressure distribution, presence 

or absence of trapping mechanisms, secondary migration, or structural position within the basin. 

 A direct correlation of technological factors to production was problematic as 

geologically-induced variations seemed to skew the results. Also it was rather difficult to single 

out a specific technological factor by eliminating all other factors, and still maintain a sufficiently 

large dataset to yield statistically representative results (see section 5.2).  

 By the means of integrating all three components, geology, technology, and production, 

a method was created to illustrate the effect of technological parameters on production. For this,  
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Figure 6.1: The oil/(oil+water) ratio correlates well with normalized production by lateral length 
(top). Interpreted productivity stages are shown in the bottom graph. 
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Figure 6.2: The oil/(oil+water) ratio map, based on cumulative production values, displayed with 
the productivity zonation from Figure 6.1.  

 

the diagram of the OOW ratio versus normalized production serves as base plot, representing 

the geology and production components, respectively. The technology component can be 

introduced into the graph as an overlay, subdivided into series ranges. Figure 6.3 shows the 

example of the number of hydraulic fracturing stages. A layering effect becomes evident with 

the different series ranges, representing increasingly higher numbers of fracturing stages. Thus 

more stages lead to higher production, but the degree of production improvement is governed 

by geological factors. For example, operator A holds an acreage position which produces equal 

amounts of oil and water (OOW = 0.5), while operator B is located in an area yielding two thirds 

oil production and only one third water production (OOW = 0.66) (arrows in Figure 6.3). Both  
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Figure 6.3: Integration of geology (OOW ratio), production (normalized by lateral length), and 
technology (in series ranges), indicates the possible increase in production (arrows) for a given 
geological area by stepping up the technological design parameter, in this case the number of 
hydraulic fracturing stages. 
 

operators decide to improve their completion design by increasing the number of fracturing 

stages from 5 to 35 stages (hypothetically). Operator B will augment the production by a greater 

amount than operator A, even though they both performed the exact same procedure.   

This method works as well with other technological parameters. Figure 6.4 (top) shows 

the relationship with proppant loading (lbs/ft of lateral length). Again, a distinct layering effect 

becomes apparent. Wells with higher proppant loading perform better for any given geological 

area (represented by the OOW ratio).  

An empirical indicator of the well performance potential is the applied mud weight during 

the drilling operation. For most Bakken wells a mud weight between 9 to 10 ppg is sufficient to 

control the fluid pressures in the wellbore. Although, these mud weights are considered as  
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Figure 6.4: The oil(oil+water) ratio versus normalized production base plots, showing the effect 
of proppant loading (top) and the relationship to drilling mud weights (bottom). 
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underbalanced drilling, the tight character of the reservoir units retards the fluid flow into the 

wellbore. Typically, wells which require significantly higher mud weights often (not always) turn 

out to be great producers, due to better formation deliverability and high pore pressures as 

driving force. Figure 6.4 (bottom) shows that the majority of wells with an OOW ratio greater 

than 0.8 require elevated drilling mud weights to prevent dangerous kicks and blow outs.  

The method of integrating geology, technology, and production in the above-presented 

plots, is very useful in terms of appraising an area’s geological potential and to which degree 

technological parameters would influence production. Of course, it can only be used as a 

general indicator. There are important limitations to this method, as for example, it does not take 

into account the effect of reservoir depletion nor can the effect of one technological parameter 

on production be weighed against the effect of another technological parameter. 

In an effort to combine as much information as possible, an overlay was created by 

integrating eight different maps (Figure 6.5). The geologically favorable core area (shaded in 

black) was determined by the onset of intense oil generation of the Lower and Upper Bakken 

shales based on HI (< 500 mg HC/gTOC) and Tmax (> 430 °C) values (green boundary zone), 

the area of very high pore overpressure, exceeding 0.7 psi/ft (grey outline), and an OOW ratio 

greater than 0.6 (orange outline). The smallest common area is the geologically favorable core 

area, which was then compared to the high productivity area. For outlining the zones of high 

production the following cut-off values were used: for initial production rates (IP) the minimum 

value was 400 bbl/day, and the estimated ultimate recoveries (EUR) of wells had to be greater 

than 350,000 bbl. Again, the smallest common area of the two production indicators was used 

to define the high productivity outline (purple). 

The geologically favorable core area is almost entirely enclosed within the high 

productivity zones. This observation suggests that there is indeed a correlation between 

maturity and hydrocarbon generation potential of the shales, resulting overpressure, oil contents 

of the reservoirs, and production. 

 However, numerous high productivity areas lie beyond the boundary of the geologically 

favorable core area, even the two prolific sweetspot areas Elm Coulee and Parshall. These 

areas are productive because of the influence of other factors than integrated in this overlay, 

such as secondary migration, trapping mechanisms, enhanced reservoir properties due to 

diagenesis, as well as aggressiveness of drilling and completion practices. The contexts will be 

further elaborated in the following section of this chapter. 
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Figure 6.5: The common area of favorable geological factors (shaded in black) correlates very well with high production areas (purple 
outline), and is derived from integrating information from eight maps (right). The beginning of intense oil generation of either of the 
shales is shown in green, high oil / (oil + water) ratios in orange, and high pressure in grey. Observed high production areas outside 
the core area are attributed to other geological and technological factors than combined here in this map.
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6.2) Bakken Play Types 

 

 All the previous work has shown that the Bakken cannot be viewed as a uniform play, 

but that production varies widely as a result of geological variations and technological 

differences. The definition of an unconventional resource play evokes the sense of continuous 

high oil saturations, and thus similar production performance throughout the basin. Although in 

the Bakken, oil-saturated reservoir rocks do occur throughout the extent of the play, the oil 

content can range from clearly uneconomic percentages to almost complete saturation levels of 

oil. A plethora of factors can impact the production performance of an area, and it was found 

that different areas are influenced by different factors, suggesting the subdivision of the entire 

Bakken play into different Bakken play types. 

 In order to illustrate the different Bakken plays a derivation of OOW ratio map was used. 

To avoid the negative effects of just using the OOW ratio, described in section 5.3.6, the ratio 

was multiplied by the actual production rates of the wells (Figure 6.6). This eliminated the  

 

 

Figure 6.6: Different Bakken play types are productive for different reasons, and each of them 
possesses their own set of ‘ingredients’, which makes them successful. 
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‘temperature effect’ and Rough Rider became highlighted as a more productive area. Due to the 

much smaller data density of the 90 day cumulative production in comparison to the OOW ratio, 

going from 3379 wells to 983 wells, blank spots and associated contouring effects were 

inevitable. Nonetheless, this map forms a good basis to show the productive areas within the 

basin and to describe the different Bakken play types. The following description of the Bakken 

play types reflect the author’s opinion, which is based on the results of the previously described 

datasets as well as interpretation of the interplay of the various factors. 

 Elm Coulee is unique in terms of its depositional history, where sediments were 

deposited in a longshore bar parallel to the adjacent paleo coastline. The outcropping Three 

Forks sediments at the basin margin served as source for magnesia-rich carbonates, promoting 

intense dolomitization and enhancement of reservoir properties during diagenesis (Sonnenberg 

and Pramudito, 2009). The Middle Bakken attains a local thick, reflecting the bar deposits, with 

rapid thinning and pinching-out of facies towards the basin margin. The source kitchen of Elm 

Coulee is located more basinwards to the north, and up-dip migration of hydrocarbons into the 

Elm Coulee in combination with stratigraphic and/or diagenetic trapping mechanisms resulted in 

a large-scale accumulation. Thus the depositional history, the proximal location to the basin 

margin, favorable diagenetic alteration, greater reservoir thickness, a down-dip located source 

kitchen, and the presence of trapping mechanisms are the key to what makes Elm Coulee so 

prolific. 

 Rough Rider, in contrast, is not a geology-driven play. The OOW ratio map showed that 

oil contents are only moderate and further decrease towards the west and northwest. Reservoir 

properties do not stand out as above-average. No trapping mechanism prevents hydrocarbons 

from diffusing into the periphery. What still makes Rough Rider a highly productive area are the 

sophisticated drilling and completion methods of the dominant operators in the area. Brigham 

Oil and Gas LP. (now Statoil) pioneered with aggressive and innovative completion practices, 

leading the industry.  They achieve outstanding initial oil production rates by massive stimulation 

and very large choke sizes. However, the water production is also quite voluminous, which is 

costly to dispose of. Thus, despite Rough Rider not being a geological sweetspot, this play type 

can be successfully developed with advanced technologies, but at a higher price. While wells in 

geological sweetspots, such as Sanish-Parshall or Elm Coulee, require less stimulation to yield 

good production performance, expensive high-volume completions are necessary to achieve 

high production rates from Rough Rider wells.   

 The Nesson anticline, in general, is not the most productive area due to leakage of 

hydrocarbons up-dip into Canada. Potentially, regional fractures associated with the anticline 
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even further enhanced the migration process, and may have even provided vertical escape 

avenues into the overlying Madison petroleum system. Pore pressures are lower than in most 

other parts of the mature Bakken play. Irregularities in the pore pressure distribution, and spotty 

distribution of higher oil contents and production trends, allude to the presence of smaller-scale 

locally entrapped hydrocarbon accumulations. These accumulations could be either caused by 

varying reservoir properties with tightly cemented areas creating baffles to fluid flow, or subtle 

structural irregularities and ‘bumps’ on the crest forming traps, or a combination of both. 

 Sanish-Parshall is like Elm Coulee a prime geological sweetspot. In particular, the area 

including the eastern half of Sanish field and Parshall field represents the most prolific location 

in the basin, while the immediate surroundings (west-Sanish field, Alger to the north, and Ft. 

Berthold to the south) are somewhat less productive, but still far above-average. Intense 

dolomitization over the entire Middle Bakken thickness interval occurred where the limey shoal 

facies MB-D is absent (Grau et al., 2011). Development of diagenetically enhanced reservoir 

quality could be likely tied to marginal positions in the basin, as facies MB-D is a lowstand 

deposit and starts to pinch out or occurs intermittently in local depressions of limited extent 

close to the basin margins. The reservoir quality in Parshall may be further augmented by a 

higher abundance of reservoir-scale fractures relative to the remainder of the basin. The up-dip 

position of the Sanish-Parshall area in combination with rapidly deteriorating reservoir 

properties, forming a trap to the east, allowed the accumulation of enormous volumes of 

hydrocarbons. The depocenter of Lower Bakken shale is to the east of the Nesson anticline, 

directly down-dip from Sanish-Parshall, providing an abundant source for hydrocarbons. The 

overpressure created during hydrocarbon generation forced the petroleum to migrate up-dip 

until it was stopped by the impervious rocks to east of Parshall. This allowed pressures to build, 

even in this low maturity area, forming a distinct pressure compartment with gradients of about 

0.72 psi/ft. The interplay of all these factors make the Sanish-Parshall area what it is: a prime 

geological sweetspot. 

 Bear Den is centrally located in the basin and possesses the attributes of high maturity, 

high oil contents, and high pore overpressure. The highlighted area of Bear Den in Figure 6.6 

appears to be too small, which is due to the lack of 90 day cumulative production data points 

and associated contouring effects, in particular to the west. The OOW ratio map provides in this 

case a better overview for productivity. Bear Den occupies the large central part of the 

geologically favorable core area, which is defined by shale maturity, pressure, and the OOW 

ratio. Due to its location most of the oil was generated in-situ or derived at the earliest stage of 

catagenesis from the immediately adjacent source kitchen. The reservoir properties are about 
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average as the central location as well as the presence of facies MB-D presumably prevented 

thorough dolomitization of the entire Middle Bakken interval. Bear Den hosts the majority of 

Three Forks wells so far, showing good results. The production in the sizeable Bear Den area is 

neither supremely outstanding nor mediocre, making this large part of the basin the backbone of 

the Bakken play. 

 The concept of drilling wells directly into the Bakken shales was tested in the early 

1990’s, which resulted in the Upper Bakken shale play in the far south of the basin. The 

production rates were initially, for that time, excellent, but experienced a rapid decline. The 

hydrocarbons, flowing into the short lateral wellbores, derived from natural fractures, which are 

associated with the high maturity level of the shales. After the ‘easy permeability’ was drained 

the tight matrix permeability was not enough to keep production rates above economical limits 

for the long term. Although companies neglected the shales in favor for the better Middle 

Bakken and Three Forks (and now also Pronghorn) reservoirs, the shales still hold great 

potential. Large quantities of hydrocarbons are retained in the shales, which have not been 

expelled to the reservoir units. Further research is necessary, however, to determine whether 

shales can geomechanically support longer laterals. A potential approach for shale completions, 

in case the mudrocks are too unstable, would be to run slotted liners or even cemented casing. 

Although this would greatly obstruct the communication with the formation, massive hydraulic 

fracturing treatments and recurring re-fracturing treatments would provide the necessary 

fracture permeability to produce hydrocarbons directly from the shales. 

 
 
 

6.3) Discussion 

 

 The majority of publications focus either on the technological aspects or the geology in 

the Bakken. Only few papers, presented in chapter 1, pursued an integrated approach, 

considering both the effects of geological variability and improving technology on production. 

None of the recent studies covers the entire basin, but are rather limited to specific areas.  

Baihly et al. (2012) evaluated whether the economic stage count has been reached in 

the Bakken play, as laterals are getting ever longer and more stages are being pumped. To 

accomplish this, they chose six different areas in North Dakota in order to keep the geological 

conditions as constant as possible within those areas. The oil production rates, illustrating the 

various stage count ranges, were plotted against normalized time. Figure 6.7 shows plots for 

two areas, revealing starkly different outcomes. For the Stanley – Robinson Lake – Alger fields 
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the production increased very consistently with higher number of hydraulic fracturing stages. In 

contrast, at Parshall, wells stimulated with 10 or less stages, show the best production 

performance, while wells with the highest stage count (30 – 33 stages) yielded the poorest 

production rates. Baihly et al. (2012) explained this controversial behavior of Parshall wells that 

hydraulic fractures interact with the natural fracture network, and therefore wells with lower 

stage counts can result in similar or even better production rates than wells with a high number 

of fracturing stages.  

An alternative explanation could be the effect of reservoir depletion, favoring high 

production rates in older wells over younger infill wells. This thought conjures up an interesting 

question: if Sanish-Parshall or Elm Coulee were discovered at present time, with the application 

of the state-of-the-art technology, how much higher could have been the production rates? 

Another possibility could be that the authors also included poorly-producing wells beyond the 

line of death in some averages, skewing the results. Overall, Baihly et al. (2012) concluded that 

the economic stage count has been surpassed in the majority of the investigated areas, as the 

wells with the highest stage count did not achieve the highest production rates.  

The previous sections in this chapter have shown that productivity does increase with 

higher stage counts, but this statement may not hold true when focusing in on a too small area 

or number of wells. The general trend is there, however there numerous exceptions to the rule 

as well. 

Saldungaray et al. (2013) addressed the influence of various completion design 

parameters on production, including a comparison of sand and ceramic proppant types. The 

proppant study is based on a field trial of a Mountrail County operator. Ten wells were 

stimulated with 20/40 mesh lightweight ceramic proppants, and for 12 offset wells regular 20/40 

sand was used. All the wells were treated with similar completion designs. An average increase 

of 34% in production was observed for the ceramic wells over the sand wells (Figure 6.8), which 

represents very favorable economics with regard to offsetting the higher expenses for the 

proppant upgrade.  

In section 5.2.3.2, the analysis of the proppant dataset for the Bear Den, North Nesson 

and South Nesson areas showed different results. In two out of the three areas the ceramic 

proppants performed better than sand, but the cumulative production curve tapered off to the 

levels of sand-fractured wells after 12 months. Most noteworthy though, is the fact that a mixture 

of sand and ceramic proppants excelled in all three areas, even outperforming the ceramic-

stimulated wells.  
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Figure 6.7: The comparison of the hydraulic fracturing stage count resulting in the highest 
production in two areas is starkly different (Baihly et al., 2012). 
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Figure 6.8: The usage of ceramic proppants yielded a 34 % increase in production versus offset 
sand-propped wells (Saldungary et al., 2013). 
 

Reasons for the disparity of results of these two studies include that Saldungaray et al. 

(2013) did not evaluate the performance of a sand-ceramic proppant mixture. Furthermore, the 

wells in the dataset used for this study could not be further subdivided according to other 

completion design parameters, as the number of wells supporting the averages was already 

quite low in cases. Another difference in results could lie within the type of ceramic proppant. 

While the operator in Mountrail County tested a high quality lightweight ceramic proppant, for 

most wells in this study the most inexpensive ceramic proppant type (EconoProp) was used. In 

any case, a larger, ideally basinwide database, is required to clearly determine the effect of 

proppant choice on production. 

On the geological side, Price (2000, unpublished) compiled a vast amount of information 

about the Bakken petroleum system and furthered the understanding of hydrocarbon generation 

by creating the USGS source rock analysis dataset, which also formed the basis for this study. 

In terms of the source rock analysis data interpretation, maturity of the shales, and 

reconstructing the original organic matter distribution, similar results were yielded. Price (2000, 

unpublished) conformed to the hypothesis, introduced by Meissner (1978), that overpressure 

was caused by volume-expansive kerogen maturation reactions in conjunction with the 

compressibility of the shales, and the Bakken play being a closed-fluid system. He interpreted 

that these factors are responsible for primary migration and creation of horizontal fractures in 

the reservoir rocks under super-lithostatic pressure conditions.  
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He postulated that the existing microporosity and matrix-permeability of the reservoir 

rocks does not contribute to storing hydrocarbons or is able to transmit fluids. Instead, 

secondary microporosity along the hydrocarbon generation-induced horizontal fractures is the 

only porosity contributing to production. Thus, virtually all of the produced oil stems from 

interconnected networks of horizontal fractures, and secondary porosity immediately adjacent to 

the fractures. The secondary porosity was created by the interaction of expelled hydrocarbons 

from the shales with the pore water in the reservoir rocks by forming organic acids and carbon 

dioxide (Price, 2000, unpublished).  

In contrast, the interaction of pore waters and organic matter during the pre-hydrocarbon 

generation stage resulted in hydrogenation of the kerogen as well as release of carbon dioxide, 

causing the precipitation of carbonate cements, which in turn aided in sealing the Bakken 

petroleum system into a closed-fluid system. The incorporation of hydrogen from pore waters 

into the kerogen structure explains the observed increase of hydrogen indices from very 

immature Bakken shale samples to source rock samples, which are just before the onset of 

hydrocarbon generation (Price, 2000, unpublished). 

Price (2000, unpublished) concluded that the hydrocarbon accumulations in the 

immature Canadian part of the basin were locally sourced by expelled products from bitumen 

fractionation during pre-hydrocarbon generation. He considered long-distance secondary 

migration unlikely. 

Furthermore, Price (2000, unpublished) believed that variations in productivity are solely 

dependent on differences in drilling and completion techniques (e.g. resulting formation 

damage), as geological variability on both local and regional levels is insignificant. 

The results of this study and other publications led to alternative viewpoints on the 

above-mentioned aspects of the Bakken petroleum system. Fracturing in the shales and 

reservoir rocks is not limited to horizontal fractures, as vertical and oblique fractures have also 

been frequently observed in cores. In particular, the Middle Bakken has a geomechanically 

isotropic character (Ye and Tatham, 2010), while vertical fractures in the shales are likely 

attributable to high silica contents, increasing the brittleness of the mudrocks.  

Secondary porosity associated with expulsion of organic acids and hydrocarbons from 

the shales as well as overpressure-induced fracturing of the reservoir rock play certainly a vital 

role for the recovery of large volumes of hydrocarbons. However, doubts arise regarding the 

statement that no contribution to production occurs from the reservoir microporosity and 

permeability.  
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The diagenetic alteration of the Middle Bakken reservoir is quite complex, involving 

many processes either destroying or enhancing reservoir quality. Secondary porosity related to 

dolomitization, which can occur shortly after deposition and/or at later stage, has probably a 

significant impact on reservoir quality, and thus production. At Elm Coulee, most of the 

permeability in the Middle Bakken is formed by interconnected intergranular, intercrystalline, 

and slot porosity, as fractures are rather uncommon (Alexandre, 2011; Grau et al., 2011). 

The increase in hydrogen indices from the far eastern immature Bakken shales towards 

the area just to the east of Parshall, where the source rocks are immediately before the onset of 

oil generation, is induced by changes in the organo-facies. Although the consumption of 

hydrogen from pore waters and incorporation into the kerogen structure may occur, it is unlikely 

that it has a larger impact than the original organic matter type. The exceptionally high hydrogen 

indices east of Parshall are attributable to kerogen type I input, while the decreasing hydrogen 

content in easterly direction can be explained by terrestrial land plant input (kerogen type III) in 

proximity to the basin margin, based on the kerogen type interpretation of Jin and Sonnenberg 

(2012). 

 Long-distance secondary migration of hydrocarbons into the immature Canadian part of 

the basin has been widely accepted. Improving reservoir properties in northward direction, as 

the Middle Bakken attains an almost conventional reservoir character in the Canadian fields, 

likely represents an important aspect. Bakken-sourced oils were even identified to have mixed 

with Lodgepole-sourced oils in the Lodgepole-Madison petroleum system overlying the 

Canadian Bakken oil fields (Jarvie, 2001; Jiang et al., 2001).  

The molecular maturity ratios, used in this study, indicated marginally mature Canadian 

source rock extract samples close to the international border, while further north the maturity 

decreased. The oil samples from Canadian hydrocarbon accumulations were clearly higher 

mature. The results are in line with the general opinion. However, they are based on a quite low 

sample number and were not deemed to be indicative. 

Price’s (2000, unpublished) conclusion that differences in production are caused by 

technological factors, while geological variability played in insignificant role, may have been 

appropriate for the stage of exploration and development of the Bakken play at that time. The 

main producing areas prior to the millennium were confined to the Bakken ‘fairway’, the Upper 

Bakken shale play, and wells dotting the Nesson and Antelope anticlines. Elm Coulee and 

Sanish-Parshall had yet to be discovered, and most areas in western North Dakota were still 

blank spots on the map. Also the technological standards of drilling and completing horizontal 

wells were still in the infancy stage.  
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This scenario has changed, and therefore different conclusions have to be made. This 

study has clearly demonstrated that geological variability plays an important role, and impacts 

production even to a higher degree than technological advancements. 
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CHAPTER 7 

CONCLUSIONS AND OUTLOOK 

 

 The integrated approach of determining which factors influence the production in the 

Bakken play the most was based on both geological and engineering aspects. Production 

analysis, followed by evaluation of technological factors, and integration of geological conditions 

and properties, resulted in the conclusions outlined below. Some of the datasets, however, were 

limited both in size and areal distribution. With more data being generated and interpreted in the 

coming years, it may be worthwhile to reevaluate the conclusion points, which are currently 

based on rather small-sized datasets. 

 Historically, the production rates improved significantly over the decades, as technology 

advanced and drilling activity in the Bakken play expanded over wider geographical 

areas. The explosive exploration activity was initiated by the discovery of Elm Coulee 

field in Montana. 

 As initial production rates are not always representative of the actual well performance, 

longer-term production data, such as 90 day cumulative production values or estimated 

ultimate recoveries were deemed to be of better quality. 

 Average estimated ultimate recovery values for 10 subareas indicate substantial 

differences in productivity of up to 300 % across the basin. For the averages only wells 

drilled between 2010 and 2011 were considered to largely eliminate the effect of 

technological differences and thus the variations in productivity are mainly attributable to 

geological conditions. 

 The development of average estimated ultimate recoveries through time shows in cases 

of older fields, like Elm Coulee, decreasing trends due to reservoir depletion, which can 

be offset to some degree by more aggressive completion methods. 

 The direct correlation of technological factors to production yielded inconclusive results. 

Too many other factors, in particular geological factors, were skewing the results, and an 

elimination of all disturbing influences was impossible as too few data would remain to 

provide statistically representative results.  

 The development of completion techniques through the period from 2006 to 2011 

revealed the application of different strategies by nine investigated operators. While 

some operators pursued a very aggressive approach in stepping up their completion 

designs, other operators were more conservative. In general, the earlier part of the time 
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period was characterized by wider data ranges, indicating a phase of experimentation 

with completion design parameters. The data of the years 2010 and 2011 showed a 

greater tendency towards converging strategies of the different operators, resulting in 

more similar completion design methods. The most aggressive operator achieved the 

largest increase in production. 

 A mixture of about two-thirds of sand proppant and one-third of ceramic proppant yielded 

the best production performance in three different geological areas, independently, and 

even outperformed wells, which were stimulated with predominantly ceramic proppant. 

However, the averages were, in part, based upon an insufficient number of wells, and 

further research is necessary to clearly determine the effect of proppant choice on 

production. 

 Differences in the rock-mechanical character of the Middle Bakken and Three Forks 

reservoirs are subtle, and no conclusive relationships were observed with regard to 

facies, texture, presence or absence of natural fractures, or mineralogical composition. 

The reservoir rock units do not contain zones, which would act as fracture baffles or 

intervals particularly prone to fracturing, and thus no major influence on production can 

be expected in relation to rock property characteristics. A larger static rock property 

dataset, however, is desirable to firm up this conclusion. The Bakken shales have lower 

Young’s moduli, and behave more ductile than the reservoir units.  

 The difference in magnitude between minimum and maximum horizontal stresses is 

inferred to be small, as no wellbore instability issues of wells in any orientation have 

been reported. The wellbore orientation does not appear to have a great influence on 

production. 

 Deep-seated faults, tipping out in the underlying Prairie salt, have not been confirmed to 

create higher fracture densities at fold hinge lines at Bakken level, based on gas show, 

mud weight and production data from wells intersecting the extrapolated position of the 

folds.  

 Pore-pressure analysis showed elevated pressure gradients for the entire area of the 

mature source pod. In large parts of the central basin the pressure gradients exceed 0.7 

psi/ft. The pressure-depth relationship is indicative for an inverted continuous system, 

leaking pressure at the up-dip fringes of the play. So far, only at Parshall a distinct 

pressure compartment has been identified. The pore-overpressure is in direct correlation 

with production and has thus a major impact on productivity. 
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 The Three Forks is slightly higher overpressured than the Middle Bakken at comparable 

depths. 

 The author concurs with the concept evoked by Meissner (1978) and Momper (1978) 

that the overpressure in the Bakken play is a consequence of hydrocarbon generation. 

The creation of overpressure is based on five aspects: i) the extremely high organic 

matter contents of the shales; ii) the volume-expansive nature of the conversion reaction 

from kerogen via bitumen to hydrocarbons; iii) the overburden-supporting solid kerogen 

transforms into non-loadbearing liquids and gases, causing compaction of the 

decreasing remaining solid kerogen content; iv) the tight Middle Bakken and Three Forks 

reservoirs provide limited pore space for the vast amounts of expelled hydrocarbons; 

and v) the closed-fluid system character of the Bakken petroleum system, imparted 

impervious by lithologies above and below, prevents dissipation of pore pressure in 

vertical direction. 

 The overpressure, present in the mature deeper portions of the basin, probably acted as 

driving force for secondary migration. As the reservoir units are more permeable than 

the shales, hydrocarbon migration may have preferentially occurred within in the Middle 

Bakken and Three Forks intervals in up-dip direction, possibly even resulting in a 

‘pressure-bulge’, pushing hydrocarbons beyond the maturity limit of the shales. This 

could explain, in combination with the presence of a trapping mechanism, why Parshall 

is characterized by pore pressure gradients of up to 0.72 psi/ft despite the low thermal 

maturity of the area.  

 Hydrocarbon generation and associated overpressuring causes the formation of small- 

to micro-scale natural fractures in both the shales and reservoir rocks, which represent 

the most abundant type of fractures. Larger-scale fractures, induced by the local and 

regional stress regimes, do occur as well, but less frequently. The hydrocarbon 

generation induced fractures play a vital role for achieving high production rates from the 

tight reservoir rocks.  

 The formation deliverability is significantly increased by the combination of both induced 

hydraulic fractures and the existence of natural fracture networks. During initial 

production the hydrocarbons stored in fractures or in immediate vicinity to fractures are 

drained at fast rates. Later during the well life, the slow decline of the third production leg 

reflects the conductivity of the matrix permeability, as hydrocarbons have to migrate 

farther through the tight rocks with less formation pressure as driving force, before 

reaching natural or induced fractures.  
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 The Bakken play is characterized by generally low gas-oil ratios, averaging at 968 

scf/bbl, making oil and water the dominant reservoir fluids. 

 The oil/(oil+water) ratio, based on cumulative production values, provides an excellent 

tool to map oil-rich areas in the basin, which largely also correspond to high productivity 

zones. Sharp contacts between highly oil-bearing reservoirs and water-saturated strata 

indicate the presence of trapping mechanisms in Parshall and Elm Coulee areas. 

Gradually declining oil contents as observed in the Rough Rider and Nesson anticline 

areas reflect conditions, where hydrocarbons are allowed to dissipate and migrate out 

towards lower-pressured areas. 

 The presence of trapping mechanisms has been detected, thus far, at the east side of 

Parshall field and at the southwest boundary of Elm Coulee field. Bartberger et al. (2012) 

described the trap at Parshall as pore throat trap, which may be linked to the transition 

from mature to immature shales in eastward direction. Potentially, the Bakken shales to 

the east of Parshall have not yet released organic acids, which would interact with 

soluble mineral components to create secondary porosity. At Elm Coulee, the trapping 

mechanism appears to be more of stratigraphic nature as the Middle Bakken reservoir 

facies begin to pinch out, although a diagenetic component cannot be excluded. An in-

detail investigation of changes in mineralogical composition and reservoir properties is 

advised to further characterize the trap types. 

 Trapping mechanisms likely play a crucial role for the formation of voluminous 

hydrocarbon accumulations by hindering further dissipation of migrating hydrocarbons. 

 Molecular maturity parameters indicate that in proximity to the eastern basin margin, oils 

are higher mature than the adjacent source rocks. Secondary migration of hydrocarbons 

occurred in an up-dip direction within the Middle Bakken reservoir as a result of 

tremendous overpressuring due to hydrocarbon generation in the higher mature central 

portions of the basin. 

 The Parshall area hosts a mixture of very low mature in-situ generated oils and higher 

mature migrated oils based on molecular maturity parameters. 

 A good correlation has been observed between maturity, overpressure, residual oil 

contents, and production performance, marking the central basin as a geologically 

favorable core area. Other factors however, such as secondary migration, enhanced 

reservoir properties, and trapping mechanisms caused sweetspots to occur elsewhere in 

the basin. 
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 Elm Coulee and Sanish-Parshall areas are two distinct geological sweetspots. Older 

wells, completed with rudimentary completion methods, often outperform younger wells 

with more sophisticated technological standards in non-sweetspot areas. 

 The oil/(oil+water) ratio served as basis for integrating geology, production, and 

technology, and to determine the effects of technological parameters on production for a 

given geological area. With this method the increase in production as a result of 

improving completion design technology could be demonstrated, which was not possible 

in a direct correlation. The degree of production increase, however, is governed by the 

geological conditions. 

 In contrast to geological sweetspot areas where prolific production rates are guaranteed 

by geological conditions, in the Rough Rider area high production rates are driven by 

very aggressive completion methods. This also has the implication that oil in Rough 

Rider is recovered at higher cost, compared to geological sweetspot areas. 

 The main conclusion of this study is that the Bakken play is not uniform, but rather 

consists of a number of different play types, which are productive for different reasons. 

 

Although a solid data foundation exists for the Bakken play, a larger database than for 

many other unconventional resource plays, numerous questions still remain unanswered. Below 

are listed a few future work recommendations, which would help to further the understanding of 

the Bakken system. 

A basinwide reservoir properties study based upon provenance of sediments, the 

sequence stratigraphic framework, mineralogical variations of the facies, and 

enhancement/deterioration of reservoir quality during diagenesis would be very beneficial for a 

better understanding of the geological components in the play.  

Determining the lower matrix permeability cutoff for liquid hydrocarbons to be able to 

move through the reservoir rock (at economic rates) may aid in delineating zones of poor 

production performance, as this could be the case for relatively untouched area between Elm 

Coulee and Rough Rider. 

In areas which contain oil as almost the exclusive producible reservoir fluid it is not yet 

understood how such high oil saturations (up to 80 %) could accumulate and to where the pore 

waters escaped, which previously occupied the pore spaces.  

A detailed evaluation of the geomechanical behavior of the shales would be an important 

aspect for both production directly from the shales and whether the Lower Bakken shale 

potentially seals off large quantities of proppant and fluid when either the Middle Bakken or 
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Three Forks reservoir was stimulated, cross-cutting the shale. If indeed hydraulic fracturing 

treatments initially stimulate both reservoirs and the Lower Bakken shales closes off the induced 

fractures shortly afterwards, the size of stimulations ought to be reduced in order to prevent 

unnecessary costs at no benefit. 

Furthering the understanding of the primary migration process, hydrocarbon generation-

induced fracturing, and secondary migration through reservoir rock units by laboratory 

experiments would help corroborating the above-proposed hypotheses to this topic. 

Re-fracturing treatments and methods of enhanced oil recovery will certainly become a 

critical aspect in the future development of the play. 
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SUPPLEMENTAL ELECTRONIC FILES 

 

The supplemental electronic files contain eleven Excel spreadsheets, which represent 

the data foundation of this work. The files are grouped into production and completion data 

(Supplemental Files A-D), estimated ultimate recovery data (Supplemental Files E-G), pressure 

data (Supplemental File H), rock mechanics data (Supplemental File I), and source rock data 

(Supplemental Files J-K). Neither the Geomark organic geochemical dataset nor the pressure 

raw data were permitted to be included. 

Production and Completion Data Excel files containing initial and cumulative 
production data, oil/(oil+water) ratios, gas-oil 
ratios, detailed production and completion 
information, as well as an example of how 
average production rates were calculated. 

Supplemental File A.xlsx Initial and cumulative production rates for 
Bakken and Three Forks producers, updated 
in 2011. 

Supplemental File B.xlsx Cumulative production data for Bakken 
producers, updated in 2012, on which basis 
the oil/(oil+water) and GOR ratios were 
calculated. 

Supplemental File C.xlsx Detailed production and completion 
information for a subset of 1095 Bakken and 
Three Forks producers.  

Supplemental File D.xlsx Spreadsheet contains an example and 
explanations for the conversion of monthly 
production rates from the NDIC website to 
average cumulative production data for 
specific time periods (provided by a company-
internal production engineer). 

Estimated Ultimate Recovery Data Three different EUR datasets were compared 
to each other to determine the quality and 
accuracy of the data. 

Supplemental File E.xlsx EUR 2 dataset is based on 80%, 35%, and 7% 
decline behavior with an economic limit of 150 
bbls/month. The production data was derived 
from IHS. 

Supplemental File F.xlsx Comparison of datasets EUR1 (provided by a 
company-internal reservoir engineering group) 
and EUR2 (calculated from IHS production 
data). 
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Supplemental File G.xlsx Comparison of datasets EUR1, EUR2 and 
EUR3. EUR3 is based on monthly peak 
production rates and was provided by a 
company-internal reservoir engineering group. 

Pressure Data Examples are provided for correcting the 
maximum pressures of BHP tests to the actual 
bottomhole pressures.  

Supplemental File H.xlsx Three examples for bottomhole pressure 
corrections. 

Rock Mechanics Data Static rock property data of 28 Middle Bakken 
and 20 Three Forks samples in North Dakota. 

Supplemental File I.xlsx Rock mechanics dataset provided by the 
EERC including static rock properties, facies 
interpretation, and mineralogical information. 

Source Rock Data Excel files contain source rock analysis data 
and interpreted kerogen types 

Supplemental File J.xlsx USGS (Price, 2000, unpublished) source rock 
analysis dataset of Upper and Lower Bakken 
shale samples. 

Supplemental File K.xlsx Kerogen type classification by Jin, H., of the 
samples comprised in the USGS dataset 
(Supplemental File J). 

 


