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ABSTRACT 

 

The Williston Basin is an intracratonic sedimentary basin extending across parts of 

South Dakota, North Dakota, and Montana as well as the Canadian provinces Alberta, 

Saskatchewan, and Manitoba.  During the last decade, the Williston Basin has become one of 

the most important petroleum producing basins in the United States.  This is largely due to the 

increased development of reservoirs in the Bakken and Three Forks formations. 

North Fork field is located in McKenzie County in western North Dakota, south of the 

Williston Basin depocenter and between the southern end of the Nesson anticline and the 

northern end of the Billings Nose.  Since 2007, 40 wells �± all horizontal �± have been completed 

in the Bakken Formation or the upper part of the Three Forks Formation.  As of January, 2015, 

North Fork field has produced 932,019 bbls of oil and 391,715 mcf of gas from the Three Forks 

and 3,650,575 bbls of oil and 5,977,544 mcf of gas from the Bakken.  Essentially all of the 

Bakken production has occurred since 2007.  Despite the high level of drilling activity in this field 

during the last seven years, significant potential remains for development, especially in the 

central part of the field. 

Detailed reservoir characterization and accurate petrophysical models are always 

important to maximize the economic development of petroleum reservoirs; however, the recent 

decline in oil prices has heightened this necessity, even in a continuous accumulation such as 

that in the Bakken petroleum system.  This study evaluated the stratigraphy and petrophysical 

characteristics of the Middle Bakken in and around North Fork field in order to facilitate a deeper 

understanding of the controls on oil distributions within the Middle Bakken.   

Routine core analyses, XRD data, MICP data, thin sections, SEM, and core descriptions 

were used to characterize the mineralogy, texture, porosity, pore geometry, and stratigraphy of 
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the various lithologic facies in the Middle Bakken.  These data were then tied to available 

electronic well logs to evaluate the distribution and thicknesses of these facies.  A petrophysical 

model was developed for the Middle Bakken, including an in situ permeability-porosity 

relationship, a new method for estimating shale volume, a new method for estimating fracture 

porosity, and a method fo�U�� �H�V�W�L�P�D�W�L�Q�J�� �$�U�F�K�L�H�¶�V�� �F�H�P�H�Q�W�D�W�L�R�Q�� �H�[�S�R�Q�H�Q�W�� �W�K�D�W�� �L�V�� �E�D�V�H�G�� �R�Q��

observable rock properties. 

Estimated fracture porosities suggest that microfracturing in the Middle Bakken is 

controlled by proximity of structural features, pore pressures (hydrocarbon generation), and 

regional fracture lineaments, with regional fracture lineaments being the most significant in this 

study area.  Calculated water saturations indicated that secondary hydrocarbon migration has 

occurred within the Middle Bakken, with structural highs, such as the Nesson Anticline, 

exhibiting elevated oil saturations.  Hydrocarbon pore volume maps indicate that the most 

oil-rich areas are those areas where regional fracture lineaments intersect structural highs, as 

occurs at the southern end of the Nesson Anticline in the central part of the study area. 
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CHAPTER 1  

INTRODUCTION 

 

The Williston Basin is an intracratonic sedimentary basin extending across parts of 

South Dakota, North Dakota, and Montana as well as the Canadian provinces Alberta, 

Saskatchewan, and Manitoba.  Since the mid-���������¶�V���� �W�K�H�� �S�U�L�P�D�U�\�� �H�[�S�O�R�U�D�W�L�R�Q�� �W�D�U�J�H�Ws in the 

Williston Basin have been the Late Devonian to Early Mississippian Bakken Formation and the 

Late Devonian Three Forks Formation.  Throughout much of the basin, the Bakken Formation 

consists of four members: (1) the Pronghorn Member, (2) the Lower Member, (3) the Middle 

Member, and (4) the Upper Member, listed from base to top (LeFever et al., 2011).  The Three 

Forks Formation consists of three informal units:  (1) the lower Three Forks, (2) the middle 

Three Forks, and (3) the upper Three Forks (Bottjer et al., 2011).  

The Lower and Upper Bakken members are both organic-rich black shales that, where 

thermally mature, have sourced the oil that has accumulated in the tight siliciclastic reservoirs of 

the Pronghorn and Middle Bakken Members as well as the tight mixed siliciclastic/carbonate 

reservoirs of the upper Three Forks Formation (Price and LeFever, 1992, Price, 2000). 

During the last decade, the Williston Basin has become one of the most important 

petroleum producing basins in the United States.  This is largely due to the increased 

development of reservoirs in the Bakken and Three Forks formations.   

Oil production from the Bakken and Three Forks in the Williston Basin began in 1953 

with the discovery of Antelope field in North Dakota (LeFever���� �������������� �� �8�Q�W�L�O�� �W�K�H�� ���������¶�V����

production outside Antelope field was limited due to the poor reservoir characteristics (low 

porosity and low permeability) of the Bakken and Three Forks formations.  �'�X�U�L�Q�J�� �W�K�H�� ���������¶�V, 

the focus of exploration and development in the Bakken and Three Forks formations in North 

Dakota shifted to the depositional limit of the Bakken Formation in the southwestern portion of 

that state; this area remained the focus t�K�U�R�X�J�K�� �W�K�H�� ���������¶�V�� ��LeFever, 1991).  However, 

exploration and development strategies in the Bakken and Three Forks formations changed in 

1987 with the completion of the first horizontal well in North Dakota, which was completed in the 

Upper Bakken Shale (LeFever, 1991).  The success of this well made the Bakken and Three 

Forks formations viable exploration targets throughout the Williston Basin, despite their poor 

reservoir characteristics.  Advances in horizontal well drilling and completion techniques as well 
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as multi-stage hydraulic fracturing coupled with high oil prices during the mid-���������¶�V���U�H�V�X�O�W�H�G���L�Q��

a dramatic increase in exploration and development in the Bakken and Three Forks formations 

in the Williston Basin, which continues at present (Figure 1-1). 

 

Figure 1-1: Chart of North Dakota daily oil production and price of ND sweet crude oil 
(dollars/bbl).  Note increase in oil price after 2005 and subsequent increase in oil production 
after 2010 (https://www.dmr.nd.gov/oilgas/stats/ statisticsvw.asp accessed October 2, 2015) 

North Fork field is located in McKenzie County in western North Dakota, south of the 

Williston Basin depocenter and between the southern end of the Nesson anticline and the 

northern end of the Little Knife anticline.  Exploration and development of the Bakken and Three 

Forks formations in North Fork field reflects that of the Williston Basin.  The field was discovered 

in 1958 with the completion of the Jore 1-35 well (originally named H.H. Shelvic Tract 1 #1).  

This is a vertical well that targeted the Silurian oil pool; it produced 3029 barrels (bbls) of oil 

before Silurian production was ceased at the end of 1958.  In 1965, Jore 1-35 was re-perforated 

to target the Devonian Three Forks; it produced 369,896 bbls of oil and 220,298 million cubic 

feet (mcf) of gas before Devonian production was ceased in late 2009.  Bakken production in 

North Fork field began in 1980 with the Federal 12-12 well, which is a vertical well perforated 

through the Upper, Middle, and Lower Bakken intervals; it remains active and has produced 
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13,288 bbls of oil.  No additional wells were drilled targeting the Bakken or Three Forks 

formations until 2007.  Since 2007, 40 wells �± all horizontal �± have been completed in the 

Bakken and upper Three Forks formations.  As of January, 2015, North Fork field has produced 

3,650,575 bbls of oil and 5,977,544 mcf of gas from the Bakken Pool (Figure 1-2), which 

includes the Bakken and upper Three Forks formations.  Essentially all of the Bakken 

production has occurred since 2007.  Despite the high level of drilling activity in this field during 

the last seven years, significant potential remains for development. 

 

Figure 1-2: Graph of monthly oil and gas production from Bakken Pool (Bakken and upper 
Three Forks formations) in North Fork Field.  The number of wells producing from the Bakken 
Pool in North Fork Field is also shown.  Data from NDIC (https://www.dmr.nd.gov/oilgas 
/feeservices/fieldprodinj.asp, accessed March 6, 2015). 

1.1 LOCATION OF STUDY AREA 

The study area is centered on North Fork Field in eastern McKenzie County, North 

Dakota and encompasses 58 townships.  It is located between Townships 146-152 North and 

Ranges 94-100 West (Figure 1-3). 
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Figure 1-3: Location of study area in Williston Basin.  North Fork Field is located in eastern 
McKenzie County, North Dakota (modified from Pitman et al., 2001) 

1.2 RESEARCH OBJECTIVES AND METHODS 

The objective of this research is to characterize the petroleum geology of the Middle 

Bakken in North Fork Field in order to facilitate the identification of drilling locations and target 

intervals during the continued development of the field.  Much of the data used in this study is 

sourced from the North Dakota Industrial Commission (NDIC) website, which provides some 

data to the public free of charge; other data are provided through a relatively low-cost 

subscription service.  Cores used in this study have been made available for study by the North 

Dakota Geological Survey (NDGS) and are stored at the NDGS Core Library located on the 

University of North Dakota campus in Grand Forks.   

 



 

5 
 

This study includes the following tasks. 

1. Identify and describe the Bakken lithofacies using cores from three wells located within 

North Fork Field.  These three wells are Mariana Trust 12X-20G2, Stenehjem HD 27#1, 

and Astral Stenehjem 43-27.  All three cores include all or almost all of the Bakken 

Formation.  This study utilizes the Bakken Formation lithofacies model developed by 

Vickery (2010) and the CSM Bakken Consortium.   

2. Describe the mineralogy and porosity of the Bakken in the study area using thin sections 

prepared from two cores  

3. Evaluate the distributions and thicknesses of the Bakken facies in the study area using 

publically available well logs.   

4. Evaluate the petrophysical characteristics of the Bakken in the study area using 

publically available core analysis reports, drill stem test data, and source rock analyses.  

Additional petrophysical data will be calculated from digital well logs using Petra 

software. 

1.3 PREVIOUS WORK 

The Williston Basin and the Bakken Petroleum System have been extensively studied 

during the last 70 years for several reasons.  The Bakken shales (Upper and Lower Members) 

were identified early on as rich source rocks.  Oil shows were frequently observed when drilling 

through the Bakken Formation, so that interval was frequently cored throughout the basin.  In 

North Dakota, state law requires a complete set of rock samples from every well drilled in that 

state to be submitted to the NDGS core library.  Therefore, abundant cores containing the 

Bakken and Three Forks formations are available to researchers.  The same state law requires 

all electronic logs run on wells drilled in North Dakota to be submitted to NDGS.  The great 

potential of the Bakken shales as oil source rocks and the vast, detailed data set easily 

available to researchers have resulted in the Williston Basin being one of the most extensively 

studied oil basins in the world, and the Bakken formation has been the focus of many of these 

studies. 

1.3.1 GENERAL GEOLOGICAL/STRATIGRAPHIC STUDIES 

�'�X�U�L�Q�J�� �W�K�H�� �O�D�W�H�� ���������¶�V�� �D�Q�G�� �H�D�U�O�\�� ���������¶�V���� �6�D�Q�G�E�H�U�J (et al., 1958; 1962) described the 

lithologies and distributions of Devonian system formations in the Williston basin.  He and 

Hammond proposed the Birdbear #1 well in Dunn County, North Dakota as the standard 
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subsurface section for the Three Forks Formation (Sandberg and Hammond, 1958).  He also 

correlated the Bakken Formation in the Williston Basin with the Sappington member of the 

Three Forks Formation in western Montana, which outcrops in several mountain ranges there 

(Sandberg, 1962).  Sandberg (1964) also described the tectonic history of the southern Williston 

Basin from the Precambrian to the Mississippian. 

Several authors (Gerhard et al., 1982; Gerhard et al., 1987; and Peterson and McCary, 

1987) have compiled summaries of the regional structure and stratigraphy of the Williston Basin.  

These papers include discussions of the lithology and stratigraphy of the Bakken and Three 

Forks formations.   

LeFever (et al., 1991) described the stratigraphy of the Bakken Formation and the 

petroleum potential of the Middle Member.  Seven correlative lithofacies were identified within 

the Middle Member, and interpretations of the depositional environments of each lithofacies 

were presented.   

 

Figure 1-4: Nomenclature chart for the Bakken Formation (LeFever et al., 2011).  This paper 
uses the nomenclature proposed by LeFever et al., 2011. 

LeFever co-�Z�U�R�W�H�� �D�� �S�D�S�H�U�� �W�L�W�O�H�G�� �³�5�H�Y�L�V�H�G�� �1�R�P�H�Q�F�O�D�W�X�U�H�� �I�R�U�� �W�K�H�� �%�D�N�N�H�Q�� �)�R�U�P�D�W�L�R�Q��

(Mississippian-�'�H�Y�R�Q�L�D�Q�������1�R�U�W�K���'�D�N�R�W�D�´ (LeFever et al., 2011) in which she and her co-authors 

proposed that a new member, the Pronghorn member, be included at the base of the Bakken 

Formation.  The Pronghorn member would consist of the �L�Q�I�R�U�P�D�O�O�\���Q�D�P�H�G���³�O�R�Z�H�U���%�D�N�N�H�Q���V�L�O�W�´����

�³�%�D�N�N�H�Q���%�H�Q�F�K�´�����D�Q�G���³�6�D�Q�L�V�K���6�D�Q�G�´�����D�O�O���R�I���Z�K�L�F�K���D�U�H���O�D�W�H�U�D�O�O�\���H�T�X�L�Y�D�O�H�Q�W���D�Q�G���O�R�F�D�Wed at the base 
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of the Bakken Formation.  These units have been previously included in both the Bakken and 

Three Forks formations by various authors.  LeFever also proposed the formalization of the 

lower shale, middle sandstone unit, and upper shale as formal members of the Bakken 

Formation named Lower Shale Member, Middle Member, and Upper Shale Member, 

respectively.  This thesis follows LeFever�¶�V���S�U�R�S�R�V�H�G���Q�R�P�H�Q�F�O�D�W�X�U�H for the Bakken Formation. 

1.3.2 PETROLEUM GEOLOGY STUDIES 

Using techniques such as carbon-isotope ratio measurement, gas chromatography, 

optical-rotation measurement, and infrared spectrophotometry, Williams (1974) analyzed 184 oil 

samples from the Williston Basin to characterize genetic oil types within that province.  He 

concluded that three oil types occur in the Williston Basin and that one of these oil types (Type 

II), which occurs almost entirely within the reservoirs of the Mississippian Madison Group, was 

sourced from the Bakken Formation.  �'�R�Z�����������������G�L�V�F�X�V�V�H�G���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���:�L�O�O�L�D�P�V�¶���R�Ll-type 

correlations to petroleum exploration.  These two papers introduced the concept of the 

petroleum system and provided powerful tools for oil exploration. 

Meissner (1978), in a classic paper, discussed the petroleum geology of the Bakken 

Formation.  He called attention to the higher than normal fluid pressures observed within the 

Bakken Formation and suggested that this overpressured condition was caused by volume 

increases which occur when organic matter is converted to oil and natural gas.  Furthermore, he 

proposed that the increased fluid pressure fractured the rocks of the Bakken Formation as well 

as those of the over- and underlying formations, providing a conduit for the migration of Bakken-

generated oil upward and downward into relatively distant (up to 1000 feet) reservoirs. 

Schmoker and Hester (1983) developed a method for calculating total organic carbon 

(TOC) in the Bakken shales from formation density logs.  They used this method to calculate the 

TOC of the Bakken Formation in North Dakota and Montana, which averages 12.1% (by weight) 

in the Upper Shale Member and 11.5% in the Lower Shale Member. 

As advances in analytical techniques occurred, additional geochemical studies were 

conducted.  Price et al. (1984) studied the geochemistry of oils in the Williston Basin.  They 

observed differences between the chemical signatures of oils produced from the Madison Group 

reservoirs and the signatures of bitumen extracted from the Bakken shales.  They concluded 

that these differences were due to the loss of certain components of the oil during primary 

and/or secondary migration.    
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Price and LeFever (1992) later concluded that oil expulsion and migration from the 

Bakken shales is actually very inefficient.  In fact, any oil generated from the Bakken shales 

�K�D�V�Q�¶�W�� �P�L�J�U�D�W�H�G�� �P�R�U�H�� �W�K�D�Q�� ������ �I�W�� �D�E�R�Y�H�� �R�U�� �E�H�O�R�Z�� �W�K�D�W�� �I�R�U�P�D�W�L�R�Q�� �D�Q�G�� �H�[�L�V�W�V�� �D�V�� �D�� �U�H�O�D�W�L�Y�H�O�\��

continuous, basin-wide accumulation.  They concluded that the oil produced from the Madison 

Group reservoirs must be sourced from some closer organic-rich bed rather than from the 

Bakken shales.  Price (2000���� �Z�U�R�W�H�� �D�Q�� �X�Q�S�X�E�O�L�V�K�H�G�� �S�D�S�H�U�� �W�L�W�O�H�G�� �³�2�U�L�J�L�Q�V�� �D�Q�G�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I��

the basin-centered continuous-reservoir unconventional oil-resource base of the Bakken Source 

�6�\�V�W�H�P�����:�L�O�O�L�V�W�R�Q���%�D�V�L�Q�´�����Z�K�L�F�K���I�X�O�O�\���G�L�V�F�X�V�V�H�V���W�K�H��evidence for a continuous accumulation of oil 

and gas in the Bakken Formation. 
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   CHAPTER 2

GEOLOGICAL OVERVIEW 

 

The Williston Basin is a roughly elliptical structural depression in the western Canadian 

Shield, with portions in both the Unites States and Canada.  It encompasses approximately 

340,000 mi2 (Price, 2000) of western North Dakota, northwestern South Dakota, eastern 

Montana, southwestern Manitoba, southern Saskatchewan, and southeastern Alberta (Figures 

2-1 and 2-2).   

 

Figure 2-1: Location of Williston Basin in western United States and Canada (Pitman et al., 
2001). 
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Figure 2-2: Thickness of sedimentary cover (thousands of ft) in US portion of Williston Basin 
(Peterson and MacCary, 1987). 

The Williston Basin is located on the boundary between the Archean-aged Superior and 

Wyoming cratonic provinces.  Between these two provinces is an assemblage of oceanic, 

volcanic arc, and continental terranes �± the Trans-Hudson Orogen �± that were accreted to the 

North American craton during the collision between the Superior and Wyoming sub-cratons 

(Nelson et al., 1993; Green et al., 1985).  Subsidence and sedimentation in the Williston Basin 

began during late Cambrian or early Ordovician time and continued through the Tertiary 

(Peterson and MacCary, 1987).     

2.1 DEVONIAN-MISSISSIPPIAN STRUCTURE 

Sedimentation in the Williston Basin is partially controlled by various structures rooted in 

underlying Precambrian basement rocks of the Canadian Shield (Gerhard et al., 1982).  The 

portion of the Canadian Shield on which the Williston Basin is located is bounded by several 

such structures, including the Sioux arch and the Transcontinental Arch to the south and 

southeast, the Black Hills Uplift and Miles City Arch to the southwest, and the Bowdoin Dome to 

the west (Gerhard et al., 1982).  Figure 2-3 presents the locations of several structures which 
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control sedimentation in the Williston Basin.  The nearest of these structures to the study area is 

the Nesson Anticline. 

 

Figure 2-3: Locations of major structural elements in the United States portion of the 
Williston Basin (Gerhard et al., 1982). 

The Nesson Anticline is a generally north-south trending, south-plunging fold (Lindsay et 

al., 1988) and is approximately 110 miles long (Pei et al., 2014).  A large fault �± the Nesson 

Master Fault �± �L�V�� �O�R�F�D�W�H�G�� �W�R�� �W�K�H�� �Z�H�V�W�� �R�I�� �W�K�H�� �D�Q�W�L�F�O�L�Q�H�¶�V�� �F�U�H�V�W�� �O�L�Q�H���� �L�W�� �L�V�� �W�K�L�V�� �I�D�X�O�W�� �W�K�D�W�� �F�R�Q�W�U�R�O�O�H�G��

deformation of the Nesson Anticline (Lindsay et al., 1988; Gerhard et al., 1987).  The Nesson 

Master Fault is thought to be associated with underlying basement faults (Pei et al., 2014; 

Lindsay et al., 1988).  Periodic reactivation of the Nesson Master Fault has been shown to have 

impacted sedimentation patterns through the Paleozoic and Mesozoic (Lindsay et al., 1988; 

Study Area 
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Gerhard et al., 1987), although its impact on sedimentation during the time of Bakken and Three 

Forks deposition appears to be minor.  However, significant movement along the fault during the 

Laramide Orogeny may have generated fracture networks that likely enhance petroleum 

productivity from the Bakken and Three Forks formations near the anticline (Pei et al., 2014; 

Sonnenberg et al., 2011). 

 

Figure 2-4: Generalized stratigraphic column of Williston Basin (US portion) sediments.  This 
study focuses on the Bakken and Three Forks formations (from Theloy, 2013, modified from 
Sonnenberg et al., 2011 and Gantyno, 2010). 
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2.2 DEVONIAN-MISSISSIPPIAN STRATIGRAPHY AND SEDIMENTOLOGY 

At its center in western North Dakota, the Williston Basin contains more than 15,000 ft of 

sedimentary rocks of Cambrian through Tertiary age.  This sedimentary rock section is nearly 

complete, with every period between the Cambrian and Tertiary represented in some way.  

Depositional hiatuses and erosional events are comparatively few and short-lived (Peterson and 

MacCary, 1987).   

Sediment deposition in the Williston Basin was controlled to a great extent by eustatic 

sea level; therefore, it is helpful to divide these sedimentary packages into major sequences 

(Sloss, 1963; Peterson and MacCary, 1987), representing craton-wide or world-wide 

transgression/regression cycles.  The six sequences represented by Williston Basin sediments 

are the Sauk, Tippecanoe, Kaskaskia, Absaroka, Zuni, and Tejas (Sloss, 1963; Gerhard et al., 

1982; Peterson and MacCary, 1987).  This thesis focuses on the Three Forks and Bakken 

formations, which occur within the Kaskaskia Sequence (Gerhard et al., 1982; Peterson and 

MacCary, 1987) (Figure 2-4).   

The late Devonian-aged Three Forks Formation in the Williston Basin is comprised of 

interbedded sandstones, siltstones, dolomudstones, and anhydrites (Sandberg and Hammond, 

1958) and records the final regression of the lower Kaskaskia Sequence (Peterson and 

MacCary, 1987).  It is readily subdivided into three informal units �± lower, middle, and upper �± 

based on lithology and wireline log characteristics (Bottjer et al., 2011).  The upper Three Forks 

Formation consists of brecciated, massive, or thinly/thickly bedded dolomitic siltstone and 

sandstone, silty dolomite, and anhydrite deposited on the flat platform of an epeiric sea that 

existed in the Williston Basin during the late Devonian (Gutierrez, 2014) (Figure 2-5). 

The Three Forks Formation is unconformably overlain by the Late Devonian to Early 

Mississippian-aged Bakken Formation.  The Bakken Formation in the Williston basin is 

comprised of four members:  the Pronghorn Member, Lower Member, Middle Member, and 

Upper Member (from oldest to youngest) (LeFever et al., 2011).  The Pronghorn Member is the 

term proposed by LeFever et al. (2011) for the sediments that had previously been informally 

named the �³�6�D�Q�L�V�K���V�D�Q�G�´���D�Q�G���W�K�H���³�O�R�Z�H�U���%�D�N�N�H�Q���V�L�O�W�´�������7�K�H���/�R�Z�H�U���D�Q�G���8�S�S�H�U���P�H�P�E�H�U�V���D�U�H���P�R�U�H��

commonly known as the Lower Bakken Shale and Upper Bakken Shale, respectively.  
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Figure 2-5: Three Forks Formation lithofacies example core photographs and well logs (Gutierrez, 2014). 
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The Pronghorn Member is comprised of four stacked lithofacies:  basal sandstones 

(Sanish sand) and siltstones, a fossiliferous wackestone to packstone, and an upper claystone 

or shale (lower bakken silt) (Bottjer et al., 2011).  The vertical facies succession in the 

Pronghorn Member exhibits a fining-upward trend which has been interpreted as a 

transgressive sequence that culminated in the deposition of the Lower Member (Bottjer et al., 

2011; LeFever et al., 2011) (Figure 2-6). 

The Lower and Upper Bakken members consist of dark gray to black, organic-rich shale 

to siltstone (LeFever et al., 1991) (Figure 2-7).  They are easily identified in well logs by 

abnormally high gamma ray readings (>200 API).  Many marine fossils have been identified in 

both shales, including conodonts, brachiopods, and sponge spicules (LeFever et al., 1991).  

There remains some debate over the depositional environment of the Bakken shales.  

Researchers have proposed several depositional environments, including marginal marine 

lagoons, an extensive marine swamp, and a deep-water anoxic marine setting with a stratified 

water column (LeFever et al., 1991).  

The Middle Member consists of siltstones and very fine-grained sandstones (Simenson 

et al., 2010).  Depending on the lithofacies, bioturbation, moderate-angle cross-lamination, 

horizontal planar laminations, and massive bedding are common (Simenson et al., 2010).  

These sediments were deposited in shallow marine environments (Simenson et al., 2010; 

LeFever et al., 1991; Webster, 1984) (Figure 2-7).   

2.3 BAKKEN PETROLEUM SYSTEM 

The Bakken Petroleum System is defined as the Lower and Upper Members of the 

Bakken Formation (source rocks) as well as the reservoirs of the adjacent or nearby upper 

Three Forks Formation, Pronghorn and Middle members of the Bakken Formation, and the 

lower part of the Lodgepole Formation (Price and LeFever, 1992).  The low-permeability rocks 

of the Madison Group and Three Forks Formation form the seals of the Bakken Petroleum 

System (Price, 2000).  Where these rocks are fractured, the fractures are cemented and do not 

provide pathways for fluid migration (Price, 2000).  

Meissner (1978) noted that production rates observed in early Bakken Formation wells 

suggested higher permeabilities than those measured in core.  He suggested that these 

production rates were achieved via an extensive extensional fracture network within the Bakken 

Formation and adjacent units.  He proposed that this fracture network was caused by an
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Figure 2-6: Pronghorn Member lithofacies example core photographs and well log (LeFever et al., 2011). 
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Figure 2-7: Lower, Middle, and Upper Bakken members lithofacies example core photographs and well logs (Simenson, 2010). 
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increase in pore pressure due to the volumetric increase of organic matter associated with 

petroleum generation in the Bakken Formation source rocks.  The increased pore pressures not 

only fractured the shales and adjacent rocks, but expelled the petroleum from the shales into 

the adjacent reservoirs by way of these fractures.  Therefore, vertical migration of Bakken-

sourced petroleum occurred only to the extent of the fracture network caused by the generation 

of petroleum in the Bakken shales. 

The lack of produced formation water from Bakken Formation wells and the very high 

resistivities of the Bakken shales in well logs indicate that the expelled petroleum displaced all 

moveable formation water from the Bakken Petroleum System where the Bakken shales are 

mature, resulting in a continuous oil accumulation throughout the deepest portion of the 

Williston Basin (Price, 2000; Price and LeFever, 1992; Meissner, 1978).   

Although oil saturations are relatively constant where the shales are mature, oil 

producibility is not.  Bakken Formation oil production is controlled, in part, by the occurrence of 

�³�V�Z�H�H�W�� �V�S�R�W�V�´���� �Z�K�L�F�K�� �D�U�H�� �³�Y�R�O�X�P�H�V�� �R�I�� �U�R�F�N�� �Z�L�W�K�� �L�Q�F�U�H�D�V�H�G�� �S�U�R�G�X�F�W�L�R�Q�� �F�D�S�D�E�L�O�L�W�L�H�V�� �F�R�P�S�D�U�H�G�� �W�R��

the average reservoir rocks of the unconventional-�U�H�V�R�X�U�F�H���E�D�V�H�´�����3�U�L�F�H���������������������6�Z�H�H�W���V�S�R�W�V���L�Q��

the Williston Basin may be caused by higher than average fracture density, porosity, or matrix 

permeability, among other parameters (Price, 2000 unpublished).  Identification of sweet spots 

is a primary focus during exploration in the Williston Basin. 
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  CHAPTER 3

MIDDLE BAKKEN LITHOFACIES DESCRIPTIONS AND CORE DESCRIPTIONS 

Three Middle Bakken cores from North Fork Field were described in person at the 

NDGS core library in Grand Forks, ND (Figure 3-1).  Detailed core descriptions for these cores 

are presented in section 3.2.  Additionally, 15 cores were viewed using high-resolution core 

photographs available on the NDIC website.  These cores were used to fill out the general 

facies descriptions presented in section 3.1, to support facies identification in well log 

interpretation and analysis presented in Chapter 4 and Chapter 6, and to delineate facies in the 

core analysis data presented in Chapter 5.  Detailed core descriptions for these extra cores are 

not presented in this paper. 

The cores described in person were described using a hand lens for grain-size 

determination and hydrochloric acid (HCl) to evaluate the presence of carbonate minerals. The 

small grain sizes exhibited by Middle Bakken sediments made visual mineral identification 

difficult or impossible.  Therefore, thin sections �± supported by XRD data �± were used to 

evaluate the mineralogy of the Middle Bakken lithofacies. 

3.1 LITHOFACIES DESCRIPTIONS 

During the past several years, several Colorado School of Mines theses have developed 

a facies classification scheme for the Middle Bakken (Simenson, 2010; Gent, 2011; Wescott, 

2016); this scheme is employed, with minor modification, in this paper.  Six facies and several 

subfacies have been identified in the Middle Bakken.  From base to top, these facies are labeled 

Facies A through Facies F and are described in the following subsections.  The facies 

descriptions are summarized in Table 3-1. 

3.1.1 FACIES A �± Muddy Lime Wackestone 

Facies A was observed to sharply overly the Lower Bakken Shale in all cores and 

consists of a dark gray, structureless, slightly bioturbated, muddy, lime wackestone (Figure 3-2).  

Facies A is generally thin, with observed thicknesses of 1.5-2.5 ft.  The basal portion of this 

facies often consists of a lag deposit containing abundant pyritized brachiopod shells 

(articulated or fragments) and crinoids.  Pyritization of the carbonate allochems is common at 

the base of the facies and becomes less common towards the top. 
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Figure 3-1: Map of the study area showing the locations of the cores described in this study.  
Three cores were described in person (highlighted), Astral Stenehjem 43-27, Mariana Trust 
12X-20G2, and Stenehjem 27-1. 
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Stenehjem 27-1 10,969 ft 

 

Astral Stenehjem 43-27 10,961 ft 

 Figure 3-2: Core photographs of contact between Facies A and underlying LBS.  Note 
abundant brachiopod valves in Astral Stenehjem 43-27 core (left) and abundant crinoids in 
Stenehjem 27-1 core (right).  The Astral Stenehjem 43-27 core also exhibits pyritized burrows in 
the upper part of the LBS.  Images from NDIC website (https://www.dmr.nd.gov/
oilgas/subscription service.asp). 



 

22 
 

Routine core analysis (RCA) data (Chapter 5) indicates that in situ porosity in Facies A 

ranges between 1.6% and 6.7% and averages 4.3%.  in situ Klinkenberg permeability ranges 

between <0.0001 md and 0.63 md and averages 0.026 md.   

3.1.2 FACIES B �± Bioturbated, Argillaceous, Calcareous, Siltstone to Very Fine-Grained 

Sandstone 

Facies B was observed to overly Facies A in all cores and consists of a gray to dark 

gray, heavily bioturbated, argillaceous, siltstone to very fine-grained sandstone (Figure 3-3).  

Facies B exhibits a gradational contact with the underlying Facies A and an interbedded contact 

with the overlying Facies C.  This is generally the thickest facies in the Middle Bakken, with 

thicknesses of around 15 ft observed in the described cores.  Bioturbation has completely 

destroyed all observable sedimentary structure.  Observed trace fossils include Helminthopsis 

and sparse Planolites burrows which have been flattened to varying degrees during burial 

compaction.  Sparse articulated brachiopod shells are disseminated locally throughout the 

facies.  The articulated shells are filled with calcite spar and show only minor compression 

flattening, suggesting that spar precipitation occurred soon after sediment deposition and burial.  

Some of the shells are associated with local pyrite within the surrounding sediment.  Framework 

grains are predominantly quartz with some feldspar and calcitic skeletal grains and sparse 

ooids.  Siliciclastic grains are subrounded to subangular.  Matrix is comprised of detrital clays, 

primarily illite with minor chlorite.  XRD data indicate that Facies B has the highest clay content 

of the Middle Bakken lithofacies.  Cement is comprised of microcrystalline calcite and dolomite 

and has destroyed most of the intergranular porosity in some localized zones. 

Most of the porosity in Facies B is intergranular or associated with fractures.  Minor 

�G�L�V�V�R�O�X�W�L�R�Q�� �S�R�U�R�V�L�W�\�� �Z�D�V�� �R�E�V�H�U�Y�H�G�� �L�Q�� �W�K�L�Q�� �V�H�F�W�L�R�Q�V���� �E�X�W�� �G�R�H�V�Q�¶�W�� �I�R�U�P�� �D�Q�� �L�Q�W�H�U�F�R�Q�Q�H�F�W�H�G�� �S�R�U�H��

network and is not likely to contribute to fluid storage or transport.  Thin, partially cemented 

and/or oil-filled fractures were observed in core and thin sections (Figure 3-3 and Figure 3-5).  

Core-scale fracture abundance varied significantly among the described cores.  RCA data 

(Chapter 5) indicates that in situ porosity in Facies B ranges between 0.7% and 8.7% and 

averages 5.3%.  in situ Klinkenberg permeability ranges between <0.0001 md and 16.7 md and 

averages 0.24 md.  The high permeabilities reported for Facies B samples are associated with 

fractures.
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Mariana Trust 12X-20G2 11,094.4 ft 

Figure 3-3. Core photograph of Facies B in Mariana Trust 12X-20G2 core.  Note abundant 
mud-filled burrows and sparse brachiopod and crinoid shells and shell fragments.  Fractures 
shown are induced. Image from NDIC website (https://www.dmr.nd.gov/oilgas/
subscriptionservice.asp). 
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Figure 3-4: SEM image of Facies A (Mariana Trust 12X-20G2 at 11,101 ft) showing porosity 
types and microfractures (image courtesy of EERC). 

 

Figure 3-5: Thin section microphotograph of Facies B (Levang 3-22H at 10,676.5 ft) showing 
oil-filled matrix porosity and microfractures. 
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3.1.3 FACIES C �± Planar (C1), Ripple (C2), or Hummocky (C3) Laminated, Siltstone to Very 

Fine-Grained Sandstone 

Facies C overlies Facies B in all cores and has been separated into three subfacies (C1, 

C2, and C3) based on observed sedimentary structures, as discussed below.  The subfacies 

are typically bounded by erosional surfaces.  Detrital grains are subrounded to subangular 

quartz and minor feldspar.  Calcite and minor dolomite cements are ubiquitous and laminae-

selective. 

Subfacies C1 was observed to overly Facies B in all cores and consists of a light gray to 

gray planar to undulose laminated siltstone to very fine-grained sandstone.  The contact 

between subfacies C1 and Facies B was observed to be transitional (interlaminated) over 

approximately 0.1-0.2 ft.  Light gray, very fine-grained sandstone is finely interlaminated with 

gray siltstone.  The laminations are sometimes locally crenulated, suggesting microbial 

influence (Simenson, 2011).  This interpretation is supported by the presence of stromatolitic 

appearing layers in Facies C1 in the Larson 149-100-9-4-2TFH core (Figure 3-7).  Subfacies C1 

comprises most of the thickness of Facies C in all described cores.  Subfacies C2 consists of 

light gray to dark gray, symmetrically ripple-laminated siltstone to very fine-grained sandstone.  

Light gray ripple cross-sets are lenticular to flaser bedded, depending on the amount of 

surrounding dark gray siltstone.  Subfacies C3 consists of light gray to dark gray, hummocky 

cross-laminated very fine-grained sandstone.  Sinusoidal scour surfaces are abundant.  

Simenson included subfacies C3 in subfacies C2 in her thesis (2010). 

Porosity in Facies C is intergranular or associated with fractures.  In thin sections, 

intergranular porosity was observed to be oil-filled.  Thin, partially cemented and/or oil-filled 

fractures were observed in core and thin sections (Figure 3-8).  Core-scale fracture abundance 

varied significantly among the described cores.  The subfacies within Facies C could not be 

consistently identified in well logs.  Because the core analyses were used to calibrate log 

analysis, RCA data for the subfacies were lumped into the larger facies.  RCA data (Chapter 5) 

indicates that in situ porosity in Facies C ranges between 1.3% and 10.8% and averages 5.7%.  

in situ Klinkenberg permeability ranges between 0.0002 md and 3.9 md and averages 0.22 md.  

The high permeabilities reported for Facies C samples are associated with fractures.
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Figure 3-6: Core photographs of Facies C from various cores.  Subfacies C1 (left) exhibits planar to undulose horizontal 
laminations.  Note cemented vertical fracture in right part of core.  Subfacies C2 (center) exhibits ripple cross-laminations.  Note 
partially cemented, bedding-parallel fractures.  Subfacies C3 (right) exhibits hummocky cross-stratification.  Images from NDIC 
website (https://www.dmr.nd.gov/oilgas/subscriptionservice.asp). 

Astral Stenehjem 43-27 10,942 ft 
Mariana Trust 12X-20G2 

11,073 ft Mariana Trust 12X- 20G2 11,075.4 ft  
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Figure 3-7: Core photograph from the Larson 149-100-9-4-2TFH core showing stromatalitic 
layers in Facies C, both uninterpreted (left) and interpreted (right).  Solid lines denote the 
interpreted boundaries of the individual stromatalites and dashed lines denote internal 
laminations.  Note that the clastic laminations of subfacies C1 onlap and drape over the upper 
surface of the stromatolites.  Image from NDIC website (https://www.dmr.nd.gov/oilgas/
subscriptionservice.asp). 
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Figure 3-8: Thin section microphotograph of Facies C (Levang 3-22H at 10,668 ft) showing 
oil filled matrix porosity and oil-filled microfractures. 

 
Figure 3-9: SEM image of Facies C (Mariana Trust 12X-20G2 at 11,072.7 ft) showing 
porosity types and microfractures (image courtesy of EERC). 
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3.1.4 FACIES D �± Contorted to Structureless (D1) or Low Angle Planar Laminated (D2), Very 

Fine to Fine-Grained Sandstone and Oolitic Grainstone 

Facies D overlies Facies C in all cores and has been separated into two subfacies (D1 

and D2) based on observed sedimentary structures, as discussed below.  Two rock types were 

observed in Facies D; fine-grained sandstone and bioclastic, oolitic grainstone.  The sandstone 

is comprised of subrounded to subangular quartz and minor feldspar grains with some detrital 

clays, primarily illite.  The oolitic grainstone consists of 0.2-0.5 mm calcitic ooids with extensive 

intergranular sparite.   

Subfacies D1 consists of a contorted to structureless, interbedded very fine to fine-

grained sandstone and oolitic grainstone.  Interlaminations of the two rock types are heavily 

contorted by soft sediment deformation (Simenson, 2010).  The presence of the oolitic 

grainstone has resulted in extensive calcite cementation in both rock types.  Because of the 

extensive cementation, subfacies D1 can be easily identified in well logs when it is thick enough 

by its clean gamma ray and very low porosity signature.  As observed in thin sections, porosity 

in subfacies D1 is primarily associated with fractures, either directly or as cement dissolution 

along the fracture edges.  Some dissolution porosity was also observed in the ooids.  However, 

these pores are generally not connected to each other, and are not likely to contribute to fluid 

storage and transport. 

Subfacies D2 consists of a light gray, low-angle planar laminated, fine-grained 

sandstone.  Subfacies D2 was observed to exhibit transitional contacts with subfacies C1 

(Figure 3-10) and to be interbedded with subfacies C2 (Figure 3-10).  Calcitic cement is 

laminae-selective, occurring more extensively in the more coarse-grained laminae.  As 

observed in thin sections, porosity in subfacies D2 is intergranular or fracture-related.  Some 

intergranular porosity is likely secondary as some portion of the carbonate cement was 

dissolved during late-stage diagenesis (Pitman et al., 2001; Wescott, 2016). 

RCA data (Chapter 5) indicate that in situ porosity in Facies D ranges between 0.7% and 

10.4% and averages 5%.  in situ Klinkenberg permeability in Facies D ranges between 0.0001 

md and 3.04 md and averages 0.092 md.  The low porosity and permeability measurements are 

associated with the extensively cemented subfacies D1. 
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Figure 3-10. Core photographs of Facies D in various cores.  Subfacies D1 is either structureless (not shown) or exhibits contorted 
siltstone/sandstone interbedding (left).  Subfacies D2 exhibits low-angle planar lamination (center and right).  Subfacies D2 has been 
observed to grade upwards and/or downwards into subfacies C1, as shown in the center, or can be interbedded with subfacies C2, 
as shown at right.  Images from NDIC website (https://www.dmr.nd.gov/oilgas/subscriptionservice.asp). 

Mariana Trust 12X-20G2 
11,071 ft  

Astral Stenehjem 43- 27 

10,937 ft  

Astral Stenehjem 43-27 

10,936 ft  
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Figure 3-11: Thin section microphotograph of subfacies D1 (Levang 3-22H at 10,657 ft) 
showing extensive calcite cementation in ooid (bottom) and siliciclastic (top) laminae. 

 

Figure 3-12: Thin section microphotograph of subfacies D2 (Levang 3-22H at 10,659.5 ft) 
showing oil filled matrix porosity and microfractures with associated dissolution porosity. 
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3.1.5 FACIES E �± Undulose Laminated (E1) or Structureless (E2), Dolomitic Siltstone to Very 

Fine-Grained Sandstone 

Facies E overlies Facies D in all cores and has been separated into two subfacies (E1 

and E2) based on observed sedimentary structures, as discussed below.  Detrital grains are 

subrounded to subangular quartz and minor feldspar.  Facies E is the only facies that contained 

rhombic dolomite crystals observable in thin sections.  XRD data indicate that Facies E contains 

the most dolomite of the Middle Bakken lithofacies.  Calcite and dolomite cements are 

ubiquitous and laminae-selective. 

Subfacies E1 consists of light gray to gray, undulose laminated, dolomitic siltstone to 

very fine-grained sandstone.  The color of the light gray sandstone laminae is derived from the 

extensive carbonate cements (both calcite and dolomite) that occur in those laminae.  These 

laminae exhibit slightly larger grain sizes than the darker siltstone laminae, which exhibit a 

higher portion of clay content.  Fractures observed in thin section were largely limited to the 

clay-rich siltstone laminae.  The undolose laminations in this subfacies have been interpreted as 

being caused by soft sediment deformation (Simenson, 2010).   

Subfacies E2 consists of gray, dolomitic, brachiopod wackestone.  This subfacies occurs 

as thin fossiliferous beds interbedded within subfacies E1.  The brachiopod fossils typically 

occur as unarticulated valves, slightly flattened by compaction.  In some beds, subtle imbrication 

may be observed.  Subfacies E2 likely represents storm deposits. 

RCA data (Chapter 5) indicate that in situ porosity in Facies E ranges between 1.4% and 

7.8% and averages 5.3%.  in situ Klinkenberg permeability in Facies E ranges between 0.0001 

md and 4.99 md and averages 0.15 md.   

3.1.6 FACIES F �± Bioturbated, Shaly, Dolomitic Siltstone 

Facies F overlies Facies E in all cores and consists of a heavily bioturbated, dolomitic 

siltstone.  Abundant mud-filled Helminthopsis burrows have destroyed any sedimentary 

structures which may have existed in this facies.  Sparse crinoids and brachiopod shell 

fragments were observed throughout this interval. Facies F is 1-3 ft thick in the described cores 

and is usually too thin to be identified on well logs.   

Among the 15 cores in the RCA dataset, seven core samples were collected from Facies 

F in five cores.  RCA data (Chapter 5) indicate that in situ porosity in Facies F ranges between 
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Figure 3-13. Core photographs of Facies E from various cores.  Subfacies E1 exhibits planar laminations (left) that can become 
chaotic due to microbial influence and/or soft sediment deformation (center, bottom of core).  Subfacies E2 contains whole 
brachiopod valves, articulated or unarticulated, and crinoids and exhibits an imbricated texture or is structureless (center, upper part 
of core and right).  Images from NDIC website (https://www.dmr.nd.gov/oilgas/subscriptionservice.asp)                       . 

Astral Stenehjem 43-27 
10,926 ft  

Astral Stenehjem 43-27 
10,924 ft  

Mariana Trust 12X-20G2 
11,061 ft  
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Figure 3-14. Core photographs of Facies F from various cores.  The contact with the UBS is 
shown in both photographs.  Facies F is generally structureless and exhibits burrowing (left) and 
contains brachiopod valves and crinoids (left and right).  Fossils are selectively pyritized (right).  
Images from NDIC website (https://www.dmr.nd.gov/oilgas/subscriptionservice.asp) 

  

Mariana Trust 12X-20G2 11, 059 ft  Astral Stenehjem 43-27 
10,920 ft  
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Figure 3-15: Thin section microphotograph of Facies E (Levang 3-22H at 10,653.8 ft) showing 
extensive cementation and microfractures. 

 

Figure 3-16: Detail of microfracture in Figure 3-15 showing partial clay precipitation in 
microfracture. 
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Table 3-1.  Summary of Middle Bakken Lithofacies (modified from Gent, 2011). 

Facies/ 
Subfacies Lithology Sedimentary Structures Biogenic Features Depositional 

Environment 

F 

Gray, dolomitic siltstone  

Bioclasts can be pyritized 

Structureless 

Imbricated bioclast lags 

Brachiopod shells and 
shell fragments 

Crinoids 

Bryozoa 

Helminthopsis/Sclarituba 
burrows 

Shallow marine near 
storm wave base 

E 

E1 

Light gray to gray, dolomitic 
siltstone to very fine-grained 
sandstone 

Planar to undulose 
siltstone/sandstone 
laminations 

Soft sediment 
deformation 

Possible microbial 
crenulations 

Helminthopsis/Sclarituba 
burrows 

Shallow marine subtidal 
to intertidal 

E2 
Gray, dolomitic, wackestone Imbricated bioclast lags Brachiopod shells and 

shell fragments 

Crinoids 

Shallow marine subtidal 
to intertidal 

Storm lags 

D 

D1 

Light gray to gray interbedded 
very fine to fine-grained 
sandstone and oolitic 
grainstone 

Contorted 
interlaminations 

Structureless 

Ooids 

Bryozoa 

Brachiopod shell 
fragments 

Shallow marine intertidal 

Carbonate shoal 

D2 

Light gray, fine-grained 
sandstone 

Low-angle planar 
laminations 

Soft sediment 
deformation 

None Shallow marine intertidal 
sand bar 
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Table 3-1.  Summary of Middle Bakken Lithofacies (modified from Gent, 2011). 

Facies/ 
Subfacies Lithology Sedimentary Structures Biogenic Features Depositional 

Environment 

C 

C1 
Light gray to gray inter-
laminated siltstone and very 
fine-grained sandstone 

Planar to undulose 
laminations 

Microbial crenulations 

Stromatolites (rare) 

Shallow marine subtidal 
to intertidal 

C2 

light gray to dark gray, inter-
laminated siltstone and very 
fine-grained sandstone 

Symmetrical ripple 
laminations 

Lenticular bedding 

Flaser bedding 

None Shallow marine intertidal 

C3 
light gray to dark gray, very 
fine-grained sandstone 

Hummocky cross-
stratification 

Sinusoidal scour surfaces 

None Shallow marine intertidal 

B 

Gray to dark gray, argillaceous, 
siltstone to very fine-grained 
sandstone 

Bioclasts can be pyritized 

Structureless 

Bioturbation 

Helminthopsis/Sclarituba 
and Planolites burrows 

Brachiopod shells and 
shell fragments 

Crinoids 

Shallow marine subtidal 

A 

Dark gray, muddy, lime 
wackestone 

Bioclasts can be pyritized 

Pyrite blebs 

Structureless 

Bioturbation 

Shell lags 

Brachiopod shells and 
shell fragments 

Crinoids 

Shallow marine below or 
near storm wave base 

Table 3-1.  Continued 
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4.6% and 8% and averages 6.2%.  in situ Klinkenberg permeability in Facies E ranges between 

0.0011 md and 0.033 md and averages 0.017 md. 

3.2 CORE DESCRIPTIONS 

Three cores were described in-person at the NDGS core library in Grand Forks, ND 

(Figure 3-1).  The cores were lightly wetted with water to enhance the appearance of 

sedimentary structures and fractures.  A hand lens was used for grain size estimation.  

However, the very small grain sizes in the Middle Bakken made mineral identification very 

difficult.  Therefore, thin sections from two additional cores, limited SEM images from the 

Mariana Trust core, and XRD data from the Lundin 11-13SEH core were used to supplement 

the visual core descriptions regarding grain size, grain and cement mineralogy, and fracture 

identification.   

3.2.1 MARIANA TRUST 12X-20G2 

The Mariana Trust 12X-20G2 well is located in the western part of North Fork Field 

(Figure 3-17).  The cored interval in this well is 11,006 ft - 11,379 ft and includes the basal part 

of the Lodgepole Formation, all of the Bakken and Three Forks Formations, and the upper part 

of the Birdbear Formation.  The Middle Bakken in this core occurs at 11,040.5 ft - 11,102.3 ft.  

Nine facies and subfacies were observed in this core:  A, B, C1, C2, C3, D1, E1, E2, and F. 

Facies A is the basal facies in the Middle Bakken and is 2.4 ft thick in this core.  The 

contact between Facies A and the underlying LBS is burrowed, with Planolites burrows in the 

LBS filled with sediment from Facies A.  A shell lag also occurs at the base of Facies A with 

abundant pyritized crinoids and brachiopod shells and shell fragments, suggesting that the 

contact is erosional.  The soft-sediment burrows indicate that Facies A was deposited soon after 

LBS deposition, before the LBS could be lithified by time or exposure. 

Facies B overlies Facies A and is 15.1 ft thick in this core.  The contact between Facies 

B and Facies A is transitional.  Helminthopsis/Sclarituba burrows have destroyed all 

sedimentary structures in this interval.  Sparse brachiopod shells and shell fragments occur 

locally throughout the facies.  Increased calcite cementation was observed to be associated with 

the brachiopod shells, leading to decreased permeability in these intervals according to RCA 

data.
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Figure 3-17: Core description for the Mariana Trust 12X-20G2 core. 
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Subfacies C1 overlies Facies B and is 9 ft thick in this core.  The contact between 

subfacies C1 and Facies B is transitional/interlaminated here, with individual C1 siltstone 

laminations grading into Facies B and C1 sandstone lamination pinching out in Facies B.  

Patchy calcite cement is common in the sandstone laminations.  Subfacies C1 grades upwards 

into subfacies C3, which is 0.9 ft thick in this core.  Subfacies C3 exhibits sinusoidal, hummocky 

laminations.  Erosional scour surfaces are generally absent at the base of this subfacies, but 

become common towards the top.  Subfacies C2 overlies subfacies C3 and is 2.9 thick in this 

core.  The contact between the two subfacies is erosional.  Subfacies C2 also includes thin 

(<0.25 ft) intervals of subfacies C1, including the uppermost interval. 

Subfacies D1 overlies a thin interval of subfacies C1 and is 5.5 ft thick.  The contact 

between the two subfacies is partially obscured by a missing core plug.  However, it appears 

transitional.  D1 exhibits intervals of contorted laminations and intervals that are structureless.  

The structureless intervals appear to be more extensively cemented and RCA data indicate that 

the structureless intervals exhibit decreased porosity and permeability. 

Subfacies E1 overlies subfacies D1 and is 4.5 ft thick.  The contact between the two 

subfacies is sharp, but not necessarily erosional.  Subfacies E1 is overlain by subfacies E2, 

which is 2 ft thick.  The part of the core containing the contact between the two subfacies is 

missing.  The uppermost part of subfacies E2 contains Planolites burrows. 

Facies F overlies subfacies E2 and is 1.1 ft thick.  The contact is sharp and likely 

erosional.  The basal part of Faces F contains several thin shell lags, which are generally 

absent from the upper part.  The upper contact with the UBS is also sharp.  Indistinct burrows 

were observed in Facies F immediately below the upper contact. 

3.2.2 STENEHJEM 27-1 

The Stenehjem 27-1 well is located in the northern part of North Fork Field (Figure 3-18).  

The cored interval in this well is 10,888 ft - 11,044 ft and includes the basal part of the 

Lodgepole Formation, all of the Bakken Formation, and the upper part of the Three Forks 

Formation.  The Middle Bakken in this core occurs at 10,926.7 ft - 10,969.8 ft.  All ten facies and 

subfacies were observed in this core:  A, B, C1, C2, C3, D1, D2, E1, E2, and F.  Partially 

cemented horizontal fractures were common in all lithofacies in this core, except for those 

intervals with increased cementation. 
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Figure 3-18: Core description for the Stenehjem 27-1 core. 
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Facies A is the basal facies in the Middle Bakken and is 1.3 ft thick in this core.  A shell 

lag occurs at the base of Facies A with abundant partially pyritized crinoids; no brachiopod 

shells were observed in the lag deposit.  In addition to the crinoids, the lowermost 0.5 inch of 

Facies A contains mudclasts from the underlying LBS.  Sparse brachiopod shells were 

observed in the upper part of Facies A. 

Facies B overlies Facies A and is 14.8 ft thick in this core.  The contact between Facies 

B and Facies A is sharp here.  Helminthopsis/Sclarituba burrows have destroyed all 

sedimentary structures in this interval.  Brachiopod shells and shell fragments occur more 

commonly throughout the facies than in the Mariana Trust 12X-20G2 core.  Increased calcite 

cementation was observed to be associated with the brachiopod shells. 

Subfacies C1 overlies Facies B and is 8.8 ft thick in this core.  The contact between 

subfacies C1 and Facies B is transitional/interlaminated, as in the Mariana Trust 12X-20G2 

core.  In this core, subfacies C1 contains thin interbeds of subfacies C2.  The horizontal 

laminates of subfacies C1 gradually steepen upwards into subfacies D2, which is 0.7 ft thick in 

this core, and then gradually flatten into another interval of subfacies C1 interbedded with thin 

C2 beds, which is 0.8 ft thick.  C2 beds gradually become dominant towards the top of this 

interval, and include a thin bed of subfacies C3.  Subfacies C2 then transitions into subfacies 

D2, which exhibits minor microbial crenulations.  The distortion of the laminae increases 

upwards, transitioning into subfacies D1, which is 8.8 ft thick. 

Subfacies E1 overlies subfacies D1; the contact is missing due to induced fractures and 

missing core.  In this core, subfacies E1 includes thin intervals of subfacies E2.  Facies F 

overlies subfacies E1 and is uniformly structureless in this core. 

3.2.3 ASTRAL STENEHJEM 43-27 

The Astral Stenehjem 43-27 well is located in the northern part of North Fork Field 

(Figure 3-19).  The cored interval in this well is 10,845 ft - 11,039 ft and includes the basal part 

of the Lodgepole Formation, all of the Bakken Formation, and the upper part of the Three Forks 

Formation.  The Middle Bakken in this core occurs at 10,919.9 ft - 10,961 ft.  Seven facies and 

subfacies were observed in this core:  A, B, C1, D2, E1, E2, and F.  Partially cemented 

horizontal fractures were common in all lithofacies in this core, except for those intervals with 

increased cementation. 
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Figure 3-19: Core description for the Astral Stenehjem 43-27 core. 



 

44 
 

Facies A is the basal facies in the Middle Bakken and is 3 ft thick in this core.  The basal 

part of Facies A consists of a crinoid and brachiopod shell lag, as in the Mariana Trust 

12X-20G2 core.  However, no burrows were observed at the contact with the LBS.   

Facies B overlies Facies A and is 13.5 ft thick in this core.  The contact between Facies 

B and Facies A is transitional and difficult to identify here.  Helminthopsis and Planolites 

burrows in this core are more distinct than those observed in the other cores.  Brachiopod and 

crinoid shells as well as pyrite blebs are randomly disseminated throughout this interval. 

Subfacies C1 overlies Facies B and is 7.3 ft thick in this core.  The contact between 

subfacies C1 and Facies B is transitional.  Much of this C1 interval exhibits crenulated 

laminations.  There are two relatively thin intervals the exhibit planar laminations.  Otherwise, 

this interval is very uniform in appearance.  As observed in the Stenehjem 27-1 core, the planar 

horizontal laminations at the top of subfacies C1 gradually steepen upwards into subfacies D2, 

which is 2.3 ft thick in this core.  Subfacies D2 is comprised of several low to moderate-angle 

cross-sets. Thin ripple-laminated cross-sets occur between some of the angled cross-sets. 

Subfacies E1 overlies subfacies D2 and is 11.65 ft thick in this core.  The contact 

between the two subfacies is transitional.  Thin beds of subfacies E2 occur within this interval. 

Facies F overlies subfacies E1 and is uniformly structureless in this core. 

3.3 FRACTURES 

Fractures were observed throughout the Middle Bakken in cores, thin sections, and SEM 

images, although abundances did vary somewhat among the lithofacies.  Observed fracture 

types included open, partially cemented, and cemented horizontal and vertical fractures.  These 

fractures, especially those that are open or partially cemented, serve as crucial pathways for 

hydrocarbon transport during oil production, linking the well bore with the oil stored in the matrix 

porosity network.  As such, Middle Bakken fractures have been studied by many researchers 

(Murray, 1968; Carlisle et al., 1992; LeFever, 1992; Price, 2000, unpublished; Pitman et al., 

2001; Sonnenberg et al., 2011). 

Generally, natural fractures in the Middle Bakken are the result of regional-scale stress 

fields, local structural features, or over-pressuring during hydrocarbon generation.  The timing of 

the fractures is critical; early fractures are typically healed by calcite or quartz cement 

precipitation during diagenesis (Pitman et al., 2001).  Many of the large-scale, cemented vertical 

and horizontal fractures are likely associated with the regional stress field and/or local structural 
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features (Nesson Anticline), as these processes would have begun soon after deposition of the 

Middle Bakken before or during cement precipitation (Figure 3-20).   

In addition to the natural fractures, induced fractures were observed in Middle Bakken 

cores.  These were all open, horizontal or vertical fractures.  When observed, the vertical 

induced fractures were almost invariably located in the center of the cores (Figure 3-21), 

indicating that these are stress-relief fractures resulting from the reduction in confining stress as 

the core is cut and brought to the surface.  This type of fracture is most common in the shales, 

but was observed sparsely in the Middle Bakken. 

Two types of horizontal induced fractures were observed.  One type of the horizontal 

induced fractures cut all the way across the core and their sides were often subparallel and 

irregular (Figure 3-22).  This suggests that these fractures occurred during the coring process, 

where the core broke and the upper core section spun against the lower one as the core was 

drilled.   

The second type of horizontal induced fractures is comprised of networks of 

interconnected, open, horizontal to sub-horizontal, bedding-parallel fractures with 

millimeter-scale apertures.  These macro-fracture networks are interpreted to be caused by 

expansion of the core due to the reduction in confining stress, similar to the vertical induced 

fractures.  However, the open horizontal fracture networks likely originated as natural 

microfracture networks associated with hydrocarbon generation.  Volume expansion associated 

with hydrocarbon generation in the shales resulted in significant increases in pore pressures in 

the shales and the adjacent Middle Bakken (Meissner, 1978; Momper, 1980; Pitman et al., 

2001).  In sealed systems, like the Middle Bakken, pore pressures can exceed the lithostatic 

pressure, causing fractures.  As these fractures would be filled with hydrocarbons, cements 

would not precipitate in them and they would remain open.  After the core was extracted, the 

core would respond to the reduction in confining stress by expanding.  This expansion would 

preferentially occur along existing planes of weakness, in this case by widening the apertures of 

the existing natural microfractures.  

Figures Figure 3-23 and Figure 3-24 present observations that support this 

interpretation. In Figure 3-23, two core photographs are presented from the Stenehjem 27-1 

core at a depth of 10,934.5 ft.  One photograph, taken before 2013 (the date of the last update 

to the well file on the NDIC website), shows an indistinct vertical fracture and no horizontal 

fractures.  The other photograph, taken by the author in 2015, shows a 1-2 mm wide vertical 
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fracture as well as an interconnected network of 1 mm wide, open, horizontal fractures.  All of 

these fractures opened up between the times that these photographs were taken.  One 

explanation is that the fractures were initiated by expansion of the core.  However, thin sections 

from other cores (Figure 3-24) show the presence of natural, horizontal, bedding-parallel, open 

or partially mineralized fractures very similar in appearance to the fractures in the Stenehjem 

27-1 core.  This type of microfracture network has been described by previous authors (Pitman 

et al., 2001; Simenson, 2010).  Due to their small apertures, they are difficult to observe in core, 

but can sometimes be observed by lightly wetting the core surface (Figure 3-25).  This method 

was used to identify several of these microfracture networks in the three described cores.  This 

method highlights the increased permeability and porosity of the fracture and the associated 

dissolution porosity.  However, many of the fractures observed in thin section are likely too 

narrow to be observed using this method.  The fractures observed by wetting the core have 

likely been widened to some degree through core expansion.  Therefore, this method cannot be 

used to identify all of the microfractures, only the largest ones. 
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Figure 3-20: Core photograph showing cemented natural vertical fracture in Middle Bakken 
from Astral Stenehjem 43-27 core at 10,922 ft.  Also shown is an induced horizontal fracture.  
Image from NDIC website (https://www.dmr.nd.gov/oilgas/subscriptionservice.asp).  
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Figure 3-21: Core photographs showing induced vertical fractures in the LBS (left) from the 
Astral Stenehjem 43-27 core at 10,963 ft and in the Middle Bakken (right) from the Stenehjem 
27-1 core at 10,934 ft.  Images from NDIC website (https://www.dmr.nd.gov/oilgas/
subscriptionservice.asp). 
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Figure 3-22: Core photograph showing induced horizontal fracture in Middle Bakken from the 
Mariana Trust 12X-20G2 core at 11,092 ft.  This fracture likely occurred during coring.  Image 
from NDIC website (https://www.dmr.nd.gov/oilgas/subscriptionservice.asp).  
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Dashed box denotes portion of 
core in adjacent photograph 

Figure 3-23: Two core photographs of the Stenehjem 27-1 core at 10,934.5 ft.  The 
photograph at left was taken before March 2013 (the date of the last update to the well file on 
the NDIC website) and shows an indistinct vertical fracture in the center of the core.  The 
photograph at right was taken in March 2015 and shows a more distinct vertical fracture as well 
as a network of interconnected, open fractures that were not visible when the earlier photograph 
was taken.  Image at left from NDIC website (https://www.dmr.nd.gov/oilgas/
subscriptionservice.asp). 
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Figure 3-24: Photomicrograph from the Levang 3-22H core at 10,653.8 ft showing natural 
microfracture in Facies E (blue-stained epoxy).  Note indistint dissolution porosity in matrix 
surrounding the microfracture.  Microfracture aperture is approximately 10 �…m.  Siimilar 
microfractures were observed in the other lithofacies.  Note that the microfracture is observed in 
the clay-rich lamina rather than calcite-rich lamina (bottom of image) 
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Figure 3-25: Core photographs showing interconnected fracture network dry (left) and slightly 
wetted (right) (Pitman et al., 2001).  Note that many of the fractures are not visible in the dry 
core.  Core is from the USA 33-23-154 core, NDIC #8902. 



 

53 
 

  CHAPTER 4

WELL LOG INTERPRETATION AND LITHOFACIES DISTRIBUTION 

 

Available raster and digital logs from 219 wells were used to correlate and map 

individual units within the Bakken Formation across the study area (Figure 4-1).  All of the wells 

had gamma ray and resistivity logs, which are the most useful log types for correlations within 

the Bakken Formation.  Additionally, some wells had neutron, density, and/or sonic porosity 

logs.  When present, the porosity logs were used to supplement the interpretations from the 

gamma ray and resistivity logs.  The well logs were downloaded from the IHS log database, 

from MJ Systems, or directly from the NDIC website (https://www.dmr.nd.gov-oilgas/).  Only well 

logs that spanned the entire Bakken interval were used. 

4.1 METHODS 

All log correlation and mapping was completed in Petra.  The following Bakken 

Formation units were picked in all 219 well logs:  Upper Shale Member, Middle Bakken 

Member, Lower Shale Member, and distal Pronghorn Facies of the Pronghorn Member.  Within 

the Middle Bakken Member, electrofacies were identified and tied to the lithofacies observed in 

the core descriptions following the log facies identified by Simenson (2010).  The subfacies 

within Facies C, D, and E could not be reliably distinguished in well logs, so they were not 

separately picked.  Facies F was typically too thin to be identified on well logs, and was 

therefore grouped with Facies E into the electrofacies E/F.  Fifteen wells had associated cores 

and well logs.  These wells were used to guide electrofacies identification across the study area 

(Figure 4-2). 

The lithologic tops were then used to generate structure and isopach maps of the 

various Bakken Formation units, as discussed in the following sections. 

4.2 STRUCTURE MAPS 

Subsea structure maps were generated for the top of the UBS, Middle Bakken, and LBS 

(Figure 4-3 through Figure 4-5).  The structure maps all show the position of the study area near 

the southern end of the Nesson anticline which is at the southeastern end of the basin center.  

Increased structural slope along the west flank of the Nesson Anticline suggests the position 
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Figure 4-1: Map of the study area showing the locations of the raster logs used to generate 
structure and isopach maps (all well symbols).  Well with cores and logs are highlighted with 
large black dots.  The core images for these wells were used to assist in identifying the Middle 
Bakken lithofacies in the associated well logs. 
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Figure 4-2: Type log for this study area from the Mariana Trust 112X-20G2 well 
(uninterpreted on left, interpreted on right).  Facies E and F are combined into one electrofacies.  
The ooid-rich interval at the top of Facies D is identifiable from the clean gamma ray and low 
porosity signature.  In this well, Facies C contains at least two packages with increasing 
upwards gamma ray readings. 
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Figure 4-3: Structure contours for the top of the Lower Bakken Shale.  Contour Interval is 50 
ft. 
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Figure 4-4: Structure contours for the top of the Middle Bakken Member.  Contour Interval is 
50 ft. 
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Figure 4-5: Structure contours for the top of the Upper Bakken Shale.  Contour interval is 50 
ft. 
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of the Nesson Master Fault, the west-dipping normal fault that caused the Nesson Anticline 

(Lindsay et al., 1988; Gerhard et al., 1987).  However, this fault was not observed in the well 

logs in this area. 

A northeast-southwest trending extension of the basin center was observed east of the 

Nesson Anticline trend.  This extension is partially separated from the rest of the basin center by 

a narrow southward extension of the Nesson Anticline.  Relatively steep structural slope along 

the west flank of this extension suggest a small normal fault offset form the trend of the Nesson 

Master Fault, but connected to it by a fault ramp. 

4.3 ISOPACH MAPS 

Isopach maps were generated for the UBS, each Middle Bakken electrofacies, the LBS, 

and the distal Pronghorn.  The gamma ray log was the most diagnostic log type for the Bakken 

Formation units.  The UBS and LBS are easily identified by the anomalously high gamma ray 

readings �± often off-scale �± observed in these units.  The distal Pronghorn is also easily 

identified by gamma ray readings (approx. 120-170 API) that are intermediate between the 

overlying LBS and the underlying proximal Pronghorn or Three Forks Formation. 

The Middle Bakken electrofacies exhibit a narrower range of gamma ray readings, and 

are therefore more difficult to identify (Figure 4-2).  Facies A can be identified by its relatively 

low gamma ray reading compared to the underlying LBS and the overlying Facies B.  Facies B 

exhibits a relatively constant or slightly decreasing upwards gamma ray signature.  Facies C 

generally consists of one or more packages with increasing upwards gamma ray readings.  

Facies D generally consists of a single package of decreasing upwards gamma ray readings.  If 

the D1 subfacies is present and thick enough, the very low gamma ray readings in this 

subfacies obscures the general trend of the rest of Facies D.  Facies E/F exhibits relatively 

constant or slightly increasing upwards gamma ray readings that are often partially obscured by 

the very high gamma ray readings in the overlying UBS. 

The following paragraphs describe the isopach maps for all the units evaluated, starting 

with the lowermost unit (distal Pronghorn) and working upwards to the uppermost unit (UBS). 

The thickness of the distal Pronghorn ranges from 0 ft to more than 34 ft in the study 

area (Figure 4-6).  It is not present through most of the eastern part of the study area, but 

gradually thickens to the west to form a northwest-southeast trending linear thick in the western 

part of the study area.  It pinches out in the extreme southwestern corner of the study 
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Figure 4-6: Isopach map for distal Pronghorn.  Contour interval is 2 ft.  Note linear thick in 
southwestern part of the study area. 
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Figure 4-7: Calculated water cuts in wells producing from the Three Forks Formation.  Water 
cuts calculated from cumulative production data from 177 wells.  Note that water cuts are 
highest below the distal Pronghorn thick. 
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Figure 4-8: Isopach map for the Lower Bakken Shale.  Contour interval is 2 ft.  Note that the 
LBS thins significantly over the distal Pronghorn thick in the southwestern part of the study area. 
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Figure 4-9: Calculated water cuts in wells producing from the Middle Bakken.  Water cuts 
calculated from cumulative production data for 734 wells.  Note that water cuts are highest 
above the distal Pronghorn thick and corresponding Lower Bakken Shale thin. 
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area.  This trend has been described by previous authors (LeFever et al., 2011; Millard and 

Dighans, 2014) and is attributed to dissolution of the underlying Prairie salt and/or structural 

deformation along the Heart River Fault.  The clay-rich distal Pronghorn acts as a bottom seal to 

the LBS, impeding downward oil expulsion into the underlying proximal Pronghorn and upper 

Three Forks.  Stabilized water cuts in Three Forks producing wells show this effect (Figure 4-7), 

with higher water cuts observed in wells that produce from the area of the distal Pronghorn 

thick. 

The LBS is present throughout the study area and its thickness ranges from 2.5 ft to 33 

ft (Figure 4-8).  It is thickest in the northern and northeastern part of the study area near the 

basin center.  However, it thins abruptly at the edge of the linear distal Pronghorn thick in the 

western part of the study area.  Because of the thinning of the LBS over the distal Pronghorn, 

the distal Pronghorn also affects oil saturations in the overlying Middle Bakken.  The thinner 

LBS does not generate as much oil as it does when it is thick.  Therefore, less oil is expelled 

into the Middle Bakken where the underlying LBS is thin.  Stabilized water cuts in Middle 

Bakken producing wells show this effect (Figure 4-9), with higher water cuts observed in wells 

that produce from the area of the distal Pronghorn thick. 

Facies A is present throughout the study area and exhibits a relatively constant 

thickness of 0.5-6 ft with no clear thickness trends.  Therefore, no isopach map for this facies is 

presented. 

Facies B ranges in thickness between 8.5 ft and 22 ft (Figure 4-10).  It is thickest in the 

northern and northwestern part of the study area.  Slight thinning of Facies B can be observed 

along the axis of the Nesson Anticline, suggesting that the Nesson master fault may have been 

active during Facies B deposition.  Facies B also thins significantly over the linear distal 

Pronghorn thick in the southwestern part of the study area. 

Facies C ranges in thickness between 3 ft and 18 ft (Figure 4-11).  It is thickest in the 

northeastern part of the study area and thins gradually to the southwest.  A subtle northwest-

southeast trending linear thick can be observed in the central part of the study area immediately 

northeast of the distal Pronghorn thick.  These two features may be related.  However, an arm 

of the Facies C thick extends to the southwest directly across the distal Pronghorn thick, 

suggesting that the distal Pronghorn thick did not directly influence Facies C deposition.  

Significantly, the Facies C thick extends across much of North Fork Field. 
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Figure 4-10: Isopach map for the Middle Bakken Facies B.  Contour interval is 2 ft.  Note that 
Facies B also thins over the distal Pronghorn thick in the southwestern part of the study area. 

 

  



 

66 
 

 

 

 

Figure 4-11: Isopach map for the Middle Bakken Facies C.  Contour interval is 2 ft.  Note 
northwest-southeast trending linear thick extending through the approximate center of the study 
area.  Note also that Facies C is relatively thick above the Nesson Anticline. 
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Facies D ranges in thickness between 0 ft and 15 ft (Figure 4-12).  It exhibits the same 

linear thick as was observed in Facies C, reflecting the closely associated depositional 

environments for these two facies.  As in Facies C, the Facies D thick extends across most of 

North Fork Field.  Facies D thins to a zero edge in the southwestern part of the study area. 

Facies E/F ranges in thickness between 2 ft and 10.5 ft (Figure 4-13).  It also exhibits a 

linear thick similar to what was observed in Facies C and Facies D.  However, the Facies E/F 

thick is broader.   

The thickness of the UBS in the study area ranges between 11-ft and 22 ft, with the 

thickest parts in the northern and southeastern parts of the study area (Figure 4-14).  The 

thickness trend is similar to that seen in Facies C, D, and E/F. 

4.4 MIDDLE BAKKEN DEPOSITIONAL MODEL 

The depositional model interpreted for the Middle Bakken is modified from that 

presented by Simenson (2010).   

The depositional model interpreted for the Middle Bakken in the study area is an 

offshore to wave-dominated inner shelf environment.  Facies A is interpreted to represent the 

initial fall in relative sea level after LBS deposition.  The very small grain sizes, lack of 

sedimentary structures, and intense burrowing suggest an offshore marine environment below 

storm wave base.  Facies B is interpreted to have been deposited in a lower shoreface to 

offshore setting (Simenson, 2010) and represents a continued fall in relative sea level.  This 

facies has been completely reworked by burrowing and the burrows are undeformed except by 

burial compression.  The lack of current structures suggests that this facies was deposited 

below storm wave base.  However, bioturbation has destroyed any sedimentary structures that 

may have been present originally.  This facies may have been deposited in any setting deeper 

than fair weather wave base, where wave action would rework the sediment too quickly and 

frequently for burrows to be preserved. 

Facies C is comprised of three subfacies exhibiting planar horizontal laminations (C1), 

symmetrical ripple laminations (C2), and hummocky cross stratification (C3).  Subfacies C2 and 

C3 typically occur as relatively thin, isolated beds within subfacies C1.  All of these sedimentary 

structures suggest sediment deposition in middle to upper flow regime conditions.  Therefore, 

this facies is interpreted to have been deposited in a middle shoreface environment above the 

fair weather wave base.  The interbeds of subfacies C2 and C3 within subfacies C1 suggest 
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Figure 4-12: Isopach map for the Middle Bakken Facies D.  Contour interval is 2 ft.  Note that 
Facies D pinches out in southwestern part of study area.  Note also the linear thick extending 
through the center of the study area, similar to Facies C. 
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Figure 4-13: Isopach map for the Middle Bakken Facies E/F.  Contour interval is 2 ft.  Note the 
linear thick extending through the center of the study area, similar to Facies C and D. 
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Figure 4-14: Isopach map for the Upper Bakken Shale.  Contour interval is 2 ft.  The UBS is 
thickest in the northern and southeastern parts of the study area.
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Figure 4-15: Interpreted depositional model for the Middle Bakken in the study area (right, modified from Smith and Bustin, 1996) 
compared to the depositional model for the Middle Bakken in the Parshall/Sanish fields area (left, Simenson, 2010, modified from 
Smith and Bustin, 1996). 
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redistribution of the shoreface sand by periodic storms.  The erosional surfaces commonly 

observed within Facies C likely reflect relatively low sediment supply. 

Facies D is comprised of two subfacies exhibiting no structure to contorted 

interlaminations (D1) and low-angle planar laminations (D2).  In two cores (Astral Stenehjem 

43-27 and Stenehjem 27-1, the horizontal laminations of subfacies C1 were observed to 

steepen upwards into the low-angle laminations of subfacies D2.  Subfacies C2 was also 

observed interbedded with subfacies D2.  The association among subfacies C1, C2, C3, and D2 

is interpreted as a migrating sand shoal with some storm influence.  Isopach maps of the C and 

D facies show a shoreline-parallel thick in the study area, suggesting that these sediments were 

deposited through both wave-action and longshore currents.   

Subfacies D1 contains abundant ooids and is either structureless or exhibits contorted 

laminations.  The presence of the ooids, as well as the gradually increasing dolomite content 

from Facies A through Facies D, suggest that the Williston Basin became more restricted during 

Middle Bakken deposition.  The ooids in the study area are likely sourced from the more 

restricted Parshall/Sanish fields area, which was partially isolated from the rest of the basin by 

uplift along the Nesson Anticline (Simenson, 2010; Grau et al., 2011).  Seasonal variations in 

long shore currents may account for the periodic influx of ooids into the study area. 

The deformation is interpreted to be caused by the presence of microbial mats within the 

sediment during deposition.  Microbial influence has also been suggested by previous authors 

(Simenson, 2010; Egenhoff et al., 2011: Grau et al., 2011).  The presence of stromatolites in 

Facies C of the Larson 149-100-9-4-2TFH core supports this interpretation. 

Facies E is comprised of two subfacies exhibiting undulose laminations (E1) or subtly 

imbricated shell lags (E2).  Subfacies E2 occurs as thin beds within subfacies E1 and is 

interpreted as storm deposits.  The same storms may have deformed the originally planar 

laminations in Subfacies E1, although microbial influence is also likely.  Subfacies E1 was likely 

deposited in a lower to middle shoreface environment, similar to subfacies C1 and facies B, 

indicating the start of the sea level transgression that culminated in UBS deposition.  Dolomite 

content abruptly increases from Facies D to Facies E, indicating that the basin was much more 

restricted during Facies E deposition. 

Facies F is very fine grained, generally structureless, and contains brachiopod and 

crinoid shell lags.  This facies is interpreted to have been deposited in a lower shoreface to 
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offshore environment, below fair weather wave base, but above the storm wave base, 

suggesting further relative sea level increase. 

Overall, relative sea level decreases upwards from the LBS and Facies A through Facies 

D.  It then increases from Facies D through Facies F and the UBS. 
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  CHAPTER 5

CORE ANALYSIS 

 

Core analysis reports for 15 wells (Figure 5-1) were downloaded from the NDIC website. 

These reports included routine core analyses which present porosity, permeability, water 

saturation, oil saturation, and grain density data (Appendix A).  In addition to the routine core 

analyses, various special core analyses were available for some wells.  Porosity and 

permeability measured at several net confining stresses (NCS) were available for four wells, 

XRD mineralogy data were available for four wells, and MICP data were available for one well.  

These data were used to characterize Middle Bakken reservoir properties, as discussed in the 

following sections, and to calibrate the well log analysis, as discussed in Chapter 6.    

5.1 PERMEABILITY-POROSITY RELATIONSHIP 

An important aspect of a petrophysical model is its ability to predict permeability with a 

reasonable level of accuracy.  The most common method used to predict permeability is to 

identify the relationship, if one exists, between permeability and porosity for a given dataset.  

This task presents a challenge to the analyst, however, as permeability is not controlled directly 

by porosity.  Instead, it is controlled by the size (and size distribution) and shape of the pore 

throats within the pore network (Byrnes, 2005).  This relationship is shown in Figure 5-2, which 

presents permeability data plotted against principal pore throat diameter (PPTD).  The PPTD is 

defined as the largest pore throat diameter in a percolating pore network and can be identified 

using MICP data (Byrnes, 2005). A strong correlation is observed between permeability and 

PPTD for all samples.  It is important to note that the dataset represents samples from many 

different cores, rock types, and basins.  These rocks exhibit very different pore system 

geometries and diagenetic changes, but they all follow the same permeability-PPTD 

relationship, suggesting that the PPTD parameter captures the effects of pore system geometry, 

diagenesis, etc. 

Determining the PPTD of a sample requires MICP data.  This is often impractical for 

several reasons.  Finding a statistically significant permeability-PPTD relationship for a given 

formation of interest requires hundreds of samples.  With an analysis cost of several hundred 

dollars per sample, measurement of MICP data are often cost prohibitive.  Additionally,  
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Figure 5-1: Locations of cores with available core analyses used in this study. 
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permeability and PPTD must be measured on the same core plug to be comparable.  In North 

Dakota, many operators supplement their own core dataset with data from cores that are 

�S�X�E�O�L�F�D�O�O�\�� �D�Y�D�L�O�D�E�O�H���D�W���1�'�,�&�¶�V���F�R�U�H���O�L�E�U�D�U�\���� �� �5�R�X�W�L�Q�H���F�R�U�H���D�Q�D�O�\�V�H�V���D�U�H���R�I�W�H�Q���D�Y�D�L�O�D�E�O�H���I�R�U���W�K�H�V�H��

cores, but MICP data for these cores are typically not available, if it was collected at all.  The 

core plugs used in the analysis have often been discarded or are otherwise inaccessible.  In 

order to collect meaningful MICP data, the operator must resample the core and analyze the 

samples for both routine core analysis and MICP analysis.  Despite the strong correlation 

between permeability and PPTD, the cost of acquiring MICP data has lead most analysts to 

continue to use the permeability-porosity relationship to predict permeability.  For similar 

reasons, this study also uses the permeability-porosity relationship as a predictive model for 

permeability. 

 

Figure 5-2: Permeability is primarily controlled by the pore throat radii, as indicated by the 
strong correlation between permeability and PPTD (Byrnes, 2005). 

Middle Bakken permeability and porosity data from routine core analysis were available 

for 15 wells in the study area.  These data were plotted on a semilog chart, and reduced major 

axis (RMA) regression analysis was used to identify the relationship between these two 

parameters (Figure 5-3).  Often, a linear regression analysis is used for this correlation.  

However, linear regression only accounts for possible error in one parameter �± whichever 

parameter is chosen as the dependent or y-axis parameter (permeability in this analysis). The 

RMA method accounts for possible error in both parameters.  Because measurement error is 
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possible in both the permeability (dependent) and porosity (independent) data, RMA is the more 

appropriate method for this correlation.  Permeability was observed to vary with porosity as: 

�G�Ç�¼�Ì
L �s�r�:�9�9�ä�6�%�¿�´�Ä�?�9�ä�7�; 

where kNCS is the Klinkenberg permeability (md) at some NCS and �� NCS is the porosity (frac.) at 

the same NCS.  The standard error of prediction for this correlation is 8.7x (1 std dev).  These 

data show a high degree of scatter and a relatively high standard error of prediction, indicating a 

weak correlation between permeability and porosity.  Several factors may impact the observed 

scatter, including varying mineralogy, sedimentary structures, grain size distributions, and 

inherent laboratory error in measuring such low permeabilities and porosities. However, the 

most important factor was found to be the NCS at which the samples were analyzed.   

 

Figure 5-3: Permeability vs. porosity plot (semilog) for all Middle Bakken core samples.  Data 
taken from core analysis at varying NCS. 

Among the 15 core analyses, permeability and porosity were measured at 14 different 

NCS states, ranging from 400 psi to 4,000 psi, as requested by the operator that commissioned 
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each analysis.  Several authors have studied the effects of increasing NCS on both permeability 

and porosity (Dobrynin, 1962; Walsh and Grosenbaugh, 1979; Jones and Owens, 1980; 

Sampath, 1982; Ostensen, 1983; Teklu et al., 2016).  Generally, it has been observed that both 

permeability and porosity decrease with increasing NCS, and this decrease can be significant, 

especially with permeability.  Therefore, it is crucial that the permeability and porosity data be 

normalized to a common NCS when comparing data from multiple cores.  

Table 5-1:  Summary of samples used in stress-dependence analysis 

Permeability and porosity measured at multiple NCS states for selected samples from 

four cores in the study area were downloaded from the NDIC website.  The samples are 

summarized in Table 5-1 and presented in Appendix B.  NCS values ranged from ambient to 

7,000 psi.  For three cores, data was collected at four NCS states for each sample.  For one 

core, data was collected at five NCS states.  These data were used to evaluate the stress 

dependence of Middle Bakken permeability and porosity. 

5.1.1 PERMEABILITY STRESS DEPENDENCE 

Jones and Owens (1980) studied the effect of NCS on measured permeability using 

samples from the tight gas sandstones of the Cotton Valley, Frontier, Mesaverde, and Spirit 

River formations.  Their methodology included measuring permeability at multiple confining 

pressures ranging from 1,000 psi to the reservoir net overburden pressure (~5,000 psi) and 

Well Name NDIC # Location 
No. 

Samples 

Depth Range 

(ft. bgs) 
NCS states (psi) 

Boxcar 44-22H 23208 147N 95W 22 5 
11,040.5-

11,077.5 

ambient*, 2000, 

3000, 5000, 7000 

Charlotte 1-22H 19918 152N 99W 22 17 11,276-11,320 
ambient*, 500, 

2500, 4000 

Lundin 11-13SEH 21706 150N 98W 13 3 
11,094.65-

11,130.4 

ambient*, 2500, 

3700, 5000 

Pojorlie 21-2-1H 21884 146N 98W 2 17 
11,284.15-

11,216 

ambient*, 500, 

2500, 4000 
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plotting the measurements on semilog charts (Figure 5-4).  They showed that permeability 

varied with NCS as: 

�G 
L �G�5�á�4�4�4
l�s 
F �5�Ž�‘�‰
�2�Þ

�s�á�r�r�r

p

�7

 

where k is Klinkenberg permeability (md) at some NCS, k1,000 is the Klinkenberg permeability at 

a NCS of 1,000 psi, Pk is the NCS at which k was measured (psi), and S is the absolute value of 

the slope of the correlation.  The goal of an analyst using this method is to identify this S factor, 

�Z�K�L�F�K���³�H�P�E�R�G�L�H�V���W�K�H���H�I�I�H�F�W���R�I���F�R�Q�I�L�Q�L�Q�J���S�U�H�V�V�X�U�H���L�Q���D���V�L�Q�J�O�H���Q�X�P�E�H�U���F�R�Q�Y�H�Q�L�H�Q�W���I�R�U���F�R�Q�F�H�S�W�X�D�O��

and corre�O�D�W�L�R�Q�� �S�X�U�S�R�V�H�V�´�� ���-�R�Q�H�V�� �D�Q�G�� �2�Z�H�Qs, 1980).  The above equation is specific to their 

methodology, which used 1,000 psi as a reference NCS to normalize their data.  A more general 

form of this equation can be expressed as: 

�G 
L �G�å
l�s 
F �5�Ž�‘�‰
�2�Þ
�2�å


p
�7

 

where kr is the Klinkenberg permeability (md) measured at the reference NCS and Pr is the 

reference NCS (psi).  This general form was used in the analysis described below. 

 

Figure 5-4. Cross-plots of permeability vs. NCS for data from the Mesa Verde, Spirit River, 
and Frontier Formations (Jones and Owens, 1980). 

For three cores, a reference NCS of 2,500 psi was used.  A reference NCS of 2,000 psi 

was used for the remaining core.  Often, the lowest available NCS is used as the reference for 
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this type of analysis.  Ideally, the reference NCS should also be constant for all samples in order 

to eliminate data scatter due to errors resulting from the use of different laboratory equipment, 

typical laboratory error, etc.  However, the lowest available NCS values for the four cores 

ranged from 500 psi to 2,500 psi.  This range was judged to be too great, and intermediate NCS 

values that were more common among the cores were selected as the reference NCS values.  

The samples were separated into fractured and unfractured subsets, according to the 

laboratory comment, as an initial quality control step.  Given the abundance of macro- and 

microfractures observed in cores, thin sections, and SEM images described in Chapter 3, it is 

likely that the laboratory failed to identify all the fractured samples.  Using the laboratory 

comment is likely an acceptable criterion only during this initial quality control step.  More 

stringent criteria could be used during further quality control.  However, further quality control 

was judged to be unnecessary for reasons discussed in section 5.1.3. 

The normalized permeability and NCS data were plotted on semilog charts.  The 

correlation between permeability and NCS was observed to be: 

�G 
L �G�å
l�s 
F �r�ä�w�z�z�v�Ž�‘�‰
�2�Þ
�2�å


p
�7

 

for unfractured samples (Figure 5-5) and: 

�G 
L �G�å
l�s 
F �s�ä�u�x�t�x�Ž�‘�‰
�2�Þ
�2�å


p
�7

 

for fractured samples (Figure 5-6).  With an increase in NCS from 500 psi to 4,000 psi, 

permeability generally decreased by 5-10x in the unfractured samples and by 10-15x in the 

fractured samples. 

The higher value of S for the fractured samples (1.3626) compared to that of the 

unfractured samples (0.5884) is a reflection of the greater sensitivity of fracture permeability to 

NCS.  With increasing NCS, fractures are easily compressed and closed up, thereby reducing 

permeability.  However, the fractured data show a much wider range in S values than the 

unfractured data, and significant overlap between the two datasets exists.  In fact, when plotted 

together (Figure 5-7), no clear distinction can be seen between the unfractured and fractured 

datasets.  This is discussed further in subsection 5.1.3. 
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Figure 5-5: Crossplot of normalized permeability vs normalized NCS for unfractured 
samples. 

 

Figure 5-6: Crossplot of normalized permeability vs normalized NCS for fractured samples. 
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Figure 5-7: Crossplot of normalized permeability vs normalized NCS for all samples. 

5.1.2 POROSITY STRESS DEPENDENCE 

Several authors (Dobrynin, 1962; Walsh and Grosenbaugh, 1979; Jones and Owens, 

1980; Sampath, 1982; Ostensen, 1983) have studied the effect of NCS on porosity.  Several 

models have been proposed, usually incorporating a term for pore compressibility.  While pore 

compressibility is a useful parameter for petroleum engineers, its determination is complicated 

and ideally requires a larger dataset than is available in this study area.  For the purposes of this 

study, determining the value(s) for pore compressibility for the Middle Bakken is not necessary.  

Therefore, a modified form of Jones and Owens (1980) method was used to identify the 

relationship between porosity and NCS.  As with the permeability analysis, the samples were 

separated into fractured and unfractured subsets, according to the laboratory comment, as an 

initial quality control step. 

Similar to the permeability-NCS model, the porosity-NCS models can be expressed in 

the general form: 

�ö�ã 
L �ö�Ô
l�s 
F �5�Ž�‘�‰
�2

�2�à�Ü�á

p 

where �� p is the porosity at some NCS, �� a is the porosity at ambient NCS, P is the NCS, and 

Pmin is the minimum NCS below which porosity is constant.   The Pmin parameter is likely an 
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effect of hysteresis.  It has been observed that the porosity decrease with increasing NCS and 

the porosity increase with decreasing NCS follow different paths (Teklu et al., 2016).  

Additionally, a sample subjected to increasing and then decreasing NCS states often exhibits 

disparate initial and final porosities, even if the initial and final NCS states are identical, due to 

compaction of the rock matrix and other processes that occur during compaction at higher NCS.  

Obviously, rocks that have been deposited at the surface, buried to great depth, brought to the 

surface during core extraction, and subjected to increasing NCS states by the core laboratory 

have undergone such processes at least twice.  The Pmin parameter represents the permanent 

destruction of porosity caused by these low-high-low NCS cycles. 

The first step in this analysis was to determine the value of the Pmin parameter.  The 

above equation suggests that, generally, porosity and the logarithm of NCS should exhibit a 

linear relationship.  Therefore, �� p/�� a was plotted against logP and relatively straight-line 

segments were identified (Figure 5-8 and Figure 5-9).  These straight-line segments were then 

extrapolated to �� p/�� a=1 to identify the value of Pmin for this dataset, which was approximately 

1,100 psi for both the unfractured and fractured samples. 

 

Figure 5-8: Crossplot of �� p/�� a vs logP with data extrapolated back to �� p/�� a =1 to find Pmin 
(unfractured samples). 
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Figure 5-9: Crossplot of �¥p/�¥a vs logP with data extrapolated back to �¥p/�¥a =1 to find Pmin 
(fractured samples). 

Next, �� p/�� a was plotted against log(P/Pmin) and the value of the S parameter was 

identified.  The correlation between porosity and NCS was observed to be: 

�ö�ã 
L �ö�Ô
l�s 
F �r�ä�s�r�v�Ž�‘�‰
�2

�2�à�Ü�á

p 

for unfractured samples (Figure 5-10) and: 

�ö�ã 
L �ö�Ô
l�s 
F �r�ä�r�z�u�y�Ž�‘�‰
�2

�2�à�Ü�á

p 

for fractured samples (Figure 5-11).  With an increase in NCS from ambient to 4,000 psi, 

porosity generally decreased by 3-11 porosity units (pu) in the unfractured samples and by 3-7 

pu in the fractured samples.  The values of the S parameter for the two subsets are similar, and 

the data from the two subsets overly each other (Figure 5-12).  As seen in the permeability 

analysis, the porosity analysis shows no clear distinction between unfractured samples and 

fractured samples. 
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Figure 5-10: Crossplot of �¥p/�¥a vs log(P/Pmin) (unfractured samples). 

 

Figure 5-11: Crossplot of �¥p/�¥a vs log(P/Pmin) (fractured samples). 
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Figure 5-12: Crossplot of �¥p/�¥a vs log(P/Pmin) (all samples). 

5.1.3 IN SITU PERMEABILITY-POROSITY RELATIONSHIP 

Routine core analyses are available on the NDIC website for 15 wells in the study area.  

These core analyses include permeability and porosity measurements for 415 samples from the 

Middle Bakken.  These measurements were collected at NCS states ranging from 400 psi to 

4,000 psi.  The permeability-NCS and porosity-NCS relationships presented in the previous 

sections were used to convert the permeability and porosity data to a consistent in situ NCS 

(Appendix B).  The average in situ NCS was estimated to be 2,850 psi using the average pore 

pressure gradient for these wells (Theloy, 2013) and an assumed overburden stress gradient of 

1 psi/ft.  In this study area, in situ Klinkenberg permeability (Kik) averaged 0.0699 md and 

ranged between <0.00001 md and 3.036 md.  In situ porosity (�� in situ) averaged 5.5% and 

ranged between 0.8% and 10.4%. 

Kik was plotted on a logarithmic axis against �� in situ.  Kik was observed to vary with �� in situ 

as: 

�-�E�G
L �s�r�:�9�4�ä�9�%�Ô�Ù���Þ�Ô�ß�à�?�9�ä�6�; 

for unfractured samples (Figure 5-13) and: 

�-�E�G
L �s�r�:�9�;�ä�7�%�Ô�Ù���Þ�Ô�ß�à�?�8�ä�=�; 
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for fractured samples (Figure 5-15).  The standard errors for these correlations are 7.2x (1 std 

dev) for the unfractured samples and 7.7x (1 std dev) for the fractured samples.  Some scatter 

remains, even after correcting the data to a consistent NCS.  Color-coding the data by 

lithofacies (Figure 5-14 and Figure 5-16) suggests that the permeability-porosity relationship is 

constant across the lithofacies and that the scatter would not be reduced by segregating the 

data according to that criterion.   

As observed in the permeability and porosity stress dependence analyses, there is a 

marked similarity in the permeability-porosity relationship between the unfractured samples and 

the fractured samples.  When both subsets are plotted together (Figure 5-17), Kik was observed 

to vary with �� in situ as: 

�-�E�G
L �s�r�:�9�;�ä�:�%�Ô�Ù���Þ�Ô�ß�à�?�9�ä�9�; 

with a standard error of 7.8x (1 std dev).  The standard error of this correlation is not 

significantly greater than those of the individual subsets, suggesting that analyzing the 

unfractured and fractured samples separately is not necessary.  

This likely reflects the abundance of both macro- and microfractures in the Middle 

Bakken, as described in Chapter 3.  Although relatively few samples exhibit fractures visible at 

core scale, it is likely that all the samples in these datasets are fractured to varying extents.  The 

properties observed in these analyses are controlled by both the fracture pore network and the 

matrix pore network proportionate with the relative abundance of each.  Generally, samples with 

more fracture porosity exhibit higher permeabilities at a given bulk porosity (fracture porosity + 

matrix porosity).  Samples with less fracture porosity exhibit permeabilities closer to matrix 

permeability, which is very low (<0.001 md).   

Figure 5-18 illustrates this concept.  Core photographs for selected samples are 

presented near the location of that sample on the Kik- �� in situ plot.  Although the porosities of the 

selected samples are similar, ranging between 4% and 10%, permeabilities vary across more 

than four orders of magnitude.  The variation in permeability is observed to directly correlate 

with the prevalence of fractures in the samples. 

 



 

88 
 

 

Figure 5-13: Crossplot of Kik vs �� in situ with data points color-coded by well (unfractured 
samples). 

 

Figure 5-14: Crossplot of Kik vs �¥in situ with data points color-coded by facies (unfractured 
samples). 
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Figure 5-15: Crossplot of Kik vs �¥in situ with data points color-coded by well (fractured 
samples). 

 

Figure 5-16: Crossplot of Kik vs �¥in situ with data points color-coded by facies (fractured 
samples). 
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Figure 5-17: Crossplot of Kik vs �¥in situ (all samples).  Note that unfractured and fractured samples sets overlap each other and 
follow the same general relationship. 
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Figure 5-18: Crossplot of Kik vs �¥in situ (all samples).  Note that samples with numerous open fractures have higher permeabilities 
and porosities.  Samples without visible fractures have the lowest permeabilities and porosities. 
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5.2 CORE FLUID SATURATIONS 

The routine core analyses included fluid saturation measurements (water and oil).  

These data were used to evaluate the vertical distributions of fluids and to calibrate the log 

analysis, as discussed in Chapter 6.   

All the cores used in this evaluation were cut using oil-based or invert muds, which 

generally contain 15-35% water.  The use of these mud types limits the impact of the coring 

operation on the water saturation of the core (Ringen et al., 2001).  To confirm this, tracer data 

from the Linseth13-12HW core were used to evaluate possible invasion of the drilling mud into 

the core, which may increase the measured core water saturation.  The tracer data indicate that 

in situ water saturations in the Middle Bakken are generally 90% of the water saturations 

measured on core.  For this core, this correlation results in an average adjustment to the 

measured water saturation of -3%, indicating that the use of oil-based and/or invert muds has 

very little impact on Middle Bakken core water saturations.  Because this analysis is based on a 

very limited dataset, and the resulting adjustment is relatively insignificant, the routine water 

saturations for this core were used, and no adjustments were made to the water saturations in 

the rest of the dataset. 

For nearly all samples, the water and oil saturations do not sum to 100%, in fact, the 

sum is often <70%.  This is caused by loss of fluid from the core through gravity drainage, 

expansion of the core due to decreased confining pressure, and/or displacement of fluid(s) by 

dissolved gas that comes out of solution due to decreased confining pressure.  Gravity drainage 

is assumed to have an insignificant effect on fluid saturations in Middle Bakken cores, given the 

very low permeabilities of these rocks. 

As shown in section 5.1.2, Middle Bakken porosity increases when confining stress is 

decreased from reservoir conditions to surface conditions.  Because the fluids do not 

measurably expand in response to the decreased confining pressure, the additional porosity 

would be empty.  The water saturations were corrected for this change in porosity.  The 

correlation between water saturation at reservoir conditions and water saturation at ambient 

conditions was observed to be: 

�5�ê�Ô
L �s�ä�r�w�5�ê�å 

where Swa is ambient water saturation and Swr is reservoir water saturation.  Oil saturations 

would show a similar correlation.  This correlation indicates that the effect of pressure-induced 
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porosity changes on fluid saturations in Middle Bakken core samples is insufficient to account 

for the observed fluid loss. 

The expansion of dissolved gas coming out of solution is the most likely cause for the 

observed fluid loss.  At reservoir conditions, Middle Bakken crude oil contains some amount of 

dissolved gas (generally, natural gas and carbon dioxide).  As a core is brought to the surface, 

confining stress decreases, and the dissolved gases come out of solution and expand, forcing 

fluids out of the core.  Very low water cuts in the Middle Bakken (Grau et al., 2011) indicate that 

oil is the more mobile phase.  Therefore, expanding gasses are more likely to (a) decrease oil 

saturations and (b) have very little effect on water saturations.  Additionally, the empty porosity 

observed in cores represents the volume of oil mobile enough for expanding dissolved gasses 

to push out of the pore network.  Because this is the primary drive mechanism in the Middle 

Bakken, this data provides an effective indicator of Middle Bakken production potential.  The oil 

�V�D�W�X�U�D�W�L�R�Q�V���P�H�D�V�X�U�H�G���L�Q���F�R�U�H���D�Q�D�O�\�V�H�V���U�H�S�U�H�V�H�Q�W���W�K�H���Y�R�O�X�P�H���R�I���R�L�O���W�K�D�W���Z�D�V�Q�¶�W���P�R�E�L�O�H���H�Q�R�X�J�K���W�R��

be pushed out by the expanding gasses, and, therefore, provides an indicator of potential 

residual oil saturations. 

Fluid saturation profiles were prepared using routine core analysis data for 15 cores.  

The fluid saturation profile for the Lundin 11-13SEH core (Figure 5-19) was selected as 

representative of the general trends observed among the other cores. 

For the Lundin 11-13SEH core, water saturations in the Middle Bakken were observed to 

generally decrease upward from Facies A through Facies D, then increase upwards through 

Facies F.  Conversely, residual oil saturations were observed to increase upward from Facies A 

through Facies D, then decrease upwards through Facies F.   

Porosity and permeability were observed to be the primary controls on fluid saturations 

(Figure 5-20 and Figure 5-21).  As discussed in sections 5.1.1 and 5.1.2, permeability and, to a 

lesser degree, porosity are related to the abundance of fractures in a sample, with both 

parameters being higher in samples with more fractures.  Hydrocarbons were expelled from the 

shales and emplaced into the Middle Bakken by way of the fracture network, which was, in part, 

created by pore pressure increases associated with hydrocarbon generation.  It follows that 

those samples with higher permeability and porosity would also have higher oil saturations and 

correspondingly lower water saturations due to the relative abundance of fractures in those 

samples. 



 

94 
 

 

Figure 5-19: Fluid saturation profile for the Lundin 11-13SEH well.  Data taken from core 
analysis. 

 

Figure 5-20: Depth plot of water saturation and porosity.  Data taken from core analysis. 
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Figure 5-21: Depth plot of water saturation and permeability.  Data taken from core analysis. 

5.3 XRD MINERALOGY 

Middle Bakken XRD mineralogy data is available on the NDIC website for four cores in 

the study area (Table 5-2).  These data were used to evaluate the variations in mineralogy 

among the Middle Bakken lithofacies (section 5.3.1) and to identify mineralogical controls on 

core permeability and porosity (section 5.3.2).  These data were also used to calibrate the shale 

volume calculation, as discussed in Chapter 6. 

Table 5-2.  Summary of cores with available Middle Bakken XRD mineralogy data. 

Well Name NDIC # Location No. Samples Depth Range (ft. bgs) 

Jorgenson 1-15H 17086 148N 96W 15 6 10,970.1 �± 11,000.2 

Linseth 13-12HW 21217 149N 95W 13 8 10,957.4 �± 10,994.2 

Lundin 11-13SEH 21706 150N 98W 13 24 11,088.5 �± 11,134.6 

Titan E-Gierke 20-1-H 15923 150N 97W 20 11 11,008.1 �± 11,040 
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For three of the four cores, XRD data is limited.  One core, Lundin 11-13SEH, has XRD 

data with a fine enough sample interval (~2 ft/sample) to be sufficient to characterize Middle 

Bakken mineralogy.  Therefore, this core was the focus of the mineralogy evaluation. 

5.3.1 VERTICAL MINERAL DISTRIBUTION 

The primary mineral components of the Middle Bakken in the study area are quartz, 

dolomite, calcite, clays, feldspars, pyrite, and other minor minerals (listed in order of relative 

abundance from greatest to least) (Figure 5-22).  The abundances of all the minerals exhibit 

fluctuations among and within the lithofacies.  However, general trends can be observed in the 

Middle Bakken XRD data from the Lundin 11-13SEH core. 

 

Figure 5-22: Depth profile of XRD data for the Lundin 11-13SEH core. 

Quartz content ranges between 19% and 44% and averages 34%.  As discussed in 

Chapter 3, quartz occurs as silt to fine sand sized clastic grains with very little observed 

authigenic quartz (overgrowths and/or cement).  Quartz generally increases upwards from 

Facies A to Facies C & D, then decreases upwards from Facies C & D to Facies F.  This trend 
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directly reflects the shoreline proximity and water depth of the interpreted depositional 

environment of each lithofacies.  The facies deposited proximal to the terrestrial siliciclastic 

sediment source (Facies C & D) contain the highest average proportion of quartz.   

The feldspars �± potassium feldspar (K-spar) and plagioclase �± are also primarily detrital 

minerals in the Middle Bakken (Pitman et al., 2001).  Feldspar content ranges between 4% and 

16% and averages 11%.  Unlike quartz, the feldspars exhibit a subtle decreasing trend upwards 

from Facies A through Facies D.  The contact between Facies D and Facies E is marked by a 

sharp decrease in feldspar content, which the increases steadily through Facies E & F.   

The clay minerals �± illite and smectite �± are observed primarily as authigenic cements in 

the Middle Bakken with some detrital clay deposited along laminae boundaries.  The authigenic 

clay cement has been interpreted by previous authors (Pitman et al., 2001; Siimenson, 2010) to 

be chemically altered clastic feldspars, either in place (observed feldspar grain boundaries in 

clay cement) or through dissolution of feldspar grains, transport, and precipitation of clay 

cement.  In the latter case, the low permeability of the Middle Bakken would likely have 

prevented the dissolution sites and precipitation sites from being far from each other.  Transport 

distances are likely on the centimeter scale or less.  The relationship between the clays and 

feldspars in the Middle Bakken is reflected in the very similar vertical trends observed for these 

two mineral groups. 

Most of the samples contain less than 20% calcite.  Six samples �± two in Facies A, three 

in Facies B, and one in Facies D �± exhibit calcite contents ranging between 29% and 61%.  As 

discussed in Chapter 3, Facies A is a muddy lime wackestone with abundant crinoid and 

brachiopod shell fragments, which results in much higher calcite content than the other, more 

siliciclastic, facies.  The three samples in Facies B were collected from zones of increased 

calcite cementation, as observed in the core descriptions in Chapter 3.  The sample in Facies D 

was collected from a layer of the ooid grainstone subfacies of Facies D.  In all three cases, 

special circumstances result in these samples not following the general trend for calcite content 

in the rest of the Middle Bakken samples.  Excluding the six samples with anomalously high 

calcite content, calcite content ranges between 7% and 19% and averages 13%.  Calcite 

content slightly decreases upwards from Facies A through Facies D.  The contact between 

Facies D and Facies E is marked by a slight increase in calcite content, which is then constant 

or slightly decreases through Facies E & F. 
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Dolomite content ranges between 6% and 44% and averages 18%.  Dolomite exhibits a 

steady increase upwards from Facies A through Facies D.  The contact between Facies D and 

Facies E is marked by a sharp increase in dolomite content, which then decreases through 

Facies E & F.  Increased dolomite content in Facies E and F has been reported for the 

Parshall/Sanish area (Simenson, 2010; Grau et al., 2011).  Grau et al. (2011) proposed that 

dolomitization occurred during or soon after deposition of Facies E through reflux or seepage of 

meteoric water through that facies.  When present, the tight shoal sediments in Facies D 

(subfacies D1) prevents those dolomitizing waters from seeping deeper into the Middle Bakken, 

thereby restricting much of the dolomitization to Facies E and F.  The XRD data from the Lundin 

11-13SEH core support this interpretation.  The shoal subfacies is represented by the high 

calcite content in the sample from 11,098.3 ft at the top of Facies D.  Dolomite content is much 

higher above that sample than below it. 

Another aspect to the above model is that increased dolomitization in Facies E has 

resulted in enhanced porosity and permeability in that facies compared to the other Middle 

Bakken facies, making Facies E the primary target in the Parshall/Sanish area (Grau et al., 

2011).  However, in this study area, enhanced porosity and permeability is not observed in 

Facies E. 

5.3.2 MINERALOGICAL CONTROLS ON POROSITY AND PERMEABILITY 

Middle Bakken XRD data for the Lundin 11-13SEH core were plotted against porosity 

and Klinkenberg permeability data from the same core in order to identify any possible 

correlations between these two datasets.  Ideally, both analyses �± XRD and RCA �± should be 

performed on the same core plug(s) if the data are to be compared.  For the Lundin 11-13SEH 

core, identical sample depths are reported for the XRD and RCA samples.  Therefore, it is 

assumed that both analyses were performed on the same core plugs.  However, since XRD is a 

destructive test, this may not be the case, and the XRD analysis may instead have been 

performed on a core chip collected near the site of the core plug used in the RCA.  In either 

case, the scope of investigation of the two analyses is different, with RCA having a generally 

larger scope than XRD.  The possible use of different samples and the difference in scopes of 

investigation, combined with normal laboratory error may explain some of the scatter observed 

in the crossplots discussed in the following paragraphs. 

Quartz, feldspar, clay, calcite, and dolomite content were plotted against porosity to 

identify possible correlations (Figure 5-23 through Figure 5-27).  Quartz, feldspar, and clay 
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exhibit weak positive correlations with porosity.  Calcite and dolomite also exhibit weak 

correlations with porosity.  However, when Facies E is considered separately from the other 

facies, calcite and dolomite exhibit much stronger correlations with porosity; calcite exhibits a 

negative correlation and dolomite exhibits a positive correlation.  These two minerals, which 

together form much of the authigenic cements in all facies, are interpreted to be the primary 

controls on porosity.   

The correlations observed between the siliciclastic minerals and porosity do not indicate 

a causative relationship.  Instead, they reflect the closed correlations among the siliciclastic 

minerals and the carbonate minerals, which is an artifact of the XRD data.  These two mineral 

groups comprise around 97% of the rock.  Because the abundance of these two mineral groups 

sum to close to one in all samples, an inverse relationship must exist between them.  The 

carbonate minerals have a causative correlation with porosity, based on their strong correlations 

with porosity and their presence as pore-filling cements.  Therefore, the siliciclastic minerals will 

exhibit correlations with porosity only insofar as they correlation with the carbonate minerals. 

Of the two carbonate minerals, dolomite exhibits the strongest correlation with porosity, 

and that correlation is positive.  This observation supports the diagenetic sequence discussed in 

the following section (5.3.3).  Both early (Grau et al., 2011) and late (Pitman et al., 2001) stage 

dolomitization have been interpreted to have enhanced porosity in the Middle Bakken.  As one 

of the earliest and one of the last events, the effect of dolomitization would have provided the 

foundation for the porosity network and would have overprinted the effects of intermediate 

events. 

Quartz, feldspar, clay, calcite, and dolomite content were plotted against permeability to 

identify possible correlations (Figure 5-28 through Figure 5-32).  The observed correlations were 

similar to those observed with porosity.  However, the correlations were much weaker with 

permeability, likely due to increased laboratory error in permeability measurement as well as the 

greater influence of fractures on permeability than on porosity.  As with porosity, dolomite 

exhibited the strongest correlation with permeability when Facies E is considered separately 

from the other facies. 
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Figure 5-23: Crossplot of quartz content (from XRD data) vs porosity (from RCA) for the 
Lundin 11-13SEH core. 

 

Figure 5-24: Crossplot of feldspar content (from XRD data) vs porosity (from RCA) for the 
Lundin 11-13SEH core. 
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Figure 5-25: Crossplot of clay content (from XRD data) vs porosity (from RCA) for the Lundin 
11-13SEH core. 

 

Figure 5-26: Crossplot of calcite content (from XRD data) vs porosity (from RCA) for the 
Lundin 11-13SEH core.  Note different trend exhibited by data from Facies E. 
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Figure 5-27: Crossplot of dolomite content (from XRD data) vs porosity (from RCA) for the 
Lundin 11-13SEH core.  Note different trend exhibited by data from Facies E. 

 

Figure 5-28: Crossplot of quartz content (from XRD data) vs permeability (from RCA) for the 
Lundin 11-13SEH core. 
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Figure 5-29: Crossplot of feldspar content (from XRD data) vs permeability (from RCA) for the 
Lundin 11-13SEH core. 

 

Figure 5-30: Crossplot of clay content (from XRD data) vs permeability (from RCA) for the 
Lundin 11-13SEH core. 
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Figure 5-31: Crossplot of calcite content (from XRD data) vs permeability (from RCA) for the 
Lundin 11-13SEH core.  Note different trend exhibited by data from Facies E.  Note also that 
calcite-rich samples exhibit a similar trend to the rest of Facies A-D. 

 

Figure 5-32: Crossplot of dolomite content (from XRD data) vs permeability (from RCA) for the 
Lundin 11-13SEH core.  Note different trend exhibited by data from Facies E.  Note also that 
calcite-rich samples exhibit a similar trend to the rest of Facies A-D.
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5.3.3 MINERALOGY DISCUSSION AND DIAGENETIC HISTORY 

Several additional cross-plots were prepared to further characterize the relationships 

among the various minerals and to better understand sediment provenance and diagenesis. 

The proportions of each siliciclastic mineral (quartz, feldspar, and clay) were plotted 

against the sum of the siliciclastic minerals (Figure 5-33).  The proportions were observed to be 

relatively constant for each mineral.  Quartz comprises approximately 58% of the siliciclastics, 

clay comprises approximately 22%, and feldspar comprises approximately 19%.  The relative 

proportions of these minerals are constant across all lithofacies, indicating the sediment 

provenance was also consistent during Middle Bakken deposition.  The chemical immaturity of 

the siliciclastic mineral assemblage (high feldspar content) suggests that the sediment 

provenance was relatively nearby and of granitic composition. 

 

Figure 5-33: Crossplot of quartz, feldspar, and clay content vs total silicate content from XRD 
data for the Lundin 11-13SEH core.  Strong correlation suggest that all three minerals are 
detrital and that the clastic sediment source was constant through Middle Bakken deposition. 



 

106 
 

Previous authors (Pitman et al., 2001; Wescott, 2016) have determined that most of the 

clay observed in the Middle Bakken is detrital with minor authigenic clay cements.  The nature 

of the clays could not be determined in the examined thin sections because the clay grain sizes 

are too small.  However, positive correlations among the siliciclastic minerals (Figure 5-34) 

support the conclusion that most of the clay is detrital.  Particularly, clay content exhibits a 

positive correlation with feldspar content.  Because altered feldspars are the most likely source 

for the authigenic clays, clay content should exhibit a negative correlation with feldspar content.  

The positive correlation between the two mineral groups suggests that most of the clay content 

is allogenic.  However, some of the clay is authigenic, and this is reflected in the scatter in the 

clay data in Figure 5-33 and Figure 5-34 as well as the stronger correlation between clays and 

feldspars than observed between clays and quartz. 

 

Figure 5-34: Crossplot of quartz and feldspar content vs clay content from XRD data for the 
Lundin 11-13SEH core.  The strong correlation among the three minerals suggest that the clay 
is mostly detrital. 
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The correlations between calcite and dolomite, as well as the correlations between those 

two minerals and porosity, support the diagenetic sequence proposed by Pitman et al. (2001).  

In their model, sediment deposition was followed shortly by mechanical compaction, minor 

quartz overgrowths, precipitation of dolospar and syntaxial calcite, precipitation of clay cements, 

partial dissolution of dolospar and calcite, precipitation of grain-rimming dolomite and feldspar, 

and hydraulic fracturing associated with hydrocarbon generation in the shales and migration to 

the Middle Bakken.  The events that involved dissolution and precipitation of the carbonate 

cements are those that had the greatest effect on porosity and permeability.  Wescott (2016) 

proposed that early authigenic clays preserved porosity by resisting mechanical compaction and 

preventing carbonate cement precipitation.  This is supported by the positive correlation 

between clay content and porosity (Figure 5-25) as well as the strong negative correlations 

between clay content and carbonate content in all facies (Figure 5-35).   

 

Figure 5-35: Crossplot of total carbonate content vs clay content from XRD data for the Lundin 
11-13SEH core, color-coded by facies.  Strong negative correlations suggest that clays inhibited 
carbonate precipitation. 
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As observed in Section 5.3.2, Facies E exhibits different carbonate relationships than 

those observed in the other facies.  A crossplot of dolomite content vs calcite content shows that 

Facies E exhibits a very different trend than the other facies (Figure 5-36).  This is likely a 

reflection of the increased dolomitization in this facies, due to the presence of the shoal 

subfacies in Facies D. 

 

Figure 5-36: Crossplot of dolomite content vs calcite content from XRD data for the Lundin 11-
13SEH core.  Note that Facies E exhibits a very different relationship than the other facies. 

5.4 MERCURY INJECTION CAPILLARY PRESSURE 

�1�R�U�W�K�� �'�D�N�R�W�D�¶�V�� �(�Q�H�U�J�\�� �D�Q�G�� �(�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �5�H�V�H�D�U�F�K�� �&�H�Q�W�H�U�� ���(�(�5�&) provided MICP 

data for five samples from the Mariana Trust 12X-20G2 core ( 

Table 5-3).     

Fractal geometry concepts were applied to the MICP data to evaluate pore network 

geometry in the Middle Bakken.  Fractal structures (curves, surfaces, 3-D objects, etc.) are 
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those which look essentially the same, regardless of scale (Friesen and Mikula, 1987).  

Mandelbrot (1982) showed that this self-similarity can be expressed in a single number �± the 

Table 5-3:  Summary of MICP data from the Mariana Trust 12X-20G2 core. 

Sample 

Depth  

(ft bgs) 

Facies 
Lab. 

Sample ID 

Swanson 

Permeability 

(md) 

MICP Porosity 

(frac.) 

R50 

(�…m) 

11,056.9 UBS 1M 0.000061 0.063 0.00299 

11,072.7 MB-C 2M 0.00755 0.074 0.0411 

11,093.65 MB-B 3M 0.00344 0.061 0.00911 

11,101 MB-A 4M 0.000261 0.058 0.00771 

11,108 LBS 5M 0.000054 0.06 0.00303 

fractal dimension.  The fractal dimension of a fractal structure is equivalent to the Euclidean 

dimension of a normal structure (1-D line, 2-D plane, etc.), except a fractal structure would have 

�D�� �I�U�D�F�W�L�R�Q�D�O�� �(�X�F�O�L�G�H�D�Q�� �G�L�P�H�Q�V�L�R�Q���� �K�H�Q�F�H�� �W�K�H�� �W�H�U�P�� �³�I�U�D�F�W�D�O�´���� �� �,�Q�� �I�D�F�W���� �W�K�H�� �(�X�F�O�L�G�H�D�Q�� �G�L�P�H�Q�V�L�R�Q�V��

can be thought of as special cases where an object has an integer fractal dimension. 

Such fractal structures are ubiquitous in nature; they are observed in coastlines 

(Mandelbrot, 1982), fluvial tributary systems (Tarboton, 1996), lightning, etc.  Pore networks are 

also often considered to be fractal (Katz and Thompson, 1985; Friesen and Mikula, 1987; 

Angulo et al., 1992; Shen and Li, 1994).  Angulo et al. (1992) showed that MICP tests can be 

used to estimate the fractal dimension of pore networks.  They proposed that, for a fractal pore 

network, pore volume (V) varies with capillary pressure (Pc) as: 

�8�� 
N �� �2�Ö
�:�7�?�½�á�; 

where Dv is the fractal dimension of the pore network.  Fractal pore networks can be easily 

identified in MICP data by plotting mercury saturation or mercury bulk volume against capillary 

pressure on log-log axes.  Straight-line segments in the plotted data indicate the presence of 

fractal pore networks. The slope of the straight-line segments reflects the fractal dimension of 
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the pore network.  Line segments with different slopes represent pore networks with different 

fractal dimensions. It follows that if MICP data exhibit multiple fractal dimensions, the sample 

contains multiple fractal pore networks. 

Mercury bulk volume (Bvhg) was plotted against capillary pressure on a log-log graph 

(Figure 5-37 through Figure 5-41).  Bvhg was used because it is a more straight-forward proxy for 

pore volume than the more commonly presented mercury saturation.  Both cumulative Bvhg and 

incremental Bvhg were plotted.  The cumulative data show the fractal nature of the pore 

networks, and the incremental data are used to delineate the pore networks. 

The samples from the shales (1M and 5M) exhibit very small R50 (median pore throat 

radius) values (0.00299 �…m and 0.00303 �…m, respectively) and correspondingly low Swanson 

permeabilities (0.000061 md and 0.000054 md, respectively).  Comparing the shape of the 

incremental Bvhg curves in the shale samples to those of the Middle Bakken samples reveals 

that only the largest portion of the pore networks in the shale samples are being accessed by 

the mercury (Figure 5-37 and Figure 5-41).  The unmeasured portion of the shale pore networks 

have pore throat radii smaller than 0.002 �…m, which approaches or is smaller than the molecular 

sizes of many oils (Figure 5-42).   

The samples from the Middle Bakken (2M, 3M, and 4M) exhibit larger R50 radii (0.0411 

�…m, 0.00911 �…m, and 0.00771 �…m, respectively) than those observed in the shale samples and 

correspondingly higher Swanson permeabilities (0.00755 md, 0.00344 md, 0.000261 md, 

respectively).  The shapes of the incremental Bvhg curves for these samples suggest that most, if 

not all, of the pore network(s) are accessed by the mercury (Figure 5-38 through Figure 5-40).  

For the samples from Facies B and Facies C, the incremental Bvhg curves show two peaks, 

which are interpreted to represent two partially overlapping pore networks.  These two pore 

networks are also reflected in the cumulative Bvhg curves by the presence of two straight-line 

segments with different slopes.  The straight-line segments indicate that the two pore networks 

are both fractal and have different fractal dimensions.   

Based on thin section and core observations presented in Chapter 3 and the 

observations presented in section 5.1, these two pore networks are interpreted as the fracture 

pore network (larger pore throat radii) and the matrix pore network (smaller pore throat radii).  

The peaks associated with the matrix pore network in the Facies C and Facies B samples as 

well as the single peak in the Facies A sample all occur at approximately 15,000 psi capillary 
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pressure.  The peaks associated with the fracture pore network in the Facies B sample occurs 

at a higher capillary pressure than the peak observed in the Facies C sample.  No fracture pore 

network is observed in the Facies A sample.  However, fractures were observed in the SEM 

images from Facies A in this core.  These fractures had a smaller aperture than those observed 

in the other facies.   Additionally, the slope of the single straight-line segment in the Facies A 

sample is intermediate between the slopes of the fracture and matrix pore networks observed in 

the other Middle Bakken samples.  Therefore, it is likely that the Facies A data does represent a 

fracture and a matrix pore network, but the pore throat radii of the two pore networks are too 

similar to be differentiated in the MICP data. 

The decrease in fracture aperture from Facies C to Facies B and Facies A likely reflects 

the sedimentary structures in those facies.  The laminations in Facies C cause core-scale 

planes of weakness at each laminar boundary.  Fractures are observed to preferentially occur at 

the laminar boundaries due to these planes of weakness.  Because the pore pressures are 

dissipated along relatively few fracture planes, the fractures tend to be wider.  In the bioturbated 

or structureless Facies B and Facies A, zones of weakness occur at the boundaries of burrows, 

along bioclast edges, or randomly through the matrix.  There are more zones of weakness in 

these facies than in the laminated facies.  Because the pore pressures are dissipated along 

relatively many fracture planes, the fractures tend to be narrower.  

  



 

112 
 

 

Figure 5-37: Crossplot of mercury bulk volume vs capillary pressure from MICP data for the 
UBS at 11,056.9 ft in the Mariana Trust 12X-20G2 core (sample 1M).  No fractal pore networks 
were observed in this sample. 

 

Figure 5-38: Crossplot of mercury bulk volume vs capillary pressure from MICP data for 
Facies C at 11,072.7 ft in the Mariana Trust 12X-20G2 core (sample 2M).  Two fractal pore 
networks were observed in this sample. 



 

113 
 

 

Figure 5-39: Crossplot of mercury bulk volume vs capillary pressure from MICP data for 
Facies B at 11,093.65 ft in the Mariana Trust 12X-20G2 core (sample 3M).  Two fractal pore 
networks were observed in this sample. 

 

Figure 5-40: Crossplot of mercury bulk volume vs capillary pressure from MICP data for 
Facies A at 11,101 ft in the Mariana Trust 12X-20G2 core (sample 4M).  One fractal pore 
network was observed in this sample. 



 

114 
 

 

Figure 5-41: Crossplot of mercury bulk volume vs capillary pressure from MICP data for the 
LBS at 11,108 ft in the Mariana Trust 12X-20G2 core (sample 5M).  No fractal pore networks 
were observed in this sample. 

 

Figure 5-42: Sizes of molecules and pore throats observed in the Bakken MICP data 
(modified from Nelson, 2009). 
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  CHAPTER 6

PETROPHYSICAL MODEL AND WELL LOG ANALYSIS 

 

Available digital well logs were used to develop a petrophysical model to be used in well 

log analysis.  Water saturations in the Middle Bakken were calculated from the digital well logs, 

and water saturation and hydrocarbon pore volume maps were generated to evaluate Middle 

Bakken prospectivity in the study area. 

6.1 METHODS 

The well log analysis presented in this chapter was completed entirely in PETRA using 

publicly available (i.e. published) petrophysical equations.   

The dataset used in this analysis was comprised of two components:  the calibration 

dataset and the analysis dataset.  The calibration dataset consisted of 19 wells with grain 

density, porosity, permeability, and fluid saturation data from RCA as well as gamma ray, deep 

resistivity, neutron porosity, and density porosity well logs.  These wells were used to calibrate 

the petrophysical model to core data (porosity and water saturations).  The analysis dataset 

consisted of 52 wells, including the 19 wells in the calibration dataset, with gamma ray, deep 

resistivity, neutron porosity, and density porosity well logs.  The calibrated petrophysical model 

was applied to the analysis dataset to calculate permeabilities and fluid saturations across the 

study area. 

6.2 DATA PREPARATION 

Twenty-two wells in the analysis dataset had associated raster logs, but no associated 

digital logs.  In order to include these wells in the well log analysis, the gamma ray, deep 

resistivity, neutron porosity, and density porosity raster logs for these wells were digitized using 

PETRA. 

Once the analysis dataset was assembled, all digital well logs were evaluated to ensure 

that the depths of all the logs for each well were identically registered.  It was observed that, for 

some wells, the depths of the digital logs were offset from each other by several feet.  Left 

uncorrected, this discrepancy among the logs would result in erroneous calculated logs.  These 

logs were corrected by depth shifting offset logs to match the gamma ray log.  Several easily 
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identifiable beds were used to depth shift the logs, including the False Bakken of the Scallion 

Member of the Lodgepole Formation as well as the UBS and LBS. 

Neutron, density, and sonic porosity logs are calculated by the log vendor from raw 

measurements using an assumed matrix density.  Commonly used matrix densities are those of 

sandstone (quartz), limestone (calcite), and dolomite.  The matrix density utilized by the log 

vendor is identified in the log header.  Each of the porosity logs in the digital well log dataset 

were inspected to confirm that all the porosity logs were calculated using the same assumed 

matrix density.  Porosity logs calculated using a limestone matrix density were available for all 

the wells in the dataset.  These logs were used in the well log analysis. 

The well logs used in this analysis are all of similar vintage, but were collected by 

several different vendors using various tools.  These tools may have different sensitivities and 

depths of investigation, producing logs of varying character.  If the differences among the logs 

are significant, log normalization is required before analysis can begin.  However, over-

application of well log normalization can remove variations among logs that reflect true 

variations in the rock.  Therefore, care must be taken when deciding whether to normalize the 

logs and how far normalization should be pursued.  Basic statistical methods were used to 

evaluate the need for normalization of the digital logs.  It was determined that the variations 

among the digital logs were not significant enough to require normalization. 

The tools used to measure the logs of interest require a relatively smooth-walled 

borehole in order to collect accurate measurements.  The well log vendor can correct for some 

unevenness in the borehole using environmental correction algorithms when the well log is 

processed.  However, severely uneven or washed out boreholes result in unusable well logs, at 

least in the washed out part of the borehole.  The caliper logs for each of the wells in the dataset 

were evaluated to identify washed out zones in the Middle Bakken.  No such zones were 

identified.  Therefore, the digital logs were used without further environmental corrections.  

6.3 SHALE VOLUME 

Shale volumes were calculated from the gamma ray logs.  Gamma ray logs record the 

level of naturally occurring radioactivity in the rock, primarily emitted by radioactive isotopes of 

three common elements:  uranium, potassium, and thorium.  Gamma ray readings in the 

Bakken Formation are anomalously high due to elevated uranium content associated with 

bitumen, hydrocarbons, and other organic matter sourced from the shales and subsequently 



 

117 
 

emplaced in the Middle Bakken.  However, it is thorium that is most closely associated with clay 

mineral radioactivity.  Therefore, a correction must be identified and applied to the total gamma 

ray log to isolate the thorium contribution to the total gamma ray measurement. 

The gamma rays emitted by decaying uranium, potassium, and thorium isotopes are 

distinguishable from one another and can be recorded separately in spectral gamma ray logs.  

Spectral gamma ray logs are available for the Lundin 11-13SEH well, among others.  XRD data, 

including clay content, are also available for the Lundin 11-13SEH well, making it an ideal 

candidate for identifying a correlation among the total gamma ray log, thorium gamma ray log, 

and clay content.  

Shale volume was calculated for the Lundin 11-13SEH well using both the total gamma 

ray and thorium gamma ray logs.  First, the shale index was calculated from each log using: 

�+�)�4 
L ��
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where IGR is the gamma ray index, GR is the gamma ray measurement, GRmin is the log 

reading in a shale-free interval, and GRmax is the log reading in a shale interval.  The GRmin was 

taken from a shale-free interval in the Lodgepole Formation.  The GRmax was taken from a shale 

in the Lodgepole Formation.  The IGR for each log was used to calculate the shale volume from 

each log using the Stieber Method: 
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where VSH is the shale volume.   

The calculated shale volume logs were visually compared to the clay content log from 

the XRD data.  The thorium shale volume log was observed to closely match the XRD data.  

The total gamma ray shale volume log was observed to consistently overestimate clay content, 

as one would expect given the higher gamma ray readings of the total gamma ray log. 

The thorium and total gamma ray shale volume logs were cross-plotted.  The following 

linear relationship between the two logs was observed: 

�8�5�*�Ö�â�å
L �r�ä�x�z�z�y�Û �8�5�*�À�Ë
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where VSHcor is the shale volume from the total gamma ray log corrected to the shale volume 

from the thorium log and VSHGR is the shale volume from the total gamma ray log.  It should be 

noted that this relationship is purely empirical, and is likely applicable only to this dataset.  

However, this illustrates a process that can be used in other areas of the Williston Basin with 

minor modification.   

Shale volumes were then calculated for all wells in the log analysis dataset using the 

Stieber method applied to the total gamma ray logs.  Then, this transform was used to correct 

the total gamma ray shale volume to an estimated thorium gamma ray shale volume. Generally, 

estimated shale volumes ranged between approximately 10% and 20% in the Middle Bakken. 

6.4 WIRELINE LOG POROSITY 

Among the wells in the digital log dataset, neutron and density porosity logs are 

commonly available.  These logs are calculated using a limestone matrix, with an assumed 

matrix density of 2.71 g/cm3.  The Middle Bakken is generally not comprised of pure limestone.  

Instead, it is comprised of a complex mix of quartz, calcite, dolomite, clays, and other minerals, 

each with its own density.  Available RCA data include measured grain densities for each 

sample.  These grain density data were used to evaluate the necessity of applying a matrix 

offset correction to the porosity logs.  Coincidently, the average grain density of the Middle 

Bakken in the study area is 2.71 g/cm3.  Therefore, a matrix correction to the porosity logs is not 

necessary. 

Generally, log analysis uses effective porosity, rather than total porosity, as an input.  

Effective porosity is the portion of the pore network that contains transmissible or producible 

fluids as well as capillary-bound fluids, but specifically excludes clay-bound water.  Clay-bound 

water is most often associated with swelling clays, such as smectite.  However, XRD data 

indicate that the clays in the Middle Bakken are predominantly illite, with some minor 

mixed-layer illite/smectite.  Therefore, there is no significant difference between total porosity 

and effective porosity in the Middle Bakken.   

The neutron and porosity logs were compared to core porosity.  Density porosities were 

observed to closely match core porosities, consistent with the observations of previous 

researchers (Patchett and Coalson, 1982).  The density porosity log was used as the porosity 

input in the well log analysis. 
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6.5 WATER SATURATION 

Water saturations were calculated from the logs using A�U�F�K�L�H�¶�V���H�T�X�D�W�L�R�Q�����$�U�F�K�L�H��������������������

Archie identified relationships among water saturation, formation resistivity, and porosity that 

can be combined as 

�5�ê 
L ��
�= �Û �4�ê

�4�ç�Û �ö�à
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where Sw is water saturation, Rw is the formation water resistivity, Rt is the formation resistivity, 

and ��  is the formation porosity.  n, and m are unitless, adjustable fitting parameters called the 

saturation exponent and cementation exponent, respectively.  The remaining term, a, the 

�W�R�U�W�X�R�V�L�W�\���I�D�F�W�R�U�����Z�D�V���Q�R�W���L�Q�F�O�X�G�H�G���L�Q���$�U�F�K�L�H�¶�V���R�U�L�J�L�Q�D�O���S�D�S�H�U�����E�X�W���Z�D�V���L�Q�W�U�R�G�X�F�H�G���E�\���V�X�E�V�H�T�X�H�Q�W��

researchers as a fitting parameter (Winsauer et al., 1952; Maute et al., 1992).    

Rw was set at 0.022 �
 -m for all wells; this value is the average of temperature-corrected 

resistivities taken from produced water analysis from the 2 wells (Titan E-Gierke 20-1H and 

Skjelvik 4-35).  Rt was taken from the deep resistivity log and ��  was taken from the density 

porosity log.  The tortuosity factor was set to 1 for all wells.  The saturation exponent was set at 

1.74 for all wells, as is typically done for the Middle Bakken (Simenson, 2010).  The cementation 

exponent is typically adjusted to calibrate the water saturation calculation to core data.  In 

previous Middle Bakken log analyses, cementation exponents were set for each facies and 

were constant from well to well (Simenson, 2010; Wescott, 2016).   

However, this method did not produce satisfactory results when applied to this study 

area.  It was observed that, in order to achieve a match to core data in all or most wells, 

cementation exponents had to be varied from facies to facies and from well to well.  Used this 

way, the cementation exponent has no basis in observable rock properties.  Therefore, the 

analyst has no way to justify the adjustments required to calibrate to core data.  In this analysis, 

a new method was applied to the Middle Bakken that provides a basis for the cementation in 

observable rock properties.  The following paragraphs present the necessary background and 

explanation for this method. 

Archie developed the saturation relationships empirically using core analysis and log 

data from several conventional Gulf of Mexico sandstones.  For many year�V�����$�U�F�K�L�H�¶�V���H�T�X�D�W�L�R�Q��

�U�H�P�D�L�Q�H�G�� �S�X�U�H�O�\�� �H�P�S�L�U�L�F�D�O���� �� �+�R�Z�H�Y�H�U���� �E�H�J�L�Q�Q�L�Q�J�� �L�Q�� �W�K�H�� ���������¶�V���� �U�H�V�H�D�U�F�K�H�U�V�� �K�D�Y�H�� �G�H�Y�H�O�R�S�H�G�� �D��

�W�K�H�R�U�H�W�L�F�D�O���E�D�V�L�V���I�R�U���$�U�F�K�L�H�¶�V���U�H�O�D�W�L�R�Q�V�K�L�S�V�������(�Z�L�Q�J���D�Q�G���+�X�Q�W�����������������G�H�U�L�Y�H�G���$�U�F�K�L�H�¶�V���H�T�X�D�W�L�R�Q���E�\��
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applying Continuum Percolation Theory to a hypothetical fractal pore model, demonstrating the 

�D�S�S�O�L�F�D�E�L�O�L�W�\���R�I���$�U�F�K�L�H�¶�V���H�T�X�D�W�L�R�Q���W�R���I�U�D�F�W�D�O���S�R�U�H���Q�H�W�Z�R�U�N�V�� 

Fractal pore networks are discussed in section 5.4.  MICP data from the Mariana Trust 

12X-20G2 core indicate that two fractal pore networks exist in the Middle Bakken �± the fracture 

network and the matrix pore network.  Each of these pore networks have a unique value for the 

cementation exponent. 

�*�X�\�R�G�� �������������� �L�Q�W�U�R�G�X�F�H�G�� �W�K�H�� �W�H�U�P�� �³�F�H�P�H�Q�W�D�W�L�R�Q�� �H�[�S�R�Q�H�Q�W�´�� �I�R�U�� �$�U�F�K�L�H�¶�V�� �P�� �S�D�U�D�Peter 

soon after Archie published his equation.  Archie did not name this parameter and attributed to it 

�Q�R�� �V�S�H�F�L�D�O�� �V�L�J�Q�L�I�L�F�D�Q�F�H�� ���$�U�F�K�L�H���� �������������� �� �,�Q�� �$�U�F�K�L�H�¶�V�� �R�U�L�J�L�Q�D�O�� �G�D�W�D�V�H�W���� �P�� �Y�D�O�X�H�V�� �F�D�O�F�X�O�D�W�H�G�� �I�R�U��

consolidated sandstones ranged between 1.8 and 2 and varied by rock type rather than by 

�S�R�U�R�V�L�W�\���� �� �*�X�\�R�G�� �D�S�S�O�L�H�G�� �$�U�F�K�L�H�¶�V�� �H�T�X�D�W�L�R�Q�� �W�R�� �D�Q�R�W�K�H�U�� �V�H�W�� �R�I�� �V�D�P�S�O�H�V�� �I�U�R�P�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O��

sandstones and observed that m generally increased with decreasing porosity.  Because 

porosity decrease in his dataset was the result of increased cementation, he interpreted the 

value of m to be a direct reflection of the level of cementation in a sample and proposed the 

�W�H�U�P�� �³�F�H�P�H�Q�W�D�W�L�R�Q�� �H�[�S�R�Q�H�Q�W�´���� �� �*�H�Q�H�U�D�O�O�\���� �D�� �Y�D�O�X�H�� �R�I�� ���� �L�V�� �W�K�H�� �G�H�I�D�X�O�W�� �Y�D�O�X�H���X�V�H�G�� �I�R�U�� �W�K�H��

cementation exponent in most rock types, but lower values are often used for the Middle 

Bakken (Simenson, 2010). 

�$�V�� �S�U�R�J�U�H�V�V�� �Z�D�V�� �P�D�G�H�� �G�H�Y�H�O�R�S�L�Q�J�� �D�� �W�K�H�R�U�H�W�L�F�D�O�� �E�D�V�L�V�� �I�R�U�� �$�U�F�K�L�H�¶�V�� �U�H�O�D�W�L�R�Q�V�K�L�S�V����

researchers were also working to understand the physical meaning of the cementation exponent 

(Sen et al., 1981; Mendelson and Cohen, 1982; Byrnes et al., 2008; Glover, 2009).  The 

cementation exponent has been shown to reflect the geometry of the pore network rather than 

the size of the pore network (porosity) (Byrnes et al., 2008).  For example, a cementation 

exponent value of 1 has been calculated for a simple pore network model comprised of capillary 

tubes (Wyllie and Rose, 1950).  It is important to note that the cementation exponent is not 

sensitive to the cross-sectional area of the capillary tubes.  The capillary tubes could be 

cylindrical or flat and wide.  In this respect, fractures can often be adequately modeled as 

capillary tubes or sheets.  Sen et al. (1981) showed that the pore network of a medium 

comprised of spheres would have a cementation exponent value of 1.5.  They also showed that 

the cementation exponent would change as grain shape deviated from spherical, depending 

upon the orientation of the non-spherical grains.  Jackson et al. (1978) conducted experiments 

on natural and artificial sands and showed that the cementation exponent related entirely to 

grain shape, not grain size or size distribution, and increased as grains became less spherical. 
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The two pore networks in the Middle Bakken have distinctly different geometries, and, 

therefore, different cementation exponents.  The fracture pore network will have a geometry 

similar to that of capillary tubes, and would have a cementation exponent of approximately 1.  

The matrix pore network is far more complicated.  As shown in Chapter 3, Middle Bakken sand 

grains are generally subrounded to subangular, suggesting a cementation exponent slightly 

greater than 1.5 would be appropriate for this network.  However, the intergranular pores are 

significantly occluded by clays and carbonate cements, drastically increasing the roughness and 

irregularity of the matrix pore network.  The experimental results presented in Jackson et al. 

(1978) suggest that the irregularity of the matrix pore network should result in a cementation 

exponent close to 2 for that network. 

Serra (1989) derived an equation that finds the bulk cementation exponent for a system 

containing two pore networks with different individual cementation exponents: 

�I �Õ�è�ß�Þ
L ��
�Ž�‘�‰�>�:�ö 
F �ö�6�;�à �- 
E �ö�6
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where mbulk is the bulk cementation exponent, ��  is the total porosity, �� 2 is the fracture porosity, 

m1 is the matrix porosity cementation exponent, and m2 is the fracture porosity cementation 

exponent. The two pore networks are modeled as parallel conducting circuits, which is 

appropriate for the Middle Bakken pore systems.  For the water saturation calculation, total 

porosity was taken from the density log, and the cementation exponents of the fracture pore 

network and the matrix pore network were estimated to be 1 and 2, respectively.   

The remaining parameter, fracture porosity (�� 2), is the parameter that was adjusted to 

calibrate the calculated water saturations to core data.  For the Mariana Trust 12X-20G2 well, 

fracture porosity was estimated from MICP data directly.  As discussed in section 5.4, the 

fracture porosity and matrix porosity can be distinguished from each other in the MICP data for 

the Facies C and Facies B samples.  When the data are plotted as bulk volume, rather than 

saturation, the amount of porosity of each pore network can be read off the y-axis directly.  

Fracture porosity for these samples is approximately 2-3%, and an average value of 3% was 

�X�V�H�G���D�V���W�K�H���L�Q�S�X�W���I�R�U���6�H�U�U�D�¶�V���H�T�X�D�W�L�R�Q���I�R�U���W�K�L�V���Z�H�O�O�������)�R�U���W�K�H���R�W�K�H�U���Z�H�O�O�V���L�Q���W�K�H���F�D�O�L�E�U�D�W�L�R�Q���G�D�W�D�V�H�W����

fracture porosity was estimated and adjusted to calibrate the calculated water saturation to core 

data.  Estimated fracture porosities in the calibration dataset ranged between 0.5% and 3% and 

averaged 1.8%.   
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6.6 FRACTURE POROSITY DISCUSSION 

The estimated fracture porosities in the calibration dataset were then mapped (Figure 

6-1).  A general northeast-southwest trend of slightly higher fracture porosity was observed near 

the center of the study area.  To identify a possible cause of the fractures, the fracture porosity 

map was compared to Bakken structural features, Middle Bakken pore pressure gradients, and 

Bakken shale thickness.  These are likely the primary controls on fracturing in the Middle 

Bakken.   

Price (2000) suggested that the thickness of the Bakken shales would influence the 

degree of expulsion fracturing in the Middle Bakken.  A thicker shale interval would contain 

more organic matter, resulting in more oil generated, which would mean higher pore pressures, 

all else being equal.  Thermal maturity of the shales is approximately constant across the study 

area (Figure 6-2).  Therefore, the thickness of the shales should control the fracture porosity 

here.  However, fracture porosity exhibits no observable correlation with the thickness of the 

Bakken shales (Figure 6-3). 

Theloy (2013) generated a pore pressure gradient map for the Middle Bakken across 

most of the US part of the Williston Basin (Figure 6-4).  Elevated pore pressure gradients were 

observed within the study area and were attributed to hydrocarbon generation (Theloy, 2013).  

While an exact correlation was not observed, fracture porosity does seem to be influenced by 

pore pressure gradients.  However, slightly lower fracture porosities were observed in the area 

with the highest pore pressure gradients.  If elevated pore pressures are the cause of some of 

the fractures in the Middle Bakken, pore pressures would decrease after fracturing occurred.  It 

is possible that the elevated pore pressure gradients observed in the study area reflect an area 

that has not fractured yet.  Additionally, the southern end of the Nesson Anticline is reflected in 

a bend in the fracture porosity contours and in the pore pressure gradient contours.  This 

suggests that fractures associated with the Nesson Anticline have released some of the pore 

pressures in this area. 

Theloy (2013) also mapped calculated generated hydrocarbons by finding the difference 

between present-day TOC and estimated original TOC in the Bakken shales (Figure 6-5).  A 

northeast-southwest trending are of higher converted hydrocarbons was observed to coincide 

with the similar trending area of slightly higher fracture porosity. 
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Figure 6-1: Estimated Middle Bakken fracture porosity contours.  Also shown are the 
locations of the wells with digital logs and core analyses that were used to estimate fracture 
porosities.  Estimate fracture porosity for each well is also shown. 
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Figure 6-2: Hydrogen index (HI) maps of the UBS (top) and LBS (bottom) (modified from 
Theloy, 2013).  Warm colors indicate higher degree of maturity.  Note that shale maturity is 
approximately constant across the study area. 
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Figure 6-3: Estimated Middle Bakken fracture porosity contours overlain on Bakken shale 
thickness (UBS & LBS).  No correlation is observed between fracture porosity and shale 
thickness. 
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Figure 6-4: Estimated Middle Bakken fracture porosity overlain on pore pressure gradients 
(color-filled) from Theloy (2013).  Note that lower pore pressure gradients are observed at the 
Nesson Anticline, suggesting that structural fractures there may have released some of the pore 
pressure caused by hydrocarbon generation. 

  



 

127 
 

 

Figure 6-5: Maps of converted TOC from the UBS (top) and LBS (bottom) (Theloy, 2013).  
Note northeast-southwest trending area of higher converted TOC in the UBS in the center of the 
study area.  This trend coincides with the trend of slightly higher Middle Bakken fracture 
porosity.  
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Figure 6-6: Surface lineaments in the Parshall Field area identified using shaded relief maps 
(modified from Anderson, 2009).  Note northeast trending lineament that may extend into this 
study area. 

 

Figure 6-7: Fracture orientations and maximum stress direction (modified from Sonnenberg 
et al., 2011).  Note northeast-southwest fracture directions in and near the study area. 
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The Nesson Anticline and the Nesson Master Fault are located in the central and 

eastern parts of the study area and caused significant structural deformation in the Middle 

Bakken, including fractures (Sonnenberg et al., 2011).  Fracture porosity is observed to be 

higher along the Nesson Anticline (Figure 6-4).  However, the orientation of the fracture porosity 

trend differs from the orientation of the Nesson Anticline, suggesting that the Nesson Anticline 

may influence fracture porosity but does not control it. 

The orientation of the fracture porosity trend also coincides with the orientations of 

regional surface lineaments (Figure 6-6), fractures observed in oriented cores (Figure 6-7), and 

the regional stress field (Figure 6-7). 

In summary, Middle Bakken fracture porosity was observed to correlate with structural 

features, fracture lineaments, and pore pressure gradients.  The overall fracture porosity trend 

correlates most closely with regional fracture lineaments.  The regional fractures observed in 

these lineaments are vertical and cemented.  However, the fractures that make up the fracture 

porosity in the study area are generally horizontal and open.  It appears likely that oil expulsion 

from the Bakken shales is facilitated by the presence of existing vertical fractures, suggesting 

that the vertical fractures are either not completely cemented (possibly at micro-scale) or were 

re-fractured by increased pore pressures during hydrocarbon generation).  Oil expulsion into 

vertical fractures would expose the entire Middle Bakken interval to the increased pore 

pressures in the shales essentially simultaneously, resulting in extensive micro-fracturing of the 

entire interval.  This is consistent with the abundant micro-fractures observed throughout the 

Middle Bakken in the study area. 

6.7 WELL LOG ANALYSIS RESULTS 

The fracture porosity map was then used to estimate the fracture porosities of the 

remaining wells in the analysis dataset.  Middle Bakken water saturations were then calculated 

�I�R�U�� �D�O�O�� �Z�H�O�O�V�� �L�Q�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �G�D�W�D�V�H�W�� �X�V�L�Q�J���W�K�H�� �G�X�D�O�� �S�R�U�R�V�L�W�\�� �F�H�P�H�Q�W�D�W�L�R�Q���H�[�S�R�Q�H�Q�W�� �D�Q�G�� �$�U�F�K�L�H�¶�V��

water saturation equation.  An example calculated well log is presented in (Figure 6-8). 

Average water saturations were calculated for Facies B through E/F (Figure 6-9 through Figure 

6-12).  Average water saturations were not calculated for Facies A because log readings in that 

facies are influenced by the readings in the underlying LBS.  Because this facies is so thin, the 

anomalous readings from the LBS cause an unacceptable distortion in the water saturation 

calculation. 
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Figure 6-8: Calculated logs for the Lundin 11-13SEH well. 
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Figure 6-9: Average calculated water saturation in Facies B. 
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Figure 6-10: Average calculated water saturation in Facies C. 
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Figure 6-11: Average calculated water saturation in Facies D. 
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Figure 6-12: Average calculated water saturation in Facies E/F. 
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Average water saturations range between approximately 10% and 50% for all lithofacies.  

Water saturation trends are similar among the lithofacies and, therefore, are reflected in the 

average water saturation trends observed for the whole Middle Bakken interval (Figure 6-13).  

Water saturations in the Middle Bakken generally follow structure.  Water saturations are lowest 

at the Nesson Anticline and increase downdip.  This indicates that secondary (horizontal) oil 

migration has occurred within the Middle Bakken reservoir due to buoyancy forces. 

This is consistent with the vertical water saturations observed in core analysis and well 

logs, where water saturations generally decrease upwards, although this trend is modified by 

varying porosity and permeability within and among the lithofacies. 

Average water saturations are also consistent with the water cuts observed in Middle 

Bakken wells (Figure 6-14).  Generally, areas with lower calculated water saturations 

correspond with areas with lower water cuts. 

Figure 6-15 presents the interpreted migration pathways within the Middle Bakken.  

Permeability is highest in Facies C and D, making these lithofacies the likely primary conduits 

for horizontal oil migration, in addition to the fracture networks. 

Hydrocarbon pore volume (SoPhiH) maps were generated for all the Middle Bakken 

lithofacies (Figure 6-16 through Figure 6-19) as well as the entire Middle Bakken interval (Figure 

6-20).  As with average water saturations, SoPhiH trends are consistent among the Middle 

Bakken lithofacies and can be summarized by describing the SoPhiH trend in the entire Middle 

Bakken.  In the Middle Bakken, SoPhiH ranges between 1 ft and 2.5 ft.  The highest SoPhiH 

occurs in a northeast-southwest trending area coincident with the Nesson Anticline as well as 

two smaller, similarly oriented areas to the northwest and southeast.  These areas may reflect 

the positions of fracture lineaments.  The fracture lineaments are oil-charged where they 

intersect structural highs, like those observed at the southern end of the Nesson Anticline in the 

central part of the study area.  These areas represent a favorable combination of oil saturation, 

porosity, reservoir thickness, and fracture density and, therefore, are the most prospective areas 

for future drilling in the study area. 

The SoPhiH grid was used to estimate the original oil in-place (OOIP) within North Fork 

Field.  North Fork field OOIP was estimated to be 353 MMBO, or 8.9 MMBO per section.  

Abraxas Petroleum, which operates several wells in the norther part of North Fork Field, reports 

estimated ultimate recoveries (EUR) of approximately 440 MBOE.  With a well spacing of 160 
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acres and using Bo=1.3 (Clark, 2009), this indicates a recovery factor of approximately 26%.  

This recovery factor is much higher than what is often calculated or otherwise assumed by 

researchers and operators for the Middle Bakken.  Clark (2009) used mass-balance and 

production analysis methods to estimate a recovery factor of approximately 7% for the Middle 

Bakken in Mountrail County, ND.  The higher recovery factor in this study area suggests that 

other rocks are contributing to oil production from Middle Bakken wells.  Kumar et al. (2013) 

suggested that the Upper and Lower Bakken Shales are likely contributing 10% to 50% (40% 

average) of the oil production in Middle Bakken wells, based on reservoir simulation results.  

Using the average value (40%) of the estimated shale contribution, Middle Bakken EURs are 

likely approximately 264 MBOE, with an additional 176 MBOE being contributed by the shales, 

indicating a Middle Bakken recovery factor of 16%.  Shale OOIP was not calculated in this 

study, therefore shale recovery factors were not calculated. 
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Figure 6-13: Average calculated water saturation in the Middle Bakken. 
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Figure 6-14: Calculated water cuts in wells producing from the Middle Bakken.  Water cuts 
calculated from cumulative production data for 734 wells. 
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Figure 6-15: Map showing average Middle Bakken water saturations (color-filled) overlain on 
structure contours for the top of the Middle Bakken.  Note that relatively low water saturations 
coincide with structural highs.  Arrows illustrate approximate migration pathways.  The size of 
the arrows denote relative volume of migrated oil. 
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Figure 6-16: Hydrocarbon pore volume map for Facies B. 
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Figure 6-17: Hydrocarbon pore volume map for Facies C. 
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Figure 6-18: Hydrocarbon pore volume map for Facies D. 
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Figure 6-19: Hydrocarbon pore volume map for Facies E/F. 
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Figure 6-20: Hydrocarbon pore volume map for the Middle Bakken.  Note the northeast-
southwest trending areas of relatively high SoPhiH near the Nesson Anticline and in the 
northwest and southeast corners of the study area. 
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  CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS 

The main objectives of this study were to evaluate the reservoir characteristics of the 

Middle Bakken in the study area and to develop an accurate and precise petrophysical model 

for the Middle Bakken in the study area.  These objectives were achieved through core 

descriptions, various core analyses, well log mapping, and well log analysis. 

7.1 CONCLUSIONS 

The conclusions of this study are as follows. 

1. Microbial influence on laminations in Facies C, D, and E is supported by the presence of 

stromatolites in the Larson 149-100-9-4-2TFH core. 

2. Facies C and D exhibited transitional contacts in most cores and were often interbedded.  

These facies were likely deposited in the same depositional environment (sand shoal). 

3. Microfractures are abundant in all Middle Bakken lithofacies throughout the study area. 

4. As in the Parshall Field area (Grau et al., 2011 and Simenson, 2010), this study area 

became more restricted toward the end of Middle Bakken deposition. 

5. The distal Pronghorn Member impedes fluid expulsion from the Lower Bakken Shale into 

the underlying proximal Pronghorn Member and upper Three Forks Formation.  

Associated thinning of the Lower Bakken Shale also results in lower oil saturations in the 

overlying Middle Bakken. 

6. Isopach maps indicate that the Nesson master fault and the Nesson Anticline did not 

significantly influence Middle Bakken deposition. 

7. Stress dependence analysis indicates that Middle Bakken permeability is particularly 

sensitive to stress while porosity is not. 

8. Stress-corrected permeability-porosity relationships suggest that all samples are 

fractured to some extent.  The degree of fracturing controls permeability. 

9. Water saturations in the Middle Bakken are controlled by both porosity and permeability. 

10. The primary mineralogical control on Middle Bakken porosity and permeability is 

dolomite content.  Dolomite precipitation (early and late) has preserved or created 

porosity and, in turn, permeability. 

11. XRD data suggest that the source for the siliciclastic grains was constant through Middle 

Bakken deposition. 

12. Clays inhibited precipitation of carbonate cements in all Middle Bakken lithofacies. 
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13. MICP data can be used to identify different pore networks in the Middle Bakken.  The 

two identified pore networks are interpreted to be a fracture network and the matrix 

porosity. 

14. MICP is not a useful tool for evaluating the porosity in the shales.  The shales exhibit 

pore throats that are too small to be penetrated at reasonable pressures. 

15. A dual porosity model can be used to effectively estimate Middle Bakken cementation 

exponents to b�H���X�V�H�G���L�Q���$�U�F�K�L�H�¶�V���H�T�X�D�W�L�R�Q���W�R���F�D�O�F�X�O�D�W�H���Z�D�W�H�U���V�D�W�X�U�D�W�L�R�Q�V�� 

16. Fracture porosity in the Middle Bakken is controlled by structural features, pore 

pressures, and regional fracture lineaments, with regional fracture lineaments being the 

most significant in this study area. 

17. Secondary (horizontal) migration has occurred within the Middle Bakken in the study 

area.  Structural highs (Nesson Anticline) exhibit the highest oil saturations. 

18. Hydrocarbon pore volume maps indicate that areas where the regional fracture 

lineaments intersect structural highs, as at the southern end of the Nesson Anticline, are 

the most prospective areas to drill. 

19. The estimated recovery factor for Abraxas Middle Bakken wells in North Fork Field 

suggest that the Upper and Lower Bakken Shales are contributing to Middle Bakken oil 

production. 

7.2 RECOMMENDATIONS 

Several observations made in this study require further research to fully understand. 

1. The Nesson master fault terminates at the northern end of North Fork Field.  SM Energy 

has contributed a 3-D seismic survey to the CSM Bakken Consortium that covers this 

area.  This seismic survey should be studied to further evaluate the Nesson master fault 

and its possible influence on the Bakken Petroleum System. 

2. The stromatolites in Facies C in the Larson149-100-9-4-2TFH core warrants further 

study.  There may be a link between the presence of these well-developed stromatolites 

and the nearby distal Pronghorn thick. 

3. Additional MICP data from the Middle Bakken should be collected and evaluated to 

further refine the procedure presented in this study for identifying and characterizing 

pore systems, particularly the fracture system. 

4. MICP data can also be used to continue mapping fracture porosity in the Middle Bakken 

in the rest of the Williston Basin. 
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APPENDIX A 

CORE ANALYSIS RESULTS 

Table A-1.  Routine core analysis results. 

Well Name 
Sample 
Depth 

(ft) F
ac

ie
s 

La
b 

C
om

m
en

t 

NCS 
(psi) 

Phi 
Ambient Phi NCS Kair 

(md) 
Klink 
(md) Sw So 

BCDU 13X-35 11025.2 E/F -- 1570 0.079 0.078 0.423 0.298 0.313 40.4 
BCDU 13X-35 11026.6 E/F -- 1570 0.072 0.071 0.07 0.039 -- -- 
BCDU 13X-35 11027.6 E/F -- 1570 0.077 0.076 0.147 0.09 -- -- 
BCDU 13X-35 11029.2 E/F -- 1570 0.056 0.055 0.296 0.2 0.382 33.8 
BCDU 13X-35 11031.2 E/F -- 1570 0.053 0.052 0.436 0.308 -- -- 
BCDU 13X-35 11034.4 D -- 1570 0.017 0.016 0.0048 0.0014 -- -- 
BCDU 13X-35 11038.2 C -- 1570 0.033 0.032 0.02 0.0085 -- -- 
BCDU 13X-35 11041.45 C -- 1570 0.061 0.06 0.07 0.038 0.146 53.1 
BCDU 13X-35 11042.15 C -- 1570 0.022 0.021 0.068 0.037 -- -- 
BCDU 13X-35 11044.3 C -- 1570 0.031 0.029 0.487 0.352 -- -- 
BCDU 13X-35 11046.15 B -- 1570 0.07 0.068 0.427 0.301 -- -- 
BCDU 13X-35 11048.4 B -- 1570 0.066 0.064 0.145 0.089 -- -- 
BCDU 13X-35 11049.2 B -- 1570 0.072 0.07 0.527 0.381 0.323 39.3 
BCDU 13X-35 11051.45 B -- 1570 0.09 0.088 0.437 0.308 -- -- 
BCDU 13X-35 11052.55 B -- 1570 0.078 0.076 0.049 0.025 -- -- 
BCDU 13X-35 11053.2 B -- 1570 0.069 0.067 0.102 0.059 0.345 40.9 
BCDU 13X-35 11056.2 B -- 1570 0.072 0.07 0.234 0.153 -- -- 
BCDU 13X-35 11057.55 B -- 1570 0.036 0.035 0.0069 0.0022 0.727 21.2 
BCDU 13X-35 11060.2 A -- 1570 0.059 0.058 0.727 0.528 -- -- 

Boxcar 44-22PH 11037.5 F -- 3000 0.068 0.066 0.018 0.0073 0.535 0.181 
Boxcar 44-22PH 11038.65 E -- 3000 0.058 0.056 0.0065 0.0021 0.307 0.427 
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Table A-1.  Routine core analysis results. 

Well Name 
Sample 
Depth 

(ft) F
ac

ie
s 

La
b 

C
om

m
en

t 

NCS 
(psi) 

Phi 
Ambient Phi NCS Kair 

(md) 
Klink 
(md) Sw So 

Boxcar 44-22PH 11039.55 E -- 3000 0.053 0.051 0.0053 0.0016 0.367 0.279 
Boxcar 44-22PH 11040.5 E -- 3000 0.048 0.046 0.001 0.0002 0.206 0.383 
Boxcar 44-22PH 11041.5 E -- 3000 0.04 0.038 0.0013 0.0003 0.202 0.406 
Boxcar 44-22PH 11042.5 D -- 3000 0.041 0.039 0.034 0.016 0.28 0.428 
Boxcar 44-22PH 11043.5 D -- 3000 0.077 0.075 0.0021 0.0005 0.288 0.418 
Boxcar 44-22PH 11044.5 D -- 3000 0.105 0.103 0.0062 0.0019 0.142 0.361 
Boxcar 44-22PH 11045.5 D -- 3000 0.058 0.056 0.024 0.01 0.223 0.407 
Boxcar 44-22PH 11046.5 D -- 3000 0.089 0.087 0.035 0.017 0.501 0.199 
Boxcar 44-22PH 11048.6 D -- 3000 0.016 0.014 0.0021 0.0005 0.384 0.325 
Boxcar 44-22PH 11049.4 D -- 3000 0.087 0.085 0.012 0.0043 0.178 0.533 
Boxcar 44-22PH 11050.45 D -- 3000 0.03 0.028 0.0006 0.0001 0.135 0.502 
Boxcar 44-22PH 11051.5 D -- 3000 0.044 0.042 0.0006 0.0001 0.184 0.464 
Boxcar 44-22PH 11052.5 C -- 3000 0.085 0.082 0.012 0.0044 0.193 0.471 
Boxcar 44-22PH 11053.6 C -- 3000 0.069 0.067 0.023 0.01 0.349 0.364 
Boxcar 44-22PH 11055.45 C -- 3000 0.068 0.066 0.0041 0.0011 0.317 0.407 
Boxcar 44-22PH 11056.5 C -- 3000 0.074 0.072 0.0046 0.0013 0.265 0.457 
Boxcar 44-22PH 11057.5 C -- 3000 0.055 0.053 0.0036 0.001 0.224 0.496 
Boxcar 44-22PH 11058.5 C -- 3000 0.065 0.063 0.0052 0.0015 0.31 0.378 
Boxcar 44-22PH 11059.5 C -- 3000 0.053 0.051 0.0019 0.0004 0.32 0.352 
Boxcar 44-22PH 11060.5 C -- 3000 0.065 0.062 0.0077 0.0025 0.315 0.381 
Boxcar 44-22PH 11061.35 C -- 3000 0.031 0.028 0.0011 0.0002 0.253 0.444 
Boxcar 44-22PH 11062.65 C -- 3000 0.068 0.066 0.0076 0.0025 0.32 0.378 
Boxcar 44-22PH 11064.65 B -- 3000 0.035 0.033 0.0005 0.0001 0.233 0.424 
Boxcar 44-22PH 11065.5 B -- 3000 0.062 0.06 0.0047 0.0014 0.363 0.316 

Table A-1.  Continued. 



 

155 
 

Table A-1.  Routine core analysis results. 

Well Name 
Sample 
Depth 

(ft) F
ac

ie
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La
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C
om

m
en

t 

NCS 
(psi) 

Phi 
Ambient Phi NCS Kair 

(md) 
Klink 
(md) Sw So 

Boxcar 44-22PH 11067.45 B -- 3000 0.065 0.063 0.009 0.0031 0.326 0.362 
Boxcar 44-22PH 11068.5 B -- 3000 0.056 0.054 0.0065 0.002 0.33 0.372 
Boxcar 44-22PH 11070.5 B -- 3000 0.062 0.059 0.0075 0.0025 0.412 0.246 
Boxcar 44-22PH 11071.5 B -- 3000 0.047 0.045 0.0021 0.0005 0.348 0.266 
Boxcar 44-22PH 11072.5 B -- 3000 0.072 0.07 0.009 0.0031 0.328 0.451 
Boxcar 44-22PH 11073.5 B -- 3000 0.044 0.041 0.0023 0.0005 0.253 0.413 
Boxcar 44-22PH 11075.5 B -- 3000 0.052 0.049 0.0016 0.0003 0.214 0.496 
Boxcar 44-22PH 11076.5 B -- 3000 0.045 0.042 0.0008 0.0001 0.219 0.51 
Boxcar 44-22PH 11077.5 B -- 3000 0.045 0.043 0.0016 0.0003 0.261 0.462 
Boxcar 44-22PH 11078.5 A -- 3000 0.06 0.058 0.0074 0.0024 0.214 0.448 
Charlotte 1-22H 11276 F -- 4000 0.084 0.081 0.031 0.015 0.475 0.497 
Charlotte 1-22H 11278.25 E -- 4000 0.057 0.054 0.0043 0.0012 0.467 0.28 
Charlotte 1-22H 11280.6 E f 4000 0.064 0.061 0.042 0.021 0.472 0.269 
Charlotte 1-22H 11286 D f 4000 0.061 0.058 0.417 0.293 0.445 0.342 
Charlotte 1-22H 11296.05 C f 4000 0.1 0.097 1.09 0.793 0.46 0.367 
Charlotte 1-22H 11300.25 C f 4000 0.087 0.084 0.258 0.172 0.419 0.399 
Charlotte 1-22H 11302.1 C -- 4000 0.034 0.031 0.0038 0.001 0.619 0.315 
Charlotte 1-22H 11304.3 C f 4000 0.058 0.055 0.149 0.092 0.485 0.256 
Charlotte 1-22H 11306.2 B f 4000 0.084 0.081 0.371 0.258 0.532 0.237 
Charlotte 1-22H 11308 B f 4000 0.088 0.085 0.877 0.646 0.452 0.366 
Charlotte 1-22H 11308.25 B f 4000 0.09 0.086 1.02 0.77 0.517 0.294 
Charlotte 1-22H 11310.1 B f 4000 0.088 0.085 0.067 0.036 0.521 0.277 
Charlotte 1-22H 11312.2 B f 4000 0.082 0.079 0.051 0.027 0.44 0.362 
Charlotte 1-22H 11314.05 B f 4000 0.089 0.086 0.334 0.229 0.494 0.292 

Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 

Well Name 
Sample 
Depth 

(ft) F
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Ambient Phi NCS Kair 

(md) 
Klink 
(md) Sw So 

Charlotte 1-22H 11316.2 B f 4000 0.071 0.068 0.135 0.082 0.401 0.366 
Charlotte 1-22H 11318.1 B -- 4000 0.077 0.073 0.022 0.0094 0.418 0.34 
Charlotte 1-22H 11320 A -- 4000 0.04 0.037 0.0006 0.0001 0.469 0.199 

Hognose 150-94-18B-19HTF 10339.8 D 1 3190 -- 0.0607 0.02 0.006 0.293 0.235 
Hognose 150-94-18B-19HTF 10340.05 D -- 3190 -- 0.0588 0.005 0.001 0.258 0.325 
Hognose 150-94-18B-19HTF 10341.2 D -- 3190 -- 0.0634 0.002 0.0003 0.429 0.27 
Hognose 150-94-18B-19HTF 10343.1 D -- 3190 -- 0.008 0.001 0.0001 0.653 0.129 
Hognose 150-94-18B-19HTF 10345.3 C -- 3190 -- 0.0688 0.002 0.0004 0.286 0.311 
Hognose 150-94-18B-19HTF 10346.05 C -- 3190 -- 0.094 0.028 0.009 0.165 0.429 
Hognose 150-94-18B-19HTF 10348.1 C -- 3190 -- 0.0608 0.002 0.0004 0.257 0.354 
Hognose 150-94-18B-19HTF 10350.55 C 1 3190 -- 0.0737 0.012 0.003 0.226 0.289 
Hognose 150-94-18B-19HTF 10352.6 C 1 3190 -- 0.072 0.01 0.006 0.174 0.338 
Hognose 150-94-18B-19HTF 10354.3 B 1 3190 -- 0.0679 0.126 0.061 0.23 0.288 
Hognose 150-94-18B-19HTF 10356.05 B -- 3190 -- 0.0273 0.013 0.004 0.287 0.246 
Hognose 150-94-18B-19HTF 10358.2 B -- 3190 -- 0.0717 0.045 0.03 0.183 0.372 
Hognose 150-94-18B-19HTF 10360.1 B 1 3190 -- 0.0687 1.838 1.611 0.185 0.354 
Hognose 150-94-18B-19HTF 10362.15 B -- 3190 -- 0.0375 0.002 0.0003 0.202 0.448 
Hognose 150-94-18B-19HTF 10364 B -- 3190 -- 0.0386 0.001 0.0001 0.185 0.37 
Hognose 150-94-18B-19HTF 10368.25 B 1 3190 -- 0.0499 0.004 0.001 0.321 0.175 
Hognose 150-94-18B-19HTF 10370.2 B 1 3190 -- 0.0561 0.848 0.732 0.223 0.355 
Hognose 150-94-18B-19HTF 10372.7 B 1 3190 -- 0.0513 0.07 0.029 0.253 0.303 
Hognose 150-94-18B-19HTF 10374.25 A 1 3190 -- 0.0615 0.056 0.022 0.318 0.235 
Hognose 150-94-18B-19HTF 10376.2 A -- 3190 -- 0.0578 0.001 0.0001 0.085 0.193 
Hognose 150-94-18B-19HTF 10377.1 A 1 3190 -- 0.0505 0.002 0.0003 0.394 0.193 

Table A-1.  Continued. Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 

Well Name 
Sample 
Depth 
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Ambient Phi NCS Kair 

(md) 
Klink 
(md) Sw So 

Hognose 150-94-18B-19HTF 10378.6 A -- 3190 -- 0.0206 0.001 0.0001 0.617 0.179 
Jane Federal 11X-22 10687.7 E/F -- 3370 -- 0.0775 0.057 0.031 0.379 0.208 
Jane Federal 11X-22 10690 E/F -- 3370 -- 0.0764 0.011 0.005 0.347 0.29 
Jane Federal 11X-22 10694 E/F -- 3370 -- 0.0378 0.323 0.307 0.25 0.264 
Jane Federal 11X-22 10698 D -- 3370 -- 0.02 0.003 0.001 0.394 0.345 
Jane Federal 11X-22 10702.5 D -- 3370 -- 0.0403 0.01 0.004 0.681 0.31 
Jane Federal 11X-22 10702.8 D -- 3370 -- 0.0665 0.088 0.06 0.326 0.402 
Jane Federal 11X-22 10705.4 D -- 3370 -- 0.0577 0.005 0.002 0.607 0.205 
Jane Federal 11X-22 10706.3 C -- 3370 -- 0.0143 0.002 0.001 0.562 0.186 
Jane Federal 11X-22 10707.1 C -- 3370 -- 0.0649 0.023 0.011 0.511 0.241 
Jane Federal 11X-22 10715 C -- 3370 -- 0.0194 0.001 0.0004 0.514 0.24 
Jane Federal 11X-22 10720.1 B -- 3370 -- 0.0793 0.011 0.005 0.517 0.214 
Jane Federal 11X-22 10727.3 B -- 3370 -- 0.0611 0.071 0.06 0.56 0.181 
Jane Federal 11X-22 10729.95 B -- 3370 -- 0.0374 0.003 0.001 0.524 0.135 

Jaynes 16-12H 11063.5 F -- 2630 0.078 0.076 0.012 0.0055 0.411 0.307 
Jaynes 16-12H 11064.5 F -- 2630 0.075 0.074 0.036 0.02 0.341 0.346 
Jaynes 16-12H 11065.65 E -- 2630 0.079 0.078 0.039 0.022 0.582 0.148 
Jaynes 16-12H 11066.5 E -- 2630 0.053 0.053 0.017 0.0085 0.328 0.312 
Jaynes 16-12H 11067.5 E 1 2630 0.072 0.071 0.617 0.46 0.215 0.401 
Jaynes 16-12H 11068.5 E 1 2630 0.056 0.055 0.095 0.051 0.589 0.123 
Jaynes 16-12H 11070.5 D 1 2630 0.066 0.065 0.327 0.179 0.427 0.272 
Jaynes 16-12H 11071.5 D 1 2630 0.075 0.074 0.016 0.0082 0.417 0.239 
Jaynes 16-12H 11072.5 D 1 2630 0.095 0.093 0.101 0.057 0.272 0.409 
Jaynes 16-12H 11073.9 D 1 2630 0.108 0.106 1.22 0.911 0.287 0.383 

Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 

Well Name 
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Depth 
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Jaynes 16-12H 11074.5 D 1 2630 0.055 0.054 4.55 3.5 0.445 0.241 
Jaynes 16-12H 11075.5 D 1 2630 0.1 0.098 0.466 0.35 0.324 0.423 
Jaynes 16-12H 11079.5 D -- 2630 0.066 0.065 0.013 0.0065 0.535 0.091 
Jaynes 16-12H 11080.45 D 1 2630 0.065 0.064 0.311 0.232 0.545 0.114 
Jaynes 16-12H 11082.5 D 1 2630 0.082 0.08 0.657 0.489 0.442 0.228 
Jaynes 16-12H 11083.5 C -- 2630 0.066 0.065 0.024 0.013 0.417 0.223 
Jaynes 16-12H 11084.5 C -- 2630 0.076 0.075 0.018 0.0091 0.433 0.189 
Jaynes 16-12H 11085.5 C 1 2630 0.069 0.068 0.104 0.055 0.537 0.117 
Jaynes 16-12H 11086.5 C 1 2630 0.071 0.07 0.087 0.049 0.475 0.172 
Jaynes 16-12H 11087.5 C 1 2630 0.075 0.074 0.209 0.11 0.475 0.179 
Jaynes 16-12H 11089.6 B 1 2630 0.072 0.071 0.2 0.105 0.487 0.179 
Jaynes 16-12H 11090.5 B -- 2630 0.067 0.066 0.023 0.013 0.556 0.157 
Jaynes 16-12H 11091.5 B -- 2630 0.03 0.03 0.0024 0.0008 0.517 0.12 
Jaynes 16-12H 11092.5 B -- 2630 0.064 0.064 0.0097 0.0043 0.642 0.082 
Jaynes 16-12H 11093.6 B -- 2630 0.056 0.055 0.0046 0.0017 0.573 0.083 
Jaynes 16-12H 11094.5 B 1 2630 0.067 0.066 0.088 0.047 0.523 0.159 
Jaynes 16-12H 11095.5 B 1 2630 0.066 0.065 0.34 0.253 0.53 0.141 
Jaynes 16-12H 11096.5 B 1 2630 0.06 0.059 0.037 0.022 0.524 0.142 
Jaynes 16-12H 11097.5 B -- 2630 0.067 0.066 0.016 0.0079 0.557 0.128 
Jaynes 16-12H 11098.5 B -- 2630 0.063 0.063 0.004 0.0015 0.522 0.127 
Jaynes 16-12H 11099.5 B 1 2630 0.07 0.069 0.061 0.034 0.53 0.153 
Jaynes 16-12H 11100.5 B -- 2630 0.059 0.058 0.0015 0.0004 0.43 0.214 
Jaynes 16-12H 11101.5 B -- 2630 0.066 0.065 0.014 0.0071 0.448 0.221 
Jaynes 16-12H 11102.5 B -- 2630 0.062 0.061 0.0036 0.0013 0.415 0.232 

Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 

Well Name 
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Jaynes 16-12H 11103.5 B 1 2630 0.063 0.062 0.117 0.08 0.529 0.128 
Jaynes 16-12H 11104.5 B -- 2630 0.028 0.028 -- 0.0001 0.415 0.112 
Jaynes 16-12H 11105.5 A -- 2630 0.047 0.047 0.0007 0.0002 0.409 0.129 
Jaynes 16-12H 11106.5 A -- 2630 0.051 0.05 0.0011 0.0003 0.345 0.209 

Jorgenson 1-15H 10970.1 F -- 3380 -- 0.0633 0.003 0.001 0.0731 0.365 
Jorgenson 1-15H 10972.25 E -- 3380 -- 0.0315 0.068 0.054 0.0366 0.294 
Jorgenson 1-15H 10973.3 E -- 3380 -- 0.0608 0.041 0.027 0.0609 0.37 
Jorgenson 1-15H 10974.1 E -- 3380 -- 0.0267 0.003 0.001 0.219 0.19 
Jorgenson 1-15H 10975.6 D -- 3380 -- 0.0152 0.002 0.001 0.0757 0.345 
Jorgenson 1-15H 10976.25 D -- 3380 -- 0.0244 0.002 0.001 0.0945 0.472 
Jorgenson 1-15H 10977.2 D -- 3380 -- 0.0285 0.002 0.001 0.166 0.414 
Jorgenson 1-15H 10978.25 D -- 3380 -- 0.0374 0.004 0.001 0.0312 0.481 
Jorgenson 1-15H 10979.7 D -- 3380 -- 0.0409 0.004 0.002 0.0287 0.492 
Jorgenson 1-15H 10980.3 D -- 3380 -- 0.0375 0.005 0.002 0.0407 0.415 
Jorgenson 1-15H 10980.5 D -- 3380 -- 0.0397 0.007 0.003 0.0238 0.464 
Jorgenson 1-15H 10981.4 D -- 3380 -- 0.0282 0.002 0.001 0.104 0.519 
Jorgenson 1-15H 10982.35 D -- 3380 -- 0.03 0.002 0.001 0.11 0.564 
Jorgenson 1-15H 10983.2 D -- 3380 -- 0.0188 0.001 0.0003 0.196 0.346 
Jorgenson 1-15H 10984.25 D -- 3380 -- 0.0605 0.049 0.039 0.076 0.34 
Jorgenson 1-15H 10985.5 D -- 3380 -- 0.0273 0.01 0.004 0.154 0.268 
Jorgenson 1-15H 10985.6 D -- 3380 -- 0.0315 0.001 0.0002 0.101 0.196 
Jorgenson 1-15H 10987.6 C -- 3380 -- 0.0639 0.005 0.002 0.155 0.294 
Jorgenson 1-15H 10988.2 C -- 3380 -- 0.0221 0.002 0.001 0.107 0.303 
Jorgenson 1-15H 10989.6 C -- 3380 -- 0.0377 0.004 0.002 0.25 0.19 

Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 
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Jorgenson 1-15H 10990.2 C -- 3380 -- 0.0545 0.004 0.001 0.0949 0.226 
Jorgenson 1-15H 10991.3 C -- 3380 -- 0.0577 0.031 0.015 0.243 0.123 
Jorgenson 1-15H 10992.2 C -- 3380 -- 0.0573 0.024 0.019 0.163 0.301 
Jorgenson 1-15H 10996.3 B -- 3380 -- 0.0656 0.001 0.0003 0.172 0.29 
Jorgenson 1-15H 10996.35 B -- 3380 -- 0.0589 0.01 0.005 0.157 0.366 
Jorgenson 1-15H 10998.85 B -- 3380 -- 0.0651 0.032 0.019 0.6 0.22 
Jorgenson 1-15H 10999.25 B -- 3380 -- 0.0603 0.018 0.011 0.159 0.37 
Jorgenson 1-15H 11000.2 B -- 3380 -- 0.0582 0.005 0.002 0.0806 0.35 
Jorgenson 1-15H 11000.4 B -- 3380 -- 0.0709 0.003 0.001 0.173 0.26 
Jorgenson 1-15H 11001.55 B -- 3380 -- 0.0459 0.031 0.024 0.215 0.349 
Jorgenson 1-15H 11002.75 B -- 3380 -- 0.0242 0.001 0.0004 0.0497 0.356 
Jorgenson 1-15H 11005.3 A -- 3380 -- 0.0372 0.001 0.0001 0.0679 0.339 
Jorgenson 1-15H 11006.55 A -- 3380 -- 0.0505 0.006 0.002 0.0234 0.36 
Jorgenson 1-15H 11007.25 A 1 3380 -- 0.0564 0.095 0.055 0.0214 0.349 
Jorgenson 1-15H 11008.3 A -- 3380 -- 0.0471 0.649 0.554 0.153 0.365 
Jorgenson 1-15H 11009.65 A -- 3380 -- 0.0239 0.002 0.001 0.098 0.266 
Jorgenson 1-15H 11010.7 A -- 3380 -- 0.0403 0.004 0.002 0.171 0.247 

Lars Rothie 32-29H 10613.15 E -- 3100 -- 0.069 -- 0.005 0.155 0.261 
Lars Rothie 32-29H 10613.75 E -- 3100 -- 0.055 -- 0.023 0.148 0.28 
Lars Rothie 32-29H 10614.75 E -- 3100 -- 0.052 -- 0.021 0.467 0.123 
Lars Rothie 32-29H 10616.25 D -- 3100 -- 0.063 -- 0.013 0.409 0.205 
Lars Rothie 32-29H 10617.35 D 1 3100 -- 0.031 -- 1.13 0.348 0.31 
Lars Rothie 32-29H 10619.75 C -- 3100 -- 0.053 -- 0.015 0.308 0.244 
Lars Rothie 32-29H 10621.1 C -- 3100 -- 0.044 -- 0.002 0.328 0.272 

Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 
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Lars Rothie 32-29H 10622.75 C -- 3100 -- 0.08 -- 0.011 0.349 0.25 
Lars Rothie 32-29H 10623.25 C -- 3100 -- 0.076 -- 0.007 0.254 0.334 
Lars Rothie 32-29H 10624.25 C -- 3100 -- 0.066 -- 0.012 0.303 0.334 
Lars Rothie 32-29H 10624.75 C -- 3100 -- 0.082 -- 0.006 0.286 0.369 
Lars Rothie 32-29H 10625.25 C -- 3100 -- 0.067 -- 0.012 0.26 0.404 
Lars Rothie 32-29H 10627.25 C -- 3100 -- 0.018 -- 0.0003 0.518 0.249 
Lars Rothie 32-29H 10629.25 C -- 3100 -- 0.059 -- 0.005 0.287 0.302 
Lars Rothie 32-29H 10630.25 C -- 3100 -- 0.057 -- 0.006 0.308 0.275 
Lars Rothie 32-29H 10633.75 C -- 3100 -- 0.055 -- 0.043 0.282 0.283 
Lars Rothie 32-29H 10634.75 C -- 3100 -- 0.058 -- 0.007 0.345 0.237 
Lars Rothie 32-29H 10635.4 B -- 3100 -- 0.069 -- 0.018 0.234 0.318 
Lars Rothie 32-29H 10637.25 B -- 3100 -- 0.06 -- 0.003 0.358 0.273 
Lars Rothie 32-29H 10638.75 B -- 3100 -- 0.061 -- 0.017 0.317 0.306 
Lars Rothie 32-29H 10639.25 B -- 3100 -- 0.059 -- 0.004 0.317 0.313 
Lars Rothie 32-29H 10640.75 B -- 3100 -- 0.06 -- 0.002 0.311 0.07 
Lars Rothie 32-29H 10641.25 B -- 3100 -- 0.058 -- 0.004 0.344 0.226 
Lars Rothie 32-29H 10647.25 B -- 3100 -- 0.058 -- 0.014 0.402 0.225 

Levang 3-22H 10651.1 E/F -- 1830 -- 0.0482 0.001 0.0004 0.356 0.078 
Levang 3-22H 10651.65 E/F -- 1830 -- 0.0546 0.043 0.022 0.409 0.136 
Levang 3-22H 10652.1 E/F -- 1830 -- 0.0565 0.18 0.174 0.367 0.128 
Levang 3-22H 10653.35 D -- 1830 -- 0.05 0.004 0.001 0.448 0.104 
Levang 3-22H 10654.1 D -- 1830 -- 0.0596 0.052 0.045 0.428 0.177 
Levang 3-22H 10654.3 D -- 1830 -- 0.0587 0.012 0.005 0.416 0.196 
Levang 3-22H 10655.95 D -- 1830 -- 0.0761 0.018 0.013 0.374 0.238 

Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 
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Levang 3-22H 10656.2 D -- 1830 -- 0.0751 0.011 0.008 0.52 0.066 
Levang 3-22H 10656.25 D -- 1830 -- 0.0767 0.007 0.003 0.294 0.347 
Levang 3-22H 10658.2 D -- 1830 -- 0.0479 0.074 0.041 0.54 0.061 
Levang 3-22H 10659.2 D -- 1830 -- 0.0348 0.001 0.0004 0.589 0.034 
Levang 3-22H 10659.4 D -- 1830 -- 0.0624 0.161 0.145 0.427 0.242 
Levang 3-22H 10660.3 D -- 1830 -- 0.0575 0.015 0.007 0.457 0.088 
Levang 3-22H 10661.2 D -- 1830 -- 0.0217 0.001 0.002 0.567 0.13 
Levang 3-22H 10662.2 D -- 1830 -- 0.0638 0.018 0.012 0.513 0.048 
Levang 3-22H 10662.9 D -- 1830 -- 0.0774 0.09 0.077 0.266 0.406 
Levang 3-22H 10663.4 D -- 1830 -- 0.0628 0.039 0.033 0.52 0.056 
Levang 3-22H 10665.6 D -- 1830 -- 0.0566 0.004 0.002 0.326 0.304 
Levang 3-22H 10666.25 D -- 1830 -- 0.0549 0.004 0.001 0.372 0.204 
Levang 3-22H 10666.4 C -- 1830 -- 0.0501 0.018 0.008 -- -- 
Levang 3-22H 10667.6 C -- 1830 -- 0.0592 0.019 0.009 -- -- 
Levang 3-22H 10668.3 C -- 1830 -- 0.0485 0.007 0.003 -- -- 
Levang 3-22H 10669.3 C -- 1830 -- 0.0573 0.041 0.02 -- -- 
Levang 3-22H 10670.5 C -- 1830 -- 0.0611 0.027 0.013 -- -- 
Levang 3-22H 10671.4 C -- 1830 -- 0.0156 0.0004 0.0001 -- -- 
Levang 3-22H 10672.5 C -- 1830 -- 0.0373 0.001 0.0003 -- -- 
Levang 3-22H 10674.1 B -- 1830 -- 0.0668 0.034 0.027 0.606 0.15 
Levang 3-22H 10675.2 B -- 1830 -- 0.0618 0.014 0.011 0.415 0.137 
Levang 3-22H 10676 B -- 1830 -- 0.074 0.005 0.002 0.37 0.083 
Levang 3-22H 10676.9 B -- 1830 -- 0.0658 0.004 0.001 0.484 0.012 
Levang 3-22H 10678.2 B -- 1830 -- 0.0609 0.008 0.003 0.468 0.106 
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Table A-1.  Routine core analysis results. 

Well Name 
Sample 
Depth 

(ft) F
ac

ie
s 
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(psi) 

Phi 
Ambient Phi NCS Kair 

(md) 
Klink 
(md) Sw So 

Levang 3-22H 10679.1 B -- 1830 -- 0.0618 0.004 0.002 0.476 0.091 
Levang 3-22H 10680.1 B -- 1830 -- 0.062 0.004 0.002 0.402 0.167 
Levang 3-22H 10681 B -- 1830 -- 0.0627 0.004 0.001 0.372 0.207 
Levang 3-22H 10682 B -- 1830 -- 0.0632 0.004 0.002 0.394 0.185 
Levang 3-22H 10683.2 B -- 1830 -- 0.0682 0.006 0.002 0.299 0.311 
Levang 3-22H 10684.1 B -- 1830 -- 0.0568 0.003 0.001 0.507 0.073 
Levang 3-22H 10685.2 B -- 1830 -- 0.0436 0.001 0.0003 0.514 0.057 
Levang 3-22H 10686.1 A -- 1830 -- 0.0344 0.001 0.0002 0.476 0.131 
Levang 3-22H 10687.1 A -- 1830 -- 0.0596 0.003 0.001 0.511 0.045 
Levang 3-22H 10688.1 A -- 1830 -- 0.0333 0.021 0.009 0.5 0 
Levang 3-22H 10689.1 A -- 1830 -- 0.0589 0.002 0.001 0.541 0 
Levang 3-22H 10690.1 A -- 1830 -- 0.0596 0.002 0.001 0.534 0 
Levang 3-22H 10691.1 A -- 1830 -- 0.0681 0.032 0.015 0.574 0 

Linseth 13-12HW 10964.3 D 1 2233 0.036 0.036 0.007 0.0029 0.28 0.266 
Linseth 13-12HW 10964.65 D -- 2233 0.051 0.051 0.0009 0.0002 0.298 0.349 
Linseth 13-12HW 10965.5 D -- 2233 0.032 0.031 0.0007 0.0002 0.323 0.417 
Linseth 13-12HW 10978.45 C 1 2233 0.065 0.064 0.279 0.208 0.36 0.279 
Linseth 13-12HW 10992.1 B 1 2233 0.065 0.064 0.107 0.059 0.416 0.248 
Linseth 13-12HW 10994.2 A 1 2233 0.061 0.061 0.068 0.043 0.408 0.251 

Linseth 4-8H 10796.6 E/F -- 1830 -- 0.0532 0.003 0.001 0.355 0.133 
Linseth 4-8H 10797.45 E/F -- 1830 -- 0.0575 0.165 0.103 0.407 0.239 
Linseth 4-8H 10798.65 E/F -- 1830 -- 0.07 0.074 0.041 0.265 0.243 
Linseth 4-8H 10799.55 E/F -- 1830 -- 0.0262 0.239 0.229 0.234 0.263 
Linseth 4-8H 10800.5 E/F -- 1830 -- 0.0582 0.004 0.001 0.256 0.311 

Table A-1.  Continued. 
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Table A-1.  Routine core analysis results. 

Well Name 
Sample 
Depth 
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(md) 
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Linseth 4-8H 10801.55 E/F -- 1830 -- 0.0561 0.009 0.004 0.269 0.343 
Linseth 4-8H 10802.5 E/F -- 1830 -- 0.0444 0.022 0.01 0.232 0.34 
Linseth 4-8H 10803.45 D -- 1830 -- 0.074 0.05 0.043 0.223 0.366 
Linseth 4-8H 10804.75 D -- 1830 -- 0.026 0.002 0.001 0.227 0.364 
Linseth 4-8H 10805.55 D -- 1830 -- 0.0483 0.007 0.004 0.237 0.297 
Linseth 4-8H 10806.5 D -- 1830 -- 0.0441 0.005 0.002 0.211 0.305 
Linseth 4-8H 10807.45 D -- 1830 -- 0.0436 0.056 0.045 0.263 0.352 
Linseth 4-8H 10808.45 D -- 1830 -- 0.0494 0.021 0.01 0.282 0.327 
Linseth 4-8H 10809.45 D -- 1830 -- 0.0825 0.056 0.029 0.238 0.331 
Linseth 4-8H 10810.6 D -- 1830 -- 0.0817 0.015 0.011 0.256 0.328 
Linseth 4-8H 10811.35 D -- 1830 -- 0.0841 0.025 0.02 0.402 0.355 
Linseth 4-8H 10814.4 D -- 1830 -- 0.065 0.01 0.007 0.403 0.24 
Linseth 4-8H 10815.55 D -- 1830 -- 0.0718 0.033 0.023 0.393 0.236 
Linseth 4-8H 10816.7 D -- 1830 -- 0.0595 0.051 0.04 0.442 0.248 
Linseth 4-8H 10817.55 D -- 1830 -- 0.0617 0.005 0.002 0.462 0.219 
Linseth 4-8H 10818.5 D -- 1830 -- 0.0628 0.042 0.021 0.542 0.207 
Linseth 4-8H 10819.45 C -- 1830 -- 0.0371 0.039 0.028 0.553 0.122 
Linseth 4-8H 10820.55 C -- 1830 -- 0.026 0.002 0.001 0.516 0.083 
Linseth 4-8H 10822.2 B -- 1830 -- 0.0227 0.002 0.001 0.394 0.1 
Linseth 4-8H 10823.4 B -- 1830 -- 0.0268 0.002 0.001 0.036 0.219 
Linseth 4-8H 10824.4 B -- 1830 -- 0.0654 0.009 0.004 0.524 0.219 
Linseth 4-8H 10825.2 B -- 1830 -- 0.0246 0.002 0.001 0.445 0.07 
Linseth 4-8H 10826.25 B -- 1830 -- 0.0527 0.002 0.001 0.45 0.183 
Linseth 4-8H 10827.45 B -- 1830 -- 0.0652 0.062 0.033 0.455 0.122 
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Table A-1.  Routine core analysis results. 

Well Name 
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Depth 
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Linseth 4-8H 10829.5 B -- 1830 -- 0.0636 0.006 0.004 0.482 0.158 
Linseth 4-8H 10830.45 B -- 1830 -- 0.0612 0.007 0.003 0.504 0.14 
Linseth 4-8H 10831.2 B -- 1830 -- 0.0176 0.0004 0.0001 0.499 0.105 
Linseth 4-8H 10832.25 B -- 1830 -- 0.0588 0.003 0.001 0.506 0.179 
Linseth 4-8H 10833.25 B -- 1830 -- 0.0581 0.043 0.021 0.517 0.182 
Linseth 4-8H 10834.25 B -- 1830 -- 0.0572 0.018 0.008 0.454 0.159 
Linseth 4-8H 10835.2 B -- 1830 -- 0.0195 0.001 0.0002 0.514 0.121 
Linseth 4-8H 10836.35 B -- 1830 -- 0.0569 0.004 0.001 0.462 0.113 
Linseth 4-8H 10837.2 A -- 1830 -- 0.0166 0.0004 0.0001 0.463 0.144 

Lundin 11-13SEH 11088.45 F -- 3700 0.057 0.054 0.051 0.026 0.437 0.208 
Lundin 11-13SEH 11089.45 F -- 3700 0.079 0.076 0.053 0.027 0.308 0.252 
Lundin 11-13SEH 11090.9 E -- 3700 0.045 0.042 0.0007 0.0001 0.306 0.294 
Lundin 11-13SEH 11091.7 E -- 3700 0.044 0.042 0.0079 0.0026 0.371 0.208 
Lundin 11-13SEH 11094.65 E -- 3700 0.071 0.068 0.044 0.022 0.339 0.219 
Lundin 11-13SEH 11095.5 E -- 3700 0.063 0.06 0.061 0.033 0.274 0.232 
Lundin 11-13SEH 11096.4 E -- 3700 0.064 0.061 0.034 0.016 0.25 0.255 
Lundin 11-13SEH 11098.4 D -- 3700 0.026 0.023 0.0004 0.0001 0.393 0.164 
Lundin 11-13SEH 11098.8 D -- 3700 0.059 0.056 0.067 0.037 0.314 0.235 
Lundin 11-13SEH 11099.15 D 1 3700 0.088 0.085 0.355 0.245 0.254 0.387 
Lundin 11-13SEH 11101.5 D 1 3700 0.084 0.082 0.278 0.186 0.235 0.415 
Lundin 11-13SEH 11102.45 D 1 3700 0.077 0.074 0.554 0.407 0.206 0.329 
Lundin 11-13SEH 11103.9 C -- 3700 0.091 0.088 0.627 0.467 0.227 0.406 
Lundin 11-13SEH 11105.8 C 1 3700 0.073 0.07 0.298 0.201 0.287 0.313 
Lundin 11-13SEH 11106.4 C 1 3700 0.058 0.055 0.047 0.024 0.376 0.182 
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Table A-1.  Routine core analysis results. 

Well Name 
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Lundin 11-13SEH 11107.3 C -- 3700 0.081 0.078 1.34 1.01 0.368 0.201 
Lundin 11-13SEH 11108.3 C -- 3700 0.071 0.068 0.145 0.089 0.47 0.143 
Lundin 11-13SEH 11110.5 B -- 3700 0.027 0.024 0.006 0.0018 0.428 0.253 
Lundin 11-13SEH 11114.2 B 1 3700 0.071 0.069 0.192 0.123 0.433 0.201 
Lundin 11-13SEH 11116.7 B 1 3700 0.044 0.041 0.063 0.034 0.36 0.157 
Lundin 11-13SEH 11117.8 B -- 3700 0.053 0.05 0.124 0.074 0.317 0.166 
Lundin 11-13SEH 11118.7 B 1 3700 0.067 0.064 0.251 0.166 0.377 0.185 
Lundin 11-13SEH 11119.4 B -- 3700 0.036 0.032 0.0069 0.0022 0.349 0.236 
Lundin 11-13SEH 11120.5 B 1 3700 0.062 0.059 0.468 0.337 0.419 0.198 
Lundin 11-13SEH 11121.4 B 1 3700 0.065 0.062 0.152 0.094 0.396 0.172 
Lundin 11-13SEH 11124.8 B 1 3700 0.063 0.06 0.14 0.085 0.382 0.24 
Lundin 11-13SEH 11125.8 B 1 3700 0.069 0.066 0.133 0.081 0.425 0.187 
Lundin 11-13SEH 11126.7 B -- 3700 0.059 0.056 0.0079 0.0026 0.472 0.174 
Lundin 11-13SEH 11127.7 B -- 3700 0.063 0.06 0.0017 0.0004 0.399 0.253 
Lundin 11-13SEH 11128.8 B -- 3700 0.064 0.062 0.0044 0.0012 0.335 0.226 
Lundin 11-13SEH 11129.4 B -- 3700 0.069 0.066 0.015 0.0057 0.313 0.216 
Lundin 11-13SEH 11130.4 B -- 3700 0.063 0.06 0.0028 0.0007 0.344 0.238 
Lundin 11-13SEH 11131.7 B -- 3700 0.062 0.059 0.0058 0.0018 0.312 0.246 
Lundin 11-13SEH 11132.5 A -- 3700 0.025 0.022 0.0007 0.0001 0.294 0.248 
Lundin 11-13SEH 11133.6 A -- 3700 0.066 0.063 0.012 0.0043 0.379 0.202 
Lundin 11-13SEH 11134.6 A -- 3700 0.046 0.043 0.028 0.013 0.187 0.276 

Mariana Trust 12X-20G2 11062.2 E -- 2000 -- 0.0736 0.569 0.39 0.403 0.14 
Mariana Trust 12X-20G2 11062.5 E -- 2000 -- 0.0435 0.001 0.0002 0.242 0.236 
Mariana Trust 12X-20G2 11064.2 E -- 2000 -- 0.0521 0.002 0.0002 0.124 0.39 

Table A-1.  Continued. 



 

167 
 

Table A-1.  Routine core analysis results. 

Well Name 
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Mariana Trust 12X-20G2 11066.2 E -- 2000 -- 0.0655 0.002 0.0003 0.211 0.405 
Mariana Trust 12X-20G2 11068.15 D -- 2000 -- 0.0227 0.002 0.0003 0.123 0.211 
Mariana Trust 12X-20G2 11070.35 D -- 2000 -- 0.1002 0.196 0.105 0.197 0.271 
Mariana Trust 12X-20G2 11072.15 C -- 2000 -- 0.0986 0.034 0.011 0.153 0.296 
Mariana Trust 12X-20G2 11074.15 C 1 2000 -- 0.0716 0.112 0.053 0.279 0.245 
Mariana Trust 12X-20G2 11076.15 B -- 2000 -- 0.0397 0.006 0.001 0.258 0.245 
Mariana Trust 12X-20G2 11078.15 B -- 2000 -- 0.0599 0.047 0.032 0.239 0.264 
Mariana Trust 12X-20G2 11080.15 B -- 2000 -- 0.081 0.135 0.098 0.33 0.196 
Mariana Trust 12X-20G2 11080.75 B -- 2000 -- 0.0582 0.005 0.001 0.264 0.14 
Mariana Trust 12X-20G2 11082.15 B 1 2000 -- 0.0463 0.024 0.007 0.335 0.139 
Mariana Trust 12X-20G2 11084.15 B 1 2000 -- 0.0664 0.228 0.126 0.232 0.319 
Mariana Trust 12X-20G2 11086.2 B -- 2000 -- 0.0539 0.01 0.003 0.386 0.192 
Mariana Trust 12X-20G2 11088.25 B -- 2000 -- 0.0676 0.006 0.001 0.433 0.156 
Mariana Trust 12X-20G2 11090.2 B 1 2000 -- 0.0776 0.103 0.047 0.394 0.128 
Mariana Trust 12X-20G2 11092.5 B 1 2000 -- 0.0726 0.163 0.127 0.434 0.112 
Mariana Trust 12X-20G2 11094.25 B -- 2000 -- 0.0747 0.009 0.002 0.415 0.123 
Mariana Trust 12X-20G2 11096.2 B -- 2000 -- 0.0678 0.01 0.003 0.392 0.162 
Mariana Trust 12X-20G2 11098.1 B -- 2000 -- 0.0629 0.008 0.002 0.288 0.234 
Mariana Trust 12X-20G2 11100.2 A -- 2000 -- 0.0171 0.001 0.0001 0.46 0.13 
Mariana Trust 12X-20G2 11101.6 A -- 2000 -- 0.023 0.001 0.0001 0.318 0.273 

Pojorlie 21-2-1H 11284.15 F 1 4000 0.048 0.045 0.015 0.0059 0.679 0.219 
Pojorlie 21-2-1H 11286 E -- 4000 0.028 0.025 0.0007 0.0001 0.235 0.507 
Pojorlie 21-2-1H 11288 D -- 4000 0.057 0.054 0.0079 0.0026 0.227 0.4 
Pojorlie 21-2-1H 11290 D 1 4000 0.065 0.062 0.015 0.0061 0.185 0.43 
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Table A-1.  Routine core analysis results. 
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Pojorlie 21-2-1H 11292 D -- 4000 0.019 0.016 0.0006 0.0001 0.243 0.487 
Pojorlie 21-2-1H 11294.6 C -- 4000 0.029 0.026 0.0011 0.0002 0.157 0.658 
Pojorlie 21-2-1H 11296 C 1 4000 0.073 0.07 0.04 0.019 0.262 0.525 
Pojorlie 21-2-1H 11298 B -- 4000 0.029 0.026 0.0008 0.0001 0.36 0.423 
Pojorlie 21-2-1H 11300 B -- 4000 0.046 0.043 0.0095 0.0033 0.292 0.453 
Pojorlie 21-2-1H 11302.2 B 1 4000 0.078 0.074 0.055 0.029 0.488 0.325 
Pojorlie 21-2-1H 11304 B -- 4000 0.03 0.027 0.001 0.0002 0.392 0.347 
Pojorlie 21-2-1H 11306 B -- 4000 0.066 0.063 0.024 0.011 0.468 0.36 
Pojorlie 21-2-1H 11308 B -- 4000 0.073 0.069 0.02 0.0084 0.507 0.289 
Pojorlie 21-2-1H 11310 B -- 4000 0.053 0.05 0.0082 0.0027 0.434 0.373 
Pojorlie 21-2-1H 11312.2 B 1 4000 0.069 0.066 0.101 0.059 0.469 0.336 
Pojorlie 21-2-1H 11314 B -- 4000 0.059 0.056 0.0088 0.003 0.385 0.309 
Pojorlie 21-2-1H 11316 A 1 4000 0.057 0.054 0.018 0.0074 0.335 0.37 

Titan E-Gierke 20-1-H 11001 E/F -- 400 0.047 -- 0.011 0.004 0.402 0.585 
Titan E-Gierke 20-1-H 11002 E/F -- 400 0.056 -- 0.044 0.022 0.447 0.352 
Titan E-Gierke 20-1-H 11003 E/F -- 400 0.055 -- 0.04 0.02 0.314 0.372 
Titan E-Gierke 20-1-H 11004 E/F -- 400 0.059 -- 0.022 0.01 0.185 0.371 
Titan E-Gierke 20-1-H 11005 E/F -- 400 0.062 -- 0.084 0.048 0.167 0.439 
Titan E-Gierke 20-1-H 11006 E/F -- 400 0.056 -- 0.06 0.032 0.196 0.424 
Titan E-Gierke 20-1-H 11007 E/F -- 400 0.072 -- 0.17 0.107 0.384 0.268 
Titan E-Gierke 20-1-H 11008.1 D -- 400 0.036 -- 0.02 0.009 0.192 0.44 
Titan E-Gierke 20-1-H 11009.1 D -- 400 0.03 -- 0.007 0.002 0.334 0.159 
Titan E-Gierke 20-1-H 11010.2 D -- 400 0.048 -- 0.019 0.008 0.153 0.244 
Titan E-Gierke 20-1-H 11011.8 D -- 400 0.015 -- 0.011 0.004 0.208 0.282 
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Table A-1.  Routine core analysis results. 
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Titan E-Gierke 20-1-H 11012.3 D -- 400 0.022 -- 0.008 0.003 0.329 0.207 
Titan E-Gierke 20-1-H 11013 D -- 400 0.076 -- 9.036 7.215 0.352 0.233 
Titan E-Gierke 20-1-H 11014 D -- 400 0.075 -- 0.43 0.303 0.247 0.245 
Titan E-Gierke 20-1-H 11014.9 D -- 400 0.034 -- 0.033 0.016 0.513 0.198 
Titan E-Gierke 20-1-H 11016 D -- 400 0.08 -- 0.552 0.405 0.253 0.35 
Titan E-Gierke 20-1-H 11018.1 D -- 400 0.064 -- 0.048 0.024 0.293 0.29 
Titan E-Gierke 20-1-H 11019 D -- 400 0.051 -- 0.048 0.025 0.251 0.298 
Titan E-Gierke 20-1-H 11020 D -- 400 0.061 -- 0.055 0.029 0.13 0.483 
Titan E-Gierke 20-1-H 11021 C -- 400 0.067 -- 0.343 0.236 0.475 0.204 
Titan E-Gierke 20-1-H 11022.1 C -- 400 0.072 -- 0.28 0.188 0.439 0.281 
Titan E-Gierke 20-1-H 11024 C -- 400 0.055 -- 0.007 0.002 0.323 0.35 
Titan E-Gierke 20-1-H 11025 C -- 400 0.016 -- 0.006 0.002 0.488 0.412 
Titan E-Gierke 20-1-H 11026 C -- 400 0.059 -- 0.013 0.005 0.245 0.399 
Titan E-Gierke 20-1-H 11027 C -- 400 0.059 -- 0.039 0.019 0.289 0.382 
Titan E-Gierke 20-1-H 11028 C -- 400 0.058 -- 0.486 0.351 0.409 0.275 
Titan E-Gierke 20-1-H 11029 C -- 400 0.045 -- 0.047 0.024 0.243 0.487 
Titan E-Gierke 20-1-H 11031 C -- 400 0.06 -- 0.017 0.007 0.39 0.341 
Titan E-Gierke 20-1-H 11032 B -- 400 0.065 -- 0.035 0.017 0.432 0.319 
Titan E-Gierke 20-1-H 11033 B -- 400 0.044 -- 0.004 0.001 0.319 0.428 
Titan E-Gierke 20-1-H 11034 B -- 400 0.064 -- 0.033 0.016 0.381 0.365 
Titan E-Gierke 20-1-H 11035 B -- 400 0.066 -- 0.011 0.004 0.344 0.413 
Titan E-Gierke 20-1-H 11035.9 B -- 400 0.052 -- 0.031 0.014 0.49 0.308 
Titan E-Gierke 20-1-H 11037 B -- 400 0.023 -- 0.002 0.0001 0.371 0.556 
Titan E-Gierke 20-1-H 11038 B -- 400 0.059 -- 0.009 0.003 0.394 0.32 
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Table A-1.  Routine core analysis results. 
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Titan E-Gierke 20-1-H 11039 B -- 400 0.061 -- 0.031 0.014 0.47 0.306 
Titan E-Gierke 20-1-H 11040 B -- 400 0.059 -- 0.017 0.007 0.544 0.227 
Titan E-Gierke 20-1-H 11041 B -- 400 0.056 -- 0.018 0.007 0.334 0.457 
Titan E-Gierke 20-1-H 11042 B -- 400 0.041 -- 0.01 0.004 0.378 0.442 
Titan E-Gierke 20-1-H 11043.1 B -- 400 0.037 -- 0.005 0.001 0.398 0.407 
Titan E-Gierke 20-1-H 11044.1 B -- 400 0.055 -- 0.004 0.001 0.193 0.581 
Titan E-Gierke 20-1-H 11045 B -- 400 0.024 -- 0.003 0.001 0.259 0.6 
Titan E-Gierke 20-1-H 11046 B -- 400 0.051 -- 0.006 0.002 0.183 0.588 
Titan E-Gierke 20-1-H 11047 A -- 400 0.052 -- 0.009 0.003 0.43 0.35 
Titan E-Gierke 20-1-H 11047.55 A -- 400 0.026 -- 0.003 0.001 0.31 0.674 
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Table A-2.  XRD mineralogy results. 
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Lundin 11-13SEH F 11088.7 11088.9 1 0 15 2 11 23 0 33 5 6 3 1 0 0 0 
Lundin 11-13SEH E 11090.6 11090.7 1 0 11 2 14 28 0 29 7 5 2 1 0 0 0 
Lundin 11-13SEH E 11092.5 11092.75 0 0 10 2 15 31 0 29 5 4 3 1 0 0 0 
Lundin 11-13SEH E 11094.5 11094.7 0 0 6 2 12 39 0 31 5 4 1 0 0 0 0 
Lundin 11-13SEH E 11096.45 11096.55 0 0 9 1 12 36 0 32 5 4 1 0 0 0 0 
Lundin 11-13SEH D 11098.3 11098.5 0 0 5 1 49 6 0 31 5 2 0 0 1 0 0 
Lundin 11-13SEH D 11100.35 11100.5 0 0 7 2 14 22 0 42 7 5 1 0 0 0 0 
Lundin 11-13SEH D 11102.4 11102.5 0 0 9 2 7 21 0 44 8 6 1 0 2 0 0 
Lundin 11-13SEH C 11104.7 11105 0 0 15 2 8 19 0 40 8 5 1 1 1 0 0 
Lundin 11-13SEH C 11106.1 11106.25 0 0 8 1 14 20 0 43 7 5 1 0 1 0 0 
Lundin 11-13SEH C 11108.3 11108.45 1 0 20 0 8 16 0 37 7 7 4 0 0 0 0 
Lundin 11-13SEH B 11110.4 11110.6 0 0 5 2 56 7 0 24 2 2 1 1 0 0 0 
Lundin 11-13SEH B 11112.5 11112.75 1 0 18 0 9 16 0 38 7 9 2 0 0 0 0 
Lundin 11-13SEH B 11114 11114.3 1 0 13 2 16 14 0 39 7 6 2 0 0 0 0 
Lundin 11-13SEH B 11116.7 11116.95 0 0 6 2 41 10 0 27 6 6 2 0 0 0 0 
Lundin 11-13SEH B 11118.5 11118.7 1 0 10 3 10 18 0 42 8 6 2 0 0 0 0 
Lundin 11-13SEH B 11120.5 11120.7 1 0 14 1 12 18 0 40 6 7 1 0 0 0 0 
Lundin 11-13SEH B 11122.4 11122.6 1 0 9 2 38 12 0 28 4 5 1 0 0 0 0 
Lundin 11-13SEH B 11124.5 11125.75 1 0 14 2 18 14 0 37 6 7 1 0 0 0 0 
Lundin 11-13SEH B 11126.65 11126.8 1 0 14 2 19 14 0 35 8 6 1 0 0 0 0 
Lundin 11-13SEH B 11128.6 11128.65 1 0 15 1 16 16 0 36 7 6 2 0 0 0 0 
Lundin 11-13SEH B 11130.4 11130.65 1 0 14 2 18 13 0 36 8 6 2 0 0 0 0 
Lundin 11-13SEH A 11132.5 11132.75 0 0 6 1 61 6 0 19 1 4 2 0 0 0 0 
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Table A-2.  XRD mineralogy results. 

Well Name Facies Top Bottom 
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Lundin 11-13SEH A 11134.6 11134.8 1 0 8 2 29 6 0 34 5 3 12 0 0 0 0 
 

Table A-2.  Continued. 
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Table A-3.  Porosity and permeability stress dependence analysis results. 

Well Depth (f t) NCS (psi) Phi Kair 
(md) Klink (md) Lab Comment 

Boxcar 44-22PH 11040.5 Ambient 0.048 -- -- -- 
Boxcar 44-22PH 11040.5 2000 0.047 0.0014 0.0003 -- 
Boxcar 44-22PH 11040.5 3000 0.046 0.0010 0.0002 -- 
Boxcar 44-22PH 11040.5 5000 0.045 0.0006 0.0001 -- 
Boxcar 44-22PH 11040.5 7000 0.044 0.0005 0.0001 -- 
Boxcar 44-22PH 11048.6 Ambient 0.016 -- -- JEF_phi 
Boxcar 44-22PH 11048.6 2000 0.015 0.0030 0.0007 JEF_phi 
Boxcar 44-22PH 11048.6 3000 0.014 0.0021 0.0005 JEF_phi 
Boxcar 44-22PH 11048.6 5000 0.012 0.0014 0.0003 JEF_phi 
Boxcar 44-22PH 11048.6 7000 0.011 0.0012 0.0002 JEF_phi 
Boxcar 44-22PH 11060.5 Ambient 0.065 -- -- f 
Boxcar 44-22PH 11060.5 2000 0.063 0.0130 0.0050 f 
Boxcar 44-22PH 11060.5 3000 0.062 0.0077 0.0025 f 
Boxcar 44-22PH 11060.5 5000 0.061 0.0034 0.0009 f 
Boxcar 44-22PH 11060.5 7000 0.060 0.0017 0.0003 f 
Boxcar 44-22PH 11070.5 Ambient 0.062 -- -- f 
Boxcar 44-22PH 11070.5 2000 0.060 0.0100 0.0037 f 
Boxcar 44-22PH 11070.5 3000 0.059 0.0075 0.0025 f 
Boxcar 44-22PH 11070.5 5000 0.058 0.0046 0.0013 f 
Boxcar 44-22PH 11070.5 7000 0.057 0.0031 0.0008 f 
Boxcar 44-22PH 11077.5 Ambient 0.045 -- -- -- 
Boxcar 44-22PH 11077.5 2000 0.044 0.0023 0.0005 -- 
Boxcar 44-22PH 11077.5 3000 0.043 0.0016 0.0003 -- 
Boxcar 44-22PH 11077.5 5000 0.042 0.0011 0.0002 -- 
Boxcar 44-22PH 11077.5 7000 0.041 0.0009 0.0001 -- 
Charlotte 1-22H 11276 Ambient 0.084 -- -- -- 
Charlotte 1-22H 11276 500 0.084 0.148 0.091 -- 
Charlotte 1-22H 11276 2500 0.082 0.055 0.029 -- 
Charlotte 1-22H 11276 4000 0.081 0.031 0.015 -- 
Charlotte 1-22H 11278.25 Ambient 0.057 -- -- -- 
Charlotte 1-22H 11278.25 500 0.057 0.01 0.0037 -- 
Charlotte 1-22H 11278.25 2500 0.055 0.0059 0.0018 -- 
Charlotte 1-22H 11278.25 4000 0.054 0.0043 0.0012 -- 
Charlotte 1-22H 11280.6 Ambient 0.064 -- -- f 
Charlotte 1-22H 11280.6 500 0.064 0.091 0.052 f 
Charlotte 1-22H 11280.6 2500 0.062 0.058 0.031 f 
Charlotte 1-22H 11280.6 4000 0.061 0.042 0.021 f 
Charlotte 1-22H 11286 Ambient 0.061 -- -- f 
Charlotte 1-22H 11286 500 0.061 21.1 17.4 f 
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Table A-3.  Porosity and permeability stress dependence analysis results. 

Well Depth (f t) NCS (psi) Phi Kair 
(md) Klink (md) Lab Comment 

Charlotte 1-22H 11286 2500 0.059 1.29 0.981 f 
Charlotte 1-22H 11286 4000 0.058 0.417 0.293 f 
Charlotte 1-22H 11296.05 Ambient 0.100 -- -- f 
Charlotte 1-22H 11296.05 500 0.100 40.6 34.5 f 
Charlotte 1-22H 11296.05 2500 0.098 3.26 2.43 f 
Charlotte 1-22H 11296.05 4000 0.097 1.09 0.793 f 
Charlotte 1-22H 11300.25 Ambient 0.087 -- -- f 
Charlotte 1-22H 11300.25 500 0.087 5.14 3.95 f 
Charlotte 1-22H 11300.25 2500 0.085 0.612 0.453 f 
Charlotte 1-22H 11300.25 4000 0.084 0.258 0.172 f 
Charlotte 1-22H 11302.1 Ambient 0.034 -- -- -- 
Charlotte 1-22H 11302.1 500 0.034 0.014 0.0054 -- 
Charlotte 1-22H 11302.1 2500 0.032 0.0055 0.0016 -- 
Charlotte 1-22H 11302.1 4000 0.031 0.0038 0.001 -- 
Charlotte 1-22H 11304.3 Ambient 0.058 -- -- f 
Charlotte 1-22H 11304.3 500 0.058 4.66 3.57 f 
Charlotte 1-22H 11304.3 2500 0.056 0.357 0.247 f 
Charlotte 1-22H 11304.3 4000 0.055 0.149 0.092 f 
Charlotte 1-22H 11306.2 Ambient 0.084 -- -- f 
Charlotte 1-22H 11306.2 500 0.084 7.03 5.5 f 
Charlotte 1-22H 11306.2 2500 0.082 0.816 0.615 f 
Charlotte 1-22H 11306.2 4000 0.081 0.371 0.258 f 
Charlotte 1-22H 11308 Ambient 0.088 -- -- f 
Charlotte 1-22H 11308 500 0.088 27.1 22.6 f 
Charlotte 1-22H 11308 2500 0.086 2.27 1.7 f 
Charlotte 1-22H 11308 4000 0.085 0.877 0.646 f 
Charlotte 1-22H 11308.25 Ambient 0.090 -- -- f 
Charlotte 1-22H 11308.25 500 0.089 31.9 26.9 f 
Charlotte 1-22H 11308.25 2500 0.087 2.84 2.17 f 
Charlotte 1-22H 11308.25 4000 0.086 1.02 0.77 f 
Charlotte 1-22H 11310.1 Ambient 0.088 -- -- f 
Charlotte 1-22H 11310.1 500 0.088 0.755 0.565 f 
Charlotte 1-22H 11310.1 2500 0.086 0.159 0.099 f 
Charlotte 1-22H 11310.1 4000 0.085 0.067 0.036 f 
Charlotte 1-22H 11312.2 Ambient 0.082 -- -- f 
Charlotte 1-22H 11312.2 500 0.082 0.759 0.566 f 
Charlotte 1-22H 11312.2 2500 0.080 0.132 0.08 f 
Charlotte 1-22H 11312.2 4000 0.079 0.051 0.027 f 
Charlotte 1-22H 11314.05 Ambient 0.089 -- -- f 

Table A-3.  Continued. 
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Table A-3.  Porosity and permeability stress dependence analysis results. 

Well Depth (f t) NCS (psi) Phi Kair 
(md) Klink (md) Lab Comment 

Charlotte 1-22H 11314.05 500 0.089 14.8 11.9 f 
Charlotte 1-22H 11314.05 2500 0.087 1.44 1.07 f 
Charlotte 1-22H 11314.05 4000 0.086 0.334 0.229 f 
Charlotte 1-22H 11316.2 Ambient 0.071 -- -- f 
Charlotte 1-22H 11316.2 500 0.071 2.06 1.55 f 
Charlotte 1-22H 11316.2 2500 0.069 0.39 0.272 f 
Charlotte 1-22H 11316.2 4000 0.068 0.135 0.082 f 
Charlotte 1-22H 11318.1 Ambient 0.077 -- -- -- 
Charlotte 1-22H 11318.1 500 0.076 0.065 0.035 -- 
Charlotte 1-22H 11318.1 2500 0.074 0.035 0.017 -- 
Charlotte 1-22H 11318.1 4000 0.073 0.022 0.0094 -- 
Charlotte 1-22H 11320 Ambient 0.040 -- -- -- 
Charlotte 1-22H 11320 500 0.040 0.0024 0.0005 -- 
Charlotte 1-22H 11320 2500 0.038 0.0011 0.0002 -- 
Charlotte 1-22H 11320 4000 0.037 0.0006 0.0001 -- 

Lundin 11-13SEH 11094.65 Ambient 0.071 -- -- -- 
Lundin 11-13SEH 11094.65 2500 0.069 0.0690 0.0380 -- 
Lundin 11-13SEH 11094.65 3700 0.068 0.0440 0.0220 -- 
Lundin 11-13SEH 11094.65 5000 0.067 0.0310 0.0140 -- 
Lundin 11-13SEH 11118.7 Ambient 0.067 -- -- f 
Lundin 11-13SEH 11118.7 2500 0.065 0.5860 0.4330 f 
Lundin 11-13SEH 11118.7 3700 0.064 0.2510 0.1660 f 
Lundin 11-13SEH 11118.7 5000 0.063 0.1230 0.0740 f 
Lundin 11-13SEH 11130.4 Ambient 0.063 -- -- -- 
Lundin 11-13SEH 11130.4 2500 0.061 0.0033 0.0008 -- 
Lundin 11-13SEH 11130.4 3700 0.060 0.0027 0.0007 -- 
Lundin 11-13SEH 11130.4 5000 0.059 0.0025 0.0005 -- 
Pojorlie 21-2-1H 11284.15 Ambient 0.048 -- -- (pf) 
Pojorlie 21-2-1H 11284.15 500 0.048 0.1080 0.0640 (pf) 
Pojorlie 21-2-1H 11284.15 2500 0.046 0.0330 0.0160 (pf) 
Pojorlie 21-2-1H 11284.15 4000 0.045 0.0150 0.0059 (pf) 
Pojorlie 21-2-1H 11286 Ambient 0.028 -- -- f_JEF_phi 
Pojorlie 21-2-1H 11286 500 0.028 0.0012 0.0002 f_JEF_phi 
Pojorlie 21-2-1H 11286 2500 0.026 0.0009 0.0001 f_JEF_phi 
Pojorlie 21-2-1H 11286 4000 0.025 0.0007 0.0001 f_JEF_phi 
Pojorlie 21-2-1H 11288 Ambient 0.057 -- -- -- 
Pojorlie 21-2-1H 11288 500 0.057 0.0530 0.0280 -- 
Pojorlie 21-2-1H 11288 2500 0.055 0.0160 0.0064 -- 
Pojorlie 21-2-1H 11288 4000 0.054 0.0079 0.0026 -- 

Table A-3.  Continued. 
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Table A-3.  Porosity and permeability stress dependence analysis results. 

Well Depth (f t) NCS (psi) Phi Kair 
(md) Klink (md) Lab Comment 

Pojorlie 21-2-1H 11290 Ambient 0.065 -- -- (f) 
Pojorlie 21-2-1H 11290 500 0.065 0.1490 0.0920 (f) 
Pojorlie 21-2-1H 11290 2500 0.063 0.0330 0.0160 (f) 
Pojorlie 21-2-1H 11290 4000 0.062 0.0150 0.0061 (f) 
Pojorlie 21-2-1H 11292 Ambient 0.019 -- -- -- 
Pojorlie 21-2-1H 11292 500 0.019 0.0023 0.0005 -- 
Pojorlie 21-2-1H 11292 2500 0.017 0.0012 0.0002 -- 
Pojorlie 21-2-1H 11292 4000 0.016 0.0006 0.0001 -- 
Pojorlie 21-2-1H 11294.6 Ambient 0.029 -- -- -- 
Pojorlie 21-2-1H 11294.6 500 0.029 0.0028 0.0007 -- 
Pojorlie 21-2-1H 11294.6 2500 0.027 0.0017 0.0004 -- 
Pojorlie 21-2-1H 11294.6 4000 0.026 0.0011 0.0002 -- 
Pojorlie 21-2-1H 11296 Ambient 0.073 -- -- (f) 
Pojorlie 21-2-1H 11296 500 0.073 0.1440 0.0890 (f) 
Pojorlie 21-2-1H 11296 2500 0.071 0.0650 0.0350 (f) 
Pojorlie 21-2-1H 11296 4000 0.070 0.0400 0.0190 (f) 
Pojorlie 21-2-1H 11298 Ambient 0.029 -- -- f_JEF_phi 
Pojorlie 21-2-1H 11298 500 0.029 0.0020 0.0004 f_JEF_phi 
Pojorlie 21-2-1H 11298 2500 0.027 0.0012 0.0002 f_JEF_phi 
Pojorlie 21-2-1H 11298 4000 0.026 0.0008 0.0001 f_JEF_phi 
Pojorlie 21-2-1H 11300 Ambient 0.046 -- -- -- 
Pojorlie 21-2-1H 11300 500 0.046 0.0350 0.0170 -- 
Pojorlie 21-2-1H 11300 2500 0.044 0.0160 0.0064 -- 
Pojorlie 21-2-1H 11300 4000 0.043 0.0095 0.0033 -- 
Pojorlie 21-2-1H 11302.2 Ambient 0.078 -- -- (f) 
Pojorlie 21-2-1H 11302.2 500 0.077 0.5840 0.4310 (f) 
Pojorlie 21-2-1H 11302.2 2500 0.075 0.1090 0.0640 (f) 
Pojorlie 21-2-1H 11302.2 4000 0.074 0.0550 0.0290 (f) 
Pojorlie 21-2-1H 11304 Ambient 0.030 -- -- f_JEF_phi 
Pojorlie 21-2-1H 11304 500 0.030 0.0024 0.0005 f_JEF_phi 
Pojorlie 21-2-1H 11304 2500 0.028 0.0015 0.0003 f_JEF_phi 
Pojorlie 21-2-1H 11304 4000 0.027 0.0010 0.0002 f_JEF_phi 
Pojorlie 21-2-1H 11306 Ambient 0.066 -- -- -- 
Pojorlie 21-2-1H 11306 500 0.066 0.0870 0.0490 -- 
Pojorlie 21-2-1H 11306 2500 0.064 0.0390 0.0190 -- 
Pojorlie 21-2-1H 11306 4000 0.063 0.0240 0.0110 -- 
Pojorlie 21-2-1H 11308 Ambient 0.073 -- -- -- 
Pojorlie 21-2-1H 11308 500 0.073 0.0900 0.0510 -- 
Pojorlie 21-2-1H 11308 2500 0.071 0.0310 0.0150 -- 

Table A-3.  Continued. 
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Table A-3.  Porosity and permeability stress dependence analysis results. 

Well Depth (f t) NCS (psi) Phi Kair 
(md) Klink (md) Lab Comment 

Pojorlie 21-2-1H 11308 4000 0.069 0.0200 0.0084 -- 
Pojorlie 21-2-1H 11310 Ambient 0.053 -- -- -- 
Pojorlie 21-2-1H 11310 500 0.053 0.0680 0.0370 -- 
Pojorlie 21-2-1H 11310 2500 0.051 0.0150 0.0060 -- 
Pojorlie 21-2-1H 11310 4000 0.050 0.0082 0.0027 -- 
Pojorlie 21-2-1H 11312.2 Ambient 0.069 -- -- (pf) 
Pojorlie 21-2-1H 11312.2 500 0.069 1.8100 1.3500 (pf) 
Pojorlie 21-2-1H 11312.2 2500 0.067 0.2540 0.1690 (pf) 
Pojorlie 21-2-1H 11312.2 4000 0.066 0.1010 0.0590 (pf) 
Pojorlie 21-2-1H 11314 Ambient 0.059 -- -- -- 
Pojorlie 21-2-1H 11314 500 0.059 0.0230 0.0100 -- 
Pojorlie 21-2-1H 11314 2500 0.057 0.0130 0.0049 -- 
Pojorlie 21-2-1H 11314 4000 0.056 0.0088 0.0030 -- 
Pojorlie 21-2-1H 11316 Ambient 0.057 -- -- (pf) 
Pojorlie 21-2-1H 11316 500 0.057 0.2200 0.1430 (pf) 
Pojorlie 21-2-1H 11316 2500 0.055 0.0420 0.0210 (pf) 
Pojorlie 21-2-1H 11316 4000 0.054 0.0180 0.0074 (pf) 

 

Table A-3.  Continued. 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
Depth 

F
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ie
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Phi @ 
NCS 

Kair 
(md) 

Klink 
(md) 

Net 
stress 
(psi) 

PHI Res 
Kklink 

Res 
(md) 

BCDU 13X-35 11025.2 E/F -- 1570 0.078 0.423 0.298 2866.6 0.076 0.1818 
BCDU 13X-35 11026.6 E/F -- 1570 0.071 0.07 0.039 2866.9 0.069 0.0238 
BCDU 13X-35 11027.6 E/F -- 1570 0.076 0.147 0.09 2867.2 0.074 0.0549 
BCDU 13X-35 11029.2 E/F -- 1570 0.055 0.296 0.2 2867.6 0.054 0.1220 
BCDU 13X-35 11031.2 E/F -- 1570 0.052 0.436 0.308 2868.1 0.051 0.1879 
BCDU 13X-35 11034.4 D -- 1570 0.016 0.0048 0.0014 2868.9 0.016 0.0009 
BCDU 13X-35 11038.2 C -- 1570 0.032 0.02 0.0085 2869.9 0.032 0.0052 
BCDU 13X-35 11041.45 C -- 1570 0.06 0.07 0.038 2870.8 0.058 0.0232 
BCDU 13X-35 11042.15 C -- 1570 0.021 0.068 0.037 2871.0 0.021 0.0226 
BCDU 13X-35 11044.3 C -- 1570 0.029 0.487 0.352 2871.5 0.030 0.2148 
BCDU 13X-35 11046.15 B -- 1570 0.068 0.427 0.301 2872.0 0.067 0.1837 
BCDU 13X-35 11048.4 B -- 1570 0.064 0.145 0.089 2872.6 0.063 0.0543 
BCDU 13X-35 11049.2 B -- 1570 0.07 0.527 0.381 2872.8 0.069 0.2325 
BCDU 13X-35 11051.45 B -- 1570 0.088 0.437 0.308 2873.4 0.086 0.1879 
BCDU 13X-35 11052.55 B -- 1570 0.076 0.049 0.025 2873.7 0.075 0.0153 
BCDU 13X-35 11053.2 B -- 1570 0.067 0.102 0.059 2873.8 0.066 0.0360 
BCDU 13X-35 11056.2 B -- 1570 0.07 0.234 0.153 2874.6 0.069 0.0934 
BCDU 13X-35 11057.55 B -- 1570 0.035 0.0069 0.0022 2875.0 0.034 0.0013 
BCDU 13X-35 11060.2 A -- 1570 0.058 0.727 0.528 2875.7 0.056 0.3222 

Boxcar 44-22PH 11037.5 F -- 3000 0.066 0.018 0.0073 2869.8 0.065 0.0076 
Boxcar 44-22PH 11038.65 E -- 3000 0.056 0.0065 0.0021 2870.0 0.056 0.0022 
Boxcar 44-22PH 11039.55 E -- 3000 0.051 0.0053 0.0016 2870.3 0.051 0.0017 
Boxcar 44-22PH 11040.5 E -- 3000 0.046 0.001 0.0002 2870.5 0.046 0.0002 
Boxcar 44-22PH 11041.5 E -- 3000 0.038 0.0013 0.0003 2870.8 0.038 0.0003 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
Depth 
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Kair 
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stress 
(psi) 
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Kklink 
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(md) 

Boxcar 44-22PH 11042.5 D -- 3000 0.039 0.034 0.016 2871.1 0.039 0.0167 
Boxcar 44-22PH 11043.5 D -- 3000 0.075 0.0021 0.0005 2871.3 0.074 0.0005 
Boxcar 44-22PH 11044.5 D -- 3000 0.103 0.0062 0.0019 2871.6 0.100 0.0020 
Boxcar 44-22PH 11045.5 D -- 3000 0.056 0.024 0.01 2871.8 0.056 0.0104 
Boxcar 44-22PH 11046.5 D -- 3000 0.087 0.035 0.017 2872.1 0.085 0.0177 
Boxcar 44-22PH 11048.6 D -- 3000 0.014 0.0021 0.0005 2872.6 0.015 0.0005 
Boxcar 44-22PH 11049.4 D -- 3000 0.085 0.012 0.0043 2872.8 0.083 0.0045 
Boxcar 44-22PH 11050.45 D -- 3000 0.028 0.0006 0.0001 2873.1 0.029 0.0001 
Boxcar 44-22PH 11051.5 D -- 3000 0.042 0.0006 0.0001 2873.4 0.042 0.0001 
Boxcar 44-22PH 11052.5 C -- 3000 0.082 0.012 0.0044 2873.7 0.081 0.0046 
Boxcar 44-22PH 11053.6 C -- 3000 0.067 0.023 0.01 2873.9 0.066 0.0104 
Boxcar 44-22PH 11055.45 C -- 3000 0.066 0.0041 0.0011 2874.4 0.065 0.0011 
Boxcar 44-22PH 11056.5 C -- 3000 0.072 0.0046 0.0013 2874.7 0.071 0.0014 
Boxcar 44-22PH 11057.5 C -- 3000 0.053 0.0036 0.001 2875.0 0.053 0.0010 
Boxcar 44-22PH 11058.5 C -- 3000 0.063 0.0052 0.0015 2875.2 0.062 0.0016 
Boxcar 44-22PH 11059.5 C -- 3000 0.051 0.0019 0.0004 2875.5 0.051 0.0004 
Boxcar 44-22PH 11060.5 C -- 3000 0.062 0.0077 0.0025 2875.7 0.062 0.0026 
Boxcar 44-22PH 11061.35 C -- 3000 0.028 0.0011 0.0002 2876.0 0.030 0.0002 
Boxcar 44-22PH 11062.65 C -- 3000 0.066 0.0076 0.0025 2876.3 0.065 0.0026 
Boxcar 44-22PH 11064.65 B -- 3000 0.033 0.0005 0.0001 2876.8 0.033 0.0001 
Boxcar 44-22PH 11065.5 B -- 3000 0.06 0.0047 0.0014 2877.0 0.059 0.0015 
Boxcar 44-22PH 11067.45 B -- 3000 0.063 0.009 0.0031 2877.5 0.062 0.0032 
Boxcar 44-22PH 11068.5 B -- 3000 0.054 0.0065 0.002 2877.8 0.054 0.0021 
Boxcar 44-22PH 11070.5 B -- 3000 0.059 0.0075 0.0025 2878.3 0.059 0.0026 

Table A-4.  Continued. 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
Depth 
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NCS 

Kair 
(md) 

Klink 
(md) 

Net 
stress 
(psi) 

PHI Res 
Kklink 

Res 
(md) 

Boxcar 44-22PH 11071.5 B -- 3000 0.045 0.0021 0.0005 2878.6 0.045 0.0005 
Boxcar 44-22PH 11072.5 B -- 3000 0.07 0.009 0.0031 2878.9 0.069 0.0032 
Boxcar 44-22PH 11073.5 B -- 3000 0.041 0.0023 0.0005 2879.1 0.042 0.0005 
Boxcar 44-22PH 11075.5 B -- 3000 0.049 0.0016 0.0003 2879.6 0.050 0.0003 
Boxcar 44-22PH 11076.5 B -- 3000 0.042 0.0008 0.0001 2879.9 0.043 0.0001 
Boxcar 44-22PH 11077.5 B -- 3000 0.043 0.0016 0.0003 2880.2 0.043 0.0003 
Boxcar 44-22PH 11078.5 A -- 3000 0.058 0.0074 0.0024 2880.4 0.057 0.0025 
Charlotte 1-22H 11276 F -- 4000 0.081 0.031 0.015 2931.8 0.080 0.0193 
Charlotte 1-22H 11278.25 E -- 4000 0.054 0.0043 0.0012 2932.3 0.055 0.0015 
Charlotte 1-22H 11280.6 E f 4000 0.061 0.042 0.021 2933.0 0.062 0.0365 
Charlotte 1-22H 11286 D f 4000 0.058 0.417 0.293 2934.4 0.059 0.5086 
Charlotte 1-22H 11296.05 C f 4000 0.097 1.09 0.793 2937.0 0.097 1.3766 
Charlotte 1-22H 11300.25 C f 4000 0.084 0.258 0.172 2938.1 0.084 0.2986 
Charlotte 1-22H 11302.1 C -- 4000 0.031 0.0038 0.001 2938.5 0.033 0.0013 
Charlotte 1-22H 11304.3 C f 4000 0.055 0.149 0.092 2939.1 0.056 0.1597 
Charlotte 1-22H 11306.2 B f 4000 0.081 0.371 0.258 2939.6 0.081 0.4479 
Charlotte 1-22H 11308 B f 4000 0.085 0.877 0.646 2940.1 0.085 1.1214 
Charlotte 1-22H 11308.25 B f 4000 0.086 1.02 0.77 2940.1 0.087 1.3367 
Charlotte 1-22H 11310.1 B f 4000 0.085 0.067 0.036 2940.6 0.085 0.0625 
Charlotte 1-22H 11312.2 B f 4000 0.079 0.051 0.027 2941.2 0.079 0.0469 
Charlotte 1-22H 11314.05 B f 4000 0.086 0.334 0.229 2941.7 0.086 0.3975 
Charlotte 1-22H 11316.2 B f 4000 0.068 0.135 0.082 2942.2 0.069 0.1423 
Charlotte 1-22H 11318.1 B -- 4000 0.073 0.022 0.0094 2942.7 0.074 0.0121 
Charlotte 1-22H 11320 A -- 4000 0.037 0.0006 0.0001 2943.2 0.038 0.0001 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
Depth 

F
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Phi @ 
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Kair 
(md) 

Klink 
(md) 

Net 
stress 
(psi) 

PHI Res 
Kklink 

Res 
(md) 

Hognose 150-94-18B-19HTF 10339.8 D 1 3190 0.0607 0.02 0.006 2688.3 0.061 0.0073 
Hognose 150-94-18B-19HTF 10340.05 D -- 3190 0.0588 0.005 0.001 2688.4 0.059 0.0011 
Hognose 150-94-18B-19HTF 10341.2 D -- 3190 0.0634 0.002 0.0003 2688.7 0.064 0.0003 
Hognose 150-94-18B-19HTF 10343.1 D -- 3190 0.008 0.001 0.0001 2689.2 0.008 0.0001 
Hognose 150-94-18B-19HTF 10345.3 C -- 3190 0.0688 0.002 0.0004 2689.8 0.069 0.0004 
Hognose 150-94-18B-19HTF 10346.05 C -- 3190 0.094 0.028 0.009 2690.0 0.095 0.0098 
Hognose 150-94-18B-19HTF 10348.1 C -- 3190 0.0608 0.002 0.0004 2690.5 0.061 0.0004 
Hognose 150-94-18B-19HTF 10350.55 C 1 3190 0.0737 0.012 0.003 2691.1 0.074 0.0037 
Hognose 150-94-18B-19HTF 10352.6 C 1 3190 0.072 0.01 0.006 2691.7 0.072 0.0073 
Hognose 150-94-18B-19HTF 10354.3 B 1 3190 0.0679 0.126 0.061 2692.1 0.068 0.0743 
Hognose 150-94-18B-19HTF 10356.05 B -- 3190 0.0273 0.013 0.004 2692.6 0.027 0.0044 
Hognose 150-94-18B-19HTF 10358.2 B -- 3190 0.0717 0.045 0.03 2693.1 0.072 0.0327 
Hognose 150-94-18B-19HTF 10360.1 B 1 3190 0.0687 1.838 1.611 2693.6 0.069 1.9621 
Hognose 150-94-18B-19HTF 10362.15 B -- 3190 0.0375 0.002 0.0003 2694.2 0.038 0.0003 
Hognose 150-94-18B-19HTF 10364 B -- 3190 0.0386 0.001 0.0001 2694.6 0.039 0.0001 
Hognose 150-94-18B-19HTF 10368.25 B 1 3190 0.0499 0.004 0.001 2695.7 0.050 0.0012 
Hognose 150-94-18B-19HTF 10370.2 B 1 3190 0.0561 0.848 0.732 2696.3 0.056 0.8915 
Hognose 150-94-18B-19HTF 10372.7 B 1 3190 0.0513 0.07 0.029 2696.9 0.052 0.0353 
Hognose 150-94-18B-19HTF 10374.25 A 1 3190 0.0615 0.056 0.022 2697.3 0.062 0.0268 
Hognose 150-94-18B-19HTF 10376.2 A -- 3190 0.0578 0.001 0.0001 2697.8 0.058 0.0001 
Hognose 150-94-18B-19HTF 10377.1 A 1 3190 0.0505 0.002 0.0003 2698.0 0.051 0.0004 
Hognose 150-94-18B-19HTF 10378.6 A -- 3190 0.0206 0.001 0.0001 2698.4 0.021 0.0001 

Jane Federal 11X-22 10687.7 E/F -- 3370 0.0775 0.057 0.031 2778.8 0.078 0.0352 
Jane Federal 11X-22 10690 E/F -- 3370 0.0764 0.011 0.005 2779.4 0.077 0.0057 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
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Jane Federal 11X-22 10694 E/F -- 3370 0.0378 0.323 0.307 2780.4 0.038 0.3487 
Jane Federal 11X-22 10698 D -- 3370 0.02 0.003 0.001 2781.5 0.020 0.0011 
Jane Federal 11X-22 10702.5 D -- 3370 0.0403 0.01 0.004 2782.7 0.041 0.0045 
Jane Federal 11X-22 10702.8 D -- 3370 0.0665 0.088 0.06 2782.7 0.067 0.0681 
Jane Federal 11X-22 10705.4 D -- 3370 0.0577 0.005 0.002 2783.4 0.058 0.0023 
Jane Federal 11X-22 10706.3 C -- 3370 0.0143 0.002 0.001 2783.6 0.014 0.0011 
Jane Federal 11X-22 10707.1 C -- 3370 0.0649 0.023 0.011 2783.8 0.065 0.0125 
Jane Federal 11X-22 10715 C -- 3370 0.0194 0.001 0.0004 2785.9 0.020 0.0005 
Jane Federal 11X-22 10720.1 B -- 3370 0.0793 0.011 0.005 2787.2 0.080 0.0057 
Jane Federal 11X-22 10727.3 B -- 3370 0.0611 0.071 0.06 2789.1 0.062 0.0681 
Jane Federal 11X-22 10729.95 B -- 3370 0.0374 0.003 0.001 2789.8 0.038 0.0011 

Jaynes 16-12H 11063.5 F -- 2630 0.076 0.012 0.0055 2876.5 0.075 0.0052 
Jaynes 16-12H 11064.5 F -- 2630 0.074 0.036 0.02 2876.8 0.072 0.0188 
Jaynes 16-12H 11065.65 E -- 2630 0.078 0.039 0.022 2877.1 0.076 0.0207 
Jaynes 16-12H 11066.5 E -- 2630 0.053 0.017 0.0085 2877.3 0.051 0.0080 
Jaynes 16-12H 11067.5 E 1 2630 0.071 0.617 0.46 2877.6 0.070 0.3990 
Jaynes 16-12H 11068.5 E 1 2630 0.055 0.095 0.051 2877.8 0.054 0.0442 
Jaynes 16-12H 11070.5 D 1 2630 0.065 0.327 0.179 2878.3 0.064 0.1553 
Jaynes 16-12H 11071.5 D 1 2630 0.074 0.016 0.0082 2878.6 0.072 0.0071 
Jaynes 16-12H 11072.5 D 1 2630 0.093 0.101 0.057 2878.9 0.092 0.0494 
Jaynes 16-12H 11073.9 D 1 2630 0.106 1.22 0.911 2879.2 0.104 0.7902 
Jaynes 16-12H 11074.5 D 1 2630 0.054 4.55 3.5 2879.4 0.053 3.0360 
Jaynes 16-12H 11075.5 D 1 2630 0.098 0.466 0.35 2879.6 0.097 0.3036 
Jaynes 16-12H 11079.5 D -- 2630 0.065 0.013 0.0065 2880.7 0.063 0.0061 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
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Jaynes 16-12H 11080.45 D 1 2630 0.064 0.311 0.232 2880.9 0.063 0.2012 
Jaynes 16-12H 11082.5 D 1 2630 0.08 0.657 0.489 2881.5 0.079 0.4242 
Jaynes 16-12H 11083.5 C -- 2630 0.065 0.024 0.013 2881.7 0.063 0.0122 
Jaynes 16-12H 11084.5 C -- 2630 0.075 0.018 0.0091 2882.0 0.073 0.0086 
Jaynes 16-12H 11085.5 C 1 2630 0.068 0.104 0.055 2882.2 0.067 0.0477 
Jaynes 16-12H 11086.5 C 1 2630 0.07 0.087 0.049 2882.5 0.069 0.0425 
Jaynes 16-12H 11087.5 C 1 2630 0.074 0.209 0.11 2882.8 0.072 0.0954 
Jaynes 16-12H 11089.6 B 1 2630 0.071 0.2 0.105 2883.3 0.070 0.0911 
Jaynes 16-12H 11090.5 B -- 2630 0.066 0.023 0.013 2883.5 0.064 0.0122 
Jaynes 16-12H 11091.5 B -- 2630 0.03 0.0024 0.0008 2883.8 0.029 0.0008 
Jaynes 16-12H 11092.5 B -- 2630 0.064 0.0097 0.0043 2884.1 0.061 0.0040 
Jaynes 16-12H 11093.6 B -- 2630 0.055 0.0046 0.0017 2884.3 0.054 0.0016 
Jaynes 16-12H 11094.5 B 1 2630 0.066 0.088 0.047 2884.6 0.065 0.0408 
Jaynes 16-12H 11095.5 B 1 2630 0.065 0.34 0.253 2884.8 0.064 0.2195 
Jaynes 16-12H 11096.5 B 1 2630 0.059 0.037 0.022 2885.1 0.058 0.0191 
Jaynes 16-12H 11097.5 B -- 2630 0.066 0.016 0.0079 2885.4 0.064 0.0074 
Jaynes 16-12H 11098.5 B -- 2630 0.063 0.004 0.0015 2885.6 0.060 0.0014 
Jaynes 16-12H 11099.5 B 1 2630 0.069 0.061 0.034 2885.9 0.068 0.0295 
Jaynes 16-12H 11100.5 B -- 2630 0.058 0.0015 0.0004 2886.1 0.056 0.0004 
Jaynes 16-12H 11101.5 B -- 2630 0.065 0.014 0.0071 2886.4 0.063 0.0067 
Jaynes 16-12H 11102.5 B -- 2630 0.061 0.0036 0.0013 2886.7 0.059 0.0012 
Jaynes 16-12H 11103.5 B 1 2630 0.062 0.117 0.08 2886.9 0.061 0.0694 
Jaynes 16-12H 11104.5 B -- 2630 0.028 -- 0.0001 2887.2 0.027 0.0001 
Jaynes 16-12H 11105.5 A -- 2630 0.047 0.0007 0.0002 2887.4 0.045 0.0002 
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Table A-4.  Calculated in situ porosity and permeability. 
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Jaynes 16-12H 11106.5 A -- 2630 0.05 0.0011 0.0003 2887.7 0.049 0.0003 
Jorgenson 1-15H 10970.1 F -- 3380 0.0633 0.003 0.001 2852.2 0.064 0.0011 
Jorgenson 1-15H 10972.25 E -- 3380 0.0315 0.068 0.054 2852.8 0.032 0.0615 
Jorgenson 1-15H 10973.3 E -- 3380 0.0608 0.041 0.027 2853.1 0.061 0.0307 
Jorgenson 1-15H 10974.1 E -- 3380 0.0267 0.003 0.001 2853.3 0.027 0.0011 
Jorgenson 1-15H 10975.6 D -- 3380 0.0152 0.002 0.001 2853.7 0.015 0.0011 
Jorgenson 1-15H 10976.25 D -- 3380 0.0244 0.002 0.001 2853.8 0.025 0.0011 
Jorgenson 1-15H 10977.2 D -- 3380 0.0285 0.002 0.001 2854.1 0.029 0.0011 
Jorgenson 1-15H 10978.25 D -- 3380 0.0374 0.004 0.001 2854.3 0.038 0.0011 
Jorgenson 1-15H 10979.7 D -- 3380 0.0409 0.004 0.002 2854.7 0.041 0.0023 
Jorgenson 1-15H 10980.3 D -- 3380 0.0375 0.005 0.002 2854.9 0.038 0.0023 
Jorgenson 1-15H 10980.5 D -- 3380 0.0397 0.007 0.003 2854.9 0.040 0.0034 
Jorgenson 1-15H 10981.4 D -- 3380 0.0282 0.002 0.001 2855.2 0.028 0.0011 
Jorgenson 1-15H 10982.35 D -- 3380 0.03 0.002 0.001 2855.4 0.030 0.0011 
Jorgenson 1-15H 10983.2 D -- 3380 0.0188 0.001 0.0003 2855.6 0.019 0.0003 
Jorgenson 1-15H 10984.25 D -- 3380 0.0605 0.049 0.039 2855.9 0.061 0.0444 
Jorgenson 1-15H 10985.5 D -- 3380 0.0273 0.01 0.004 2856.2 0.028 0.0046 
Jorgenson 1-15H 10985.6 D -- 3380 0.0315 0.001 0.0002 2856.3 0.032 0.0002 
Jorgenson 1-15H 10987.6 C -- 3380 0.0639 0.005 0.002 2856.8 0.064 0.0023 
Jorgenson 1-15H 10988.2 C -- 3380 0.0221 0.002 0.001 2856.9 0.022 0.0011 
Jorgenson 1-15H 10989.6 C -- 3380 0.0377 0.004 0.002 2857.3 0.038 0.0023 
Jorgenson 1-15H 10990.2 C -- 3380 0.0545 0.004 0.001 2857.5 0.055 0.0011 
Jorgenson 1-15H 10991.3 C -- 3380 0.0577 0.031 0.015 2857.7 0.058 0.0171 
Jorgenson 1-15H 10992.2 C -- 3380 0.0573 0.024 0.019 2858.0 0.058 0.0216 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
Depth 

F
ac

ie
s 

La
b 

C
om

m
en

t 

Lab 
NCS 

Phi @ 
NCS 

Kair 
(md) 

Klink 
(md) 

Net 
stress 
(psi) 

PHI Res 
Kklink 

Res 
(md) 

Jorgenson 1-15H 10996.3 B -- 3380 0.0656 0.001 0.0003 2859.0 0.066 0.0003 
Jorgenson 1-15H 10996.35 B -- 3380 0.0589 0.01 0.005 2859.1 0.059 0.0057 
Jorgenson 1-15H 10998.85 B -- 3380 0.0651 0.032 0.019 2859.7 0.066 0.0216 
Jorgenson 1-15H 10999.25 B -- 3380 0.0603 0.018 0.011 2859.8 0.061 0.0125 
Jorgenson 1-15H 11000.2 B -- 3380 0.0582 0.005 0.002 2860.1 0.059 0.0023 
Jorgenson 1-15H 11000.4 B -- 3380 0.0709 0.003 0.001 2860.1 0.071 0.0011 
Jorgenson 1-15H 11001.55 B -- 3380 0.0459 0.031 0.024 2860.4 0.046 0.0273 
Jorgenson 1-15H 11002.75 B -- 3380 0.0242 0.001 0.0004 2860.7 0.024 0.0005 
Jorgenson 1-15H 11005.3 A -- 3380 0.0372 0.001 0.0001 2861.4 0.038 0.0001 
Jorgenson 1-15H 11006.55 A -- 3380 0.0505 0.006 0.002 2861.7 0.051 0.0023 
Jorgenson 1-15H 11007.25 A 1 3380 0.0564 0.095 0.055 2861.9 0.057 0.0736 
Jorgenson 1-15H 11008.3 A -- 3380 0.0471 0.649 0.554 2862.2 0.047 0.6306 
Jorgenson 1-15H 11009.65 A -- 3380 0.0239 0.002 0.001 2862.5 0.024 0.0011 
Jorgenson 1-15H 11010.7 A -- 3380 0.0403 0.004 0.002 2862.8 0.041 0.0023 

Lars Rothie 32-29H 10613.15 E -- 3100 0.069 -- 0.005 2759.4 0.069 0.0053 
Lars Rothie 32-29H 10613.75 E -- 3100 0.055 -- 0.023 2759.6 0.055 0.0246 
Lars Rothie 32-29H 10614.75 E -- 3100 0.052 -- 0.021 2759.8 0.052 0.0224 
Lars Rothie 32-29H 10616.25 D -- 3100 0.063 -- 0.013 2760.2 0.063 0.0139 
Lars Rothie 32-29H 10617.35 D 1 3100 0.031 -- 1.13 2760.5 0.031 1.3118 
Lars Rothie 32-29H 10619.75 C -- 3100 0.053 -- 0.015 2761.1 0.053 0.0160 
Lars Rothie 32-29H 10621.1 C -- 3100 0.044 -- 0.002 2761.5 0.044 0.0021 
Lars Rothie 32-29H 10622.75 C -- 3100 0.08 -- 0.011 2761.9 0.080 0.0117 
Lars Rothie 32-29H 10623.25 C -- 3100 0.076 -- 0.007 2762.0 0.076 0.0075 
Lars Rothie 32-29H 10624.25 C -- 3100 0.066 -- 0.012 2762.3 0.066 0.0128 
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Table A-4.  Calculated in situ porosity and permeability. 
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Lars Rothie 32-29H 10624.75 C -- 3100 0.082 -- 0.006 2762.4 0.082 0.0064 
Lars Rothie 32-29H 10625.25 C -- 3100 0.067 -- 0.012 2762.6 0.067 0.0128 
Lars Rothie 32-29H 10627.25 C -- 3100 0.018 -- 0.0003 2763.1 0.018 0.0003 
Lars Rothie 32-29H 10629.25 C -- 3100 0.059 -- 0.005 2763.6 0.059 0.0053 
Lars Rothie 32-29H 10630.25 C -- 3100 0.057 -- 0.006 2763.9 0.057 0.0064 
Lars Rothie 32-29H 10633.75 C -- 3100 0.055 -- 0.043 2764.8 0.055 0.0459 
Lars Rothie 32-29H 10634.75 C -- 3100 0.058 -- 0.007 2765.0 0.058 0.0075 
Lars Rothie 32-29H 10635.4 B -- 3100 0.069 -- 0.018 2765.2 0.069 0.0192 
Lars Rothie 32-29H 10637.25 B -- 3100 0.06 -- 0.003 2765.7 0.060 0.0032 
Lars Rothie 32-29H 10638.75 B -- 3100 0.061 -- 0.017 2766.1 0.061 0.0181 
Lars Rothie 32-29H 10639.25 B -- 3100 0.059 -- 0.004 2766.2 0.059 0.0043 
Lars Rothie 32-29H 10640.75 B -- 3100 0.06 -- 0.002 2766.6 0.060 0.0021 
Lars Rothie 32-29H 10641.25 B -- 3100 0.058 -- 0.004 2766.7 0.058 0.0043 
Lars Rothie 32-29H 10647.25 B -- 3100 0.058 -- 0.014 2768.3 0.058 0.0149 

Levang 3-22H 10651.1 E/F -- 1830 0.0482 0.001 0.0004 2769.3 0.047 0.0003 
Levang 3-22H 10651.65 E/F -- 1830 0.0546 0.043 0.022 2769.4 0.053 0.0154 
Levang 3-22H 10652.1 E/F -- 1830 0.0565 0.18 0.174 2769.5 0.055 0.1216 
Levang 3-22H 10653.35 D -- 1830 0.05 0.004 0.001 2769.9 0.049 0.0007 
Levang 3-22H 10654.1 D -- 1830 0.0596 0.052 0.045 2770.1 0.058 0.0314 
Levang 3-22H 10654.3 D -- 1830 0.0587 0.012 0.005 2770.1 0.058 0.0035 
Levang 3-22H 10655.95 D -- 1830 0.0761 0.018 0.013 2770.5 0.075 0.0091 
Levang 3-22H 10656.2 D -- 1830 0.0751 0.011 0.008 2770.6 0.074 0.0056 
Levang 3-22H 10656.25 D -- 1830 0.0767 0.007 0.003 2770.6 0.075 0.0021 
Levang 3-22H 10658.2 D -- 1830 0.0479 0.074 0.041 2771.1 0.047 0.0286 
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Table A-4.  Calculated in situ porosity and permeability. 
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Levang 3-22H 10659.2 D -- 1830 0.0348 0.001 0.0004 2771.4 0.034 0.0003 
Levang 3-22H 10659.4 D -- 1830 0.0624 0.161 0.145 2771.4 0.061 0.1013 
Levang 3-22H 10660.3 D -- 1830 0.0575 0.015 0.007 2771.7 0.056 0.0049 
Levang 3-22H 10661.2 D -- 1830 0.0217 0.001 0.002 2771.9 0.021 0.0014 
Levang 3-22H 10662.2 D -- 1830 0.0638 0.018 0.012 2772.2 0.062 0.0084 
Levang 3-22H 10662.9 D -- 1830 0.0774 0.09 0.077 2772.4 0.076 0.0538 
Levang 3-22H 10663.4 D -- 1830 0.0628 0.039 0.033 2772.5 0.062 0.0231 
Levang 3-22H 10665.6 D -- 1830 0.0566 0.004 0.002 2773.1 0.055 0.0014 
Levang 3-22H 10666.25 D -- 1830 0.0549 0.004 0.001 2773.2 0.054 0.0007 
Levang 3-22H 10666.4 C -- 1830 0.0501 0.018 0.008 2773.3 0.049 0.0056 
Levang 3-22H 10667.6 C -- 1830 0.0592 0.019 0.009 2773.6 0.058 0.0063 
Levang 3-22H 10668.3 C -- 1830 0.0485 0.007 0.003 2773.8 0.048 0.0021 
Levang 3-22H 10669.3 C -- 1830 0.0573 0.041 0.02 2774.0 0.056 0.0140 
Levang 3-22H 10670.5 C -- 1830 0.0611 0.027 0.013 2774.3 0.060 0.0091 
Levang 3-22H 10671.4 C -- 1830 0.0156 0.0004 0.0001 2774.6 0.015 0.0001 
Levang 3-22H 10672.5 C -- 1830 0.0373 0.001 0.0003 2774.9 0.037 0.0002 
Levang 3-22H 10674.1 B -- 1830 0.0668 0.034 0.027 2775.3 0.065 0.0189 
Levang 3-22H 10675.2 B -- 1830 0.0618 0.014 0.011 2775.6 0.061 0.0077 
Levang 3-22H 10676 B -- 1830 0.074 0.005 0.002 2775.8 0.072 0.0014 
Levang 3-22H 10676.9 B -- 1830 0.0658 0.004 0.001 2776.0 0.064 0.0007 
Levang 3-22H 10678.2 B -- 1830 0.0609 0.008 0.003 2776.3 0.060 0.0021 
Levang 3-22H 10679.1 B -- 1830 0.0618 0.004 0.002 2776.6 0.061 0.0014 
Levang 3-22H 10680.1 B -- 1830 0.062 0.004 0.002 2776.8 0.061 0.0014 
Levang 3-22H 10681 B -- 1830 0.0627 0.004 0.001 2777.1 0.061 0.0007 
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Table A-4.  Calculated in situ porosity and permeability. 
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Levang 3-22H 10682 B -- 1830 0.0632 0.004 0.002 2777.3 0.062 0.0014 
Levang 3-22H 10683.2 B -- 1830 0.0682 0.006 0.002 2777.6 0.067 0.0014 
Levang 3-22H 10684.1 B -- 1830 0.0568 0.003 0.001 2777.9 0.056 0.0007 
Levang 3-22H 10685.2 B -- 1830 0.0436 0.001 0.0003 2778.2 0.043 0.0002 
Levang 3-22H 10686.1 A -- 1830 0.0344 0.001 0.0002 2778.4 0.034 0.0001 
Levang 3-22H 10687.1 A -- 1830 0.0596 0.003 0.001 2778.6 0.058 0.0007 
Levang 3-22H 10688.1 A -- 1830 0.0333 0.021 0.009 2778.9 0.033 0.0063 
Levang 3-22H 10689.1 A -- 1830 0.0589 0.002 0.001 2779.2 0.058 0.0007 
Levang 3-22H 10690.1 A -- 1830 0.0596 0.002 0.001 2779.4 0.058 0.0007 
Levang 3-22H 10691.1 A -- 1830 0.0681 0.032 0.015 2779.7 0.067 0.0105 

Linseth 13-12HW 10964.3 D 1 2233 0.036 0.007 0.0029 2850.7 0.035 0.0018 
Linseth 13-12HW 10964.65 D -- 2233 0.051 0.0009 0.0002 2850.8 0.049 0.0002 
Linseth 13-12HW 10965.5 D -- 2233 0.031 0.0007 0.0002 2851.0 0.031 0.0002 
Linseth 13-12HW 10978.45 C 1 2233 0.064 0.279 0.208 2854.4 0.063 0.1309 
Linseth 13-12HW 10992.1 B 1 2233 0.064 0.107 0.059 2857.9 0.063 0.0371 
Linseth 13-12HW 10994.2 A 1 2233 0.061 0.068 0.043 2858.5 0.059 0.0271 

Linseth 4-8H 10796.6 E/F -- 1830 0.0532 0.003 0.001 2807.1 0.052 0.0007 
Linseth 4-8H 10797.45 E/F -- 1830 0.0575 0.165 0.103 2807.3 0.056 0.0720 
Linseth 4-8H 10798.65 E/F -- 1830 0.07 0.074 0.041 2807.6 0.069 0.0286 
Linseth 4-8H 10799.55 E/F -- 1830 0.0262 0.239 0.229 2807.9 0.026 0.1600 
Linseth 4-8H 10800.5 E/F -- 1830 0.0582 0.004 0.001 2808.1 0.057 0.0007 
Linseth 4-8H 10801.55 E/F -- 1830 0.0561 0.009 0.004 2808.4 0.055 0.0028 
Linseth 4-8H 10802.5 E/F -- 1830 0.0444 0.022 0.01 2808.7 0.043 0.0070 
Linseth 4-8H 10803.45 D -- 1830 0.074 0.05 0.043 2808.9 0.072 0.0300 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
Depth 
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Kair 
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Net 
stress 
(psi) 

PHI Res 
Kklink 

Res 
(md) 

Linseth 4-8H 10804.75 D -- 1830 0.026 0.002 0.001 2809.2 0.025 0.0007 
Linseth 4-8H 10805.55 D -- 1830 0.0483 0.007 0.004 2809.4 0.047 0.0028 
Linseth 4-8H 10806.5 D -- 1830 0.0441 0.005 0.002 2809.7 0.043 0.0014 
Linseth 4-8H 10807.45 D -- 1830 0.0436 0.056 0.045 2809.9 0.043 0.0314 
Linseth 4-8H 10808.45 D -- 1830 0.0494 0.021 0.01 2810.2 0.048 0.0070 
Linseth 4-8H 10809.45 D -- 1830 0.0825 0.056 0.029 2810.5 0.081 0.0203 
Linseth 4-8H 10810.6 D -- 1830 0.0817 0.015 0.011 2810.8 0.080 0.0077 
Linseth 4-8H 10811.35 D -- 1830 0.0841 0.025 0.02 2811.0 0.082 0.0140 
Linseth 4-8H 10814.4 D -- 1830 0.065 0.01 0.007 2811.7 0.064 0.0049 
Linseth 4-8H 10815.55 D -- 1830 0.0718 0.033 0.023 2812.0 0.070 0.0161 
Linseth 4-8H 10816.7 D -- 1830 0.0595 0.051 0.04 2812.3 0.058 0.0279 
Linseth 4-8H 10817.55 D -- 1830 0.0617 0.005 0.002 2812.6 0.060 0.0014 
Linseth 4-8H 10818.5 D -- 1830 0.0628 0.042 0.021 2812.8 0.062 0.0147 
Linseth 4-8H 10819.45 C -- 1830 0.0371 0.039 0.028 2813.1 0.036 0.0196 
Linseth 4-8H 10820.55 C -- 1830 0.026 0.002 0.001 2813.3 0.025 0.0007 
Linseth 4-8H 10822.2 B -- 1830 0.0227 0.002 0.001 2813.8 0.022 0.0007 
Linseth 4-8H 10823.4 B -- 1830 0.0268 0.002 0.001 2814.1 0.026 0.0007 
Linseth 4-8H 10824.4 B -- 1830 0.0654 0.009 0.004 2814.3 0.064 0.0028 
Linseth 4-8H 10825.2 B -- 1830 0.0246 0.002 0.001 2814.6 0.024 0.0007 
Linseth 4-8H 10826.25 B -- 1830 0.0527 0.002 0.001 2814.8 0.052 0.0007 
Linseth 4-8H 10827.45 B -- 1830 0.0652 0.062 0.033 2815.1 0.064 0.0231 
Linseth 4-8H 10829.5 B -- 1830 0.0636 0.006 0.004 2815.7 0.062 0.0028 
Linseth 4-8H 10830.45 B -- 1830 0.0612 0.007 0.003 2815.9 0.060 0.0021 
Linseth 4-8H 10831.2 B -- 1830 0.0176 0.0004 0.0001 2816.1 0.017 0.0001 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
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Linseth 4-8H 10832.25 B -- 1830 0.0588 0.003 0.001 2816.4 0.058 0.0007 
Linseth 4-8H 10833.25 B -- 1830 0.0581 0.043 0.021 2816.6 0.057 0.0147 
Linseth 4-8H 10834.25 B -- 1830 0.0572 0.018 0.008 2816.9 0.056 0.0056 
Linseth 4-8H 10835.2 B -- 1830 0.0195 0.001 0.0002 2817.2 0.019 0.0001 
Linseth 4-8H 10836.35 B -- 1830 0.0569 0.004 0.001 2817.5 0.056 0.0007 
Linseth 4-8H 10837.2 A -- 1830 0.0166 0.0004 0.0001 2817.7 0.016 0.0001 

Lundin 11-13SEH 11088.45 F -- 3700 0.054 0.051 0.026 2883.0 0.055 0.0316 
Lundin 11-13SEH 11089.45 F -- 3700 0.076 0.053 0.027 2883.3 0.076 0.0328 
Lundin 11-13SEH 11090.9 E -- 3700 0.042 0.0007 0.0001 2883.6 0.043 0.0001 
Lundin 11-13SEH 11091.7 E -- 3700 0.042 0.0079 0.0026 2883.8 0.042 0.0032 
Lundin 11-13SEH 11094.65 E -- 3700 0.068 0.044 0.022 2884.6 0.068 0.0267 
Lundin 11-13SEH 11095.5 E -- 3700 0.06 0.061 0.033 2884.8 0.060 0.0401 
Lundin 11-13SEH 11096.4 E -- 3700 0.061 0.034 0.016 2885.1 0.061 0.0194 
Lundin 11-13SEH 11098.4 D -- 3700 0.023 0.0004 0.0001 2885.6 0.025 0.0001 
Lundin 11-13SEH 11098.8 D -- 3700 0.056 0.067 0.037 2885.7 0.056 0.0450 
Lundin 11-13SEH 11099.15 D 1 3700 0.085 0.355 0.245 2885.8 0.085 0.3782 
Lundin 11-13SEH 11101.5 D 1 3700 0.082 0.278 0.186 2886.4 0.081 0.2871 
Lundin 11-13SEH 11102.45 D 1 3700 0.074 0.554 0.407 2886.6 0.074 0.6282 
Lundin 11-13SEH 11103.9 C -- 3700 0.088 0.627 0.467 2887.0 0.087 0.5677 
Lundin 11-13SEH 11105.8 C 1 3700 0.07 0.298 0.201 2887.5 0.070 0.3103 
Lundin 11-13SEH 11106.4 C 1 3700 0.055 0.047 0.024 2887.7 0.056 0.0370 
Lundin 11-13SEH 11107.3 C -- 3700 0.078 1.34 1.01 2887.9 0.078 1.2277 
Lundin 11-13SEH 11108.3 C -- 3700 0.068 0.145 0.089 2888.2 0.068 0.1082 
Lundin 11-13SEH 11110.5 B -- 3700 0.024 0.006 0.0018 2888.7 0.026 0.0022 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
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Lundin 11-13SEH 11114.2 B 1 3700 0.069 0.192 0.123 2889.7 0.069 0.1899 
Lundin 11-13SEH 11116.7 B 1 3700 0.041 0.063 0.034 2890.3 0.042 0.0525 
Lundin 11-13SEH 11117.8 B -- 3700 0.05 0.124 0.074 2890.6 0.051 0.0900 
Lundin 11-13SEH 11118.7 B 1 3700 0.064 0.251 0.166 2890.9 0.065 0.2562 
Lundin 11-13SEH 11119.4 B -- 3700 0.032 0.0069 0.0022 2891.0 0.034 0.0027 
Lundin 11-13SEH 11120.5 B 1 3700 0.059 0.468 0.337 2891.3 0.060 0.5202 
Lundin 11-13SEH 11121.4 B 1 3700 0.062 0.152 0.094 2891.6 0.063 0.1451 
Lundin 11-13SEH 11124.8 B 1 3700 0.06 0.14 0.085 2892.4 0.061 0.1312 
Lundin 11-13SEH 11125.8 B 1 3700 0.066 0.133 0.081 2892.7 0.067 0.1250 
Lundin 11-13SEH 11126.7 B -- 3700 0.056 0.0079 0.0026 2892.9 0.056 0.0032 
Lundin 11-13SEH 11127.7 B -- 3700 0.06 0.0017 0.0004 2893.2 0.060 0.0005 
Lundin 11-13SEH 11128.8 B -- 3700 0.062 0.0044 0.0012 2893.5 0.061 0.0015 
Lundin 11-13SEH 11129.4 B -- 3700 0.066 0.015 0.0057 2893.6 0.066 0.0069 
Lundin 11-13SEH 11130.4 B -- 3700 0.06 0.0028 0.0007 2893.9 0.060 0.0009 
Lundin 11-13SEH 11131.7 B -- 3700 0.059 0.0058 0.0018 2894.2 0.059 0.0022 
Lundin 11-13SEH 11132.5 A -- 3700 0.022 0.0007 0.0001 2894.5 0.024 0.0001 
Lundin 11-13SEH 11133.6 A -- 3700 0.063 0.012 0.0043 2894.7 0.063 0.0052 
Lundin 11-13SEH 11134.6 A -- 3700 0.043 0.028 0.013 2895.0 0.044 0.0158 

Mariana Trust 12X-20G2 11062.2 E -- 2000 0.0736 0.569 0.39 2876.2 0.072 0.2939 
Mariana Trust 12X-20G2 11062.5 E -- 2000 0.0435 0.001 0.0002 2876.3 0.043 0.0002 
Mariana Trust 12X-20G2 11064.2 E -- 2000 0.0521 0.002 0.0002 2876.7 0.051 0.0002 
Mariana Trust 12X-20G2 11066.2 E -- 2000 0.0655 0.002 0.0003 2877.2 0.064 0.0002 
Mariana Trust 12X-20G2 11068.15 D -- 2000 0.0227 0.002 0.0003 2877.7 0.022 0.0002 
Mariana Trust 12X-20G2 11070.35 D -- 2000 0.1002 0.196 0.105 2878.3 0.099 0.0791 
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Table A-4.  Calculated in situ porosity and permeability. 
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Mariana Trust 12X-20G2 11072.15 C -- 2000 0.0986 0.034 0.011 2878.8 0.097 0.0083 
Mariana Trust 12X-20G2 11074.15 C 1 2000 0.0716 0.112 0.053 2879.3 0.071 0.0263 
Mariana Trust 12X-20G2 11076.15 B -- 2000 0.0397 0.006 0.001 2879.8 0.039 0.0008 
Mariana Trust 12X-20G2 11078.15 B -- 2000 0.0599 0.047 0.032 2880.3 0.059 0.0241 
Mariana Trust 12X-20G2 11080.15 B -- 2000 0.081 0.135 0.098 2880.8 0.080 0.0739 
Mariana Trust 12X-20G2 11080.75 B -- 2000 0.0582 0.005 0.001 2881.0 0.057 0.0008 
Mariana Trust 12X-20G2 11082.15 B 1 2000 0.0463 0.024 0.007 2881.4 0.046 0.0035 
Mariana Trust 12X-20G2 11084.15 B 1 2000 0.0664 0.228 0.126 2881.9 0.066 0.0625 
Mariana Trust 12X-20G2 11086.2 B -- 2000 0.0539 0.01 0.003 2882.4 0.053 0.0023 
Mariana Trust 12X-20G2 11088.25 B -- 2000 0.0676 0.006 0.001 2882.9 0.066 0.0008 
Mariana Trust 12X-20G2 11090.2 B 1 2000 0.0776 0.103 0.047 2883.5 0.077 0.0233 
Mariana Trust 12X-20G2 11092.5 B 1 2000 0.0726 0.163 0.127 2884.1 0.072 0.0630 
Mariana Trust 12X-20G2 11094.25 B -- 2000 0.0747 0.009 0.002 2884.5 0.073 0.0015 
Mariana Trust 12X-20G2 11096.2 B -- 2000 0.0678 0.01 0.003 2885.0 0.067 0.0023 
Mariana Trust 12X-20G2 11098.1 B -- 2000 0.0629 0.008 0.002 2885.5 0.062 0.0015 
Mariana Trust 12X-20G2 11100.2 A -- 2000 0.0171 0.001 0.0001 2886.1 0.017 0.0001 
Mariana Trust 12X-20G2 11101.6 A -- 2000 0.023 0.001 0.0001 2886.4 0.023 0.0001 

Pojorlie 21-2-1H 11284.15 F 1 4000 0.045 0.015 0.0059 2933.9 0.046 0.0102 
Pojorlie 21-2-1H 11286 E -- 4000 0.025 0.0007 0.0001 2934.4 0.027 0.0001 
Pojorlie 21-2-1H 11288 D -- 4000 0.054 0.0079 0.0026 2934.9 0.055 0.0033 
Pojorlie 21-2-1H 11290 D 1 4000 0.062 0.015 0.0061 2935.4 0.063 0.0106 
Pojorlie 21-2-1H 11292 D -- 4000 0.016 0.0006 0.0001 2935.9 0.018 0.0001 
Pojorlie 21-2-1H 11294.6 C -- 4000 0.026 0.0011 0.0002 2936.6 0.028 0.0003 
Pojorlie 21-2-1H 11296 C 1 4000 0.07 0.04 0.019 2937.0 0.070 0.0330 
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Table A-4.  Calculated in situ porosity and permeability. 

Well Name Sample 
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Pojorlie 21-2-1H 11298 B -- 4000 0.026 0.0008 0.0001 2937.5 0.028 0.0001 
Pojorlie 21-2-1H 11300 B -- 4000 0.043 0.0095 0.0033 2938.0 0.044 0.0042 
Pojorlie 21-2-1H 11302.2 B 1 4000 0.074 0.055 0.029 2938.6 0.075 0.0503 
Pojorlie 21-2-1H 11304 B -- 4000 0.027 0.001 0.0002 2939.0 0.029 0.0003 
Pojorlie 21-2-1H 11306 B -- 4000 0.063 0.024 0.011 2939.6 0.063 0.0141 
Pojorlie 21-2-1H 11308 B -- 4000 0.069 0.02 0.0084 2940.1 0.070 0.0108 
Pojorlie 21-2-1H 11310 B -- 4000 0.05 0.0082 0.0027 2940.6 0.051 0.0035 
Pojorlie 21-2-1H 11312.2 B 1 4000 0.066 0.101 0.059 2941.2 0.067 0.1024 
Pojorlie 21-2-1H 11314 B -- 4000 0.056 0.0088 0.003 2941.6 0.056 0.0039 
Pojorlie 21-2-1H 11316 A 1 4000 0.054 0.018 0.0074 2942.2 0.055 0.0128 

Titan E-Gierke 20-1-H 11001 E/F -- 400 -- 0.011 0.004 2860.3 0.045 0.0005 
Titan E-Gierke 20-1-H 11002 E/F -- 400 -- 0.044 0.022 2860.5 0.053 0.0027 
Titan E-Gierke 20-1-H 11003 E/F -- 400 -- 0.04 0.02 2860.8 0.052 0.0025 
Titan E-Gierke 20-1-H 11004 E/F -- 400 -- 0.022 0.01 2861.0 0.056 0.0012 
Titan E-Gierke 20-1-H 11005 E/F -- 400 -- 0.084 0.048 2861.3 0.059 0.0060 
Titan E-Gierke 20-1-H 11006 E/F -- 400 -- 0.06 0.032 2861.6 0.053 0.0040 
Titan E-Gierke 20-1-H 11007 E/F -- 400 -- 0.17 0.107 2861.8 0.069 0.0133 
Titan E-Gierke 20-1-H 11008.1 D -- 400 -- 0.02 0.009 2862.1 0.034 0.0011 
Titan E-Gierke 20-1-H 11009.1 D -- 400 -- 0.007 0.002 2862.4 0.029 0.0002 
Titan E-Gierke 20-1-H 11010.2 D -- 400 -- 0.019 0.008 2862.7 0.046 0.0010 
Titan E-Gierke 20-1-H 11011.8 D -- 400 -- 0.011 0.004 2863.1 0.014 0.0005 
Titan E-Gierke 20-1-H 11012.3 D -- 400 -- 0.008 0.003 2863.2 0.021 0.0004 
Titan E-Gierke 20-1-H 11013 D -- 400 -- 9.036 7.215 2863.4 0.072 0.8952 
Titan E-Gierke 20-1-H 11014 D -- 400 -- 0.43 0.303 2863.6 0.071 0.0376 
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Table A-4.  Calculated in situ porosity and permeability. 
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Titan E-Gierke 20-1-H 11014.9 D -- 400 -- 0.033 0.016 2863.9 0.032 0.0020 
Titan E-Gierke 20-1-H 11016 D -- 400 -- 0.552 0.405 2864.2 0.076 0.0502 
Titan E-Gierke 20-1-H 11018.1 D -- 400 -- 0.048 0.024 2864.7 0.061 0.0030 
Titan E-Gierke 20-1-H 11019 D -- 400 -- 0.048 0.025 2864.9 0.049 0.0031 
Titan E-Gierke 20-1-H 11020 D -- 400 -- 0.055 0.029 2865.2 0.058 0.0036 
Titan E-Gierke 20-1-H 11021 C -- 400 -- 0.343 0.236 2865.5 0.064 0.0293 
Titan E-Gierke 20-1-H 11022.1 C -- 400 -- 0.28 0.188 2865.7 0.069 0.0233 
Titan E-Gierke 20-1-H 11024 C -- 400 -- 0.007 0.002 2866.2 0.052 0.0002 
Titan E-Gierke 20-1-H 11025 C -- 400 -- 0.006 0.002 2866.5 0.015 0.0002 
Titan E-Gierke 20-1-H 11026 C -- 400 -- 0.013 0.005 2866.8 0.056 0.0006 
Titan E-Gierke 20-1-H 11027 C -- 400 -- 0.039 0.019 2867.0 0.056 0.0024 
Titan E-Gierke 20-1-H 11028 C -- 400 -- 0.486 0.351 2867.3 0.055 0.0435 
Titan E-Gierke 20-1-H 11029 C -- 400 -- 0.047 0.024 2867.5 0.043 0.0030 
Titan E-Gierke 20-1-H 11031 C -- 400 -- 0.017 0.007 2868.1 0.057 0.0009 
Titan E-Gierke 20-1-H 11032 B -- 400 -- 0.035 0.017 2868.3 0.062 0.0021 
Titan E-Gierke 20-1-H 11033 B -- 400 -- 0.004 0.001 2868.6 0.042 0.0001 
Titan E-Gierke 20-1-H 11034 B -- 400 -- 0.033 0.016 2868.8 0.061 0.0020 
Titan E-Gierke 20-1-H 11035 B -- 400 -- 0.011 0.004 2869.1 0.063 0.0005 
Titan E-Gierke 20-1-H 11035.9 B -- 400 -- 0.031 0.014 2869.3 0.050 0.0017 
Titan E-Gierke 20-1-H 11037 B -- 400 -- 0.002 0.0001 2869.6 0.022 0.0000 
Titan E-Gierke 20-1-H 11038 B -- 400 -- 0.009 0.003 2869.9 0.056 0.0004 
Titan E-Gierke 20-1-H 11039 B -- 400 -- 0.031 0.014 2870.1 0.058 0.0017 
Titan E-Gierke 20-1-H 11040 B -- 400 -- 0.017 0.007 2870.4 0.056 0.0009 
Titan E-Gierke 20-1-H 11041 B -- 400 -- 0.018 0.007 2870.7 0.053 0.0009 
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Table A-4.  Calculated in situ porosity and permeability. 
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Titan E-Gierke 20-1-H 11042 B -- 400 -- 0.01 0.004 2870.9 0.039 0.0005 
Titan E-Gierke 20-1-H 11043.1 B -- 400 -- 0.005 0.001 2871.2 0.035 0.0001 
Titan E-Gierke 20-1-H 11044.1 B -- 400 -- 0.004 0.001 2871.5 0.052 0.0001 
Titan E-Gierke 20-1-H 11045 B -- 400 -- 0.003 0.001 2871.7 0.023 0.0001 
Titan E-Gierke 20-1-H 11046 B -- 400 -- 0.006 0.002 2872.0 0.049 0.0002 
Titan E-Gierke 20-1-H 11047 A -- 400 -- 0.009 0.003 2872.2 0.050 0.0004 
Titan E-Gierke 20-1-H 11047.55 A -- 400 -- 0.003 0.001 2872.4 0.025 0.0001 

 

Table A-4.  Continued. 


