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Abstract:

The primary focus of this research is to increase the understanding of carbonate
mudrock reservoirs through a first-order analysis of the micro- to nanopore architecture.
Facies interpretation and development of a high resolution sequence stratigraphic-based
depositional architecture in Mississippian-age carbonates from three regions of the Mid-
Continent are integrated with key petrophysical data, analysis of the pore architecture,
and acoustic response data to provide insight into primary reservoir controls and trends
that can be applied to other areas of these Mississippian age strata and to carbonate
mudrocks on a global scale.

Facies transition from very fine grain carbonaceous mudstone, wackestones, and
grainstones, to near-shore wackestone, packstones, and peritidal deposits. All cores show
a shallowing upward facies succession, similar sequence stratigraphic framework, and
highest porosity and permeability within the large-scale sequence regressive phase.
Horizontal porosity ranges from 0.1 - 12% (avg.2.5%) and 13 - 45% (avg. 31%) with
correlative permeability of 0.0001mD-3.4mD (avg. 0.05mD) and 5.92mD - 163mD (avg.
43mD) in fine and coarse grained facies respectively.

Qualitative analysis identified samples with significant clay mineral precipitation,
which sub-divides the pore space, correlates with relatively low porosity and
permeability. Samples with lesser amounts of clay mineral precipitation correlate with
relatively high porosity and permeability. Quantitative analysis shows the relationships
between measured geometric parameters of carbonate mudrocks with micro- to nano-
meter scale porosity (<62um diam.) may differ significantly when compared to
conventional carbonate reservoirs with primarily macro-porosity (256-4mm diam.). The
complex pore architecture equates to the inapplicability of standard methods to predict
key reservoir properties.

Acoustic response data are inversely related to porosity, with a data shift as related to the
empirical Wyllie time average equation. The observed shift is a result of complexity
within the micro- to nanoscale pore architecture, coupling of grains at the micro- to
nanoscale, and mixed mineralogy, whose combined effects create significantly different
elastic properties. A comparison of data from different basins and geological ages shows
a consistent inverse relationship in carbonate samples; however reservoir specific data
should be analyzed to identify the specific relationship between velocity and porosity
prior to application of established proxies used to predict permeability.
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CHAPTER I

INTRODUCTION

Over the last decade unconventional resources, defined by low porosity and low
permeability, have taken a prominent place in oil and gas exploration. This change in focus for
exploration and reservoir development has created a need to better understand shale and mudrock
depositional environments and their reservoir characteristics. Much of the research on shale and
mudrock reservoirs has been focused on siliciclastic shale and mudrocks such as the Barnett
Shale (Mississippian) in the Fort Worth Basin, and the Utica Shale (Ordovician) in the
Appalachian Basin (e.g. Dorsch, 1995; Loucks et al., 2009; Davies et al., 1991; Dewhurst et al.,
1999; Reed and Loucks, 2007; Ruppel and Loucks, 2008; Nelson, 2009; Slatt and O’Neal, 2011).
There are also limited studies published on the pore architecture in carbonate and calcareous
mudstones or chalk deposits, primarily related to the Cretaceous Eagle Ford and Niobrara
Formations (e.g. Abouelresh, 2015; Loucks and Rowe, 2014; Loucks, et. al., 2014; Michaels and
Budd, 2014). This research increases our understanding of carbonate mudrocks from a
depositional and sequence stratigraphic perspective, while also providing some of the first insight
into the nature of micro- to nano-pore systems in carbonate mudrocks, the pore system types and

three dimensional architecture, and how the pore systems relate to permeability in the reservoirs
1



and how that permeability may be predicted based upon acoustical properties of the rock.

Previous research on carbonate muds has focused on describing the constituents to
differentiate depositional environments (e.g. Ginsburg, 1956; Gischler et al., 2013), correlation with
flow rate and carbonate mud deposition (Schieber et al., 2013), understanding diagenetic processes
(e.g. Andrews, 1991; Rude and Aller, 1991), the role of diagenesis as it relates to the acoustic
response of deep sea carbonate (e.g. Dae-Choul et al., 1985; Griitzner and Mienert, 1999), and early
diagenesis related to lithification of carbonate muds (e.g. Bathurst, 1970; Dix and Nelson, 2006).

The Mississippian age Limestone reservoir (“Mississippi Lime” play) is located in the North
American Mid-Continent throughout North-Central Oklahoma and Southern Kansas. Energy
companies have been producing oil and gas from this reservoir from vertical wells for over 50 years.
In the recent decade, this reservoir system has undergone a revival in production through advances in
horizontal drilling technology that have enhanced the ability to efficiently extract hydrocarbons in the
reservoir. Accompanying this renewed interest, is a critical need to understand the details and
complexities that exist within the reservoir architecture to target the highest producing intervals and
extract the hydrocarbons in the most environmentally sensitive and economically expedient manner.
A fundamental control on reservoir systems and production capabilities is often linked facies types
and their corresponding geometrical attributes derived from interpretation of the primary depositional
environments, as well as petrophysical characteristics that are identified through facies analysis of
cored intervals at the micro- and nanoscale to the meter-scale. The Mississippian age stratigraphy
deposited in what is present day North American Mid-continent (Kansas and Oklahoma), with the
abundance of outcrop and subsurface data, provides a unique study area to provide insight to the
depositional environments and pore architecture that control reservoir-scale porosity and permeability
in this carbonate mudrock-dominated system.

Although this research was conducted using an integrated methodology that incorporates
several different data sets, there are specific, focus areas of the research that have been defined with

clearly stated objectives. Each of these topics and the specific goals are outlined below for each
2



component of this research project. As necessary, additional introductory or background information
is provided to highlight the academic and/or energy industry application and potential implementation
of observations and conclusions.

Research Topic #1: Characterization of the 2-D Pore Architecture of a Carbonate Mudrock
Reservoir: Insights from the Mid-Continent “Mississippi Lime”

One application of understanding the pore architecture in a reservoir system is to enhance the
predictability of reservoir properties that influence the feasibility of development and use of that
reservoir. This is true for the extraction of hydrocarbons, use of the reservoir as a potable water
system, or for the purposes of carbon dioxide (CO,) sequestration. The dominant pore types in
conventional carbonate reservoircontain significant macroporosity (256mm to 4mm diameter) and
mesoporosity (62um to 4mm), as defined by Loucks et al. (2012), and are well understood and can be
easily described with relation to facies, depositional environments, diagenesis, and reservoir
properties (Archie, 1952; Folk, 1959; Dunham, 1962; Embry and Klovan, 1971; Choquette and Pray,
1970; Lucia 1983; Lucia, 1995).

With the exception of a few recent papers (e.g. Milliken, 2014; Loucks et al., 2012), the
current literature is markedly absent of successful and applicable descriptive methodologies and
observations for carbonate mudrock reservoirs that contain significant microporosity (62.5 -1um) and
nanoporosity (1um-1nm). While the use of established terminology for macropore systems is logical,
this does not always accurately describe the pore architecture (pore size, shape, and distribution) or
the relationship to both depositional environments and predictable diagenetic processes. Therefore, at
this point of mudrock research it is prudent to continue to add observations regarding the applicability
of using conventional terminology to describe siliciclastic mudrocks, or conventional carbonate
systems as well as denote cases where the conventional terminology is unable to accurately portray
observations from carbonate mudrocks. The research presented in this paper has utilized an
integrated methodology where the pore architecture is quantitatively and qualitatively described from

photomicrographs that identify general and unique characteristics (pore size distribution, pore shape)
3



to better understand how the variability at the micro- to nanometer pore scale is related to key
petrophysical properties such as porosity, permeability, and the sonic velocity response.

A fundamental relationship between pore type and permeability in carbonates has been
documented (Lucia 1999) and can be applied through a variety of methods (density-neutron log
analysis, sonic velocity — porosity relationship) to predict the porosity and permeability along a
borehole. When facies analysis and sequence stratigraphy can be related to the pore architecture, it
becomes possible to predict porosity and permeability on the reservoir scale in 3 dimensions
(Grammer et al., 2004). Although it is logical to assume the same relationships that exist in
conventional macropore systems also exist in unconventional carbonate mudrocks on a fractal scale,
the fundamental pore architecture remains poorly described because until recently, documentation of
the basic carbonate mudrock pore types has not been a primary focus of mudrock research, nor have
the necessary technological tools been available to image pores at the nanometer scale. For this
reason, relationships between pore type, porosity, permeability, and pore architecture are also
undefined.

Understanding the fundamental carbonate mudrock pore architecture and how this relates to
other reservoir properties can have a significant impact on reservoir development within the
“Mississippi Lime” play and also provide an analog for other carbonate mudrock reservoirs
worldwide. One component of this characterization is the distribution of the pore sizes and pore
network to understand how micro- to nanopores impact permeability.

The focus of this component of the dissertation research is to document the pore architecture
of carbonate mud-dominated facies within a core that has proven reservoir quality. The pore
architecture is described both qualitatively and quantitatively in such a way that it can be integrated
into subsequent detailed analysis to further increase the predictability of petrophysical properties in
similar carbonate mudrock systems through a better understanding of the fundamental relationship

between pore architecture, porosity, permeability, facies and sequence stratigraphic framework. The



primary goal is to provide a first-order descriptive classification of carbonate mudrock pore

architecture using the “Mississippian Lime” play as a case study through the following objectives:

1. Quantitatively describe the pore architecture from key measurements obtained from digital
image analysis of photomicrographs obtained using light microscopy (LM) and an
environmental scanning electron microscope (ESEM);

2. Qualitatively describe the pore types as observed in thin section and at higher magnifications
using a scanning electron microscope;

3. Identify facies associated with unique depositional environments to define a sequence
stratigraphic framework for the data set;

4, Characterize fundamental relationships between quantitative pore architecture data, porosity,
permeability, and the facies and sequence stratigraphic framework;

5. Identify the overall relationship between compressional velocity and porosity in carbonate
mudrocks to determine potential use as a predictive tool in carbonate mudrock systems.

Research Topic #2: A quantitative evaluation of the pore system architecture and acoustic

response of micro- to nanometer-scale pores in carbonate mudrocks

The second major topic of this dissertation expands the 2-D image data set to include observations

from five cores from three locations within the Mississippian age North American Mid-Continent

basin while also tying the pore systems to sonic velocity data to develop a proxy for predicting
permeability in carbonate mudrocks. This research integrates qualitative and quantitative
observations from representative photographs collected using thin sections with a magnification of
5x-40x, and ion milled samples viewed with an ESEM with a magnification of 100x-1,000,000x. The
primary goals of this component of the research are as follows:

1. To apply quantitative and qualitative observations and measurements of the pore architecture
to understand the porosity and permeability trends within the study area and to tie these pore

systems to laboratory measured sonic velocity data.



2. To perform a statistical analysis of the image and sonic velocity data to identify key
geometric features within the pore system architecture that can be used to increase the
predictability of porosity and permeability within a micro- to nanopore dominated carbonate
mudrock reservoir.

3. To identify trends and relationships that can be applied in other areas of the basin, as well as
in other carbonate mudrocks to increase the predictability of key petrophysical properties in
these types of reservoirs on a global scale.

Research topic #3: Testing the applicability of identified relationships between velocity response

and permeability in Cenozoic and Mesozoic carbonates to Paleozoic carbonates from multiple

depositional basins

In Cenozoic-age carbonates with conventional reservoir characteristics, the relationship
between porosity and acoustic response (sonic velocity) has a clearly identified inverse relationship
that can be approximated by the Wyllie time average equation (Anselmetti and Eberli 1993). Scatter
present within the data set, and deviations from the fundamental relationship between velocity and
porosity have been explained through the relationship to the dominant pore type (Anselmetti and
Eberli 1993; Anselmetti et al. 1997). Understanding how this fundamental relationship between
velocity and porosity can vary when applied to data sets from Mesozoic or Paleozoic age carbonates
from different depositional basins and depositional textures (conventional versus unconventional
reservoir types) was done to evaluate the potential relationship to the dominant pore type and
relationship to permeability in ma wider spectrum of carbonate reservoir types and of significantly
different ages.

As an example of the application of this approach, considering two samples with the same
total porosity within a carbonate system, one with intergranular porosity (higher permeability) and
one with moldic porosity (lower permeability), the sample with the intergranular porosity will
typically have a slower velocity than a sample with moldic porosity because of the difference in

connectivity of the pores and the effect this has on the elastic properties of the sample. Because there
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is typically greater connectivity of the pores in intergranular samples, which indicates a higher
permeability, it can be generally stated that in carbonates where the velocity response is lower than
expected, the permeability is relatively higher than in rocks where the actual velocity is close to or
higher than the value predicted by the Wyllie time average equation. However, these relationships
and trends were previously based primarily on a data set of “young” carbonate rocks that are late
Mesozoic to Cenozoic in age, collected from the Neogene of Great Bahama Bank, the Mailla
Platform, an exhumed Cretaceous-aged carbonate platform in Italy, and modern compacted mud
samples from Florida Bay. From a petrophysical standpoint, however, there are significant questions
how these relationships and trends may apply to:(1) “older” carbonates that have undergone
compaction and increased diagenetic modification, (2) carbonates from different depositional basins,
and (3) carbonates that have a mixed mineral composition either from original depositional

characteristics or from diagenetic alteration. With these questions in mind, the goal of this paper is

to:

1. Identify how the relationship between velocity response and porosity compares from different
basins and from different geologic time periods (Ordovician and Silurian of the Michigan
Basin, Pennsylvanian of the Paradox Basin, and Mississippian of the North American Mid-
Continent).

2. Identify how the relationship between velocity response, porosity, and permeability changes

with different fundamental pore system architectures, specifically between a macro- to
mesopore dominated system and a micro- to hanopore dominated system.
These goals were addressed through a series of observations and analyses of laboratory measured
velocity response data, and the associated laboratory measured porosity values. Where available, this
data was also compared to laboratory measured permeability data to identify relationships, or lack
thereof, to the velocity-porosity trend and infer the potential for this to be related to the pore type,

facies, or to be applied to accurately predict permeability.



Research topic #4: Integrated reservoir characterization to provide insight into porosity and
permeability in a mixed carbonate-siliciclastic reservoir

A fourth research focus is to use an integrated analysis to provide insight into possible
depositional environments found within the study area, and to identify methods and tools that increase
knowledge of the reservoir properties, including the hydrocarbon production potential. As part of a
larger research consortium, conclusions from this analysis provide one component of a very
complicated depositional and diagenetic history of the Mississippian age carbonate — siliciclastic

reservoir in North-central Oklahoma and South-Central Kansas, U.S.A.

The primary goals of this component of the research were met through the following four

objectives:

1. To define the high-resolution sequence stratigraphic framework to enhance the predictability
of strata in the subsurface through detailed facies analysis from core and thin section data,
and the application of idealized vertical stacking patterns for five cores from three regions in
the basin;

2. Compare the sequence stratigraphic hierarchy to wire line log signatures and conventional,
petrophysical laboratory data (porosity, air permeability, and Klinkenberg permeability) to
identify trends that can potentially be applicable to other parts of the basin, and other
unconventional carbonate — siliciclastic reservoir systems.

3. To understand how the acoustic response relates to porosity and pore type in the very fine
grained, low porosity and low permeability, unconventional, facies in the study area, and if a
relationship exists that correlates facies and/or sequence stratigraphy to porosity and

permeability.

Identifying relationships between common well log data, traditional laboratory measured
petrophysical data and a detailed sequence stratigraphic framework increases the predictability of

reservoir-quality units in the subsurface, allows for an enhanced understanding of reservoir and seal



geometries and distributions, and ultimately leads to enhanced hydrocarbon production. The results
from this study should be applicable to other areas within the “Mississippian Limes” play outside of
the study areas included in this research, and also be applicable as an analog for other carbonate —
siliciclastic systems deposited in similar environmental conditions on an attached carbonate ramp or
attached, distally steepened carbonate ramp, adjacent to an actively subsiding foreland basin. This
phase of the study has led to a better understanding of how the acoustic response relates to porosity
and pore type within the basin as tied to facies and the sequence stratigraphic architecture, and how
the response can be used to enhance the ability to predict permeability in these types of depositional

systems.



CHAPTER II

2-D PORE ARCHITECTURE CHARACTERIZATION OF A CARBONATE MUDROCK

RESERVOIR: INSIGHTS FROM THE MID-CONTINENT “MISSISSIPPI LIME”

ABSTRACT

This study shows examples of how fundamental relationships between pore shape, porosity,
permeability, and acoustic response differ in carbonate mudrocks with micro- to picoporosity
(<62 um diameter) compared to conventional carbonates with primarily macroporosity (256—4
mm diameter). Quantitative data show that some positive correlations exist between porosity
and permeability, similar to those observed in conventional carbonates. However, several
expected relationships between properties, such as pore shape and laboratory-measured
porosity and permeability, are not readily apparent and appear to be complicated by the
internal pore architecture coupled with diagenetic alterations and a multiscale fracture network.
Additionally, there is a significant shift in measured sonic velocity relative to values calculated

from empirically derived equations that are applicable to conventional carbonates. Deviations
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from expected quantitative data trends can be partially explained through qualitative
observations of the pore types and internal pore geometries. Visual observations show how
diagenesis can increase the complexity of the internal pore network by non-systematically
subdividing the pores. When correlated to facies, the internal pore geometry partially clarifies
deviations to expected relationships between quantitative pore architecture measurements,
porosity, and permeability. Although there is an added level of complexity in the pore
architecture of carbonate mudrocks, this study shows there are fundamental relationships that
exist between the pore architecture, pore shape, porosity, permeability, acoustic response,
facies, and sequence stratigraphic framework with variable levels of predictability that, when
used as an integrated data set, can be used to enhance the predictability of key petrophysical
properties within these types of reservoir systems.
INTRODUCTION

Over the last decade, unconventional low porosity and low permeability resources have
taken a prominent place in oil and gas exploration. This change in focus for exploration and
reservoir development has created a need to better understand shale and mudrock depositional
environments and their reservoir characteristics. Much of the research on shale and mudrock
reservoirs has been focused on siliciclastic shale and mudrocks such as the Barnett Shale in the
Fort Worth Basin and the Utica Shale in the Appalachian Basin (e.g., Davies et al., 1991; Dorsch,
1995; Dewhurst et al., 1999; Reed and Loucks, 2007; Ruppel and Loucks, 2008; Loucks et al.,
2009; Nelson, 2009; Slatt and O’Neal, 2011). There are also limited studies published on the
pore architecture in carbonate and calcareous mudstones or chalk deposits, primarily related to
the Eagle Ford and Niobrara Formations (e.g., Loucks and Rowe, 2014; Loucks, et. al., 2014;

Michaels and Budd, 2014; Abouelresh, 2015). This research will add to the knowledge bank and
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provide insight into how the pore architecture found in carbonate and calcareous mudstone
systems relates to key petrophysical properties.

Previous research on carbonate muds has focused on describing the constituents to
differentiate depositional environments (e.g., Ginsburg, 1956; Gischler et al., 2013), correlation
with flow rate and carbonate mud deposition (Schieber et al., 2013), understanding diagenetic
processes (e.g., Andrews, 1991; Rude and Aller, 1991), the role of diagenesis as it relates to the
acoustic response of deep sea carbonate (e.g., Dae-Choul et al., 1985; Griitzner and Mienert,
1999), and early diagenesis related to lithification of carbonate muds (e.g., Bathurst, 1970; Dix
and Nelson, 2006).

The midcontinent “Mississippi Lime” play is a suitable candidate to add as a case study
for better understanding the deposition and petrophysical properties of an unconventional
carbonate mudrock reservoir. The Mississippi Lime play, which extends throughout north-
central Oklahoma and southern Kansas, has seen oil and gas production from vertical wells for
more than 50 years. However, the Mississippi Lime has recently seen a revival in production
through advances in horizontal drilling technology. With this renewed interest, it is increasingly
important to understand the complexity of this reservoir system to target the most hydrocarbon
productive intervals. To accomplish this, it is necessary to understand the fundamental
depositional and petrophysical characteristics beginning with the fundamental properties of the
pore system scale (nanometer to millimeter), prior to upscaling to the larger reservoir scale
(meter to decameter).

One application of understanding the pore architecture in a reservoir system is to
enhance the predictability of reservoir properties that influence the feasibility of development
and use of that reservoir. This is true for the extraction of hydrocarbons, use as a potable water
system, or use as carbon dioxide (CO,) storage. The dominant pore types in conventional
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carbonates that contain significant macroporosity (256—4 mm diameter) and mesoporosity (62
pm—4 mm) are well understood and can be easily described with relation to facies, depositional
environments, diagenesis, and reservoir properties (Archie, 1952; Folk, 1959; Dunham, 1962;
Choquette and Pray, 1970; Embry and Klovan, 1971; Lucia, 1983, 1995).

With the exception of a couple of authors (e.g., Loucks et al., 2012; Milliken, 2014), the
current literature is markedly absent of successful and applicable descriptive methodologies and
observations for carbonate mudrock reservoirs that contain significant microporosity (62.5—1
um) and nanoporosity (1 um—1 nm). Although the use of established terminology for macropore
systems is logical, this does not always accurately describe the pore architecture (pore size,
shape, and distribution) or the relationship to either depositional environments or predictable
diagenetic processes. Therefore, at this point of mudrock research it is prudent to continue to
add observations regarding the applicability of using conventional terminology to describe
siliciclastic mudrocks or conventional carbonate systems as well as denote cases where the
conventional terminology is unable to accurately portray observations from carbonate
mudrocks. The research presented in this chapter has utilized an integrated methodology where
the pore architecture is quantitatively and qualitatively described from photomicrographs that
identify general and unique characteristics (pore size distribution and pore shape) to better
understand how the variability at the micro- to nanometer pore scale is related to key
petrophysical properties such as porosity, permeability, and the sonic velocity response.

A fundamental relationship between pore type and permeability in carbonates has been
documented (Lucia, 1999) and can be applied through a variety of methods (density—neutron
log analysis and sonic velocity—porosity relationship(Eberli et al., 2003)) to predict the porosity
and permeability along a borehole. When facies analysis and sequence stratigraphy can be
related to the pore architecture, it becomes possible to predict porosity and permeability on the
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reservoir scale in three dimensions (Grammer et al., 2004). Although it is logical to assume that
the same relationships that exist in conventional macropore systems also exist in
unconventional carbonate mudrocks, the fundamental pore architecture remains poorly
described because, until recently, documentation of the basic carbonate mudrock pore types
has not been a primary focus of mudrock research. For this reason, relationships between pore
type, porosity, permeability, and pore architecture are also undefined.

Understanding the fundamental carbonate mudrock pore architecture and how this
relates to other reservoir properties can have a significant impact on reservoir development
within the Mississippi Lime play and also provide an analog for other carbonate mudrock
reservoirs. One component of this characterization is the distribution of the pore sizes and pore
network to understand how micro- to nanopores impact permeability.

The focus of the research presented in this chapter is to document the pore architecture
of mud-dominated facies within a core that has proven reservoir quality. The pore architecture
has been described both qualitatively and quantitatively in such a way that it can be integrated
into subsequent detailed analysis that further increase the predictability of petrophysical
properties in similar carbonate mudrock systems through a better understanding of the
fundamental relationship between pore architecture, porosity, permeability, and facies and
sequence stratigraphic framework. The primary goal is to provide a first-order descriptive
classification of carbonate mudrock pore architecture using the Mississippian Lime play as a case
study through the following objectives:

(1) Quantitatively describe the pore architecture from the key measurements obtained

from digital image analysis of photomicrographs obtained using light microscopy

(LM) and a scanning electron microscope (SEM).
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(2) Qualitatively describe the pore types as observed in thin-section and higher
magnifications using a scanning electron microscope.

(3) Identify facies associated with unique depositional environments to define a
sequence stratigraphic framework for the data set.

(4) Characterize fundamental relationships between quantitative pore architecture data,
porosity, permeability, and the facies and sequence stratigraphic framework.

(5) Identify the overall relationship between compressional velocity and porosity in
carbonate mudrocks to determine potential use as a predictive tool in carbonate
mudrock systems.

GEOLOGIC BACKGROUND

During the Mississippian Period, present-day southern North America was covered by a
shallow, tropical, epeiric sea that established a broad carbonate depositional system (Gutschick
and Sandberg, 1983). Paleogeographic reconstruction indicates the present-day midcontinent
United States straddled the paleoequator during this time, which placed most of North
American within 5-30° north or south of the equator (Lane and De Keyser, 1980; Gutschick and
Sandberg, 1983; Scotese et al.,, 1999). The Mississippian was a transitional time period with
global climate shifting from greenhouse to icehouse conditions (Gutschick and Sandberg, 1983;
Buggisch et al., 2008; Haq and Schutter, 2008;). Paleozoic sea level curves show the
Mississippian Period experienced an overall regression throughout this transition period (Vail et
al., 1977; Haq and Schutter, 2008; Snedden and Liu, 2010). It is agreed that at least two major
marine transgressions occurred in the midcontinent area during the Mississippian Period, one
during the Late Visean (Meramecian) stage and one during the Serpukhovian (Chesterian) stage
(Curtis and Champlin, 1959; Kump and Arthur, 1999; Saltzman, 2002; Saltzman et al., 2004;
Buggisch et al., 2008; Kammer and Matchen, 2008). Additionally, oxygen and carbon isotope
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data indicate the Tournasian (Kinderhookian) and Serpukhovian (Chesterian) experienced either
two major cooling periods (Buggisch et al., 2008) or extensive exposure and weathering of the
carbonate platform that can be regionally correlated (Kump and Arthur, 1999; Saltzman, 2002).

Depositional Environments

Deposition at the beginning of the Mississippian Period in the midcontinent occurred
primarily in quiet environments with several areas protected by scattered, low-relief islands
close to sea level or extending slightly above sea level that were likely planed remnants of the
Devonian Woodford shale (Curtis and Champlin, 1959). This relatively quiet environment
encouraged carbonate muds and carbonate oozes to accumulate below wave base, while above
wave base ooids and skeletal carbonate sands formed and marine biota thrived. The major
depositional environments that existed in the midcontinent area varied from high-energy
nearshore beaches, sand shoals, and tidal complexes to aerially extensive, lower energy and
sheltered mid-ramp and outer-ramp mud and ooze deposition with localized bioherms, reefs,
and muddy lagoons (Curtis and Chapman, 1959).

The regional tectonic regime resulted in continuous changes to both the regional and localized
basin geometries throughout the Mississippian Period that continue to be studied from outcrop
and subsurface data sets to better understand both regional and local basin geometries
throughout the midcontinent area (Watney et al., 2001; Mazzullo et al., 2009, 2011; Mazzullo,
2011; Boardman et al., 2013a,b; Grammer et al., 2013; Morris et al., 2013; LeBlanc, 2014; Price,
2014). This regional tectonic regime created large structural features, such as the Nemaha Ridge
and Ozark Uplift, that locally impacted the rates of siliciclastic deposition mixed with the
carbonate deposition and also affected the subsidence rates resulting in sub-basins that had
locally restricted depositional environments (Curtis and Champlin, 1959; Meckel et al., 1992;
Robin et al., 2011). Therefore, although regional facies maps (e.g., Gutschick and Sandberg,
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1983) provide a regional perspective of depositional environments, specific correlations require
high-resolution analysis of core and/or outcrop.

Midcontinent Mississippi Lime Play

Although the Mississippian Lime play has been producing oil and gas from vertical wells for
over 50 years, the internal stratigraphy and reservoir petrophysical characteristics are poorly
understood (Mazzullo, 2011). In general, the Mississippi Lime play is an unconventional
carbonate reservoir with low porosity (<10%) and low permeability (<1.0 mD), where oil and gas
production is assumed to be through a combined micro- to macropore system coupled with an
extensive fracture network (Camargo and Fons, 1965). Continued development of this play
makes it critical to understand reservoir controls to better predict intervals with the best
reservoir quality. This research will contribute to understanding potential governing dynamics of
these systems by qualitatively and quantitatively describing the pore architecture as observed in
thin sections and using an SEM, and integrating these observations with a high-resolution
sequence stratigraphic architecture and laboratory-measured sonic velocity response.
Mineralogy

Although the Mississippian Lime is overall a carbonate play, deposition occurred on an
attached ramp system where local topographic variations resulted in significant, albeit episodic
contributions of terrestrial (siliciclastic) material. Siliciclastic material was introduced from the
underlying Devonian shale during transgressive phases, and through mixed deposition from
localized topographic highs. In addition to partial mixed depositional systems, some diagenetic
processes have resulted in mixed mineralogy of preserved depositional environments, primarily
as a result of partial to complete silicification of facies. Therefore, it is important to understand
the present-day bulk composition when interpreting the results and correlation to specific
facies.
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Determining the bulk mineralogy and identifying occasionally occurring minerals
observed in thin section and SEM are important for two primary reasons. First, the extent of the
mixed deposition could affect the potential diagenetic alterations and resultant pore
architecture observed today. Second, the resultant bulk composition that is observed today
could have had a significant impact on the relationships observed between the pore
architecture, velocity response, porosity, and permeability.

METHODS
Data Set

Data used in this study were obtained from core plugs, whole core analysis, and thin
sections. Data include laboratory-measured porosity and permeability, thin-section and SEM
photomicrographs, digital image analysis of the photomicrographs, laboratory-measured
velocity response, and analysis of the high-resolution sequence stratigraphic framework. Data
available, but not emphasized in this research, include wireline logs, oil and water saturation
data, and FMI logs. As applicable, qualitative data (visual observations) are integrated with
guantitative data.

The core utilized for this research has nearly 90 m (~280 ft) of Mississippian age strata
preserved from Osage County, Oklahoma (Figure 1l-1). The present-day burial depth of the
Mississippian at this location is approximately 954 m (3130 ft). During deposition this core was
located in a basin east of the Nemaha Uplift and West of the Ozark Dome in north-central
Oklahoma, at approximately 20—30° south of the paleoequator. The core was selected because
of the preservation of predominately low-energy, carbonate mud-rich facies with micro- to
nanopores and proven reservoir quality based on verbal confirmation of oil production from an
offset, vertical well. As a single, mud-dominated core, it is only representative of low-energy
depositional environments, likely in a distal location relative to the shoreline, in moderately
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restricted marine conditions. Characterization of the pore architecture using this core should
provide useful data that can be applied to the interpretation of core from more proximal

environments that also have a significant amount of micro- to nanoporosity.

DALHART CIMARRON
BASIN ARCH ANADARKO SHELF

NE

OZARK
CANADA UPLIFT

UNITED STATES ANADARKO BASIN

OKLAHOMA

) &5 , > ARKOMA BASIN
"hyy,
MEXICO\. ) "
Up (7N OUACHITA
m ' UPLIFT
0 80 Kilometers gsTA éLA\N
- s : GO
0 50 Miles MARIETTA
BASIN

Figure II-1. The core used in this study is from western Osage County (outlined in red) in north-
central Oklahoma. The Nemaha Uplift and Ozark Uplift are two major structural features that
were active during the Mississippian Period and therefore likely had an impact on deposition in
north-central and north-east Oklahoma throughout the Mississippian Period. The core used in
this study is located in the western side of Osage County. Figure modified from Northcut and
Campbell (1996).

Facies Analysis

Facies were identified from visual observations of a single core and associated thin
sections. The cored section is nearly continuous through the Mississippian section except for the
upper 2—3 m (7-10 ft) beneath the Pennsylvanian contact, approximately 20 m (70 ft) above the
underlying Devonian contact, and 10 m (32 ft) near the middle of the cored interval that was
unrecoverable because of drilling complications. The contact with the overlying Pennsylvanian
and underlying Devonian sections were identified from the distinct gamma-ray log signatures.

Facies were divided based on differences in texture, sedimentary structures, composition, and
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bioturbation. Facies analysis using the Dunham classification (Dunham, 1962) and interpretation
of depositional environments were utilized to create an idealized facies stacking pattern, which
in turn was used as the foundation for developing the sequence stratigraphic framework (Loucks
and Sarg, 1993; Read, 1995; Emery and Myers, 1996; Catuneanu, 2006).

Facies colors are labeled according to the closest match from the GSA Rock-Color Chart
using standard methods of color identification (Munsell, 1995). Trace fossils were identified
using the SEPM Short Course Notes 59: Applied Ichnology collection of papers (MacEachern et
al., 2009). The level of bioturbation was based on the methodology described by Miller and
Smail (1997) that uses visual observations to semiquantify bioturbation based on the density of
the bioturbation as related to the level of disruption to original bedding features. Bioturbation
ranges from 1 to 6 where a level 1 has no visible bioturbation, and level 6 has bedding that is
nearly or completely homogenized (Miller and Smail, 1997).

Mineralogy

To better understand the present-day composition of each identified facies, bulk
mineralogy was analyzed using x-ray diffraction (XRD). The analysis was performed on a select
number of samples representative of each identified facies. Samples were powdered by using a
SPEX ball mill. XRD analysis was performed using a Philips PW3020 powder x-ray diffractometer
run at a voltage of 45 kV, current of 40 mA, and calibrated with a quartz sample. Results were
analyzed and matched to the most likely element using Xpert HighScore desktop software.

A secondary method of identifying the elemental composition of samples, or areas of
interest within the sample set, is to use an energy dispersive x-ray spectroscopy (EDX) coupled
with SEM analysis. The EDX provides a spectrum output report similar to what is reported for
XRD analysis that shows the identified elemental composition of the local spot under analysis.

Sonic Velocity (Acoustic Response)
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In carbonates with predominately macro- to mesopores, the relationship between
porosity and the compressional sonic velocity response (V;) has a clear inverse relationship that
can be approximated by the Wyllie time average equation (Figure 11-2) (Anselmetti et al., 1997;
Eberli et al., 2003). Within this relationship, the scatter in the data, specifically deviations from
the fundamental relationship between sonic velocity (Vp) and porosity, are related primarily to
the dominant macropore type (Figure 1l-2) with very minimal effects observed from slight
changes in mineralogy (Anselmetti and Eberli, 1993; Anselmetti et al., 1997). Understanding
how the dominant pore type affects the sonic velocity (Vp) response in carbonates provides
qualitative information about the relative permeability (Anselmetti and Eberli, 1993, 1999;
Anselmetti et al., 1997, 1998). For example, at the same total porosity, a sample with
intergranular porosity will typically have a slower sonic velocity (Vp) than a sample with moldic
porosity because of the difference in connectivity of the pores and the effect on the bulk
modulus of the sample. Because there is typically greater connectivity of the pores in
intergranular samples, which indicates a higher permeability, it can be stated that generally if
the sonic velocity (V;) response is lower than expected, the permeability is relatively higher than
in locations where the sonic velocity (V;) is as predicted by the Wyllie time average equation and

vice versa.
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Figure 1I-2. (a) The relationship between velocity and velocity in conventional carbonates with
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visible macroporosity has a predictable inverse relationship that can be approximated by the
Wyllie time-average equation (blue line). The compacted mud samples, shown as red circles,
have a relationship approximated by the Woods equation (red line) indicating less rigidity in the
mud samples. Although there is a level of predictability in this data set, there is also a significant
amount of scatter in the velocity at equal porosities and in the porosity for a given velocity
(Anselmetti and Eberli, 1993; Grammer et al., 2004). (b) A plot of the same velocity and porosity
data based on the predominant pore type shows the scatter in the data are a result of different
elastic properties resultant from the primary pore type (Eberli, 2003, Grammer et al., 2004).
(From Grammer et al., 2004, AAPG © [1999], reprinted by permission of the AAPG whose
permission is required for further use).

It has been shown that the percentage of microporosity in a carbonate with
predominantly macropores affects the sonic velocity (V) response by altering the bulk modulus
and elastic properties of the rock (Baechle et al., 2008a). The result of increasing microporosity
results in a slower sonic velocity (V) for a given porosity that are shown to be more consistent
with values predicted using the Wyllie time-average equation (Baechle et al., 2008b). However,
examples of how the different bulk modulus and elastic properties of a carbonate mudrock
affect the sonic velocity (Vp) response for carbonate mudrocks, where the pores are
predominately micro- to picopore size with little to no influence from macroporosity, is
currently uncertain.

Acoustic response (compressional and shear) for this study was measured using core
plugs selected to represent large variations in porosity for a given permeability and large
variations in permeability for given porosities. The acoustic response was measured using an
Autolab 1000 from New England Research, Inc. that records the travel time through core plugs
for one compressional wave (Vp) and two shear waves (Vs) using affixed transducers and
receivers. The plugs were measured under dry, unsaturated conditions, then saturated in a 35
ppt NaCl brine solution, and re-analyzed. To measure the sonic velocity response, the plugs
were placed in a rubber jacket and mounted between a transducer and receiver. The samples
were placed inside a chamber filled with mineral oil that allows for adjustments of the external

confining pressure to simulate burial conditions at multiple depths. The internal pore pressure
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can also be adjusted to simulate various burial conditions using a liquid with the same
concentration used to saturate the samples. For this study, the pore pressure was held constant
at 3 MPa and the confining pressure was adjusted to simulate an effective pressure from 2 to 30
MPa, which represents variation from approximately 200 to 3000 m burial under normal
hydrostatic pressure gradients of approximately 0.45 psi/ft or 10.20 KPa/m. For comparison
purposes, the data reported are the sonic velocity (V) response at an effective pressure of 20
MPa, which correlates with a burial of approximately 2000 m, and assumes a normal formation
pressure (not overpressured or underpressured) and a normal lithostatic gradient.
Microscopy

The 2-D pore architecture was captured through a series of photomicrographs using a
Leica DM 2700P optical microscope or LM, and an FEI Quanta 600F field emission SEM to view
pores from the macro- to nanoscale. Thin sections were impregnated with a blue epoxy,
mounted onto 1 x 3-inch slides, polished to approximately 20—30 um thickness, and viewed with
the LM. Using proprietary software distributed by Leica for use with their equipment,
photomicrographs were captured and analyzed to represent the dominant pore types observed
in the samples. Pores observed in thin section can be accurately characterized quantitatively to
approximately 0.5 um diameter at a 40x magnification. Although the software program will
output data for “pores” identified below this size, using the LM, these data are assumed to be
an artifact of the software programming code and are therefore excluded from the data set.
Pores with a diameter below this size are best quantified and observed using the SEM, which
can view pores ranging in size from the mesopore category (3 mm) to picopores category (>1

nm) (Figure 11-3).
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Pore Size Classification
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Figure II-3. A commonly used classification of pore sizes, shown right in blue, had a wide range
of values for the macropore classification, a small range of values for the mesopore
classification, and defines micropores as any pores smaller than 2 nm. The classification scheme
used to define pore sizes in this study is the one proposed by Loucks et al. (2012), shown in the
yellow—green color scheme. This classification scheme provides a more uniform distribution of
pore sizes and also introduces the category of nanopore and picopore. Use of the more evenly
distributed Loucks et al. (2012) classification scheme should allow for more accurate prediction
of pore size contribution to permeability. (Modified from Loucks et al., 2012 (AAPG ©[2012],
reprinted by permission of the AAPG whose permission is required for further use.)

Previous studies have shown that topographical features in fine-grained rocks that are
common artifacts from standard polishing methods often produce images of artificial pores
resulting from plucking of grains during the polishing (Pittman, 1992; Sondergeld et al., 2010;
Loucks et al., 2012). To minimize the number of artifacts imaged, SEM photomicrographs were
obtained using rock chips that were polished using a JEOL IB-19500CP cross section polisher
argon ion mill. The use of an ion milling machine provides a more pristine polished surface that

allows for greater confidence in quantification of the pores and more accurate observations of
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the spatial distribution of the pores. One limitation of the argon mill used in this study is that the
polished surface is limited to approximately a 2-mm area. However, because the sizes of the
pores are primarily in the micro to nanoscale range, there is adequate coverage of each sample
to observe the characteristic pore architecture. All samples polished with the ion mill were
sputter-coated with gold/palladium for 20 seconds using a Balzers MED 010 sputter coater after
being held under a vacuum for at least 2 hours.

Pore Classification

The primary goal in classifying the pore characteristics is to understand the fundamental
features that correlate with permeability. The approach used to describe conventional
carbonate pore geometry recognized the need to relate the classification to the texture (Archie,
1952; Dunham, 1962; Folk, 1962) and pore type (Choquette and Pray, 1970; Lucia, 1983, 1995)
in such a way that the depositional environment and some diagenetic information could be
inferred. For example, a conventional carbonate sample with moldic porosity can be assumed to
have relatively large pores that typically have moderate to poor connectivity, whereas a sample
with intergranular or interparticle porosity can be assumed to have moderate to excellent
connectivity of the pores. Because of the obvious benefit of describing pore types in a manner
that can infer pore connectivity (permeability), and even ideally be associated with specific
types of depositional environments, the terminology utilized for conventional carbonates will be
applied to the extent possible when describing the mudrock pore architecture. However, where
the application of this terminology to carbonate mudrocks does not accurately relay the spatial
distribution and connectivity of the pores, additional descriptive terminology will be included.
Because a standard set of terminology for carbonate mudrock pore types is not currently in use,
it is important at this stage of describing carbonate mudrock pore types to include qualitative as
well as quantitative descriptions to relay a similar level of detail regarding the texture,
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composition, and pore geometry of the pore architecture to help interpret potential
relationships between the pore architecture and petrophysical properties such as porosity and
permeability.

A key description in mudrock pore architecture is the size of the pores. Pore
classification schemes for mudrocks have been proposed by Rouquerol et al. (1994) and Loucks
et al. (2012). Rouquerol et al. (1994) propose the terms micropore for pores with a width less
than 2 nm, mesopore for pores with widths 2-50 nm, and macropores for anything with a width
larger than 50 nm. Loucks et al. (2012) have suggested a size classification scheme for mudrocks
based on the measured width that further separates these terms into macro-, meso-, micro-,
nano-, and picopore (Figure 1l-3). The classification grouping proposed by Loucks et al. (2012)
has primarily been used in this study. To identify additional detail within the major classification
groups, this study has used additional discretization to reveal otherwise muted trends and
patterns. Data are initially grouped based on the primary classification scheme and are also
plotted based on a log scale to show subtle variability of the pore size distribution within each
major category. The additional discretization allows for observations to aid correlation of pore
size distribution to porosity and permeability that might otherwise go unnoticed.

Digital Image Analysis (Quantitative Characterization)

The primary goal of digital image analysis is to quantify the pore architecture to identify
key features that relate the pore architecture with permeability within the data set. Digital
image analysis provides quantitative characteristics of the pore architecture identified via color
segmentation from thin-section and SEM photomicrographs (Anselmetti et al., 1998). Color
segmentation identifies pores based on differences in the hue (red, brown, and blue), chroma
(saturation), and value (lightness) in the photomicrograph. The identified pores are measured
for several parameters, including the pore perimeter, pore area, pore length, and pore width. By
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qguantifying the pore architecture, numerical attributes can be plotted in a multitude of ways
and are used as input to statistical algorithms to identify the key characteristics that describe
the architecture and relate the pore characteristics to other petrophysical properties. Although
this initial step of quantitative characterization of the pore architecture is focused on analysis
from a 2-D data set, the information provides a baseline of the average, and total distribution of
the pore size and pore throat sizes. These data can be related to additional research that
includes 3-D evaluations of the pore architecture to identify any bias or limitations based on
conclusions from a 2-D sample set.

Using thin-section and SEM photomicrographs, quantitative measurements of the pores
were documented for each identified pore in the photo using an image analysis program. As an
oil and gas play, some of the pores are filled with the impregnated blue epoxy and some are
filled with a trapped organic (oil) substance and therefore appear black in thin section. It is
assumed that this organic (oil) substance is trapped by hydrostatic conditions and has the
potential to become mobile at reservoir conditions. This assumption is based on confirmation
that an adjacent well that targeted the Mississippian section is oil-productive. Compositional
analysis of the organic matter was beyond the scope of this work, which focuses primarily on
the characterization of the pore architecture. Future 3-D analysis, and possibly 4-D analysis
showing fluid flow through selected core plugs, will be able to further elaborate on the potential
for this material to move, or be moved, through the pore network. To encompass the complete
pore architecture, pores quantified as part of this study include pore space that is observed as
blue from the impregnated epoxy and black because of the presence of trapped organic (oil)
material. Image analysis data were extracted using proprietary software available through the
Leica Corporation (LAS Application Suite with Image Analysis Module). The software was created
for seamless use with the Leica microscopes, but is also able to analyze imported images, such
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as the SEM photomicrographs. The software also allows for user input to identify the correct
color threshold of interest and allows editing of several features, including pixel size limits and
the addition or exclusion of specific areas of the image. One key factor that was applied to all
thin-section photomicrographs was the base diameter/length/width measurement of 0.1 um,
which was further filtered to a cut-off value of 0.5 um based on the smallest length
measurement that could be identified at a 40x magnification.
Morphology

The pore morphology is described based on visual observations from the LM and SEM
photomicrographs. Visual and graphical observations attempt to show fundamental
relationships that exist within carbonate mudrock pore systems in the Mississippi Lime data set
to aid understanding the relationship between pore architecture and reservoir quality (i.e.,
permeability). As feasible, similarities identified in the pore morphology are related to the facies
and sequence stratigraphic framework.
RESULTS

Facies Descriptions

Seven facies were identified using a base model hypothesis that the overall depositional
environment was on an attached, gently dipping ramp with deposition shallowing from below
storm wave base to below fair weather wave base. Environments of deposition were divided
into distal and proximal outer ramp, middle ramp, inner ramp, and restricted lagoon. Subtle
variations in environments were identified by grain size, texture, bedding features, skeletal
content, degree of bioturbation, and both type and diversity of trace fossils (Table II-1).
Environments identified include three below the storm wave base: outer ramp, distal middle
ramp, and proximal to distal middle ramp environments; and three below the fair weather wave
base: proximal to distal inner ramp, proximal inner ramp, and restricted muddy lagoon (Figure II-
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4). Each of the facies shows evidence of influence from storm deposition with occasional beds of

skeletal debris and occasional, isolated skeletal debris found within each facies.

Facies Number|  Depositional Environment Bedding Features Other Comments Munsell Color | Bioturbation Index | Pm2n¥ TYpe of | - Visible Skeletal primary skeletal
Bioturbation Content components
auter ramp environment laminated to planar bedded | skeletal debris occurs in thin (1cm) beds as well as
1 below storm wave base spiculitic mudstone to scattered throughout the laminated matrix N2, 5Y 6/1 1 0-10% crinoid
distal middle ramp below mudstone to skeletal N2, 5¥ 6/1, N5,
2 storm weather wave base wackestone with 1-6cm thick ' N2 T 23 Planolites 0-5% crinoid
nodular bedding
proximal to distal middle ramp| massive to hummacky bedded |large (>10cm) pale yellowish brown (10YR 6/12), and
below storm westher wave | peloidal-skefetal-oaid light olive gray {5 5/2) filled burrows
base with intermittent storm  |wackestone to mud-lean N2, 10VR 6/12,
3 deposition. Redeposited ooids | packstone (storm layers) g o ' 3 Thalassinoides 0-5% crinoid, brachiopod
and peloids with other skeletal
debris
proximal middle ramp below  |skeletal-peloidal wackestones | partally mottled appesrance ofight olive gray (Y |/ oy
43 storm weather wave base 6/1}, olive gray (5Y 3/2, black (N2) and medium light s 2 Cosmorhophe 0-10% crinoid, brachiopod
gray (NG). !
proximal middle ramp below  |skeletal-peloidal wackestones | partally mottled appesrance ofight olive gray (5Y | /oy ) Planalites,
b storm weather wave base 6/1}, olive gray (5Y 3/2, black (N2) and medium light o 3 Cosmorhaphe, 0-10% crinoid, brachiopod
gray (N6). i Chondrites
proximal middle to inner ramp | Minor relict horizental, wavy
in slightly more shllow water | bedding s preserved in some N
5 than Facies 4 or possibly in  |intervals. L 5
water that has better
circulation
proximal inner ramp near fair | skeletal-peloidal wackestones | differentiated from Facies 4 and Facies 5 by the 5¥ 6/1 to 5Y
6 weather wave base diversity of trace fossils and inferred change in 4/1 matrix, 5Y 23 Zoophycos 0-10% crinoid, brachiopod
environment through restriction of biota 2
restricted, muddy lagoon mudstone to skeletal occasianal skeletal debris visible in thin section only.
7 environment wackestone with wavy to 5Y7/2,N2 23 0-5%
lenticular bedding

Table II-1. A summary of key features that distinguish each facies identified in the core used in
this study.
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Figure 1I-4. Facies were described based on visual observations from core and thin sections.
Seven facies were identified based on differences in texture, color, composition, and
type/intensity of bioturbation. See Table II-1 for key features used to identify the facies and

depositional environment.
A simple block diagram (Figure 1I-5) showing the relative spatial distribution of each
depositional environment was utilized to place the facies into an idealized shallowing upward

stacking pattern following principles of Walther’s Law. The idealized stacking pattern was used

as a foundation to identify the sequence stratigraphic framework.
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Figure II-5. Block diagram showing generalized relationship of
depositional environments and proposed lateral relationships
assuming a carbonate ramp system with sub-basin topography.

Sequence Stratigraphic Framework

Based on the identified facies, there is one large sequence
with two higher order frequency sequences identified in the cored
interval (Figure II-6). Because biostratigraphic analysis has not
been completed on this core, the exact time intervals cannot be
certain. However, at least one major unconformity exists based on
evidence of exposure with karsting, solution collapse brecciation,
and caliche deposits observed in core (Figure II-7).

Figure 1I-6. Based on observations in core and thin section, the
facies were placed into an idealized shallowing upward stacking
pattern that was used as a foundation to establish the sequence
stratigraphic framework. One large, probable third-order sequence
is identified to exist over the entire length of the core and at least
six fourth-order cycles are identified within the cored interval.

Higher frequency fifth-order sequences are identified with gray
arrows.
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Figure II-7. Examples of exposure that indicate the area experienced a significant period of aerial
exposure. Features observed include infiltrated sediment and karst breccias (a) as well as a 1-cm-
thick caliche horizon (b).

The cored interval used for this study represents a thickness of approximately 90 m (278
ft), which, based on facies relationships corresponds to a third-order sequence, with six higher
frequency fourth-order high-frequency sequences (HFS) identified. The third-order sequence
shows slight asymmetry with a longer transgressive phase than regressive phase. Assuming the
missing basal section of the core is a continuation of the transgressive phase, the section is still
overall regressive although more symmetrical than depicted in Figure II-6. The higher frequency
fourth-order HFS’s vary in thickness from approximately 5 to 30 m (14-94 ft) and show diverse
asymmetry in the transgressive and regressive phase throughout the core (Figure 11-6). In
general, the system gradually becomes more regressive toward the top of the section. Some of

the asymmetry observed in the fourth-order HFS's is likely because of variations in the local sub-
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basin specific geometry, sediment supply, water circulation, and subsidence rates throughout
the Mississippian Period. The fifth-order HFS’s show patterns of facies thickening upward within
each fourth-order HFS. The most notable exception to this pattern is observed in the fourth-
order HFS package that terminates at the top of the exposure interval.

Mineralogy

The mineralogy of select samples indicates the primary constituents are calcite (11—
44%), silicates (49-100%), and minerals that are diagenetically related to carbonate and
dolomite (e.g., ankerite—dolomite group: Ca(Fe, Mg, Mn)(CO3),). Thin-section and SEM analyses
also indicate the presence of framboidal pyrite, partial pore-filling kaolinite cement with
organized and randomly oriented platy, book-like growth, and smectite, montmorillonite, or a
mixed layer illite/smectite with a ribbonlike texture and draped, grain-coated appearance.

Syn-depositional marine cementation of both silt and sand-sized grain-rich carbonates
creates a rigid framework and the potential for early porosity occlusion or preservation
(Bathurst, 1970; Grammer et al., 1999). Early to syn-depositional cementation in carbonates
typically prevents any obvious correlation between petrophysical properties with burial depth or
age. This is applicable to conventional carbonates as well as carbonate mudrocks where porosity
and pore throat size do not correlate well with depth or burial age (Bathurst, 1970; Schlager et
al., 1985, 1988; Dix and Nelson, 2006). Because there is mixed mineralogy within the data set
with 49-100% silicate composition, it is useful to determine if there are correlations between
porosity, permeability, or pore shape with depth.

Basic depth plots show that porosity, permeability, and pore shape do not show
predictable correlations with depth (Figure 11-8). The highest porosity values are at
approximately 975.4 m (3200 ft) near the top of the cored interval, as well as approximately
1028.7 m (3375 ft) near the base of the cored interval. The highest permeability corresponds to
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one of the high porosity peaks at 1028.7 m (3200 ft) with all other values showing no obvious

trend with depth.
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Figure II-8. Even though bulk mineralogy shows the data set has mixed mineralogy, the
fundamental depositional characteristics and postdepositional diagentic features of the data set
are in agreement with other conventional carbonate systems. The lack of obvious predictability
between porosity (a), permeability (b), and pore shape (c) with depth support the application of
conventional carbonate interpertation methods to understand the relationships between
petrophsyical properties in carbonate mudrocks.

A lack of correlation between depth and porosity, permeability, or pore shape (Figure II-
8) provides support for the assumption the original composition was primarily carbonate (calcite
or dolomite) similar to what is precipitated in modern, tropical, carbonate environments (like on

the Great Bahama Bank) (e.g., Ginsburg, 1956; Gischler et al., 2013). If the original depositional
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environment was primarily from terrestrial input with original silicate composition, some type of
correlation with depth resulting from burial pressure would be expected. For example, in a
terrestrial, silicate-dominated lithology, pressure resulting from burial would likely alter the
pore shape from more spherical at deposition to gradually more elongate as the grains become
compacted. However, because of rapid lithification within a carbonate system, the burial
pressure has little to no influence in altering the pore shape. Primary alterations result from
diagenetic precipitation or dissolution processes.

The lack of any correlation with depth supports the assumption that the depositional
system is more closely aligned with a carbonate-dominated system where predictable
relationships with depth are not apparent. Therefore it can be assumed that the fundamental
behavior governing carbonate deposition and diagenesis is also applicable to this carbonate
mudrock reservoir system, and the comparison of data trends from conventional carbonates is
appropriate and should be applicable to help identify basic relationships and trends in carbonate
mudrock data (Figure II-8).

The high percentage of silicate composition identified in the bulk mineralogy, along with
textural evidence, implies the majority of the section has undergone diagenetic alteration with
significant replacement of the carbonate minerals by silicate minerals. Identification of the
specific diagenetic processes and source of the silica is outside the scope of this chapter.
However, whether the diagenesis occurred during early or late burial, or from contact with
meteoric water, recognizing extensive diagenesis has occurred can assist the interpretation of
relationships identified or obscured between the pore architecture, porosity, and permeability.
In this study, it is noted that precipitation of clay minerals in the pores is associated with the
relatively larger intergranular and interparticle pores, whereas the growth of well-defined
quartz and calcite crystals is associated with the relatively smaller matrix or intergranular pores.
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This association partially explains differences in the porosity—permeability relationship, and the
relationship between pore shape and porosity is discussed in the following sections.
Sonic Velocity

The sonic velocity response measured from a representative set of samples from each
facies, and with variable-measured porosity and permeability values, indicates there is an
inverse relationship between the acoustic response and porosity (Figure 11-9). This relationship is
similar to the inverse relationship observed in conventional carbonates with predominantly
macropore architecture (Figure 1I-2a, II-b) where the highest porosity values correlate to the
lowest acoustic response and the lowest porosity values correlate with the highest acoustic

response (Anselmetti and Eberli, 1993; Anselmetti et al., 1997; Eberli et al., 2003).
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Figure 1I-9. (a)The velocity—porosity relationship in the current data set shows an inverse
relationship, similar to what is observed in carbonates with primarily macroporosity (see Figure
II-2). (b) When the data are plotted on a larger porosity and velocity scale and compared to the
Wyllie time-average equation, Woods equation, and maximum value applicable to macropore
carbonates, a clear shift in the carbonate mudrock data is apparent. Based on this data set, the
Wyllie time-average equation (center dashed line) is an upper boundary and the Woods equation
(bottom solid line) is a lower boundary when using velocity to predict porosity in carbonate
mudrocks.

When the data from this study are plotted using a similar porosity and sonic
(compressional) velocity scale used to plot the conventional carbonate relationship, a significant

shift in the acoustic response data is identified (Figure 11-9b). For low porosity values, the
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predicted acoustic response based on macropore carbonates is between 5500 and 7000 m/sec
(Anselmetti and Eberli, 1993, Anselmetti et al., 1997). However, the actual sonic (compressional)
velocity (V) is between 4800 and 6500 m/sec, which is approximately 500-1000 m/sec slower
than predicted. This shift in the data, where data points plot between the Woods equation and
the Wyllie time-average equation, instead of plotting more closely with the Wyllie time-average
equation, is likely because of the complexity in the pore architecture present in carbonate
mudrocks when compared with conventional, macropore-dominated carbonates (Anselmetti et
al., 1998), as well as the diagenetic alteration where some samples are partially to completely
silicified.

Digital Image Analysis (Quantified Pore Characteristics)

Image analysis was completed using 305 photomicrographs where 140,330 pores were
identified. The number of photomicrographs used for each sample varied based on data
available and complexity of the pore types and pore sizes observed. For each identified pore,
the key measured parameters reported include the pore length, width, pore shape, and
perimeter/area values. A summary of the data used and generated in this study were compiled
based on sample identification and facies type (Tables 1I-2, II-3). Contract laboratory-measured
porosity, permeability, and grain density are included to compare pore architecture features

measured with image analysis to standard laboratory measurements on core plugs.
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Table |I-2. A summary of the data used in this study organized by facies.
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Table 1I-3. Digital image analysis results summarized by sample identification and listed by
facies. The contract laboratory data were provided with access to the cored section. Primary
image analysis measurements included are measurements used to portray fundamental
relationships between the carbonate mudrock pore architecture and porosity and/or
permeability. The parameters found to be most useful are included in the table. Additional
measured features not used in this study are noted in the text.
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Pore Types and Morphology

The characteristics of the pore architecture (shape and distribution) are only partially
captured through quantitative evaluation methods. Supplemental qualitative observations can
be critical when interpreting the relationship between pore architecture, porosity, and
permeability (see Appendix Il). For example, the maximum to minimum measured lengths,
widths, or averages do not appropriately describe the internal complexity in the pore
morphology. This information is best relayed through a series of visual observations from thin-
section and SEM photomicrographs.

The majority of the pores identified in this study are within a small, nano- to micropore,
classification size, and the overall grain size is in the clay/mud (<4 um) to silt fraction (<63 um).

The major pore type is dissolution-enhanced intercrystalline and interparticle porosity with
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some samples containing intraparticle porosity, and microfracture porosity. Two other pore
types have been noted, one labeled as shrinkage pore and the other labeled as matrix pore. The
shrinkage pores are defined as a highly elongate void space that is associated with a well-
defined crystal or grain such that the appearance is similar to a mudcrack that has had a physical
separation of the matrix from the grain, or crystal that is not due to dissolution of material.
Shrinkage pores as observed in the 2-D photomicrographs are rarely connected to other pores
and are not part of a fracture network. Their significance to fluid flow and permeability are
expected to be negligible. A matrix pore has been defined as a void space that is not associated
with any obvious grain, particle, or crystal. Identified matrix pores typically have a cross-
sectional area that is in the lower micro- to nanometer scale, and unlike interparticle pores are
most often observed to have an open internal flow network, where it appears there are few to
no obstructions within the pore space. Occasionally, matrix pores are observed with a partial
pore-filling calcite crystals, but to date have not been observed to have partial pore-filling clay
cementation (Figure 1I-10). Although there is assumed organic material observed in SEM within
the data set, there have been no observed pores within the organic material. Therefore a
discussion on organic porosity is unable to be included at this stage of the research. Similar to
the observations in thin section, the majority of the organics appear to be trapped fluids that
are most often associated with macro- to nanometer fractures or with the interparticle porosity.
Where micro- to nanometer matrix pores are predominant in the sample, any organic material is
observed in close proximity to the matrix pores. As shown in Figure 1l-11, there is a significant
amount of scatter in the data when comparing statistically calculated pore shape with porosity
and permeability. One reason for the scatter can be explained by integrating qualitative
observations that show the majority of the micro- to nanopores are highly nongeometric.
Although standard measurements (length, width, etc.) can be measured, the measurements do
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not adequately portray the true pore space. By oversimplifying the geometry of the pore space,
correlation to other parameters is likely to become obscured. For this reason, data that capture

both major and minor variations in the pore morphology observed in thin section (Figure 11-12)

and with an SEM (Figures II-13, 1I-14) need to be incorporated into final data interpretations.

[ ‘Matrix’ surrounding pores Il Pore/void space
| Pore filling cements Pore filling mineral growth

Figure 1I-10. The carbonate mudrock pore types observed in this study include:
intergranular/interparticle (a), matrix (b), shrinkage (c), intraparticle (d), and fracture (not
pictured). Variability in the internal pore network is from precipitation of clay minerals and
crystal growth within the pore space. In most of the pores observed, the internal geometry
appears to have a greater control on permeability than the overall pore size. Where minerals
subdivide the internal flow network, the total pore architecture becomes a system of nano- to
picopore throats that connect nano- to mesopore cavities, or vugs.
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Figure 1I-11. The pore shape—permeability relationship for both air permeability (a) and
Klinkenberg (gas effect corrected) permeability (b) show the same overall trend. The significant
difference in the two data sets is that the measured permeability value corrected for gas effects
(Klinkenberg values) is approximately half the value of the air permeability value. Both graphs
show an overall positive relationship with higher permeability values correlating with the more
elongate pore shapes, similar to the general relationship for conventional carbonates.

Figure II-12. Pores observed in thin section show at least six distinct pore types and sizes. Pores
in the data set are either open and well-connected as shown by the blue color (a, b, d) from an
injected epoxy, or disconnected as shown by the presence of brown to black organic (oil)
substance that has been trapped in the pores (b, c, d, e). The light microscope can view pores
clearly to approximately 0.5 um in size, the upper size of the nanopore group. Smaller nanopores
and picoporosity are observed in thin section as brown oil-stained areas (e, f) that are typically
connected to larger pores that are darker brown or black in color. Using conventional pore
classification terminology, the pores are primarily intergranular/interparticle (a, b, e),
intercrystalline (c), intraparticle (f), and dissolution enhanced (c, d, e).
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Figure I11-13. The type of pores and the connectivity is significantly different for pores located in
the matrix (intercrystalline) compared with interparticle pores and pores that abut well-defined
crystals. Interparticle porosity typically has a complex internal spatial network as a result of
internal crystal growth and internal precipitation of clay minerals (a, b, c). Matrix, intercrystalline
porosity typically has a well-defined perimeter and appears to have mostly open conduits for
flow (d, e, f). Intercrystalline porosity often has internal crystal growth, or dissolution, but this is
constrained to the pore walls and does not subdivide the internal pore space. Intraparticle
porosity can either be morphologically similar to matrix pores with a clearly defined perimeter
(g), or can have a platy, nanofracture geometry within the particle (h). Shrinkage pores have
well-defined, clean pore walls with void space created between the matrix and a well-defined
crystal (i).
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Figure II-14. SEM photomicrographs showing the 2-D spatial distribution of the pore network.
The largest pores are interparticle or intergranular with a pore network that is easily discerned
at low magnifications (4,000—10,000x) as a difference in color saturation between the lighter
color interparticle pore network and darker color with smaller matrix pores (a). A pore structure
similar to interparticle porosity often occurs in dissolution-enhanced pores that abut clearly
defined crystals within the matrix (b). Intraparticle porosity can either be closely related to
interparticle porosity with significant internal clay precipitation or have matrix-type porosity with
well-defined perimeters and an open internal network (c). Intergranular porosity can have a well-
connected network of porosity (a, b) and can also appear to be locally concentrated (d, e). Matrix
porosity has well-defined pore perimeters and is often spherical in 2-D images (e). The smallest
nanopores observed are found within the matrix and have a similar distribution that can be
locally concentrated (e) or widely distributed (f), but typically have simple spherical shapes and
appear to have an open internal pore network.

Pore Morphology from Thin-Section Photomicrographs

The LM used for this study is able to view large nanopores that have a length or width of
at least 0.5 um. The digital image analysis program that was utilized to analyze the
photomicrographs indicated the ability to identify pores with a diameter <0.5 um; however,
confidence in accurate identification and analysis of pores with a diameter 0.5 pm seemed
unreliable, and therefore a cut-off value of 0.5 um (length or width) was applied for data used in

any interpretation. The pores observed in the LM have a variety of nongeometric shapes but can
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be classified generically as interparticle, intercrystalline, and intraparticle pores that have
variable degrees of dissolution-enhanced pore space (Figure 1l-12). Most of the samples
observed with the LM are filled with a trapped organic material and secondarily are open based
on the in-filling with an impregnated blue epoxy. A significant amount of area has brown
staining with presumed indiscernible pico- to nanopores. As observed in thin-section and SEM
images, the pore types are both original and diagenetically altered, and in this location do not
include significant organic porosity although the presence of trapped organics is observed.

In general, samples that are more mud-rich have poorly connected, interparticle pores
that are filled with trapped organic material, and samples that are more skeletal-rich have a
greater amount of open, connected pore space with odd-shaped pores related to the
arrangement of the skeletal debris. The trapped organic material is primarily in the micro- to
nanoscale and exists in pores that have greater tortuosity in the flow paths that ultimately lead
to larger micropores with greater connectivity of the pore space or to fractures. The irregular,
oval, and nongeometric pore shapes indicate there was a significant amount of dissolution
enhancement prior to filing with the trapped organic material that is observed extensively in the
pore space. The open interparticle pore space is primarily filled with trapped organic material,
but where there is greatest connectivity, the pores are observed to have open (blue) pore space.
The larger pores, and pores with trapped organic material, have more irregular shapes, likely
resulting from dissolution enhancement connecting several smaller pores and creating both
larger and more connected pores.

Pore Morphology from SEM Photomicrographs

The SEM used for this study is able to view pores clearly from the macroscale into the
picopore scale. The pores viewed in SEM show a clear distinction in the morphology between
interparticle/intergranular pores and matrix pores (Figure II-13a, Appendix Il). The interparticle
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pores have poorly defined perimeters with a complex internal architecture. The complexity of
the internal architecture is a result of two factors. First is the growth of crystals, mostly calcite
and dolomite, extending from the pore wall into the pore space. Second is the precipitation of at
least two substances that have been identified primarily based on morphology because of the
coarse nature of the XRD analysis and nonspecific compositional analysis performed by the SEM-
coupled EDX (energy dispersive x-ray spectroscopy). The substances are identified to be clays:
mixed smectite, montmorillonite, and/or illite with a ribbonlike texture and kaolinite with a
platy, book-like texture (Figure 1lI-13b, c). The ribbon texture is commonly coated on the surface
of the pore walls, and the platy, book-like texture most commonly fills the pore space in
randomly oriented configurations (Figure 11-13b, c). Most prominent however, is the platy, book-
like precipitation, where the plates are precipitated against the pore walls and in-fill the internal
pore space, connecting at randomly oriented angles that effectively fills the pore network and
causes a highly complex internal architecture (Figure II-13b). The kaolinite precipitation
subdivides the total pore space to effectively decrease the flow network to a series of nano- and
picopore size conduits connecting vuggy micropore and mesopore cavities with irregular-shaped
pore walls.

In contrast to the intergranular and interparticle pores, matrix pores have well-defined
perimeters with clearly defined pore walls. The matrix pores are typically smaller than the
interparticle pores, but the internal pore space appears to be open with the exception of minor
crystal growth that extends into the pore space (Figure II-13d, e, f). Matrix pores often show
growth of well-defined calcite and quartz crystals that appear to nucleate on the pore wall and
extend into the void space but do not have precipitated clays. Although the crystals extend into
the internal pore space, they do not create a complicated internal network and therefore
appear to have the potential for greater permeability because of less tortuosity in the flow path.

45



Secondary to the intergranular and matrix pore types are unique geometric
relationships observed in intraparticle pores and a type of “shrinkage” porosity surrounding
well-defined crystals or grains. There are two types of intraparticle pores present in the data set.
One type of intraparticle pore shows dissolution of the particle revealing a well-defined internal
crystallized matrix that has a similar appearance to matrix porosity (Figure 11-13g). A second type
of intraparticle porosity has a combination of irregular-shaped pore types and highly elongate
pores that imitate micro- to nanofractures (Figure 1I-13h). In the 2-D data set, the pores have
well-defined perimeters but appear to have poor connectivity. The shrinkage porosity is
recognized as a unique form adjacent to well-defined crystals or grains within the matrix. The
shrinkage pores exhibit what appears to be a physical separation between the matrix and
previously abutted crystal or grain. These pores are typically highly elongate and create a void
space between the matrix and crystal that mimics the outline of the crystal perimeter (Figure II-
13i). These pores have well-defined, straight edge walls with variable thickness depending on
how far the matrix has separated from the crystal face.

In addition to the distinct morphology of matrix and interparticle porosity, the spatial
distribution of the pores can also be related to the pore type. Interparticle pores, with a
complex internal architecture, are found immediately surrounding the grains, which form
depositionally unique patterns and configurations through the matrix (Figure 11-14). In 2-D, these
pores are either well-connected throughout this patterned configuration (Figure IlI-14a) or are
found in localized clusters that might, or might not, be well connected in three dimensions
(Figure 14c, d, e). The well-defined matrix pores are only observed at higher magnifications
(>50,000x) but are located throughout the matrix adjacent to intergranular pores (Figure 1I-14b,
e), within the matrix between the intergranular pore network (Figure IlI-14a), and can either
have a high or low density (Figure 1l-14e, f) with unknown connectivity in three dimensions.
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These relatively lower magnification settings (4,000-10,000%), using the SEM, provide a
significant amount of information regarding the dominant pore type and the 2-D spatial
relationship of the pore network.

Calculated Porosity and Pore Size

The image analysis porosity measurement is the sum of all individual pore areas divided
by the total image size. The porosity values are biased high because the image analysis was only
performed on areas within the sample that contained porosity visible at variable magnifications
used to view the samples and the resolution of the images. However, the porosity summarized
through image analysis does reveal information about pore density within a sample or facies,
which should provide insight into correlation, or lack of correlation between quantitative data
obtained through digital image analysis and laboratory measured permeability. The lowest
porosity for a single sample, based on the digital image analysis results, is 0.05% (Facies 5) and
the highest is 23.5% (Facies 2). The average calculated pore space for areas within samples that
have pores varies from 23.5% (Facies 6) to 65.3% (Facies 2). Given the high degree of bias in the
data toward areas with void space, these data are most accurately used to say the greatest 2-D
density in pore space is observed in Facies 2 and the lowest density is observed in Facies 5. The
minimum measureable pore length is 0.0007 um (0.7 nm) in Facies 2, 3, and 5, with similarly
small measurements of 0.0009 um (0.9 nm) in Facies 7 and 0.001-0.003 um (1-3 nm) in Facies 1
and 4. This pore length is within the picopore to the smallest nanopore category. The maximum
measured pore length is 1123 um in Facies 3 with the pore length from other facies measuring a
maximum length in the 200-625 um range. The longest pore is in the mesopore range with
other maximum lengths contained in the micropore to mesopore category. The minimum
measured width is 0.0004 um (0.4 nm) (from Facies 4 and 5) in the picopore category with other
minimum measurements between 0.002 and 0.007 um (2—7 nm) in the micropore category. The
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maximum measured width is 347 um from Facies 2 in the mesopore category with other
maximum measurements between 98 and 350 um, also in the mesopore category.

Pore Size Distribution

Pore size distribution can be viewed using a variety of graphical methods. A first-glance
graphical depiction of the pore size distribution useful for conventional carbonate is obtained by
plotting the perimeter/area on the y-axis against the pore area on the x-axis for each point
(Anselmetti et al., 1998; Weger et al., 2009). In carbonate mudrocks this method also provides a
simple at-a-glance method to identify the major pore size in a sample although the details of the
micro- to nanopore fraction are not readily apparent (Figure 11-15). For example, a comparison
of two samples (Facies 7 and Facies 3) can quickly show which sample has more evenly
distributed pore sizes from macro- to picopore size and which samples have more clustering of
pore sizes. However, for samples where the pores are predominately within the micropore to
picopores categories (<62.5 um), the data are visually smeared along the x-axis. To better view
this size distribution, the same data can be plotted using a semi-log scale where the pore size, or
length, is plotted on a logarithmic scale. When the data are plotted in this manner, it is much
easier to distinguish where the smaller pores are generally grouped between the micro-, nano-,
and picopore categories (Figure 11-16). Additional insight can be obtained by plotting the data
obtained from the LM compared with the SEM photomicrographs. Although it is feasible the
data could all plot in the same groupings, in this data set, there is a clear divergence of the pore
sizes and shapes identifiable from plotting the two scales of photomicrograph sets. These plots
also emphasize the importance of using imaging methods at multiple scales and magnifications

to completely characterize the heterogeneity within the pore size distribution.
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Figure 11-15. The pore area and pore perimeter/area (P/A) can be used to provide a graphical
interpretation of the pore size distribution. When the P/A is plotted on the X-axis and pore area is
plotted on the Y-axis, the largest pores (meso- to macroscale) align vertically along the Y-axis,
and the smaller pores (micro- to picoscale) align horizontally along the X-axis. As shown in
graphs, this provides an at-a-glance method to compare the pore size distribution of different
samples (a, Facies 7; b, Facies 3), or of the entire sample set. The limitation of this method is the
difficulty in fine-scale interpretation and inability to distinguish between the smallest micro- to
picoscale pores that all align horizontally adjacent to the X-axis.

ESEM Data Light Microscope Data Light Microscope and ESEM Data
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Figure 1I-16. When the pore length data are plotted instead of the pore area and plotted on a
semilog scale, the pore size distribution within the curve and along the X-axis are more easily
distinguished and provide a better estimate of the major pore size. The same general conclusions
can be stated regarding larger pores aligned vertically and smaller pores aligned horizontally.
With the aid of the log-scale on the Y-axis, it is now clear the majority of the pores identified are
between 0.01 and 10 um (nanopore to micropore size). Separating the data based on the
photomicrograph type, or magnification interval, shows how the two methods of analysis are
complementary to provide a more complete data set regarding the pore architecture. The data
using the light microscope (LM) (a) is more suitable at capturing the larger pores, while the SEM
(b) is more suitable to capturing the size distribution within the micro to nanopore size fraction.
A plot of both data sets (c) shows a clear bimodal distribution pattern within the sample set.
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A more detailed graph of the pore sizes identified using the LM and SEM show the majority
of the pores identified with the LM are micropores, whereas the majority of the pores identified
with the SEM are nanopores (Figure 11-17). When the same data are plotted in greater detail
within each category, we see from the LM data that there is a bimodal distribution within the
micropores (Figure 11-18). Looking at the data plotted together, the number of nanopores greatly
exceeds the number of micropores identified, which clearly identifies the most common pore
size (0.01-10.0 um) within the nanopore to micropore category but mutes most of the
micropore to mesopore data observed in thin sections which overlooks the bimodal distribution

that is clear when the data are incorporated together.
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Figure II-17. Quantified distribution of pore sizes from thin-section data (a) shows the pores are
primarily micropores (1-62.5 um), with secondary nanopores. When the data from SEM
photomicrographs are added (b), there is a clear shift to the majority of the pores contained
within the nanopore classification.

Pore Size Distribution within Major Category Classification
(62 samples, 305 photos)
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Figure 11-18. (a) A detailed graph showing pore size distribution within each major classification
shows a bimodal distribution within the mesopores based on thin-section data. (b) Some of the
distribution within the larger pores is muted when the SEM data are added showing a strong
skew of the data toward the largest nanopores (0.1-1 um) and smallest (1.0-10 um) micropores.
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Pore Shape Relationship to Facies

In conventional carbonates, the pore shape is an indication of pore connectivity where
more elongate pores tend to have better connectivity than more spherical pores (Anselmetti et
al., 1998). The pore shape was calculated using the methodology outlined by Anselmetti et al.
(1998), where the pore shape (y) is calculated using the perimeter (P) and area (A) resulting in a
dimensionless number where a value of 1.0 is equal to perfect circle (Equation 1l-1). The pore
shape for this study varies from 1.20 to 1.96, resulting in an average pore shape of 1.5 and an

average pore shape for all facies of 1.53 = 0.07, which corresponds to a slightly elongate shape.

P
(V)——Zm

Equaton |I-1. Calculation of pore shape based on Anselmetti et al. (1998), where P = pore
perimeter, A = pore area, and y = pore shape. The calculation results in a dimensionless value
where the value of 1.0 is a perfect circle and values larger than 1.0 are a reflection of elongation
of the pore.

Pore shape, calculated from both thin-section and SEM photomicrographs, was plotted
with laboratory-measured porosity to identify if there is a fundamental relationship that can be
identified to predict porosity from shape. Facies 1 does not show any relationship between pore
shape and porosity, Facies 2 shows a positive relationship between pore shape and porosity,
and Facies 3—7 have an inverse relationship between pore shape and porosity where the largest
porosity is associated with more simple pore shapes and the lowest porosity is associated with

more elongate pores (Figure 11-19).
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Figure II-19. (a) The relationship between pore shape and porosity for the data set has no clear
relationship when plotted together. (b) However, when data from Facies 1 and 2 are removed, a
clear inverse relationship emerges where the highest porosity generally corresponds to the more
simple pore shapes. The lack of correlation in Facies 1 and 2 could be due to different pore
architecture, or to lack of sufficient data points. In conventional carbonates, the more elongate
the pore shape, the greater the connectivity of the pores. In unconventional carbonates, more
elongate pores shapes could be an indication of intense diagenetic alteration with complex
internal pore architecture resulting in lower total porosity.

Pore shape was plotted with laboratory-measured permeability to determine if there is a
fundamental relationship that can be identified to predict pore connectivity. The relationship
between pore shape and permeability has a significant amount of scatter where the overall
relationship is either indeterminate or weakly positive (Figure I1-11a). The overall trend between
pore shape and air permeability compared to pore shape and Klinkenberg-corrected
permeability is nearly identical, with the exception that the Klinkenberg values are
approximately half the air permeability values (Figure 11-11b). The samples with the highest
laboratory-measured permeability are both from Facies 5 but do not provide significant clarity
or prediction to the data set. The significant scatter and lack of correlation within the carbonate
mudrock data is attributed to the complicated internal pore network from postdepositional
precipitation of mineral and clay cements that subdivides the internal pore space and inhibits
flow pathways. Isolated elongate intraparticle pores and isolated elongate shrinkage pores with
poor 2-D connectivity also complicate the expected relationship between pore shape and

permeability.
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Pore morphology, Porosity, Permeability, and Facies Correlation

Each facies identified has a generally positive correlation between laboratory-measured
porosity and permeability with a few notable variances (Figure 1I-20). On a semilog graph, Facies
4, 6, and 7 have the most predictable grouping of porosity and permeability, whereas Facies 1,
2, 3, and 5 all have several data points that obscure any predictable relationship between
porosity and permeability. The highest measured porosity and permeability is in Facies 4 at
20.0% porosity and 1.25 mD Klinkenberg permeability. The second highest permeability is in
Facies 2 with 1.7% porosity and 1.05 mD permeability. Facies 1, 3, and 5 also have significant
deviations to the positive porosity—permeability relationship with permeability values just over
0.25 mD for porosity values that range from 0.6 to 1.9%. Facies 6 has the lowest and most

consistent permeability ranging from 0.001 to 0.01 mD with porosity ranging from 0.3 to 6.1%.
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Figure 11-20. Although one data point has a measured porosity value of 20% (a), the majority of
the measured porosity and permeability is less than 8% and less than 1mD, respectively (b). As
shown, the measured porosity—permeability relationship is generally positive and in at least two
facies, Facies 4 and Facies 7, has a predictable correlation. Facies 1 has the greatest deviation
with a significant amount of variation in permeability for a given range of porosity values. Facies
6 has the greatest consistency in permeability over a relatively large range of porosity values.
Facies 2, 3, and 5 have moderate predictability between porosity and permeability with marked
deviations that have relatively high permeability associated with low (<2%) porosity. The
difference in the predictability of the porosity and permeability relationship is related to the
primary type of porosity and level of complexity observed within the pore space.
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Facies 2, 3, 4, 5, and 7 have moderate to high predictable positive relationship between
laboratory porosity and permeability. Each of these facies has a significant amount of
interparticle porosity and matrix porosity with pore networks clearly visible in 2-D at 4,000-
10,000x magpnification. Facies 6, with the least variation in permeability, has primarily matrix
porosity with very few intergranular pores with clay occluding cements. Facies 1 has the highest
slope with permeability varying from 0.0001 to just over 0.25 mD with porosity remaining
primarily between 0.7 and 1.7%. Facies 1 also has the greatest variability in pore types, including
intergranular pores with clay occluding cements, matrix porosity, intraparticle porosity with
partial pore-filling clays and crystal growth within the pore, intraparticle porosity with currently
indeterminate connectivity with other pores, shrinkage pores, and abundant pyrite framboids
within the matrix.

Although the focus of this study does not include the contribution of fractures to
porosity and permeability, there are several types of microfractures that likely contribute to
porosity and permeability in the sample set. Some microfractures have a significant amount of
organic staining surrounding the fracture filled with trapped organic (oil) material, whereas
open fractures show adjacent staining that could be slowly diffusing into the fracture as a
preferential flow path. The open microfractures often have a primary flow path with several
smaller microfracture splays extending into the matrix. Microfractures are observed in four
settings: (1) in previously opened, cement-filled fractures; (2) as dissolution-enhanced, vuggy
void space at randomly spaced intervals adjacent to a primary fracture pathway; (3) parallel to
depositional bedding planes; and (4) bisecting, perpendicular to, planes of deposition. Overall,
the micro- to nanometer size fractures do not appear to create ideal flow pathways that connect
to the matrix porosity, but could be important to the overall flow network by creating a
multimodal flow network.
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Because of the prominence of macro- to micrometer fractures observed throughout the
study, it should be pointed out that deviations to expected trends between porosity,
permeability, and facies are likely complicated by the presence or absence of fractures from the
nano- to macroscale, as well as the type and density of the fractures present.
<H2>Sequence Stratigraphy, Porosity, and Permeability Correlation

The third-order depositional sequence contains six fourth-order high-frequency
sequences that vary in thickness from 5 to 30 m (15-100 ft) with several fifth-order high-
frequency cycles identified as 1-5 m thick shallowing upward packages. The highest porosity and
highest permeability values are typically aligned together within the regressive phase of the
system. Closer examination shows the high porosity, high permeability intervals are often
closely aligned with the upper portion of identified fifth-order cycles, which imply the fifth-order
cycles have the greatest control on porosity and permeability (Figure 11-6). Deviations to this
overall trend are highest porosity and permeability values located in the fourth-order
transgressive phase toward the base of the core. In this section, these high porosity, high
permeability values are located within areas that have undergone hydrothermal brecciation.
Therefore, there are two controls on locating zones with relatively higher porosity and
permeability. The primary pattern that is likely to be most applicable to other areas within the
basin is the association with fifth-order cycles. A secondary pattern to examine is the association
with hydrothermal brecciation that will not necessarily be associated with the transgressive
phase of deposition.

DISCUSSION OF RESULTS AND APPLICATION TO RESERVOIR STUDIES

The primary contribution of the research presented in this chapter is documentation of the
2-D carbonate mudrock pore architecture and identification of fundamental relationships that
are applicable to deciphering both conventional and unconventional carbonate reservoir
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systems. The carbonate mudrock pore types observed in this study include
interparticle/intergranular, intraparticle, matrix, shrinkage, and fracture (Figure 11-10).
Complexity of the internal pore network is added from precipitation of clay minerals and crystal
growth within the pore space. In most of the pores observed, the internal geometry appears to
have a greater control on permeability than the overall pore size. Where minerals subdivide the
internal flow network, the total pore architecture becomes a system of nano- to picopore
throats that connect nano- to mesopore cavities, or vugs.

Elementary relationships from quantitative data between key measured pore parameters,
porosity and permeability, are highlighted to provide a foundation for future analysis of
carbonate mudrock systems. Deposition occurred in a platform attached carbonate-dominated
environment on a low declivity, or distally steepened ramp, in a tropical epeiric sea. The primary
relationships that allow for predictability of permeability from the pore architecture in
carbonates with predominately macropores should also be able to be applied to a carbonate
mudrock system. However, complexity in the mudrock pore architecture coupled with variability
in type and intensity of diagenetic alterations and the influence of a nano- to macrometer
fracture network have strong impacts on expected relationships.

Qualitative and quantitative data that describe the pore architecture as observed in thin
sections and SEM show the largest cross-sectional areas are in the meso- to nanoscale with
smallest measurements in the nano- to picopore scale. By incorporating qualitative
observations, this is interpreted as a system of meso- to nanoscale vuggy to moldic pores
connected by nano- to picopore throats. Although additional 3-D image analysis or other
analytical method (e.g., MICP) is necessary to quantitatively confirm this interpretation,
qualitative analysis of the 2-D cross-sectional images, from thin section as well as in SEM, where
some topographical features can be viewed in the manually polished parts of the sample,
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support this theory. Most pores are irregularly shaped ovals or oblong structures.
Photomicrographs using SEM reveals complicated internal pore architecture exists from
microcrystalline growth and precipitated clay cements creating complicated flow paths within
the pore space. This internal pore texture adds an additional layer of complexity when relating
the pore architecture to permeability. Not only is the overall pore size and connectivity
important to permeability, but also the internal texture of the pore space has the potential to
create tortuous flow pathways independent of pore size and shape.

Quantitative data provide information about the distribution of the pore sizes and can
indicate if there is a singular, bimodal, or multimodal distribution of pores that contribute to
permeability. Quantification of the pore shape in relation to a circle is an indication of
permeability, or pore connectivity, in conventional carbonates but shows only a weak
correlation to permeability in carbonate mudrocks used in this study. This weak correlation can
be attributed to the complex internal pore architecture created by precipitation of clay cements
within the interparticle pores, and quartz and calcite mineral growth that all effectively
subdivide the internal pore space and add additional tortuosity to the flow pathway.

The relationship between pore shape and permeability is indeterminate to weakly
positive. This is contrary to trends observed in conventional carbonates where pore shape has a
significant effect on permeability where more elongate pores have greater connectivity than
more spherical pores (Anselmetti et al., 1998). The significant scatter and lack of correlation
within the carbonate mudrock data is from the complicated internal pore network created from
postdepositional precipitation of mineral and clay cements that subdivides the internal pore
space and inhibits flow pathways. Elongate, isolated intraparticle pores and elongate, isolated
shrinkage pores with poor 2-D connectivity also complicate the expected relationship between
pore shape and permeability. Therefore, in carbonate mudrocks, the more elongate pores could
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be an indication of diagenetic alterations that generates complex internal pore geometries
through cementation processes and creation of more elongate microfracture porosity from
stresses applied postdepositionally.

PORE ARCHITECTURE AND RESERVOIR PROPERTIES

Porosity, Permeability, and Sequence Stratigraphic Framework

The highest porosity and permeability correlate with the upper portion of fifth-order
cycles within the fourth-order regressive sequence. The fifth-order cycles were identified by
facies stacking patterns and high-resolution sequence stratigraphic analysis. This correlation
may be further associated with late stage diagenetic alterations that control the precipitation of
clay minerals, quartz, and calcite crystals within the pore space. A secondary indicator of high
porosity and permeability intervals is related to postdeposition alteration from hydrothermal
brecciation. Within the data set, hydrothermal brecciation affected the lower portion of the
core that is in the fourth-order transgressive sequence. However, although predictability
associated with the fifth-order cycles appears to be consistent with the fourth-order regressive
sequence, hydrothermal brecciation could be associated with several phases of deposition in
other parts of the basin.

Although a diagenetic study detailing the type and timing of diagenesis within the data
set was outside the scope of the research, a study based on core from this play concluded three
to five stages of diagenetic alteration that included replacive dolomite, several stages of calcite
cementation within the pore space, and early micritization of lime mud (Ewald, 2015).

Facies Correlation with Pore Types

A predictable, positive relationship between porosity and permeability exists in all facies
with minor variations observed in the relationship for Facies 1 and Facies 6. In Facies 1, the
porosity and permeability relationship is positive but has a much steeper slope with porosity
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remaining less than 2% except for one sample with a porosity of 4.7% and associated
permeability ranging from 0.0001 mD to just over 0.25 mD. In Facies 6, this positive relationship
has essentially no correlation, where permeability is consistently within the range of 0.001 to
0.01 mD with laboratory-measured porosity as 0.3—6.1%. This lack of correlation could be a
result of the predominant pore type being matrix pores that are overall the smallest nanopore
to picopores in size. Although the matrix pores have some increased tortuosity in the fluid
pathway because of crystal growth within the pores, the overall result of a mostly open network
of smaller pores is a consistent, albeit low, average permeability. The highest porosity and
highest permeability is within Facies 4 with a positive correlation between porosity and
permeability and a visible pore network of interparticle porosity and matrix porosity at a
magnification of 4000x. Although the interparticle pores have significant precipitation of clay
cements that subdivide the pore space, the total pore space (including that now filled by
residual oil/organic matter) allows for good connectivity and flow through the entire section.
Key differences between conventional macropore-dominated carbonates and
unconventional carbonate reservoirs with predominately micro- to nanopores is the complex
internal pore geometry observed in carbonate mudrocks created through precipitation of
cements that subdivide the pore space. Because pore throats have a significant control on the
permeability within a reservoir, the average diameter of the pore controlling a flow in a
macropore-dominated system can be similar to the average diameter of the pore controlling a
micro- to nanopore-dominated system. However, the internal geometry appears to have at least
an equally significant effect on the potential permeability within the reservoir, and in a
carbonate mudrock system the character of that system is not easily quantified through 2-D
digital image analysis or identification of basic pore types (intergranular, moldic, intraparticle). A
dual description of the pore architecture using quantitative data and qualitative observations
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helps provide insight regarding correlations between facies, pore type, porosity, and
permeability. Understanding how the dominant pore type and internal pore network geometry
is related within a specific reservoir systems aids in predicting which facies has the greater
reservoir potential. For example, in this study, Facies 6 has the most predictable permeability,
but Facies 4 and Facies 2 have the greatest potential for the highest permeability for a given
porosity value. As noted earlier, additional potential for increased porosity and permeability is
the position of each of these facies within the sequence stratigraphic framework. Where any of
these facies is located at the top of a fifth-order cycle, the relative porosity and permeability is
up to twice the value of porosity and permeability compared with immediately adjacent facies
(Figure 11-20).

Carbonate Mudrock Acoustic Response

Understanding the relationship between sonic velocity response and porosity provides
the potential to further enhance our ability to qualitatively and quantitatively predict
permeability in conventional carbonates (Anselmetti et al., 1998; Anselmetti and Eberli, 1999;
Thornton and Grammer, 2012). The sonic velocity response and porosity in carbonate mudrocks
are inversely related, similar to the relationship observed in conventional carbonates. Upon
closer examination, although the relationship has a similar trend, the sonic velocity (V)
response for the carbonate mudrocks is significantly slower for a given porosity than would be
expected based on data from conventional carbonate samples and theoretically calculated
values. This shift in the relationship is further evidence of how the pore architecture in
carbonate mudrocks is unique from the conventional carbonates and requires an adjusted
classification methodology. Although it is clear that integration of several types of data,
including facies analysis and identification of the sequence stratigraphic framework, will allow
for greater predictability of key petrophysical properties, the foundation of this prediction lies in
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accurately describing the variability of the pore architecture and the fundamental relationship
between pore architecture, porosity, permeability, facies, and the sequence stratigraphic
framework.
CONCLUSIONS

The ability to predict petrophysical properties in carbonate mudrock reservoirs begins
with the ability to accurately describe the pore architecture (type, size, shape, spatial
distribution, and connectivity). Conventional carbonate pore type descriptions only partially
describe the pore architecture in carbonate mudrocks because the overall particle size appears
to result in different mechanisms of fluid flow and postdeposition diagenesis that create unique
internal pore networks. Analysis of data from the midcontinent Mississippi Lime play provides a
classification and understanding how the pore architecture in carbonate mudrocks differs from
conventional carbonates with visible macroporosity. Initial results from this study are as follows:

(1) Digital image analysis confirms that carbonate mudrocks have a complex distribution
of pore sizes, even within the micro- to picopore scale, that have an impact on the
relationship between porosity and permeability.

(2) To obtain a complete suite of data representative of the characteristics of carbonate
mudrock pore architecture, analysis should be completed using a light microscope as
well as a scanning electron microscope to encompass data from macro- to picopore
scales.

(3) Pore shape has a weak relationship with total porosity and total permeability with
the greatest correlation observed in Facies 6 and 7. The scatter in the data is a result
of the complexity within the internal pore architecture.

(4) The relationship between porosity and sonic velocity response indicates the
relationships observed in conventional carbonates are similar to carbonate mudrocks
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but not identical in nature. The lower sonic (compressional) velocity response is partly
because the complex mudrock pore architecture contained primarily within the micro-
to nanopore size fraction produces different elastic properties than properties
expected for carbonates with macroporosity. Additionally, the diagenetic alterations
of the matrix to a relatively high silica content also impact the elastic properties of the
reservoir and the resultant sonic velocity response. This difference in elastic
properties associated with the macro- to nanopore architecture correlates with a
unique, predictable pattern that has a lower sonic (compressional) velocity for a given
porosity, as compared to values expected from the Wyllie time average question. The
scatter in the data are still a result of different pore types and permeability that is
demonstrated by variations in the range of resultant sonic (compressional) velocity
values for a given porosity as well as a range of porosity values for a given sonic
(compressional) velocity response.

(5) Microfractures may contribute to the overall porosity and permeability where they
are able to provide a less tortuous fluid pathway for water and oil located in the
picopores and small nanopore size fraction. Fractures that are currently filled with
calcite and dolomite cements likely contributed to migration of fluids and placement
of currently observed trapped organic (oil) material, during early and later burial
stages. Although not the focus of this study, it is clear the effect of microfracture
contribution to porosity and permeability should be considered in additional research
relating pore architecture to porosity and permeability in carbonate mudrocks.

(6) Each facies identified has a generally positive correlation between porosity and
permeability with notable variances that are a result of the dominant pore type and
complex internal pore geometry. The highest porosity and permeability are also often
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associated with the upper portion of identified fifth-order cycles within the cored
interval. Additional predictability of high porosity and permeability intervals might be
associated with specific diagenetic processes. On a broad scale, extreme silicification
is most prominent in Facies 5, whereas observed hydrothermal brecciation is primarily
within Facies 2. Correlation between type and timing of diagenesis and permeability
was beyond the scope of this research.

(7) In carbonate mudrocks quantification of the pore architecture and qualitative
descriptions of the pore architecture each provide only part of the information
necessary to interpret key relationships between the pore architecture, porosity,
permeability, facies, and sequence stratigraphy. The combination of qualitative and
guantitative data is recommended to provide a sufficient amount of insight to
understand general trends and interpret deviations within these relationships, which
in turn allows for enhanced predictability of optimal reservoir conditions and

improved horizontal well target selection.
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CHAPTER IlI

QUANTITATIVE EVALUATION OF PORE SYSTEM ARCHITECTURE AND ACOUSTIC

RESPONSE OF MICRO- TO NANO-SCALE PORES IN CARBONATE MUDROCKS

ABSTRACT

A qualitative and quantitative analysis has been conducted using data and
observations of the macro- to nano-scale pore architecture and the relationship to
porosity and permeability for five core from three locations within the Mississippian age
North American Mid-Continent region. The qualitative analysis provides insight into
variations in the relationship between the pore architecture, porosity, and permeability
where differences in the type of diagenetic alteration within the pore space coupled
with observations of the dominant pore size can be correlated to relatively high and low
porosity and permeability.

The guantitative analysis was performed using regression analysis to identify
relationships between geometric measurements of the pore architecture that are
extracted using digital image analysis, and laboratory measured porosity, air

permeability, and Klinkenberg permeability. The regression analysis was applied to
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sub-sets of data groups with a primary focus on the very fine grain, low porosity, low
permeability facies. The results of each model identified several statistically significant
measurements, but none were statistically valid and able to be used to enhance the
predictability of either the porosity, air permeability, or Klinkenberg permeability. The
lack of success is presumed to be a result of three primary factors: accuracy in the
laboratory measured porosity and permeability data, the need to incorporate semi-
guantitative analysis of the contribution or occlusion from macro- to micro-scale
fractures, and the need to include semi-quantitative data regarding the extent of the

diagenetic alteration.

INTRODUCTION

The Mississippian age limestone of the North American Mid-Continent is a valuable,
unconventional reservoir with predominantly very fine grain facies deposited in a mixed
carbonate — siliciclastic system. Although there has been oil and gas production from vertical
wells for over 50 years, recent advancements in horizontal drilling technology have revitalized
the play. This revitalization has highlighted the need to better understand the reservoir
architecture and identify tools and methods that can be used to enhance the predictability of
key reservoir properties (porosity, permeability). Qualitative and quantitative analysis of the
pore architecture in macropore systems has identified a methodology that is able to both
qualitative and quantitatively increase the accuracy of predicting high porosity and high
permeability intervals. Within carbonates that have predominantly macropore systems,
specific geometric measurements (length, width, pore shape) have been identified as key
components that can be used as input parameters to statistically define equations that relate
the measurements to laboratory measured porosity and permeability data (Anselmetti et al.,
1998). It has been shown that in a conventional carbonate system, digital image analysis can be
used as input parameters in different analytical models to quantitatively predict permeability

with a high level of accuracy. Anselmetti et al. (1998) shows how the relationship to pore type,
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pore size, and pore shape can be used to predict permeability. Furthermore the application of
an artificial neural network program using several different input values obtained from digital
image analysis shows how digital image analysis can be used to predict laboratory measured
permeability values with an R-value of 0.842 to 0.982 depending on the number of variables
used in the model. Thornton and Grammer (2012) show application of multivariate statistical
analysis can also be used to identify the statistically valid input parameters that can be used to
guantitatively predict permeability. With identification of the key geometric parameters
identified through digital image analysis, laboratory permeability was able to be predicted with
an R” value of 0.45-0.82 depending on the heterogeneity of the pore system. Although there
are several studies where quantitative methodology that describes the pore architecture within
a carbonate reservoir with predominantly macropore architecture can be used to predict
permeability with reasonable accuracy (Love et al., 1997; Lightenberg and Wansink, 2001;
Rogers et al., 1995; Ehrenberg, 2007), it is currently unknown if the same methods can be used
to accurately predict permeability in a very fine grained, predominantly micro- to nanopore
carbonate mudrock.

Using digital image analysis techniques as outlined by Anselmetti et al. (1998),
guantitative data are extracted from thin section and FE-SEM photomicrographs to be used as
input values for regression analysis (Davis 1986).

The primary objectives of this study are as follows:

1. To qualitatively and quantitatively characterize the pore architecture observed in each
part of the study area and relate these observations to porosity and permeability on a

sub-regional to regional scale.
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2. To understand how the acoustic response relates to porosity in the very fine grained,
low porosity and low permeability, facies in the study area, and how this compares to
more “conventional” reservoir facies within the same parts of the study area.

METHODS

Data Set
The data used in this study come from five cores that represent three Mississippian

depositional settings and regions within the Mid-Continent, U.S.A.. The cores are from Reno

County, Kansas, Logan County, OK, Payne County Oklahoma, and Osage County, Oklahoma

(Figure 111-1). The facies from North-Central Oklahoma range from very fine grained mudstone

to wackestones and packstone deposited in a distal location primarily below wave base, to fine-

grained wackestone, packstone, and grainstone deposited in a proximal location primarily below
fair weather wave base but within storm wave base. The facies observed in the core from

Central Kansas transitional core vary from a fine grain mudstone to a medium to coarse grain

packstone, capped by a series of peritidal deposits. The three facies groups have been

generically classified within this study as distal facies, transitional facies ,andproximal facies

respectively.
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Figure /1I-1: The study area includes five core from three areas within the North American Mid-
Continent area of Kansas and Oklahoma. The core with outer ramp facies preserved is from
Osage County, Oklahoma, three cores with middle to inner ramp facies preserved are from
Logan and Payne Counties, Oklahoma. A core with facies that vary from a proximal outer ramp
to shoreline and peritidal facies is from Reno County, Kansas. During the Mississippian Period,
this area was located approximately 30° south of the paleo-equator and was covered by a shallow
tropical epeiric sea. Regional tectonics beginning at the end of the Devonian and continuing
throughout the Mississippian caused the emergence of the Nemaha Uplift, the Ozark Uplift, the
Central Kansas Uplift, and the Ouachita Uplift. The same regional tectonic stress regime
created a series of foreland basins including the Arkoma Basin located southeast of the areas
included in the study in a paleo-dip direction.

Conventional Laboratory Measured Data

Conventional laboratory measured porosity (%), air permeability (mD), and
Klinkenberg permeability (mD) data was available for all five cores used in this study. Two
companies were utilized for measure standard petrophysical properties based on the primary

owner of the core. Weatherford Laboratory performed the analysis for the three cores in
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Logan and Payne Counties, and Special Core Analysis Laboratories (SCAL), Inc. laboratory
performed the analysis for the cores in Osage County and Reno County. All measurements
were performed using conventional core analysis procedures.

Microscopy

Petrographic analysis of 191 thin sections was performed using a Leica DM 2700P
optical, or light, microscope (LM). The micro- to nano-pore architecture was further investigated
using 132 ion milled samples using a JEOL IB-19500CP Cross Section Polisher argon ion mill that
were viewed and photographed with an FEI Quanta 600F field emission scanning electron
microscope (FE-SEM) to view samples from the macro- to pico-scale.

In addition to more accurate facies descriptions, thin section analysis allowed for more
accurate description and analysis of the macro- to nanoscale pore sizes, and pore types.
Photomicrographs that represent the dominant pore types observed in the samples were
captured and analyzed qualitatively and quantitatively. Pores observed in thin section can be
accurately characterized quantitatively to approximately 1um. Pores at and below this size
are best quantified and observed using the FE-SEM. As described in Vanden Berg and
Grammer (2016), all samples viewed with the FE-SEM were polished using an argon ion mill to
provide a clear 2D image of the sample.

Pore Architecture Analysis

The primary goal in the qualitative and quantitative classification of pore architecture
is to understand the fundamental features that contribute to permeability. Qualitative
analysis included observations related to the density, spatial distribution, dominant pore size,
dominant pore type, and diagenetic alteration that could significantly impact the measured
porosity or permeability. Pore size classification was completed using the classification

scheme of Loucks et al. (2012). Pore morphology is utilized to explain both relationships to
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facies and the sequence stratigraphic framework, and discrepancies to trends that appear to
otherwise be applicable within the data set. Digital image analysis (DIA) was utilized to
qguantify the geometric characteristics of the representative pore space within several
photomicrographs collected using the LM and FE-SEM. Quantitative analysis included analysis
of pore size distribution, pore shape, interpretation of geometric measurements of the pore
architecture, and regression analysis to relate the pore geometry to porosity and permeability.

The pore architecture was quantitatively analyzed using regression analysis to identify
the most statistically significant relationships between primary geometric measurements of the
pore architecture and laboratory measured porosity and permeability (both air and Klinkenberg
values). In regression analysis, each laboratory measured value (porosity, air permeability,
Klinkenberg permeability) was input as a dependent variable with geometric measurements of
the pore architecture that was extracted using DIA, input as independent variable or predictor
variables. The model was run using R, version 3.2.4, software designed to perform statistical
computations and generate graphical results of the data. Each model used a sub-set of the total
data set so the excluded data points could be used to test the applicability of the model within
the project data set.

Digital Image Analysis: Quantitative data extraction and compilation

The data used to identify parameters that could be used to enhance the predictability of
porosity and permeability within the data set were generated from photomicrographs of thin
sections using a light microscope (LM) and of samples viewed with an field emission scanning
electron microscope (FE-SEM). A sub-set of all photomicrographs were analyzed using
proprietary software from Leica Corporation called “image analysis” that is able to perform
either a manual or automated digital image analysis (DIA). The DIA analyzes the
photomicrographs by input from the user to identify a specific color, hue, and saturation of
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features of interest. Steps within the software allow for iterative calibration to ensure quality of
data extracted through feature identification prior to output of measured values into an Excel
spreadsheet. The data generated include analysis of a sub-set of photomicrographs collected
from both the LM and FE-SEM analysis that are representative of the pore types and sizes
observed for each sample.

Data from each photomicrograph analyzed were compiled into a single file to be used as
input for the regression analysis to explore correlations and potential for predictability based on
relationships between the measured pore architecture geometries, and laboratory measured
porosity and permeability. DIA data were compiled into three data sets that were tested using
regression analysis.

The first data set incorporates data from four cores that are generically described as
‘unconventional’ as related to the measured low porosity and permeability, and overall fine-
grained sediment and skeletal content. A summary data set of these same four cores is tested
to determine if statistically significant correlations could be identified from summary statistics of
key geometric features. The second data set included an expanded set of geometric
measurements from the same four cores. The third data set is from the transitional core
located in Central Kansas that grades from a very fine grain facies with primarily micro- to
nanoporosity at the base of the cored interval, to a predominantly silt and sand size matrix with
very coarse pebble size clasts that appear to have been brecciated in-situ. Summary statistics of

the three data sets tested are shown in Table Ill-1 and IlI-2.
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Samples Images analyzed Data points
90 751 221340
Osage County, . . . .
Distal ramp, very fine grained facies - -
Oklahoma Thin Sections: 41 157 119612
ESEM: 49 594 101728
. . . . 82 739 177623
Logan County, Proximal to middle ramp, fine to very fine
Oklahoma grained facies Thin Sections: 59 332 113797
ESEM: 23 407 63826
. . ] . 31 436 184662
Payne County (west), Proximal to middle ramp, fine to very fine
Oklahoma grained facies Thin Sections: 8 66 132319
ESEM: 23 370 52345
. . . . 30 1887 60325
Payne County (east), Proximal to middle ramp, fine to very fine
Oklahoma grained facies Thin Sections: 19 105 26726
ESEM: 11 1782 33599
90 728 758609
Outer middle ramp to shoreline and peritidal - - -
Reno County, Kansas facies Thin Sections: 64 425 677341
ESEM: 26 303 81268
. . . . Distal outer ram 323 4541 1402559
. Unconventional (distal and proximal facies) to : :
All Cores in Study - Thin Sections 191 1085 1069795
transitional
ESEM: 132 3456 332766

Table I111-1: There were a total of 191 thin sections available for analysis, 132 samples polished
with an argon ion mill and viewed with the ESEM, and 4541 associated humber of representative

image analyzed with DIA utilized to identify 1,402,559 data points (pores).
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Table 111-2: The data output from the digital image analysis (DIA) was summarized to review
primary characteristics of each area included in the study.
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Quantitative regression analysis: relationship between pore architecture, porosity, and

permeability

Regression analysis was used to identify the relationship between a series of
independent variables (geometric features of the pore architecture) and dependent variables
(porosity and permeability) to determine which components of the pore architecture could be
used to accurately predict porosity or permeability. The regression analysis was performed
using three primary data sets in an iterative manner to generate reliable results from a stable
model that incorporates parameters that do not have potential redundancies in measurements,
missing values or a high degree of co-linearity. Parameters were excluded and data was
reduced to derive the most reliable model that could potentially be applicable to other areas
within the basin, and other carbonate mudrock reservoirs.

A total of eight models were tested in an attempt to find both statistically significant
parameters, and a model that had a valuable level of predictability. Each model tested
produced results that identified the most statistically significant variables as well as the
applicability of the model to accurately predict unknown data. Variables were removed from
subsequent trials if the measured value has a significant amount of redundancy in the
measurement (e.g.: area, perimeter/area), or a high degree of co-linearity, which resulted in an
unstable model and therefore non-useful results. Covariance values that were used to help
identify features with a high degree of co-linearity are shown in Table IlI-2.

Due to the non-predictive ability of the first two regression models (model #1 and 2)
that included a sub-set of all observations from the image analysis, two regression models
(model #3 and 4) were processed using reduced data that excluded observations associated
with Klinkenberg permeability values less than 0.01mD and air permeability values less than
0.01mD. The cut-off of 0.01mD was applied for two primary reasons. First, the number of
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observations in the data set allowed for a reduction in the total number of observations
included that did not endanger the potential applicability of the model. Second, the data set is
composed of very low porosity, low permeability samples that are composed of very fine

III

grained materials that are generically classified as “unconventional” reservoir rocks. However,
the laboratory analysis that quantitatively determined the porosity, air permeability, and
Klinkenberg permeability values was done using methods typically applied to samples that have
predominantly macropores. Although the data are reported to the ten thousands (0.0001mD)
significant digit, the feasibility of this methodology to report data to that accuracy level with
repeatable precision is uncertain (Ling et al., 2013; Nooruddin et al. 2014; ASTM Standard
D6539-13 2013; ASTM Standard D4525 2013). Because an accuracy of 0.01mD is reportedly a
more reliable value, at two orders of magnitude higher, this value was used as the cut-off to
identify if uncertainty in the data set was the cause of models that were not highly predictive
and therefore not useful. If the data at the lowest reported permeability values had a high
degree of uncertainty, the data are effectively noise, which is not statistically feasible to predict
using measured pore architecture data.

Due to lack of predictability in the analysis, two regression models (#5 and 6) were
tested that incorporated data that measured the length and width of the pores using a slightly
different, but more repeatable methodology. The software program that measure the length
and breadth values using a methodology that is orientation dependent, whereas the
measurements identified as “feret 0” and “feret 90” employ a methodology that is repeatable
and independent of the orientation of the object. Because the argument for data reduction has
already been applied, the model that utilized the feret 0 and feret 90 data were run using the
similarly reduced data with a cut-off value of 0.01mD applied to the air permeability and

Klinkenberg permeability observations.
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Lastly, two models (model #7 and 8) were tested that incorporated data from the
transitional core. The variables used are similar to those included in the previous models that
produced stable models and parameters that, confirmed by the covariance values, had the least
amount of co-linearity.

Acoustic Response

In conventional carbonate reservoirs, the relationship between porosity and acoustic
response (sonic velocity) has a clear inverse relationship that can be approximated by the Wyllie
time average equation (Figure IlI-2a) (Anselmetti et al., 1997). Scatter present and deviations
from the fundamental relationship between velocity and porosity is related to the dominant
pore type (Figure IlI-2b) (Anselmetti et al., 1997). Understanding how the dominant pore type
affects the velocity response in carbonates can potentially provide information that can be used
to predict permeability (Anselmetti and Eberli, 1993; Anselmetti et al., 1997; Anselmetti et al.,
1998; Anselmetti and Eberli, 1999). For example, at the same total porosity, a sample with
intergranular porosity will typically have a slower velocity than a sample with moldic porosity
because of the difference in connectivity of the pores and the effect on the elastic properties of
the sample. Because there is typically greater connectivity of the pores in intergranular
samples, which indicates a higher permeability, it can be stated that generally if the velocity
response is lower than expected, the permeability is relatively higher than in locations where
the actual velocity is close to or higher than the value predicted by the Wyllie time average

equation.
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Figure 111-2: (a) The relationship between the acoustic response, or velocity, and measured
porosity has a predictable inverse relationship. The relationship can be approximated with the
Wyllie time average equation with the Woods equation presented as a useful lower boundary to
the data. (b) When the data are plotted based on categories of predominant macropore type,
there are data groupings observed that can be applied to enhance the predictability of the
velocity-porosity relationship in carbonates that predominantly have macroporosity. Figures
used with permission from G. Eberli. (Anselmetti and Eberli, 1999; Eberli, 2001).

It has also been shown the percentage of microporosity in carbonate rocks with
predominantly macropores affects the velocity response by altering the bulk modulus and
elastic properties of the rock (Baechle et al., 2008a). The result of increasing microporosity can
result in a lower velocity for a given porosity, but has also been shown to be more consistent
with values predicted using the Wyllie time average equation (Baechle et al., 2008b). Examples
of how the different bulk modulus and elastic properties of a carbonate mudrock affect the
velocity response for carbonate mudrocks, where the pores are predominantly predominantly
micro- to picopore size with little to no influence from macroporosity, is currently uncertain but
research continues to unveil the primary controlling properties within the pore architecture in
carbonates and mixed carbonate — siliciclastic systems as it is related to the acoustic response
and mineral composition (Kleipool et al., 2015; Moshier, 1989; El-Husseiny and Vanorio, 2015;
Vanorio and Mavko, 2011; Mokhtar et al., 2012; Neto et al., 2014; Neto et al., 2015; Nur et al,,
2008; Peltonen et al., 2009; Rafavish et al., 1984; Rasolofosaon et al., 2008, Verwer et al., 2008;

Verwer et al., 2010).
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Acoustic response for this study was measured on core plugs selected to represent large
variations in porosity for a given permeability, and large variations in permeability for given
porosity while also being representative of the different facies within each core. The acoustic
response was measured using an AutolLab 1000 from New England Research, Inc. that records
the travel time through core plugs for one compressional wave (Vp) and two shear waves (Vs)
using affixed transducers and receivers. The plugs were measured under dry, non-saturated
conditions, saturated in a 35 ppt NaCl brine solution, and then re-measured under saturated
conditions at various burial pressures. The internal pore pressure is also adjusted to simulate
various burial conditions using a brine liquid with the same concentration used to saturate the
samples. For dry samples used in this study, the pore pressure was held constant at ambient
conditions and the confining pressure was adjusted to simulate an effective pressure from 2-
30MPa, which correlates to a depth of approximately 200m-3000m (650 — 10,000ft.) under
normal hydrostatic pressure gradients of approximately 0.45 psi/ft. or 10.20 KPa/m. For
saturated samples, the pore pressure was held constant at 3MPa and the confining pressure was
adjusted to simulate an effective pressure from 2 - 30 MPa, to easily compare with the
conditions the unsaturated samples were tested. For comparison purposes, the data reported
are from the acoustic response of the saturated samples at an effective pressure of 20MPa,
which correlates with a burial of approximately 2000m (6500ft.), assuming a normal formation
pressure (not over-pressured, or under-pressured) and a normal lithostatic gradient. The actual
minimum and average minimum depth to the top of the Mississippian section in the cored
intervals is 959m (3147ft.) and 1300m (4280ft.) respectively, and the maximum and average
maximum depth of the cored interval of samples tested is 1770m (5810ft.) and 1375m (4515ft.)

respectively.
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The data used to determine these relationships is the brine saturated data from 20MPa
effective pressure. Because of the high degree of brine water within the formation, and
variability in present day depth, these values are used because they have the greatest
applicability. A data specific relationship can be defined with reasonable accuracy (R’= 0.79)
using a simple linear relationship. This best-fit line is necessary to identify to help relate scatter
in the velocity-porosity relationship to permeability.

RESULTS

Pore Architecture Analysis

Qualitative Analysis of Pore Architecture: Pore Type, Morphology and relationship to Facies,

Porosity and Permeability

The majority of the pores identified in this study are all within a small, nano- to micropore,
classification size, as defined by Loucks et al. (2012), and the overall grain size is in the clay/mud
(<4um) to silt fraction (<63um). The major pore type is a combination of dissolution-enhanced
intercrystalline and interparticle porosity, with some samples containing intraparticle porosity,
and micro-fracture porosity. Although a quantitative analysis is most straight-forward in the
application, integrating qualitative observations can also provide insight into the predictability
of potential reservoir porosity or permeability.

Some of the characteristics of the pore architecture are only partially captured through
guantitative evaluation methods due to the methodology used that measures two-dimensional
geometric features in standardized and repeatable procedures. Supplemental qualitative
observations can provide key information when interpreting the relationship between pore
architecture, porosity, and permeability.

The majority of the pores viewed in thin section are from the macro- to micropore size.
These size pores have a variety of non-geometric shapes but are classified generically as
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interparticle, intercrystalline, and intraparticle pores that have variable degrees of dissolution-
enhanced pore space. Many of the samples in the data set have pores that are partially to
completely filled with trapped organic material, possibly immobile, as well as pore space that
was sufficiently connected to be impregnated with an epoxy during the process of making the
thin section, herein referred to as open pores or open porosity. Also observed in thin section
are areas both connected to the organic filled pores and the open pores that have a significant
amount of brown staining that are presumed to have nano- or picopores that area indiscernible
with the LM. In general, samples from facies that are more mud-rich appear to have poorly
connected interparticle pores and a greater tendency toward highly elongate, fracture-type
porosity that parallels the bedding planes. Samples from facies that are more skeletal rich
appear to have a greater abundance of open pores, as well as pore space that has been
dissolution enhanced. Samples from facies that have had the greatest amount of alteration
where the matrix is altered to a crystalline dolomite have the largest pores and the greatest
connectivity based on the area observed to be filled by the blue epoxy impregnated into the
sample pore space.

Pore morphology as viewed in the FE-SEM provides additional insight into the internal
pore network which likely has a direct impact on the permeability (Vanden Berg and Grammer,
2016). Pore sizes that are best viewed with the FE-SEM are those in the micro- to nanopore size
range, but can also include the meso- and macropores. As shown in FE-SEM photomicrographs,
several of the relatively larger interparticle pores have some type of partial pore filling cement
that, based on morphology observed in FE-SEM and compositional information from EDX
(energy dispersive x-ray spectroscopy) analysis is typically a type of clay mineral, calcite, or
quartz. Based on consistent morphologic features, the clay minerals appear to be either illite,
smectite, or kaolinite material (Welton, 1984) and are observed consistently to sub-divide the
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pore space into a series of what are effectively smaller, vuggy pores (that are micro-pore to
nanopore in size) with even smaller pore throats (that are generally large nanopores in size or
small micropores in size). In contrast, pores that are partially filled with a quartz or calcite
mineral are consistently observed to have this mineral line the pore walls but not extend into
the pore space which results in effectively smaller pore diameter and total void space and
smaller pore throats where the crystal extend toward the intersection of the pores, but still
retains the open internal flow network. Therefore, the measurements of the pore diameter and
shape are similar, but the flow path is significantly different with the quartz and calcite lined
pores being easier for a fluid to move through than a series of pores that have highly
complicated flow pathways. In some observations of the smaller nanopores, where calcite or
guartz is observed in the pore space, the pores are sub-divided in such a way that effectively fills
the pore space with the mineral and has a net effect of reducing the total porosity and reducing
the permeability. It is noted that with the smaller size pores, it is rare to have any mineral
precipitation inside the pore space. The clay minerals are primarily only observed within the
large micro- and larger size pores. The only pore type that is observed consistently to have an
open internal pore network is the matrix pores which are typically micro- to nanoscale. As
defined by Vanden Berg and Grammer (2016) these pores are either preserved or created within
the mud matrix but are not specifically associated with any grains. Because these pores are
typically in the nanopore size classification the preserved internal pore space could be a result of
these pores being part of an the ineffective flow network that were not altered by fluid
migration as they were not, and are not, a significant contributing feature to permeability.

Quantitative Analysis of Pore Architecture: Digital Image Analysis

Image analysis was completed using 2,932 images that were most representative of 323
samples from the five cores used in this study. The specific number of samples, images analyzed
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and data points/pores are identified in Table IlI-1. From the photomicrographs that were
analyzed, 1,402,559 data points, or pores, were identified. The number of photomicrographs
used for each sample varied based on data available, complexity of the pore types, variability in
the pore sizes, and variability in the geometric shapes observed. For each identified pore, the
following data measurements were included in the output file: area (um?), length(um),
breadth(um), feret 0(um), feret 90(um), perimeter(um), roundness, compactness, Y Max, X Max,
Y Min, X Min, X Centroid, Y Centroid, derived orientation, aspect ratio, equivalent circle
diameter(um), curve length, curve width(um), curve ratio, convex area(um?), forks, and joins.
Additional parameters used included: area (um?), length(um), breadth(um), feret O(um), feret
90(um), perimeter(um), roundness, compactness, aspect ratio, pore shape, equivalent circle
diameter(um), calculated area using the breadth and length measurement, calculated pore
shape using the length and breadth measurements, and calculated perimeter/area (P/A). The
summary statistics for the data used in this study are included as Table I1I-2.
Pore Size Distribution

Pore size distribution can be viewed using a variety of graphical methods. A first-glance
graphical depiction of the pore size distribution useful for conventional carbonate is obtained by
plotting the perimeter/area on the y-axis against the pore area on the x-axis for each point
(Weger et al., 2009). In carbonate mudrocks this method also provides a simple at-a-glance
method to identify the major pore size in a sample, but does not provide detailed information
for the smallest micro- to nano- size pores. As shown in Vanden Berg and Grammer (2016),
when the data are plotted using a semi-log scale, the distribution of the micro- to picometer size
pores become clearly displayed with a more accurate visual depiction of the pore size

distribution in the data set.
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Data from this study have been plotted using two types of displays and with four
categories as: (1) core with unconventional reservoir facies (fine grain proximal and distal
facies) data, (2) unconventional reservoir fine grained distal facies, (3) unconventional reservoir
fine grain proximal facies, and (4) transitional reservoir fine to coarse grain facies data (Figure 11
3). As shown in Figure 11I-3, it is clear the core representative of a transitional unconventional to
conventional reservoir has the greatest percentage of larger macro- to mesopore size, while the
smallest pores are associated with the core that have predominantly unconventional reservoir

facies that are fine to very fine grain.
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Figure /11-3: Pore Shape distribution by core classification and area included in this study. Both
graphed by specific core, and by specific area, the pore shape is clearly skewed toward lower
values that are generally less than 3.0. A factor of 1.0 is a perfectly spherical pore shape with
higher values related to more elongate pores. Based on the graphed data, the majority of the
pores are highly spherical to ovoid in shape. What is not shown in the graphed data, are
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qualitative observations regarding jagged perimeter boundaries and the highly non-geometric
nature of the observed pore shapes.

Pore Shape Distribution

The pore shape is calculated such that a value of 1 is equal to a perfect sphere, and higher
values are an indication of more elongation in the pore shape. In carbonate with predominantly
macropores, the pore shape is an important characteristic that can be used as an indicator of
effective permeability where the more elongate the pore shape, the greater the connected pore
space and effective permeability (Anselmetti and Eberli, 1998). As shown in Figure 11-4, the
overall pore shape for the five cores is strongly skewed toward a value of 1, indicating primarily
round or oval shaped pores. Although some of the pores have a pore higher calculated shape

values, typically <1% of the data have a pore shape value that is greater than 3 in the data set.

(a)Logan, Payne, and Osage Counties, Oklahoma Pore Size Distribution

(b) Osage County, Oklahoma core Pore Size Distribution
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(d) Reno County, Kansas core pore size distribution

Figure 11I-4: Pore Size distribution plotted by facies type and area included in this study. The
measured pore sizes are plotted in a semi-log manner which clearly identifies the distribution
from macropores to picopores present in the data set. The data generically plot in such a way
that data aligned with the vertical axis are macro- to large micropore size, and data that align
with the horizontal axis are micro- to picopore size. The pore size distribution from the four cores
with very fine grained facies is nearly identical for each core (a,b,c) with a similar trend but
clearly large overall pore sizes measured in the transitional core (d).

Quantitative Regression Analysis: Relationship between porosity, permeability, and pore

architecture
Because the size of the data generated is too large to be combined into a single excel
spreadsheet that is necessary for input into the statistical software program utilized in this

study, and because the primary focus of the research is to enhance the predictability of porosity
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or permeability within very fine grained, unconventional reservoirs, the data were separated
based on the primary facies observed and classified as unconventional data, and transitional
data. The data were further segregated based on results of the models and derivation of data
sets to be analyzed that could potentially provide additional information and success of
identifying a useful and applicable model.

The regression analysis uses dependent values of porosity, air permeability, and
Klinkenberg permeability as reported from the commercial laboratories, and independent
variables that were extracted from the photomicrographs using DIA. Eight model trials were
analyzed utilizing various inputs of the quantitative pore architecture data to attempt to identify
useful parameters that could be used to accurately predict porosity or permeability within the
data set. The results of the eight model trials are described below.

Results for the regression models that incorporated a sub-set of all data from the 4
cores from North-Central Oklahoma are shown in Table 11I-3. Four trials were analyzed that
incorporated (1) all data features measured, (2) features that allowed for a stable model
analysis, (3) data will lowest Klinkenberg values excluded (<0.01mD), and (4) data with lowest
Air Permeability values excluded (<0.01mD). Due to the size of the data set, an additional trial
was analyzed using the “Feret 0” and “Feret 90” measurements instead of the “length” and
“breadth”. The software program was designed so the length and breadth measurements are
orientation dependent, but the feret 0 and feret 90 measurements are not orientation

dependent and therefore more reliably reproducible measurements.
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Table /11-3: The results from each regression model tested are shown in the above table. The
results identify measurements that have a high level of statistical significance, and the ability of
the model to predict unknowns based on the p-value. If the p-value is a high number, this
indicates the model has a high level of predictability for accurately predicting values for
unknown data. The p-value for each model tested is <2.2*10"-16 which indicates the model will
not have a high level of accuracy in predicting unknown values.

The initial model results (models #1 and 2) indicated the area, aspect ratio, equivalent
circular diameter, pores shape (calculated using any input values), and the perimeter/area
values have the greatest correlation to the laboratory measured porosity, air permeability, and
Klinkenberg calculated permeability. Additional statistically significant measurements include
whichever is largest between the measured length or breadth value as related to the
Klinkenberg permeability or porosity. Secondary statistically significant observations related to
the porosity are the pore area, pore perimeter, and roundness measurements.

Additional analysis indicated the model was not stable due to a high degree of co-
linearity of measured features within the data set. This is confirmed by the correlation values as
shown in Table lll-4. As shown in Table Ill-4, none of the measured parameters have a high
degree of co-linearity with the values attempted to be predicted, but several have a high
covariance value, and high co-linearity, with other measured parameters. Measured features
with the greatest co-linearity and redundancy in other measurements were removed from the
model which then produced a stable model and reliable results. However, as noted by the low
r>-value for each additional sub-set of data, the models were unable to identify a useful
correlation between the measured pore architecture features and either porosity or

permeability.
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(A) Carrelation matrix for fine to very fine grained facies data
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Table 111-4: Results from the regression analysis models were interpreted in conjunction with
correlation matrixes. The correlation matrix for each data set was alto utilized to identify
measurements with a high degree of co-linearity that had the potential to create an unstable
model.

Two regression models (model #3 and #4) were analyzed that excluded data associated
with Klinkenberg permeability values <0.01mD, and air Permeability values <0.01mD. Of the
parameters tested, nearly all showed a high degree of statistical significance (Table IlI-3).
However, as indicated by the low r’-value, none of the models tested have a useful predictive
capability for porosity, air permeability, or Klinkenberg permeability values (Table I1I-3, #1 and

#2, Figure llI-5a).
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REGRESSION AMALYSIS MODEL PREDICTABILITY

[A] Regression analysis for very fine to fine grained facies data using conventional measurements for length and width

1
]

‘ | ||||p$||| "ll”l'

=

E 3

[B] Regression analysis for transitional facies core data using more repeatable measuremenits for length and width

T — 1..|'_ u A
T . - R
- e
- o — e T
| — = i - = e =
T -  — *—
+ - Tl - — s o
= A
I-.I -I._|. T —  —
o —
A a1 R — ; .
" P

[C] Regression analysis for very fine to fine grained facies data using more repeatable measurements for length and
width

II.1I i

= LN
— = =
e e . b o— —— -
i = —
— . _._ . _g.:
a ) -_ ; =

As indicated by the p-value for each stable model and set of data tested by the regression analysis, none of
the stable models are able to enhance the predictabiltiv of porosity, air permeability, or Klinkenberg
permeability within the data set.

Figure /11-5: Regression Analysis Model Predictability. For each of the data sets
analyzed using regression analysis, none of the models were able to predict the laboratory

measured porosity, air permeability, or Klinkenberg permeability with any applicable level of
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accuracy. The inability to identify a useful model is likely due to a combination of (1) a
complicated pore architecture, (2) the need to incorporate data that describes the micro- and
macro-fracture network, and (3) need to incorporate diagenetic analysis.

Two regression models (model #5 and #6) were analyzed that incorporated data that
used length and width measurements that are more repeatable due their lack of dependency on
the image orientation. These values are output by the program as the ‘Feret 0’ and ‘Feret 90’
which are measurements of the “greatest horizontal distance (width) measured in the horizontal
direction” , and the “greatest vertical distance (height) as measured between parallel lines in the
vertical direction” (Leica 2013). The models analyzed indicated the area, Feret 0, roundness,
aspect ratio, pore shape, calculated percent microporosity, and perimeter/area values. The
model results shown in Table I1I-3, #5 and #6 indicate that for each of the three tests, all
parameters except the calculated percent microporosity had the greatest statistical significance.
However, although the models are stable, the predictive value as noted in the r’-value, are all
negligible and therefore not useful (Table I11-3).

A model was also tested that utilized a data set composed of summary statistics did not
identify any statistically significant correlations between the length or width values to the lab
measured porosity, air permeability, or Klinkenberg permeability. Although the perimeter/area
value did show a possible useful correlation, it was determined the complete data set with
observations of each pore identified in the photomicrographs would be most applicable for the
purpose of the study.

Due to the lack of predictability of the models that incorporated data from the four
cores that are generically classified as “unconventional” due to the overall low porosity and low
permeability values, two regression models (model #7 and #8) were tested that incorporated

data from the transitional core that has a larger range of both porosity and permeability values
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as well as a larger range of pore sizes and pore types. The models incorporated parameters that
are most similar to those used in the previous models that also did not indicate a high degree of
co-linearity based on the covariance values (Table IlI-3, #7 and #8). Similar to the other model
results, nearly all parameters included have a high statistical significance, but the final model
has a very low p-value and r® values which indicate the models are not useful in predicting
porosity, air permeability, of Klinkenberg permeability within the data set (Table 11I-3).

Enhanced Predictability via Laboratory Measured Acoustic Response

For this study, the acoustic response data are interpreted relative to other studies that
have identified strong correlations between the acoustic response, porosity, pore type, and
predictable equations such as the Wyllie time average equation and the Woods equation (Figure
[1I-2) (Anselmetti and Eberli, 1993; Anselmetti et al., 1997). Previous research has shown these
relationships can be used to predict permeability either qualitatively or quantitatively where
sufficient information regarding the pore type and pore architecture are known and can be
incorporated into the analysis (Anselmetti et al., 1997; Thornton and Grammer, 2012). The
acoustic response was measured under dry conditions for 181 samples and under 35 ppt NaCl
brine saturated conditions for 115 samples. Of the 115 samples tested under brine saturated
conditions, 34 samples were from the core with primary distal deposition from Osage County,
47 samples from the three cores with more proximal deposition from Logan and Payne
Counties, and 34 samples from the transitional facies core from Reno County. Nearly all of the
samples from the four cores with very fine to fine facies (proximal and distal facies) have
porosity values less than 10% and permeability values less than 1.0mD. The transitional core
includes samples with porosity up to 50% and permeability up to 162mbD.

As shown in Figure Ill-6a, the velocity response (compressional (Vp) and orthogonally
oriented shear (Vs)) is inversely related to the porosity in a manner consistent with this
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relationship in other carbonate data sets. Because of the similarity in the velocity response for
the compression and shear waves, and because relationships between the velocity —porosity
trend can be related to pore type and permeability in carbonates with predominantly
macropore systems, the focus of this study will be regarding trends observed in the
compressional wave response (Vp). As shown in Figure IlI-6b, there is a pronounced shift in the
velocity — porosity relationship that occurs at approximately 10% porosity, but the clear inverse

relationship between velocity and porosity remains consistent across the different data sets.

(@) - (b)
Figure /11-6: Laboratory measured acoustic response and porosity data for the areas in the study.

A plot of both the compressional velocity data (Vp) plotted by well location (a), and a plot of the
compressional (Vp) and shear wave velocity response (Vs) (b) show an inverse relationship
between the measured velocity response and porosity, similar to what has been shown to be a
reliably predictive relationship in other carbonate data sets (Anselmetti and Eberli, 1993;
Anselmetti and Eberli, 1999, Eberli et al., 2001).
The Wyllie time average equation is an adequate
approximation for this relationship for samples
that have porosity >10%. For samples with s
<10% porosity, the Wyllie time average equation ”
is the effective upper boundary of the data.
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For samples that have a porosity value of 10% or greater, the Wyllie time average
equation remains a reasonable approximation of this relationship. For the samples that have
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laboratory measured porosity values less than 10%, the recorded acoustic response is slower
than the value predicted by the Wyllie time average equation by approximately 500-1000m/sec
and faster than the value predicted by the Woods equation. Therefore, for samples with <10%
porosity, the Wyllie time average equation and the Woods equation can be utilized as upper and
lower data boundaries for the expected velocity response for a given porosity value when the
measured porosity is <10% (Figure 11-6b).

Closer examination of samples that have <10% porosity shows this shift in the velocity —
porosity relationship roughly correlates to samples with permeability values less than 0.5 — 1mD
(Figure 1l1-6b). A simple linear relationship can be identified to approximate this relationship
with an R* value of 0.79. It is interesting to note this relationship shift also correlates to samples
that transition from very fine grained facies with predominantly micro- to nanopores, to more
coarse grained facies with predominantly meso- to macropores and secondary micro- to
nanoporosity. Therefore, the shift in the measured acoustic response compared to predicted
acoustic response is likely due to the difference in the pore architecture, where although
measured porosity can be <10% in both data sets, within the distal and proximal facies samples
the size of the pores are predominantly in the micro- to nanoscale compared to predominantly
in the meso- to macroscale for conventional carbonates. This difference in pore size causes a
change in the way the acoustic waves are able to propagate through the material. The smaller
pores and the overall distribution creates a bulk modulus and elastic properties that are
different than expected (Fournier and Borgomano, 2009; El-Husseiny and Vanorio, 2015;
Mokhtar et al., 2012; Nur et al., 2008; Rafavich et al., 1984; Verwer et al., 2010)

It is significant to note the relationship between the measured velocity and porosity for
samples that have greater than 10% porosity, and are almost exclusively associated with the
transitional core that has predominantly meso- to macropores, follows the previously identified

%94



inverse relationship, and more importantly is able to be reasonably approximated using the
Woyllie time average equation. This provides additional support for use of this methodology to
enhance the predictability of either the velocity or porosity values in carbonate that have
conventional predominant pore types and sizes (meso- to macropores).

DISCUSSION OF RESULTS

Qualitative Analysis of Pore Architecture

Qualitative observations and classification of the pore architecture from the macro- to
nanoscale indicate a majority of the pores are a form of interparticle, intergranular, or
intercrystalline pores, with highly non-geometric shapes due to various levels of dissolution
enhancement. The second most abundant pore type are matrix pores, which by definition are
not specifically associated with grains but have either formed or been preserved within the very
fine grain silt and clay/mud matrix (Vanden Berg and Grammer, 2016). A third common pore
type is a moldic or vuggy pore that most often appears to be the result of dissolution of skeletal
fragments.

Most significant qualitative observations of the pore architecture are related to the
internal pore network, specifically the partial to complete occlusion of the pore space by the
growth or precipitation of clay minerals, quartz crystals, or calcite crystal. The presence of any
of these partial pore-filling minerals appears to primarily occur in the relatively larger (large
micro-, meso- and macropores) pores, which are typically interparticle pores. Where a
significant volume of clay mineral precipitation is present within the pore space, the internal
pore network appears to be sub-divided into what is effectively a collection of micro- to
nanopores with nanopore throats. However, when the pore has either calcite or quartz
minerals that have precipitated within the pore space, most often the crystals are observed to
line the outer edges of the pore space and only rarely observed to fully occlude the pore.
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Therefore, although the presence of quartz or calcite shrinks the total size of the pore, it does
not sub-divide the internal area into a series of effectively smaller flow paths.

The associated permeability for samples that have a significant amount of clay minerals
precipitated in the pore space is typically lower than for samples that predominantly have
quartz or clay minerals lining the pore. The very low permeability within the data set, is a
reflection of the predominance of pores to have some form of one or more clay minerals
precipitated within the pore space. The porosity value has a similar relationship but is more
closely related to the observed density of the void space coupled with the overall size of the
pore as observed in 2-dimensional cross-sections rather than the mineral precipitation within
the pores.

Quantitative Pore Architecture Analysis: Predictability of Porosity or Permeability using

Regression Analysis

Regression model results using quantitative data extracted from photomicrographs
from four cores in North-Central Oklahoma that represent an unconventional mudrock reservoir
system with very fine grained facies, and one transitional core from Central Kansas, indicate
there are statistically significant parameters that have been measured, but no predictive
capability to use these parameters to predict porosity, air permeability, or Klinkenberg
permeability. Significant co-linearity between several of the measured parameters resulted in
the necessary exclusion of select measurements to produce stable models with reliable results.
For example, because the length and breadth, or Feret 0 and Feret 90, had a significant level of
redundancy with each other only one of the measurements was incorporated into the model.
Similarly, measurements that are directly incorporated into other potentially significant
measurements (e.g. area is within the perimeter/area value) were also excluded in attempts to
produce an applicable and useful model. Data reductions used data that excluded permeability
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values that are less than 0.01mD to test if the lower permeability values were effectively
creating noise in the data set which would in turn result in a non-predictive model. The model
that excluded all permeability values that are less than 0.01mD air permeability value, which
corresponds approximately to 0.0044mD for the adjusted Klinkenberg permeability value, still
included 207,258 observations in the model analysis. Application of the same cut-off to the
Klinkenberg permeability values resulted in a total of 143,117 observations used in the model.
The data reduction and exclusion of factors within the model input data set did not result in a
more useful or applicable model that could be tested using the same data set, or applied
elsewhere, as noted by the very low r>-value (Table I11-3).

The regression analysis trials that used data from the transitional core that grades from
a very fine-grained carbonate “mudrock” to a more conventional carbonate with predominantly
silt and sand size grains with visible macropores that are mm- to cm-scale in diameter was
tested to identify if the high co-linearity and lack of an applicable model was basin-, and possibly
also age- specific, or if the results were indicative of a complicated micro- to nanoscale pore
architecture. Similar to the trials for the unconventional data, the output from these model
trials also indicated that while most measurements are statistically significant, the resultant
models are not useful or applicable to enhance the predictability of porosity or permeability
within the data set (Table I1I-3, Figure III-5).

Because the methodology utilized has been proven to be applicable to carbonates that
have primarily macropore systems (Anselmetti and Eberli, 2001, Melim et al., 2001; Thornton
and Grammer 2012), the cause for the lack of enhanced predictability is likely because of the
nature of the carbonates within the data set, with low porosity, low permeability and micro- to
nanopore architecture. Secondarily, although the data set comes from five cores that were
deposited in a carbonate dominated environment, continued analysis is revealing the
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complicated mixed siliciclastic- carbonate deposition within the Mid-Continent Mississippian
Period stratigraphic section that is further complicated by a complex diagenetic overprint.
Although the application of a generic carbonate ramp, or distally steepened carbonate ramp, is
highly applicable to describing the depositional environments observed and relationship to the
high resolution sequence stratigraphic framework, the actual composition of the depositional
material varies significantly from nearly all carbonate to nearly all siliciclastic (quartz) sediment.
This mixed mineralogy coupled with complicated pore architecture has resulted in complex, and
currently unpredictable, diagenetic alteration of the section. The diagenetic overprint and
alteration becomes part of a complicated narrative in understanding the system as the
diagenetic alteration, which remains elusive as to the origins, mechanisms, and how this can be
utilized to help guide continued development of the play, has a significant effect on the pore
type, total porosity, and permeability. Furthermore, it is locally recognized the play has
significant production related to natural fractures within each field. Although fractures were
noted within the data set, neither macro- scale or micro- scale fractures were specifically or
purposefully included in the pore architecture analysis.

Acoustic Response

Understanding the relationship between acoustic response and porosity provides the
potential for further enhanced predictability of permeability in conventional carbonate
reservoirs (Anselmetti and Eberli, 1999). Understanding how the quantitative pore architecture
is related to the acoustic response may provide additional information that allows for enhanced
predictability of permeability in conventional carbonate systems (Anselmetti et al., 1998;
Thornton and Grammer, 2012). As shown in this dataset of predominantly very fine grain
carbonate samples with some mixed siliciclastic mineralogy, the acoustic response and porosity
is inversely related in a similar manner as what is observed in conventional carbonate reservoirs
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(Anselmetti and Eberli, 1999). Upon closer examination, although the relationship has a similar
trend, the acoustic response for the carbonate mudrocks is significantly slower for a given
porosity than would be expected based on data from conventional carbonate samples and
theoretically calculated values. It is important to understand the physical reasons for the
difference in the details of the relationship so the relationship between other physical
properties (porosity, permeability, saturations, strength) can be accurately understood (Nur et
al.,, 1998). Within this study data set, the shift to a slower velocity than what is generally
predicted by the Wyllie Time Average equation, which is a useful approximation of the
relationship for carbonates with predominantly macroporosity, is likely due to three key
properties, and a fourth potentially significant characteristic of the samples, within the current
data set. First, the samples tested, especially those with less than 10% measured porosity, have
predominantly micro- to nanoscale pore architecture. When the predominant pore architecture
is composed of these very small pore sizes, this has a fundamental effect on elastic properties of
the sample, including the bulk and shear modulus, which control propagation of sonic velocity
waves through the material. The net effect is an observed slower velocity response for a given
range of porosity. This micro- to nanoscale pore architecture, although complicated by the
presence of several non-geometrically shaped pores, also complicates the relationship between
the velocity response, porosity, pore type, and permeability in the how it effects the coupling of
the grains, or associations of the grain-to-grain contacts, within the matrix making the
relationship between pore shape or pore size with permeability a non-effective predictive tool
for micro- to nanopore systems. Both the complicated nature of the pore architecture, and its
effect on both the physical properties of the sample and relationships between geometric and
laboratory measured properties is important to note due to the potential effect that a
significant amount of microporosity could have on the velocity response in a sample set

99



identified to have a significant amount of macroporosity with the percentage of microporosity
overlooked and excluded from the data set. Although the effect observed could arguably be
said to be minor (it is within the data boundaries identified for macropore dominated
carbonates) when the acoustic response data are used to further predict the primary pore type,
and either qualitative or quantitative permeability (Anselmetti and Eberli, 1993; Eberli and
Anselmetti and Eberli, 1999) this slower response could be mis-interpreted as a primary
producing interval where in fact, there is a relatively lower permeability zone due to the
combined effects of the micro- to nanopores on flow within the reservoir. Also in relationship
to the micro- to nanoscale pore architecture is the additional complication from precipitation of
at least two clay minerals (likely illite and smectite), quartz, and calcite minerals. Although the
details of the small variability in mineralogy within the pore space is masked in the available XRD
data due to bulk analysis, the observations and analysis from FE-SEM-EDX data should be noted.

Second, the mineralogy of the matrix grains is not pure carbonate for many of the
samples used in this study. Whether the mixed mineralogy is a result of original deposition
from a mixed carbonate - siliciclastic or due to a complicated diagenetic history is beyond the
scope of this paper. However, the resultant mineralogy must be acknowledged with any
interpretation to be potentially applicable to other parts of the reservoir system (Kittridge,
2015). Therefore, in relationship to the Wyllie time average equation which is calculated using
properties for calcite for greatest application to a pure (CaCO3) carbonate system, at least slight
differences in the relationship are expected. When the Wyllie time average equation plotted
using properties for average “shale” mineralogy, and quartz mineralogy, it is clear the slower
effect observed in the velocity response within the data set are due to the mixed mineralogy

with variable amount of quartz/silica or clay materials within the matrix (Figure 11I-7).
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Figure IlI-7: The shift in laboratory measured sonic velocity response in a mixed carbonate-
siliciclastic reservoir system is at least partly attributed to the percentage of silica, or quartz, and
clay mineralogy within the sample. As shown above with the Wyllie time average equation
plotted for calcite, quartz, and average clay, or shale, mineralogy, show a slower slower velocity
response should be expected for samples that have predominantly quarts or clay mineralogy as
depicted by the purple and grey lines.

Third, although the integration of micro- or macro- scale fractures was not part of this
study, it is recognized that fractures of variable aperture and length will have a potentially
significant effect on the porosity, permeability, and elastic properties of the samples. Fourth,
and potentially significant as related to original depositional characteristics and/or the
diagenetic history, is recognition of the age of the samples as Paleozoic age and potentially
unique to the North American Mid-Continent area during the Mississippian Period (Ehrenberg et
al., 2009; Bachu and Underschulz, 1992).

As shown in other case studies related to the acoustic response of carbonates and/or

mixed siliciclastic-carbonate depositional systems, the acoustic response of samples collected
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from a mixed mineralogy composition depositional system should be a reflection of the pore
architecture (pore shape, size), the mineralogy, and both original depositional composition and
present day mineralogy altered by diagenesis (Kleipool et al., 2015; Anselmetti and Eberli, 1993;
Baechle et al., 2008; Kenter et al., 2007; Fournier and Borgomano, 2009; Kittridge, 2015). Also
important to acknowledge and incorporate, if feasible, in the interpretation is how
heterogeneity in carbonate rocks often results in the lack of applicability of conventional
methods (Rasolofosaon et al.,, 2008). Rasolofosaon et al. (2008) identify several additional
conditions where velocity measurements of carbonate samples can be problematic due to the
potential for some carbonates to violate basic principles such as: strong ultrasonic attenuation
under high differential pressure, anomalous velocity dispersion measurements at low frequency
(<5kHz), and an effective violation of the Gassman equation for water saturated samples. One
level of heterogeneity that is clearly present within the current data set is presence of secondary
porosity formed through the complex diagenetic history.

The results from this study show the relationship between measured acoustic response
and measured porosity is similar to what was expected based on previously published data
(Anselmetti and Eberli, 1993; Anselmetti and Eberli, 1999; Eberli et al., 2003) where the
measured acoustic response has an inverse relationship to porosity. One significant difference
in the study data set for samples with porosity less than 10%, is the Wyllie time average
equation becomes applicable as an upper data boundary instead of a useful approximation of
the velocity — porosity relationship, with the Woods equation still observed to be an applicable
and useful lower data boundary. For samples that have greater than 10% porosity, the Wyllie
time average equation remains a reasonable approximation of this relationship. This shift in
the data is observed in a comparison of data from the five cores, as well as within the
transitional core that has both low porosity, low permeability, micro- to nanopores, and
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relatively higher porosity, permeability, and meso- to macropores. The shift in the velocity —
porosity relationship also has a correlation within the data set to samples with a corresponding
permeability of approximately 0.5 -1mD. Although this is helpful and a useful relationship to
identify, it is not specifically predictive, nor does it provide a specific relationship to
permeability.

SUMMARY

Three areas within the North American Mid-Continent area (Oklahoma and Kansas) with
cored intervals from the Mississippian Period stratigraphic section were analyzed to identify
qualitative features within the pore architecture with consistent relationships to measured
porosity and permeability, and a qualitative analysis to identify statistically significant
relationships between geometric measurements of the pore architecture and porosity or
permeability.

Qualitative analysis of the pore architecture provided the greatest insight through
identification of pore types present in the data set and the relationship between the micro- to
nanoscale internal pore space mineral precipitation of clays, quartz, or calcite to permeability. In
pores that had a considerable amount of clay mineral precipitation within the pore space, these
intervals, regardless of facies, have relatively low measured porosity and permeability. Intervals
that have the highest porosity and highest permeability correlate with pores that not only have
the greatest density, and are relatively larger in total size, but also have little to no clay mineral
precipitation and are lined with calcite or quartz that does not typically sub-divide the flow
network. Further insight into the controlling factors will need to incorporate the diagenetic
history of the samples as it is clear from this study that extensive diagenetic alterations are not
facies specific, but do appear to have a unique relationship to defined sequence stratigraphic
architecture.
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Qualitative analysis of the pore architecture used data extracted from FE-SEM and thin
section photomicrographs to identify key relationships between the pore architecture and
laboratory measured porosity, air permeability, and/or Klinkenberg permeability. Regression
analysis using sub-sets of data representative from the four cores with distal and proximal
unconventional facies identified several statistically significantly measurements but was unable
to generate a useful or applicable model that could accurately predict any of the key
petrophysical properties. The final models tested to predict porosity, air permeability, or
Klinkenberg permeability all have very low predictability as indicated by the very low r’-values
and observed in graphical outputs showing actual vs. predictive values. Trials that attempted to
remove potential noise in the data due to possible inaccuracies in the very low reported
permeability values did not improve the predictability of any of the models. Regression analysis
of data representative of the transitional core, with several facies that have predominantly
meso- to macroporosity, had similar results with several statistically significant measurements
identified but no model that was able to accurately predict porosity, air permeability, or
Klinkenberg permeability. Because the regression analysis was unable to generate a useful
model that could be used to predict the key petrophysical parameters with any level of
accuracy, it is concluded that additional analysis regarding the fractures, and diagenetic history
should be included in the analysis as the lack of enhanced predictability is likely due to the
complicated mixed carbonate — siliciclastic deposition, preservation, and diagenetic alteration of
the Mid-Continent Mississippian stratigraphic interval.

The acoustic response was measured for samples representative of the facies preserved in
each of the five cores used in this study. The measured acoustic response is inversely related to
porosity with a significant shift in the overall relationship occurring at approximately 10%
porosity, which roughly correlates with a permeability value of 0.5-1.0mD, and facies that are
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generically considered unconventional due to their associated low porosity, low permeability,

and micro- to nanopore architecture, and more coarse grained, conventional facies with

predominantly macroporosity. This shift in the overall velocity-porosity relationship is observed
in a comparison of the five cores, as well as within the transitional core that grades upward from
very fine grained facies with micro- to nanopores, to coarse-grained facies with meso- to
macropores. For samples with less than 10% porosity, and predominantly micro- to
nanoporosity, the Wyllie time average equation is applicable as an upper data boundary instead
of a good approximation of the data set, with the Woods equation still a useful lower data
boundary. For samples with greater than 10% porosity with predominantly meso- to
macropore architecture, the Wyllie time average equation remains a reasonable approximation
of the velocity — porosity relationship.
CONCLUSIONS

Results from this study indicate the following:

1. Qualitative insight into a correlation between diagenetic alterations of the internal pore
network where a high degree of clay precipitation correlates to relatively lower
permeability, while a high amount of calcite or quartz precipitation within the pore
space correlates to relatively higher permeability values.

2. Quantitative data regarding the pore size and distribution graphed in two unique
orientations (pore size vs. P/A, and pore size distribution) provide potentially valuable
information regarding the flow network and potential natural rate for fluid extraction or
maximum injection rates.

3. A similar inverse relationship with porosity that can be approximated by the Wyllie time

average equation is applicable to samples with predominantly conventional reservoir,
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with conventional reservoir pore types, pore size ranges (macro- to mesopores) and
laboratory measured porosity that is greater than 10%.

For unconventional mudrock samples that have predominantly micro- to nanopore sizes
in very fine grain sediment and laboratory measured porosity less than 10%, there is a
significant shift in the predictable inverse relationship between velocity and porosity.
Observations from the data set indicate the Wyllie time average equation is a useful
baseline but instead of being applied as an approximation of the relationship between

velocity and porosity, it should be applied as an upper data boundary.
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CHAPTER IV

A COMPARISON OF THE RELATIONSHIP BETWEEN MEASUREED ACOUSTIC
RESPONSE AND POROSITY ACROSS DIFFERENT GEOLOGIC PERIODS,

DEPOSITIONAL BASINS, AND WITH VARIABLE MINERAL COMPOSITION

ABSTRACT

Recent work has shown that there is a predictable inverse relationship between laboratory
measured sonic velocity response and porosity in carbonates, which can be reasonably
approximated using the empirical Wyllie time average equation. The relationship was initially
identified in late Cretaceous to Cenozoic age samples collected from the Great Bahama Bank,
and the Maiella Platform an exhumed Cretaceous carbonate platform in Italy. This study
provides a comparison of “older” carbonate samples from different basins and different
geological ages to determine the applicability of this relationship, and subsequent correlations
to key petrophysical properties, to other carbonate basins and other geologic time periods. The
data set used for the comparison shows this relationship to be relatively consistent in other
depositional basins (Michigan Basin, Paradox Basin) and from samples from older geologic
periods (Pennsylvanian, Ordovician, Mississippian). However, this basic relationship is also

observed to vary significantly within a reservoir system and within a depositional basin in
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samples from different geologic periods (e.g. Silurian vs. Ordovician age rocks in the Michigan

Basin).

While the empirical Wyllie time average equation can generally be applied as a first-
order estimate across a wide range of sample ages in carbonates, limited data suggest the
relationship between velocity and porosity in unconventional carbonate reservoirs characterized
by predominantly micro- to nano-scale porosity is at least moderately more complex, such that
the Wyllie time average equation should be applied as an upper data boundary. In addition, this
study has shown that the relationship to dominant pore type is less direct than in a macropore
system where it can be assumed that the dominant pore type also has the greatest effect on the

effective permeability.

INTRODUCTION

In conventional carbonate reservoirs, where the predominant pore type is in the macro-
to mesopore size range, as defined by Loucks et al. (2012), the relationship between porosity
and acoustic response (velocity) has a clear inverse relationship that can be approximated by
the Wyllie time average equation (Figure 1V-1) (Anselmetti and Eberli 1993). Although there is
significant scatter in the data, it has been shown to be directly related to the dominant pore
type (Figure 1IV-2) (Anselmetti and Eberli 1993) which can in turn be related to the relative
permeability (Anselmetti et al. 1997). Understanding how this relationship can vary when
applied to different depositional basins and through geologic time periods can provide insight
into the potential relationship to the dominant pore type and potential relationship to
permeability (Anselmetti and Eberli, 1993; Anselmetti et al., 1997; Anselmetti et al., 1998;
Anselmetti and Eberli, 1999). For example, it can be assumed that within a carbonate system, if

two samples with the same total porosity, one with intergranular porosity and one with moldic
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porosity, the sample with the intergranular porosity will more consistently have the higher
permeability. These same two samples show distinct relationships regarding the velocity
response and subsequent relationship to the Wyllie time average equation (WTA). At the same
porosity, the sample with intergranular porosity and relatively higher permeability will have a
slower velocity than the average predicted velocity, and the sample with moldic porosity with
the lower permeability will have a higher than average predicted velocity. Based on these
observations and correlation to both pore type and permeability values, it can be generally
assumed that when the actual velocity is slower than what is predicted by the WTA equation,
that sample will have a relatively higher permeability in comparison to a sample that plots as the
WTA equation would predict, or at a velocity higher than predicted. The identification of this
fundamental relationship and subsequent relationships to pore type and permeability has
significant potential to improve understanding and predicting key reservoir properties, including
the development of proxies for interpreting permeability from the knowledge of pore type and

corresponding sonic velocity response.
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Figure IV-1: The baseline data set for this study measured the velocity response for Cenozoic to
early Mesozoic age pure carbonates from the Great Bahama Bank, Maiella (Italy), and Florida
Bay. When plotted with porosity, there is a clear inverse relationship with higher porosity
values correlated to lower/slower velocity response and low porosity values correlated to
high/faster velocity response. Although there is a significant amount of scatter in the data set,
the overall relationship is reasonably approximated by the Wyllie time average equation (blue
line). (Figure modified from Anselmetti and Eberli, 1993 and used with permission from G.
Eberli)
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Figure IV-2: The scatter within the Cenozoic to early Mesozoic data set is explained clearly when
the data are plotted based on the predominant pore type. As shown in the figure, when the
velocity — porosity relationship is classified by pore type, the relationship becomes significantly
more precise and therefore more applicable as a useful predictive tool. (Figure modified from
Anselmetti and Eberli, 1993 and used with permission from G. Eberli).

These relationships and trends, however, are based primarily on a data set of “young”
rocks that are late Cretaceous to Cenozoic in age. For this reason, a fundamental question
remains to be addressed regarding the applicability of these relationships and trends to (1) older
rocks, (2) carbonates from different depositional basins, and (3) carbonates that have a mixed

mineral composition either from original depositional dynamics or from diagenetic alteration.

With these questions in mind, the goal of this paper is to:
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3. Identify how the relationship between velocity response and porosity compares to the
baseline data from different basins, and from different geologic time periods
(Ordovician and Silurian of the Michigan Basin, Pennsylvanian of the Paradox Basin, and
Mississippian of the North American Mid-Continent).

4. ldentify how the relationship between velocity response, porosity, and permeability
changes with different fundamental pore system architectures, specifically between a
macro- to mesopore dominated system and a micro- to nano-meter scale pore
dominated system, when pore size is classified using the proposed classification scheme
by Loucks et al. (2012).

These goals were adressed through a series of observations and analyses of laboratory

measured velocity response data, and the associated laboratory measured porosity values.

Where available, this data was also compared to laboratory measured permeability data to

identify relationships, or lack thereof, to the velocity-porosity trend and infer the potential for

this to be related to the pore type, and ideally be applied to accurately predict permeability.
DATA SET AND METHODS

Cenozoic Conventional Carbonates: Baseline

The baseline data, as referenced in this study, include relationships identified from a
fundamental inverse relationship between velocity and porosity as measured from conventional
carbonate samples collected from the Great Bahama Bank, Florida Bay, and the Maiella
Platform, an exhumed Cretaceous carbonate platform in Central Italy (Anselmetti and Eberli
1993). Subsequent analysis included defining additional controls and applications of the
fundamental relationship between velocity and porosity including the identification of dominant
pore type, relationship to relative permeability, and application to seismic interpretation
(Anselmetti et al. 1997, Anselmetti and Eberli 1999, Anselmetti and Eberli 2001, Anselmetti et al.
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1998, Eberli and Anselmetti 2003). The velocity response was measured using a pulse
transmission technique (Birch 1960) where samples are water or brine-saturated, placed inside
a rubber jacket and placed into the machine apparatus. The confining pressure and the pore
pressure are adjusted independently so in situ conditions can be mirrored by the analysis. The
transducers are configured so one compressional wave (Vp) and two orthogonally polarized
shear waves (Vs) are generated and transmitted through the sample. The wave signals are
computer filtered and analyzed so the velocity response at different effective pressure steps can
be defined. As noted by Anselmetti and Eberli (1993), the quality of the data is directly related
to the quality of the sample and the clarity of the first clear peak. The most clear first peak
typically occurs with highly cemented samples and allows for a velocity measurements with an
error of less than 1%. The least clear first peak typically occurs with samples that are highly
friable. When the first arrival peak is unclear, the error in the velocity measurements could be
up to approximately 5% (Anselmetti and Eberli 1993).

Comparative data sets:

The data sets used for the comparative analysis come from two Ph.D. theses and two M.Sc.
theses. In each study, the research incorporated a variable number of laboratory measured
velocity responses as it related to porosity and the wider research topic. The four studies
provide data grouped by five classifications based on basin, age, and represented facies. The
comparative data sets, in order from youngest to oldest, include:
(1) A Pennsylvanian age, mixed carbonate-siliciclastic-evaporite system with samples
collected from three outcrop locations within the Paradox Basin in southeast Utah,
U.S.A. Facies include a quartz sandstone, black laminated carbonate mudstone,
carbonate skeletal wackestone and packstone, and evaporite facies. The data for 362
samples are reported for an effective pressure of 50MPa (Nussbaumer 1999).
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(2) A Mississippian age, unconventional to transitional, mixed carbonate — siliciclastic
reservoir with 34 samples from a single well in Reno County, located in Central Kansas.
The facies include a fine grain carbonate mudstone to diagenetically altered packstone
to grainstone, and a sequence of peritidal deposits. The data are reported for an
effective pressure of 20MPa.

(3) A Mississippian age, unconventional mixed carbonate-siliciclastic reservoir, with 81
samples collected from four cores located in North-Central Oklahoma. The facies
include very fine grain carbonate mudstone, wackestones, and skeletal packstone facies.
The facies have variable amounts of quartz, and clay minerals mixed in with the original
deposition as well as different grades of chert from diagenetic alterations. The data are
reported for an effective pressure of 20MPa.

(4) A Silurian age, conventional carbonate reservoir with 16 samples analyzed from one
well, and supplementary velocity data derived from wire line sonic logs for two wells in
the Michigan Basin. The wells include reef facies that include muddy bioherm,
framework reef wackestone, packstone and grainstones, and cyanobacterial mat facies.
The data are specifically Niagaran age with core collected from Niagaran reef reservoirs
that spatially outline the Michigan Basin. The data for 16 samples are reported with an
effective pressure of 20MPa (Noack 2008).

(5) An Ordovican age, conventional carbonate reservoir with data for 37 samples are
reported from within the study area which includes analysis of samples and core from
three well locations in the Michigan Basin. Facies include a carbonate mudstone, but
are primarily carbonate wackestone to carbonate grainstone facies. Samples were
collected from three well locations in the Albion-Scipio trend in the South-Central area
of the Michigan Basin. The specific effective pressure for the data used in this study is
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unknown. However, the analysis included a measurement at 20MPa and did not exceed
30MPa so it is likely the data correspond to either a 20MPa or 30MPa effective pressure

(Thornton 2011).

The laboratory measured velocity response for each of the data sets was performed
using a pulse transmission methodology, the same as what was used by the baseline study
described above. Additionally, laboratory analysis was performed using the same equipment
with assistance from laboratory personnel at the University of Miami — Rosenstiel School of
Marine and Atmospheric Sciences (UM-RSMAS) comparative sedimentology laboratory (CSL).
One minor difference in the specific steps followed relates to the measured velocity response
for the Mississippian age samples. The specific machine utilized was a newer model with
slightly modified specific steps to complete the analysis, but the fundamental methodology
using a pulse transmission to propagate a compressional wave and two orthogonal shear-waves
with the ability to replicate in situ conditions by independently adjusting the specific pore
pressure and confining pressure conditions was the same as what was used in the other studies.

Minor differences regarding the specific measurements are noted in each study
regarding the maximum effective pressure which varied from a maximum of 30MPa to 100MPa.
The specific range of measurements was related in each study to the purpose of the research
and conditions that would encompass the average present day burial depth. Each of the
analyses included a collection of measurements from a series of increasing and decreasing
pressure steps using both dry and brine-saturated samples. The data reported by each study is
associated with a specific effective pressure that is most applicable to the representative data
set. However, the major trends observed should not change significantly at the reported
effective pressures, and for the purpose of this study are considered to be within a reasonable,

comparative effective pressure range.
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RESULTS

Cenozoic Conventional Carbonate Reservoir types: Baseline

The results from the study using Cenozoic samples from the Great Bahama Bank, Lower
Cretaceous to Cenozoic samples from the exhumed Maiella carbonate platform in Italy, and
modern, compacted mud samples from Florida Bay, show a clear inverse relationship between
velocity and porosity (Figure 1V-1) (Anselmetti and Eberli 1993). This inverse relationship is
further referenced within this paper as a baseline, or reference, relationship that is reasonably
approximated by the Wyllie time average equation. The one exception to this was observed in
the modern compacted mud samples collected from Florida Bay which naturally plot just above
the Wood equation as calculated using values for water and calcite reported as 4.06¥10"°m?/N
and 1.34*¥10™'m?/N respectively (Figure IV-1) (Anselmetti and Eberli 1993).

In addition to identifying a baseline relationship between velocity and porosity, the
study also showed the velocity response can be reasonably approximated with the empirical
Wyllie time average equation. Additional controls on the velocity response have been identified
as related to the dominant pore type, have slight differences when grouped into specific velocity
ranges based on sample location (Florida Bay, Great Bahama Bank, or Maiella), and that the
mineral composition of a “pure carbonate” as related to the difference between calcite,
dolomite, and aragonite is insignificant compared to primary controlling petrophysical features.
The study also showed the velocity response is not predictable based on the depth or age.
However, samples can be correlated to the original depositional environment where generally
samples collected from areas with relatively more shallow water conditions, such as on the top
of a platform or in a near-shore environment, typically have a higher average velocity than
samples deposited in relatively deep water environments such as along the slope or in a basin.
Ultimately, the primary controlling feature on this baseline relationship between velocity and
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porosity is identified to be the total porosity of the sample which is the primary control on the
elastic properties. As shown in Figure IV-2 (Anselmetti and Eberli 1993), when the velocity
response is plotted based on the dominant pore type, this enhances the predictability of the
relationship by minimizing the scatter.

Comparative Data Sets:

Pennsylvanian Paradox Basin: Conventional Mixed Carbonate-Siliciclastic-Evaporite reservoir

types

A plot of the published data from the Paradox Basin indicates that a consistent inverse
relationship exists between the velocity response and porosity (Figure IV-3a). The mineralogy of
the data set indicates there is highly variable mineral composition that ranges from 0-100% pure
carbonate (calcium carbonate) as determined from X-ray diffraction (XRD) mineral identification
of quartz, calcium carbonate, dolomite, potassium feldspar, albite, and anhydrite. Although the
minimum pure carbonate is 0%, this is a measure of the current percentage of calcium
carbonate (CaCOs) and not an indication of the original composition. As a Pennsylvanian age
system, several of the samples have a significant (0-100%) amount of dolomite identified as part
of the mineral composition. The maximum amount of quartz identified in the samples is 78%,
and the maximum amount of potassium feldspar is 11% by composition. Therefore, in
consideration of the XRD analysis, the “quartz sandstone facies”, identified as 50% quartz silt,
20% dolomite cement and 30% calcite cement could also be classified as a highly carbonaceous
facies with a significant amount of carbonate mineralogy. The data associated with this facies is
included in the analysis to identify if this change in mineral composition significantly, or
minimally, impacts the relationship between velocity and porosity or if can be considered a
minimal impact on the interpretation. It is however important to analyze the mineral
composition so changes that are a result of a high percentage of a specific mineral can be readily
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identified and either noted so the interpretation is not influenced, or removed from the data
set. In this study, it is noted that the mineral composition of the Pennsylvanian data set is highly
variable but the data are included to make observations of how the relationship between
velocity and porosity changes in a mixed mineralogy reservoir system. Furthermore, based on
the mineral composition, even though this is a mixed depositional system that has undergone
diagenetic alteration, the mineralogy indicates most samples are generally classified as a
carbonate. As shown in Figure IV-3b, when the data are plotted based on the facies type, which
presumably have similar dominant pore types, there is a grouping of the data that significantly
reduces the scatter, similar to what is observed in the baseline data by pore type. When the
data are overlain with associated permeability values (Figure 1V-4), although there is a wide
range of measured permeability, the overall relationship to the WTA equation is consistent with
the results from the baseline study in that a plot of the data by facies type shows clear grouping
of the data which enhances the predictability. The difference between this graph from the
baseline data set is the data are grouped by facies compared to being graphed by predominant

pore (Anselmetti and Eberli 1999).
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Figure IV-3a: Pennsylvanian age samples from the Paradox Basin in southeast Utah (U.S.A.)
show a similar inverse relationship between velocity and porosity that is reasonably
approximately by the Wyllie time average equation as shown in the figure. Although the data
set includes samples with mixed mineralogy, the majority of the samples are composed
predominantly of carbonate or dolomite mineralogy with conventional macro- to mesopore
architecture. (data from Nussbaumer, 1999)

7,000
‘ Fariac
6,500 - Y e W TA
» -
1 W - A AFP
6,000 hgi«x A 4pa == ®  AFT
o o . “s A& X ¥ BLM
5,500 A &% - ® BLM
O x ° $a *
QL & ] A‘ > + EV
45,000 - % A > T
E E - \ A IFT
>4,500 o * NsC
X L] x
&000 m QSF
O QsF
g \ SCP
3,500 ® SCT
SCT
3,000 b
SF
2,500
2,000 T T T T T 1
0 5 15 20 25 30
Porosity (%)

Figure IV-3b: The Pennsylvanian data are plotted based on the identified facies in the system
which is assumed to be a reflection of the original depositional environment and primary pore
type. As shown in the figure, similar to the baseline data set, there is a grouping of the data
based on facies which increases the applicability of the identified relationships for use as a
predictive tool.

(data from Nussbaumer, 1999)
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Figure IV-4: When the Pennsylvanian Paradox Basin velocity — porosity relationship is overlain
with permeability data, we see how Wyllie time average equation not only approximates the
velocity relationship to porosity, but is likely to be applicable in the relationship to permeability
variation based on pore type. (data from Nussbaumer, 1999)

Mississippian North American Mid-Continent: Unconventional Mixed Carbonate — Siliciclastic

reservoir types

The velocity response and porosity for samples taken from five locations within the
North American Mid-Continent Basin (Mid-Continent) are shown in Figure IV-5. As shown, there
is a predictable inverse relationship between the velocity response and measured porosity. The
Wyllie time average equation is a reasonable approximation for a significant portion of the
graphed area, but there is a unique shift in the overall pattern associated with samples that
have less than approximately 10%. For these samples, the Wyllie time average equation is more
applicable as an upper data boundary than an approximation of the velocity/porosity
relationship, indicating a more specific mathematical relationship should be identified for these
data. When measured permeability is overlain on the graph (Figure IV-6) a correlation between

samples with relatively high permeability values and lowest velocity response can be observed.
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There appears to be a nearly L-shaped curve that follows the permeability values as they relate
to velocity, however this is partly due to the scales used to display the data. This becomes
apparent when only data associated with both low porosity and low permeability values are
shown. The cut-off applied to porosity values is 10%, based on where the relationship shift
occurs as related to the Wyllie time average equation. The associated permeability cut-off used
is a value of 10mD which is where most of the permeability data are clearly associated with the
lowest velocity response measurements. With this adjusted displayed focus (Figure IV-7) a best
fit line applied to the data show an overall behavior that is expected of a conventional
carbonate where data plot both above and below a line that approximate the velocity — porosity
relationship based on the dominant pore type and related permeability. Although a unique best
fit line may be necessary to identify for a specific study area or data set within a basin, if the
fundamental behavior is assumed to be the same with the velocity response related to the total
measured porosity and dominant pore type, then mathematically defining this line should
improve the ability to enhance the predictability of the velocity and porosity, and potentially

relate to the dominant pore type and relative permeability.
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Figure IV-5: Mississippian age data from the North American Mid-Continent area show a
predictable inverse relationship between the velocity response and measured porosity. The
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Wyllie time average equation provides a reasonable approximation of this relationship for
samples that have a porosity greater than 10% and predominately meso- to macropore
architecture, and is an approximate upper boundary for samples with porosity less than 10%
and with predominately micro- to nanopore architecture. (data from Vanden Berg 2016).
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Figure IV-6: The Mississippian age velocity and porosity data are overlain with permeability data
to identify potential relationships that can be applied to other areas of the reservoir. Because
the majority of the associated permeability values plot above the average best-fit line, it is likely
that specific mathematical relationships between velocity and porosity for each major category
of pore architecture (macro- and mesopores vs. micro- to nanopores) will provide more
accurate estimates of associated petrophysical properties in this reservoir.

(data from Vanden Berg, 2016)
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Figure IV-7: The Mississippian age velocity and porosity data for only the samples with
predominantly micro- to nanoporosity are overlain with permeability data to identify how the
relationship between velocity and porosity compares to associated permeability values. Within
this sub-set of Mississippian age data we see that a best-fit line can be applied to the overall
velocity — porosity relationship where the permeability values plot in a manner similar to what is
observed for conventional carbonates and is likely related to the predominant pore type that is
associated with the effective permeability.

(data from Vanden Berg, 2016)

Silurian and Ordovician Michigan Basin: Conventional Carbonate reservoir types

Ordovician and Silurian data from the Michigan Basin are plotted together in Figure 1V-8
which highlights the potential for significantly different laboratory measured velocity response
for carbonates within the same basin but from different geologic time periods. The Ordovician
data has a clear inverse relationship between velocity and porosity but the maximum velocity
response is observed to be 500-1000 m/sec faster than observed in either the baseline data or
the Paradox Basin data. Although not specifically highlighted in the original study, closer
examination of the Ordovician data set (Figure IV-9) clearly shows distinct velocity — porosity
relationships based on the well location. It is noted the Ordovician data set comes from an
interval that has been subjected to hydrothermal dolomitization. Although the relative timing
of the alteration would be similar on a geologic time scale, differences due to facies thickness
and effective impact of the diagenetic alteration appears to have been sufficient to result in the
slight differences in the elastic properties and therefore the velocity response in specific parts of
the study area. The overall behavior for the Ordovician samples is sufficiently similar to the
baseline data so that the Wyllie time average equation reasonably approximates the
relationship between velocity and porosity. However, if a best-fit line was identified based on a
more specific location or impact from diagenetic alteration, the predictability of associated
petrophysical properties would likely become more accurate and useful. As noted with the
Mississippian data reported in Figure V-6, data plotted based on the three well locations clearly

identifies three similar, but unique relationships between measured velocity and porosity.
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When the data are overlain with measured permeability (Figure IV-10), it becomes clear that
two areas (data set 2 and 3) have either preserved or enhanced permeability while one area
appears to either have lowered permeability, or may have been by-passed by the hydrothermal

diagenetic alterations.
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Figure IV-8: Silurian and Ordovician data from the Michigan Basin show a predictable inverse
relationship between the velocity response and measured porosity. The Wyllie time average
equation provides a reasonable approximation of this relationship with primary deviations
related to the two data sets that are derived from the wireline sonic log response.

(Silurian data from Noack, 2008; Ordovician data from Thornton, 2011)
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Figure IV-9: When the Ordovician age Michigan Basin data are plotted alone, we see a distinct
grouping of the data based on well location. Although the Wyllie time average equation
provides a nice approximation for this data set, by plotting the data based on spatial location an
additional level of predictability can be applied by applying a best-fit line to each area.
Additional, and likely more accurate, information related to the predominant pore type,
permeability, and diagenetic alteration should also be feasible. (data from Thornton, 2011)
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Figure IV-10: The Ordovician velocity and porosity data from the Michigan Basin are overlain

with permeability data to identify potential relationships that can be applied to other areas of
the reservoir. Because the majority of the associated permeability values plot above the average
best-fit line, it is likely that well, or area specific mathematical relationships between velocity
and porosity will provide more accurate estimates of associated petrophysical properties in this
reservoir. (data from Thornton, 2011)

In comparison to the Michigan Basin Ordovician data, the Silurian data set has an even
higher (faster) velocity response overall (Figure 1V-8). When the Silurian data are plotted alone,
the deviation to an expected inverse relationship that can be approximated by the Wyllie time
average equation becomes readily apparent (Figure IV-11). The relationship between velocity
and porosity is not consistent between the three sub-sets of data where there is only one group
with a clear inverse relationship between velocity and porosity (log data (1)). The other data
exhibit a moderately inverse relationship for the laboratory measured response data, and what

appears to be a nearly consistent range of velocity response of 6200-7000m/sec for a wide
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range of porosity values from 0-45%, from a second location with values derived from a wireline

sonic log (log data (2)).
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Figure IV-11: When the Silurian age Michigan Basin data are plotted alone, we see a distinct
deviation from the Wyllie time average equation that for this data set is not a reasonable
approximation. The data derived from a wireline log response in one location does have a clear
inverse relationship between velocity and porosity but the measured data show only a weak
inverse relationship and data from a second well and wireline log response appears to have no
clearly defined relationship. (data from Noack, 2008)

Measured permeability, available for only two of the data sets, was overlain on the
velocity-porosity graph (Figure IV-12). From this figure, it is clear a best fit line should be
identified for both locations because of the different, and wide range of porosity and
permeability values. For the log derived velocity data sets, the velocity, porosity, and
permeability data points are each clustered into narrow data groups of 6200-6500m/sec
velocity, 0-5% porosity, and 1-10mD permeability with scatter in the data indicating a much
larger range of values. Focusing only where these clusters overlap shows the extent of the
scatter within the narrow data ranges, and also shows that a best-fit line can be applied that

might be applicable to predicting the predominant pore type and associated permeability value

(Figure IV-11). Because of the wide degree of scatter within this data set, caution should be
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utilized when predicting petrophysical properties from this data set, based on this limited

information with relationships that do not follow expected trends.
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Figure IV-12: The Silurian velocity and porosity data from the Michigan Basin are overlain with
permeability data to identify potential relationships that can be applied to other areas of the
reservoirs and potential predictable relationships. Only two of the data sets have associated
permeability data, one associated with the laboratory measured velocity response, and one
associated with wireline log response. As shown in the figure, when a best-fit line is
approximated for each velocity — porosity relationship, there also appears to be a basic
relationship to permeability with some values plotted above, and some values plotted below the
line which likely relate to the primary pore type. This relationship with the log derived data set
is quite weak, but this data set also has the weakest relationship between velocity and porosity.
(data from Noack, 2008)
DISCUSSION

The relationship between velocity and porosity is compared using data that represent
five geologic time periods (Cenozoic, Pennsylvanian, Mississippian, Silurian, and Ordovician),
three unique types of mineralogy classifications (pure carbonates, mixed carbonate-siliciclastic-
evaporites, mixed carbonate -siliciclastic), and three types of reservoir classifications
(conventional with predominantly macro- to mesopores, unconventional with predominantly

micro- to nano-meter scale pores, and transitional with macro- to nano-meter scale pores). The

correlations identified from Cenozoic data are used as a baseline relationship between velocity
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and porosity. This comparative study is based upon two primary predictable components
regarding the relationship between velocity and porosity: (1) there is an inverse relationship
between velocity response and porosity, and (2) that relationship can be reasonably
approximated by the Wyllie time average equation. Additional interpretations related to pore

type and permeability assume the above are applicable.

The first question addressed in this study is the inquiry of applicability of this velocity —
porosity relationship to different basins and to samples from different time periods. A
comparison of data from three basins that represent four geologic time periods (from Paleozoic
to Cenozoic) has shown this relationship to be moderately true and applicable to conventional
carbonate reservoir systems from different geologic periods, including reservoirs system with
variable mineralogy either due to variations in the primary depositional composition or due to
diagenetic alteration. The inverse relationship between velocity and porosity is observed in all
of the data sets, but only partially within the Silurian age data where much of the sonic velocity
data was calculated from old sonic tools. The applicability of the Wyllie time average equation
to reasonably approximate the relationship is shown to be generically true, but in all examples,
except for the Pennsylvanian data set, a more accurate mathematically defined equation can,
and should, be identified prior to extrapolation or application within a reservoir system to more
accurately predict associated petrophysical properties. The primary reason for the lack of
applicability of a generic equation is likely due to the fundamental controls identified by
Anselmetti and Eberli (1993) as being related to the dominant pore type, as well as effects from
the percentage of micro- to nano-meter scale porosity as this can have a significant effect on the
sample elastic properties (Eberli et al. 2003; Baechle et al. 2008; Verwer et al. 2008; Weger et al.

2009; Verwer et al. 2010) and as a final point, the effects of a mixed mineral composition either
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due to diagenetic alterations or from original mixed composition (Nussbaumer 1999; Kittridge

2015; Kleipool 2015).

The second question addressed in this comparison is how the fundamental relationship
between velocity and porosity changes in relation to the dominant pore architecture, specifically
between a macro- to mesopore dominated system and a micro- to nano-meter scale pore
dominated system. As noted above, the largest deviation of the applicability of the Wyllie time
average equation based on these data sets is for two sub-sets of Silurian data that are primarily
based on a wireline sonic log response, and for the Mississippian data that are representative of
an unconventional mixed composition carbonate system with predominantly micro- to nano-
scale porosity. Based on these observations, although it is recommended to always define the
reservoir specific velocity — porosity relationship, if the reservoir is predominantly carbonate in
composition, and more importantly consists predominantly of a macro- to mesoporosity,
application of the Wyllie time average equation should result in a reasonable estimate or the
relationship between porosity and velocity. For unconventional reservoir systems characterized
by very low porosity and permeability values, the limited data from this comparative study
indicates the Wyllie time average equation can still be applicable, but will provide a maximum
estimated value.

SUMMARY AND CONCLUSIONS

This study has performed a comparison of five unique data sets that represent five geologic
time intervals and six basins, to identify the potential for variability within the relationship
between laboratory measured velocity and porosity with subsequent implications for the
relationship to permeability within both pure and mixed carbonate reservoir systems. The

laboratory analysis was performed by five different researchers but each followed the same
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methodology and utilized equipment from the same laboratory. Primary conclusions based on

the comparative analysis are as follows:

1. The Wyllie time average equation is often, but not always, able to provide a reasonable
approximation of the relationship between laboratory measured velocity and porosity in
both pure carbonate and mixed carbonate depositional systems.

2. Where the Wyllie time average equation is not a suitable representation, a best fit line
should be applied to the data so the relationship, and potential for enhanced
predictability of primary pore type, or permeability, can be determined.

3. Even within a basin, intervals of different ages can potentially have a significantly
different relationship between velocity and porosity. Although it is likely to be an
inverse relationship, the specific character should be identified before empirical
equations, or equations derived from a single borehole, are used to predict
petrophysical properties within a reservoir interval.

4. In a mixed carbonate-siliciclastic-evaporite system, it is reasonable to expect similar
trends and relationships as identified for pure carbonate systems, assuming the primary
mineral composition is a carbonate, or diagenetically altered carbonate.

5. In a mixed carbonate- siliciclastic mudrock system, it is reasonable to expect an inverse
relationship exists between the velocity and porosity. However, the correlation to
primary pore type and permeability may be complicated if there exists more than one
characteristic best-fit data line to data from the same reservoir system.

6. Plotting the data in a manner based on the dominant pore type, or the well location can
aid in enhanced predictability by further defining the fundamental velocity — porosity

relationship.
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Limited data indicate an unconventional carbonate mudrock system with predominantly
micro- to nanoporosity has a modified relationship between velocity and porosity. The
data presented indicate a unique relationship exists for unconventional, or transitional
reservoirs that primarily have low porosity values that are equal or less than 10%.

At minimum, the Ordovician data set from the Michigan Basin, and the Mississippian
data set from the Mid-Continent area have undergone extensive diagenetic alteration.
Both data sets show a predictable inverse relationship with velocity and porosity, but
they also show different ways this relationship can be shifted such that if a
mathematically defined relationship is defined that is either basin specific, or region and
geologic time specific, this will be the most applicable to understanding how to interpret

subsequent correlations to pore type, facies, and permeability.
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CHAPTER V

INTEGRATED RESERVOIR CHARACTERIZATION TO PROVIDE INSIGHT INTO
POROSITY AND PERMEABILITY IN A MIXED CARBONATE-SILICICLASTIC

RESERVOIR

ABSTRACT

The Mississippian age limestone of the North American Mid-Continent is a valuable
unconventional, very fine grained, low porosity and low permeability mixed carbonate —
siliciclastic reservoir in Oklahoma and Kansas. Although over 14,000 vertical wells have been
producing oil and gas from these Mississippian age reservoirs for over 50 years, recent
horizontal activity has illustrated how crucial it is to understand the petrophysical and
depositional characteristics associated with producing intervals. High resolution sequence
stratigraphic architecture determined for five cores in three areas of the basin have been
integrated with key petrophysical data (porosity and permeability), a qualitative and
guantitative analysis of the pore architecture, and the acoustic response from representative

samples from each core to better understand the distribution of reservoir facies in this
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unconventional carbonate reservoir and provide insight into how to enhance the predictability
of key reservoir intervals within the study area.

The very fine grained, unconventional reservoir facies within the sample set have a
horizontal porosity that ranges from 0.1-12.5% (avg. 2.5%), although porosity values may be as
high as 20% locally within these facies. Correlative permeability ranges from 0.0001mD to
3.4mD (avg. 0.05 mD). Horizontal porosity from coarse grained facies in the “conventional”
reservoir facies range from 13% to 45% (avg. 31%) porosity with correlative permeability ranging
from 5.92mD to 163mD (avg. 43mD). The variability within the facies provides insight to key
characteristics and measurements that allow for enhanced predictability of key petrophysical
features (porosity and permeability). The qualitative and quantitative analysis of the pore
architecture, completed using an Environmental Scanning Electron Microscope (SEM) and digital
image analysis, shows the pores are mostly oblong to oval shaped, interparticle and
intercrystalline to vuggy, meso- (4mm-62.5 um) to nanopore (1um-1nm) size, while pore throat
measurements are consistently in the nanopore range. Acoustic response measurements are
inversely related to porosity, which is consistent with published case studies using conventional
carbonate. A notable difference in the acoustic response from the data set, is a significant shift
in the velocity-porosity relationship that is likely a result of the complex micro- to nanopore
architecture and post-depositional diagenesis within the basin

Detailed facies analysis from five cores support the suggestion that deposition in the
North American Mid-Continent area during the Mississippian Period occurred on an attached,
low-declivity, carbonate ramp, or possibly distally steepened carbonate ramp system. Facies
preserved in the core used in this study range from very fine grain carbonaceous mudstone and
wackestones deposited in an outer ramp environment to moderate to highly bioturbated

wackestone to grainstones deposited in middle ramp environments, and near-shore wackestone
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to packstones capped by a series of peritidal deposits. All facies exhibit significant overprinting
by diagenesis, including weathering and karst development due to subaerial exposure. Each
core shows a shallowing, or shoaling, upward succession of facies which is in agreement with
published eustatic sea-level during this period. The sequence stratigraphic architecture
determined from detailed facies analysis reveals a similar hierarchy preserved throughout the
basin which is shown to be the foundation to predicting key reservoir intervals.

The high resolution sequence stratigraphic architecture is the foundation to predict
intervals with high porosity and high permeability. The highest order sequences (2™ or 3™
order) have a high level of correlation to conventional wire line logs, specifically the gamma-ray
log. Augmenting this data with the acoustic response, and qualitative characterization of the
macro- to nanoscale pore architecture, provides an example of how integrated studies can
enhance predictability of key reservoir facies and producing intervals within unconventional
carbonate reservoirs.

INTRODUCTION

Unconventional, low porosity and low permeability, resources have steadily taken a
prominent place in oil and gas exploration within the last decade. As oil and gas exploration
continues to advance technologically to more accurately identify key hydrocarbon-rich zones,
and develop methods for more efficient extraction, the need to better understand these low
porosity and low permeability reservoirs remains a fundamental necessity.

The “Mississippi Lime” play, which extends throughout North-Central Oklahoma and
Southern Kansas, has seen oil and gas production from vertical wells for over 50 years.

However, the “Mississippi Lime” has recently undergone a revival in production through
advances in horizontal drilling technology. With this renewed interest, it is increasingly
important to understand the complexity of this reservoir system to target the highest producing

133



intervals. To accomplish this, it is necessary to understand fundamental depositional and
petrophysical characteristics from facies identification at the meter-scale to the larger reservoir-
scale units.

The goal of this study is to provide insight into possible depositional environments
found within the study area, and to identify possible methods and tools that aid in
understanding reservoir conditions and exploration potential when related to a high resolution
sequence stratigraphic analysis. With several other on-going research projects related to the
Mississippian Limestone reservoir (this volume), this study provides one component of a very

complicated depositional and diagenetic history found in the Oklahoma and Kansas area.
The primary objectives of the study are:

1. To define the high-resolution sequence stratigraphic framework through detailed facies
analysis from core and thin section data from five cores in three areas of the basin.

2. Tointegrate the sequence stratigraphic hierarchy with wireline log signatures and conventional,
petrophysical laboratory data (porosity, air permeability, and Klinkenberg permeability) to
identify trends that can potentially be applicable to other parts of the basin, as well as other
similar unconventional carbonate — siliciclastic reservoir systems.

3. To understand how the acoustic response relates to porosity in the very fine grain, low
porosity and low permeability, facies in the study area, and how this compares to
relationships and correlations in the medium to coarse grained facies with predominantly

macroporosity and relatively high porosity and permeability.

Identifying relationships between common well log data, traditional laboratory measured
petrophysical data and a detailed sequence stratigraphic framework increases the predictability
of reservoir-quality units in the subsurface, allows for an enhanced understanding of reservoir

and seal geometries and distributions, and ultimately leads to enhanced hydrocarbon
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production. The results from this study should be applicable to other areas within the
“Mississippian Limestone” play outside of the areas included in this study and also be applicable
as an analog for other carbonate — siliciclastic systems deposited in similar environmental
conditions on an attached carbonate ramp or attached, distally steepened carbonate ramp,
adjacent to an actively subsiding foreland basin. Understanding how the acoustic response
relates to porosity within the basin, and how the response compares to other published trends
for conventional carbonates, and conventional siliciclastics, is a supplemental characteristic that
can be integrated to provide further enhanced predictability of porosity within the basin.

Geologic Background

During the Mississippian Period, present day southern North America was covered by a
shallow, tropical, epeiric sea that established a broad carbonate depositional system (Gutschick
and Sandberg, 1983). Paleogeographic reconstruction indicates the present day North American
mid-continent area straddled the paleoequator, which placed most of North American within 5-
30° North or South of the equator (Lane and DeKeyser, 1980; Scotese, 1999; Gutschick and
Sandberg, 1983). Recent research has indicated that regional paleogeographic deposition
occurred on a low declivity carbonate ramp, or a distally steepened carbonate ramp, with a
combination of sediment sources that range from pure carbonate, to pure siliciclastic, to a
mixed carbonate - siliciclastic depositional system (Childress, 2015; Price, 2014; LeBlanc and
Grammer, 2014).

It is generally agreed that during Late Mississippian or Early Pennsylvanian time the
Nemaha Uplift or Nemaha Ridge, a north-south trending structural high extending from Kansas
into Oklahoma, was active (Gay, 2003; Gay, 1999). Faulting associated with the Nemaha Uplift
is believed to have affected Mississippian deposition creating a potentially significant sediment
source, additional accommodation space, and variable bathymetric geometry. This localized
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tectonism is also a likely primary cause of some of the complex lateral and vertical distribution
observed in Mississippian age reservoir units due to localized changes in depositional activity
as a result of nearby tectonic movements (Gay, 2003; Gay, 1999; Meckel et al., 1992).

The Mississippian Period represents an overall 2" order sequence characterized by
numerous (20-30), 3" order eustatic sea level fluctuations as illustrated in Figure V-1 Haqg and
Schutter, 2008; Vail et al., 1977). Higher order depositional cyclicity correlative to 4™ order or
5™ order packages are likely preserved in several locations within the basin, but many of these
higher frequency packages are likely to have been influenced by localized allocyclic and autocyclic
processes from localized depositional and Paleogeographic conditions (Haq and Schutter, 2008;

Ross and Ross, 1988; Cecil, 2003).
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Figure V-1: Eustatic sea level curves applicable to the Early Carboniferous Period: Mississippian
Epoch. On-lap curves and sea-level curves provide insight into the rate of sea-level change and
estimated change in water depth throughout the Mississippian. Absolute changes to water
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depth were basin specific and would have exaggerated or muted the identified Eustatic changes
based on local changes to basin geometry and rate of subsidence or adjacent uplift. Figure
modified from Haq and Schutter (2008).

Study Area and Depositional Environments

The Mid-Continent Mississippian age carbonate system has several unique depositional
environments that, coupled with diagenetic and structural alterations, have resulted in several
different lithologies that are credited as the primary reservoir faces. Depositional environments
varied from high-energy near-shore beaches, sand shoals and tidal complexes to aerially
extensive, low energy, sheltered middle-ramp and outer-ramp carbonate mud deposition with
localized bioherms, reefs, and muddy lagoons (Curtis and Chapman, 1959). The regional
tectonic regime resulted in continuous changes to both regional and local basin geometries and,
along with the realization of the effect of multiple eustatic sea level oscillations, continue to be
studied from outcrop and subsurface data sets to better understand and predict reservoir and
facies distributions in the sub-surface throughout the Mid-Continent area (Boardman et al.,
2013a,b; Grammer et al., 2013; LeBlanc and Grammer, 2014; Mazzullo et al., 2009; Mazzullo et
al., 2011; Mazzullo, 2011; Morris et al., 2013; Price, 2014; Watney et al., 2001).

The data set includes five cores that represent three different depositional settings
within the basin. The cores are from Reno County, Kansas, Logan County, OK, Payne County
Oklahoma, and Osage County, Oklahoma. Within these areas, deposition is assumed to have
occurred in a relatively shallow, tropical to subtropical epeiric sea environment located 20-30°
south of the paleoequator (Curtis and Champlin, 1959; Gutschick and Sandberg, 1983; Witzke,
1990). It is currently accepted that deposition occurred on a low declivity (<1°) ramp to a
distally steepened ramp environment, with strike trending roughly east-west adjacent to
actively subsiding foreland basins (Mazzullo et al., 2011a). Current research indicates the ramp

system was regionally extensive and deposited carbonate and siliciclastic sediment across

137



hundreds of square kilometers in portions of Colorado, Nebraska, Kansas, Oklahoma, Arkansas,

Missouri, lowa, and lllinois (Gutschick and Sandberg, 1983; Lane, 1978; Childress, 2015; Price

2014; LeBlanc and Grammer, 2014; Bertallott, 2015). Proximal, shallow water conditions were

present to the north, and deeper water with sediment starved conditions existed to the south

(Gutschick and Sandberg, 1983; Lane and DeKyser, 1980). The entire ramp system was

bounded to the north and northwest by the Transcontinental Arch, to the east by the Ozark

Uplift, and to the south by the deep water settings of the ancestral Anadarko and Arkoma

Basins (Lane and DeKyser, 1980). Local influences from the Nemaha Uplift and the Central

Kansas Uplift have also been observed in recent studies (Bertallott, 2015; Doll, 2015).

DATA SELECTION AND ANALYTICAL METHODS
Data Set
The data used in this study come from five cores that represent three different areas of

the basin (Figure V-2). Data analysis and interpretation integrates qualitative data with
guantitative data to identify major and minor trends that can be utilized to identify key reservoir
intervals with greatest hydrocarbon production potential. Qualitative data includes visual
observations of the five cores and includes detailed facies analysis, generation a high resolution
sequence stratigraphic framework, analysis of thin section and SEM photomicrographs, and
correlation to conventional wireline log signatures. Quantitative data includes conventional
laboratory analysis for porosity and permeability from core plugs and sections of whole core,
pore architecture geometrical attributes extracted from thin section and SEM photomicrographs

using digital image analysis, and laboratory measured sonic velocity response.
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Figure V-2: The study area includes five core from three areas within the North American mid-
continent area of Kansas and Oklahoma. An unconventional core with outer ramp facies is from
Osage County, Oklahoma, three unconventional cores with middle to inner ramp facies are from
Logan and Payne Counties, Oklahoma. A transitional core with proximal outer ramp to shoreline
and peri-tidal facies is from Reno County, Kansas. During the Mississippian Period, this area was
located approximately 30° south of the paleo-equator and was covered by a shallow tropical
epeiric sea. Regional tectonics beginning at the end of the Devonian and continuing throughout
the Mississippian caused the emergence of the Nemaha Uplift, the Ozark Uplift, the Central
Kansas Uplift, and the Ouachita Uplift. The same regional tectonic stress regime created a series
of foreland basins including the Arkoma Basin located southeast of the areas included in the
study in a paleo-dip direction.

The cores utilized in this study were selected for three specific reasons common to all
cores:
1) Completeness of cored interval:
a. The 3 cores from Logan and Payne County are continuous throughout

the entire Mississippian section, showing contacts with both the
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underlying and overlying formations. From west to east, the cores are
nearly 100m (324ft.), 58m (190ft), and 44m (143ft) thick.

b. The core from Osage County is a continuously cored section of nearly 85m
(278ft.) with 3 missing intervals associated with Mississippian age deposition.
Sections missing from this core include the uppermost and lowermost
sections, including the contact with the Pennsylvanian and Devonian,
and an interval near the base of the core that was unable to be
extracted with current drilling technology.

c. The core from Reno County Kansas is a continuously cored 69m (225ft)
section through the majority of the Mississippian section with the
Pennsylvanian and Devonian contacts approximated from wireline log
signatures.

2) Availability of conventional wireline log suites (i.e. — gamma-ray, caliper, density
and neutron porosity, and resistivity logs) and petrophysical data (porosity,
permeability, mineralogy from XRD, grain density and bulk density).

3) The varying distribution of cores from more proximal to the north (Kansas core)
moving more distal to the south, proximity to the Nemaha ridge (Osage core),
and the relative spacing of the Payne and Logan county cores along depositional
strike.

Core Descriptions and Facies Analysis

Total core footage from the 5 wells in this study is 357m (1173ft). Facies were defined
based on the texture, grain type, sedimentary structures, environmental indicators such as
type and intensity of bioturbation, and color. Facies analysis using the Dunham classification
(Dunham, 1962) and interpretation of depositional environments were utilized to create an
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idealized facies stacking pattern, which in turn was used as the foundation for developing the
sequence stratigraphic framework (Loucks and Sarg, 1993; Emery and Myers, 1996;
Catuneanu, 2006). Facies colors were identified using a wetter surface and comparison to the
closest match from the GSA Rock-Color Chart, composed of a subset of Munsell color chips
(Munsell 1995), or using the 2009 Munsell Soil Colorbook (Soil Survey Staff, 1993).

Classification of the macro- to meso-scale pore types observed in hand sample and thin sections
utilized the classification scheme outlined by Choquette and Pray (1970). Classification of the
meso- to nanoscale pores visible only by the SEM utilized the classification scheme outlined by
Choquette and Pray (1970) where feasible, and where exceptions were noted other proposed
descriptive terminology was utilized as applicable (Loucks et al., 2012; Milliken 2014; and
Vanden Berg and Grammer, 2016).

High-Resolution Sequence Stratigraphic Analysis

The sequence stratigraphic framework applicable to the Mississippian section for each of
the cores used in this study was determined through detailed facies analysis that defined an
idealized vertical stacking pattern with subsequent application of the idealized stacking pattern
to help define key sequence and cycle boundaries. The idealized facies succession for each core
identifies the pattern of deposition that grades from either the deepest interpreted water depths,
or most restricted water circulation, upward to the most shallow interpreted water depths, or least
restricted environment. This gradation of most restricted to least restricted or deepest water to
most shallow water environment is assumed to represent a single transgressive to regressive
pattern of deposition as applicable to each specific location. A hierarchy of sequence and cycle
boundaries are proposed for each core based on the idealized stacking pattern and observations
from hand samples. It is important to note that currently there is no biostratigraphic control
available that can be applied to the sequence stratigraphic framework, so discussions and
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interpretations of the sequence stratigraphic hierarchy are relative. Although the specific time
intervals are not able to be identified at this time, as shown in this study, identification of the
depositional hierarchy based on a detailed facies analysis is still useful when key patterns and
relationships allow for the application to other areas of the basin (Grammer et al., 2004).
Wireline Logs
A standard suite of wireline logs were available for each of the cores used in this study.
The wireline log signature that was most useful and applicable for enhancing predictability
within the data set is the gamma ray log. Other wireline logs that were integrated into the
analysis if available include: the density-porosity, neutron- porosity, sonic porosity, bulk
density, spontaneous potential, resistivity (shallow, medium and/or deep), compositional
analysis, and permeability. The use of wireline logs in combination with core and petrographic
analyses can serve as a powerful tool that helps to constrain the high frequency sequence
stratigraphic framework and allow for correlation of high frequency sequence and cycle
boundaries in areas where core and thin section data may be missing or otherwise unavailable.
Microscopy
Petrographic analysis of 323 available thin sections was performed using a Leica DM
2700P optical, or light, microscope (LM). The micro- to nanopore architecture was further
examined using 132 a FEI Quanta 600F field emission environmental scanning electron
microscope (SEM) to view samples from the micro- to pico-scale.
In addition to more accurate facies descriptions, thin section analysis also allowed for
more accurate description and analysis of the macro- to nano-meter scale pore sizes, and pore
types. Photomicrographs that represent the dominant pore types observed in the samples

were captured and analyzed qualitatively and quantitatively. As described in Vanden Berg and
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Grammer (2016), all samples viewed with the SEM were polished using an argon ion mill to
provide an accurate representation of the pores within a 2D cross section of the sample.

Conventional Laboratory Measured Data

Conventional laboratory measured porosity (%), air permeability (mD), and Klinkenberg
permeability (mD) data was available for all five cores used in this study. Other data
available for some of the cores include discrete analysis for: oil saturation (%), water
saturation (%), grain density (g/cm?), and fluorescence, ambient and NCS porosity,
mineralogy classified by percentage as clay (chlorite, kaolinite, illite/mica, marcasite),
carbonate (calcite, iron-rich dolomite, dolomite, siderite), or other (quartz, feldspar,
plagioclase, pyrite, apatite, marcasite, halite, barite) via XRD analysis, and TOC (%). For core
without a suite of XRD analysis, bulk mineralogy was determined using samples
representative of the facies within the core. It is important to acknowledge results from the
bulk mineralogy analysis are significantly less specific and therefore less reliable when
applied to the identification of trends and patterns that could be used to predict key
reservoir intervals and therefore not highly utilized in identification of potentially useful
patterns.

Two companies were utilized for measure standard petrophysical properties based on
the primary owner of the core. Weatherford Laboratory performed the analysis for the
three cores in Logan and Payne Counties, and Special Core Analysis Laboratories (SCAL),
Inc. laboratory performed the analysis for the cores in Osage County and Reno County. All
measurements were performed using conventional core analysis procedures. Laboratory
measured porosity, air permeability, and Klinkenberg permeability data were utilized to
identify potentially significant relationships between reservoir quality, position within the

overall sequence stratigraphic framework, and variations within the pore architecture.
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Pore Architecture Analysis

The primary goal in the qualitative and quantitative classification of pore architecture
is to understand the fundamental features that correlate to laboratory measured porosity and
permeability. Qualitative analysis included observations related to the density, spatial
distribution, dominant pore size, dominant pore type, and diagenetic alteration that could
significantly impact the measured porosity or permeability. Pore size classification was
completed using the classification scheme of Loucks et al. (2012). Pore morphology is utilized
to explain both relationships to facies and the sequence stratigraphic framework, and
discrepancies to trends that appear to otherwise be applicable within the data set. Digital
image analysis (DIA) was utilized to quantify the geometric characteristics of the pore space
representative within several photomicrographs collected using the LM and SEM.
Quantitative analysis was performed using the program R to identify relationships between
laboratory measured porosity, air permeability, and Klinkenberg permeability with geometric
features of representative pores. For a thorough description of the qualitative and
quantitative analysis of the pore architecture, please see Vanden Berg (2016).

Acoustic Response

Acoustic response for this study was measured on core plugs selected to represent large

variations in porosity for a given permeability, and large variations in permeability for given

porosity while also being representative of the different facies within each core. The acoustic

response was measured using an Autolab 1000 from New England Research, Inc. that records

the travel time through core plugs for one compressional wave (Vp) and two shear waves (Vs)

using affixed transducers and receivers. The plugs were measured under dry, non-saturated

conditions, saturated in a 35 ppt NaCl brine solution, and then re-measured under saturated

conditions at five effective pressures at both increasing and decreasing pressure steps, where
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the confining pressure and pore pressure are both adjusted independently. The data reported
are the brine saturated samples at 20MPa effective pressure. Because of the high degree of
brine water within the formation, and variability in present day depth, these values are used
because they have the greatest applicability. For a more detailed analysis of the methodology
followed to measure the acoustic response please refer to Vanden Berg (2016).

RESULTS

Core Descriptions: Facies analysis, and interpreted depositional environments

Unconventional reservoir core. Distal ramp, low-enerqy depositional environments (Osage

County, Oklahoma)

The facies preserved in the core from Osage County, OK represents an unconventional
reservoir with deposition located in distal, outer ramp environments, with moderate to highly
restricted environments (Figure V-3). The contact with the underlying Devonian and overlying
Pennsylvanian are both missing from the cored interval, but are both easily identified based on
wireline log signatures. Seven facies were identified based on visual analysis of the core and
thin sections with specific observations and descriptive methods followed noted in Table V-1a
and Figure V-4a. Observations from slabbed sections of the core were supplemented with data
from other sources as shown in Table V-2. Additional supplementary data included bulk XRD
analysis from representative facies as shown in Table V-3. The interpreted depositional
environments transition from a low-energy, highly restricted outer ramp below storm wave
base, to a pore proximal location on the ramp that remains restricted and is a low-energy

environment below storm wave base (Figure V-3).
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Figure V-3: The facies preserved within the Mississippian stratigraphic section from the three
areas of the Mid-Continent included in this study represent distal, relatively deep water, and low
energy conditions, to nearshore, relatively shallow water and high energy conditions, to
shoreline and peritidal depositional environments. (Figure modified from Handford, 1986).

(a)

Facies 7: Tan, brown and black, wavy horizontal bedded mudstone to wackestone.
Fadies 6: Black, and brown, wavy horizontal bedded skeletal-peloidal wackestone

Facies 5: Black, brown, tan, and gray, heavily bioturbated wackestone.

Facies 4a: Gray, and brown, moderately bioturbated, skeletal-peloidal wackestone

Facies 4: Gray, and brown, moderately bioturbated, skeletal-peloidal wackestone

Facies 3: Tan, massively bedded wackestone to mud-lean packstone
Facies 2: Black, grey, and brown nodular bedded mudstone to wackestone

Facies 1: Black, laminated mudstone

Facies 4b Facies 5 Facies 6 Facies 7
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Figure V-4: The core from Osage County, Oklahoma is composed of facies deposited
predominately in a distal outer ramp to middle ramp position in relatively deep water or a low
energy environment. The length of core recovered from the Mississippian section is
approximately 85m. [A] Seven facies were identified based on subtle variations in observed
texture, composition, grain size, and level of bioturbation. Facies are named according to the
Dunham Classification Scheme (1962). Although an idealized facies stacking pattern was applied
to the core, the transition from Facies 1 to Facies 7 is more accurately described as a transition
from a highly restricted, low-energy environment to depositional environments that have nearly
normal marine circulation close to, but still beneath, storm wave base. A proximal facies, Facies
4, is interpreted to be deposited within the stratigraphic succession due to transportation from
significant storm events. [B] Although the data set does not include biostratigraphic data that
would allow to time constrain the core, a prominent exposure interval near the base of the core
provides support for a theory that deposition in this location began in the early Mississippian
Period and captures the earliest globally correlated eustatic sea level fall. As shown, the
sequence stratigraphic framework was used to identify trends in wire line log signatures and
laboratory measured petrophysical data.
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Table Vv-1: Seven facies were identified in the core from Osage County, Oklahoma, four
common faces were identified in the cores from Logan and Payne Counties, Oklahoma,

and twelve facies were identified in the core from Reno County, Kansas. A summary
description of the identified facies is shown in the table above. 1a — Osage County,

Oklahoma; 1b — Logan and Payne Counties, Oklahoma; 1c — Reno County, Kansas.

149



lon polished
. . P R Acoustic Reponse |Acoustic Response i Cored Interval (m,
Thin Sections samples viewed (dry) (brine saturated) ft)
with SEM v :
Distal d ition (U tional
Osage County, Oklahoma istal ramp deposition (Unconventiona 50 67 93 34 85m., 278ft.
reservoir)
Proximal ramp deposition
Logan County, Oklahoma I LD % 36 19 19 99m., 324ft.
(Unconventional reservoir)
Proximal ramp deposition
Payne County (west), Oklahoma N pdep . 69 38 16 14 58m., 190 ft.
(Unconventional reservoir)
Proximal ramp deposition
Payne County (east), Oklahoma ! N P cep . 22 37 14 14 44m., 143ft.
(Unconventional reservoir)
Proximal ramp to shoreline deposition
Reno County, Kansas (Transitional from unconventional to 87 30 39 34 70m, 230ft.
conventional reservoir)
All Cores in Study Distal outer ramp to shoreline deposition 322 208 181 115 356m., 1165ft.

Table V-2: Observations from the slabbed sections of core were supplemented with
qualitative and quantitative observations from thin sections, ion milled samples, and
laboratory measured acoustic response data as shown in the table above.

(a)

Core f,z?gg Depth (ft) Fa;res Fe."rr;qe{;b.'ﬂfy :;mm Pﬂ';’:hy Diﬁnﬂy Sw% | So% | quartz czl;ﬁe‘ ankerite mcga.':;ifm.
(mD) (mD) (g/em”) syn
Osage County, OK 233 |3,37910| 1.00 0.0034 0.0011 4.7 267 335 0.0 82 11 7
Osage County,0k | 250 [ 3,39610| 1.00 00166 0.0083 11 261 409 00 7 25 4
Osage County, OK 263 | 3,40030 | 1.00 0.0144 0.0071 1.30 265 336 0.0 60 34 6
Osage County, OK 240 3,386.10 | 2.00 0.0042 0.0016 1.34 260 483 0.0 75 25
Osage County, OK 274 342020 200 0.0142 0.0069 2,05 261 301 00 73 24 3
Osage County, 0k | 234 | 338010 | 200 00066 00027 6.44 279 344 00 78 18 a
Osage County, OK 243 3,38005| 200 00175 0.0088 235 277 474 00 77 23
Osage County, OK 8 3,15405 | 3.00 0.0007 0.0001 4.03 274 455 0.0 54 37 a
Osage County, OK 232 | 337810 3.00 0.0081 0.0035 5.23 266 405 0.0 75 19 6
Osage County, OK 220 |3,36610| 3.00 0.0004 0.0001 1.3 267 30.0 0.0 61 39
| eageCounty,0 | 180 | 232610 | 400 | oo0os6 | o0o02r | 370 | 258 | 382 | 00 | 0 | )
Osage County, 0k | 29 | 317510 400 0.0057 0.0021 222 272 352 00 49 44 7
Osage County, OK 48 319410 | 500 0.1001 0.0695 4.81 279 336 6.9 77 19 4
osagecountyok | 51 | 3197.10| 500 | oo0s4 | ooor2 | sss | 260 | s | 43 | s | 14 |
Osage County, OK 47 3,19310| 600 0.0098 0.0036 8.11 272 46.1 92 61 25 14
Osage County, OK 175 332110 | 600 0.0019 0.0008 429 2865 240 107 79 21
Osage County, OK 59 3,20610 | 7.00 0.0244 0.0128 415 269 3.3 171 87 13
Osage County, OK 62 3,20810 | 7.00 0.0035 0.0012 1.41 268 400 0.0 89 11
Osage County, OK 98 3,24410| 7.00 0.0069 0.0030 1.28 2867 371 0.0 59 37 4
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Table v-3: bulk X-ray diffraction (XRD) data was measured for select samples from the

core in Osage County, OK (Table V-3a) and detailed XRD data was available for the three
cores located in Logan and Payne Counties, OK (Table V-3b).

(a) XRD Data measured for samples from the Osage County, OK core were selected
based on their facies associated to provide insight into the mineral variability within the
cored interval.

(b) The data available for the core in Logan and Payne Counties, OK include
approximations of the percent and type of clays, the percent and composition of
carbonate minerals, and an estimate of the percent of quartz and other primary
components including potassium feldspar (K-spar), plagioclase feldspar (Plag.), pyrite,
apatite, marcasite, halite and barite. Each of the primary groups (Clay, Carbonate,
Other) is summarized and compared to the measured porosity, permeability, total
organic carbon (TOC) and identified facies.

Unconventional reservoir core. Proximal ramp, medium-energy depositional environments

(Logan and Payne County, Oklahoma)

The three cores located in Logan and Payne Counties in Oklahoma have been grouped
based on lateral proximity and orientation to paleo-stratigraphic strike, as well as similarity in
facies observed in each core. Each of the three cores includes the stratigraphic contact with the
underlying Devonian Woodford Shale and the overlying Pennsylvanian stratigraphy. Four facies
were identified based on visual analysis of the core and thin sections with specific observations
and descriptive methods followed noted in Table V-1b and Figure V-5a. Observations from

slabbed sections of the core were supplemented with data from other sources as shown in Table
152



V-2. The interpreted depositional environments transition from a position on the inner ramp
position below storm wave base to a more proximal position above fair weather wave base in a

high-energy shoal environment (Figure V-3).

Skeletal Packstone-Grainstone Facies
Peloidal Packstone-Grainstone Facies
Bioturbated Wackestone-Packstone Facies

Burrowed Calcareous Mudstone-Wackestone Facies

Glauconitic Sandstone Facies

(a)
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Figure V-5: The unconventional reservoir core from Payne County (East), Payne County (West),
and Logan County, Oklahoma has preserved facies that were deposited predominantly in a
middle to inner ramp position on a low-declivity ramp system. Total recovered core from the
three locations is approximately 200m (657ft). Five facies were identified based on visual
observations of texture, composition, grain size, and level of bioturbation. Facies are named
according to the Dunham Classification Scheme (1962). The facies were placed into an idealized
facies stacking pattern and utilized to define the sequence stratigraphic framework (b,c,d).

Because biostratigraphic data is unavailable the time interval represented is undefined. Due to
the lack of alteration from major exposure intervals or other globally correlated features,
placement within the Mississippian Period is not feasible at this time. As shown, the sequence
stratigraphic framework was used to identify trends in wire line log signatures and laboratory
measured petrophysical data. [b] Logan County, OK Sequence Stratigraphic Framework and
wireline log response data. [c] (West) Payne County, OK Sequence Stratigraphic Framework and
wireline log response data. [d] (East) Payne County, OK Sequence Stratigraphic Framework and
wireline log response data.

Transitional reservoir core. Proximal ramp to shoreline, low-energy to high energy to shoreline

depositional environments (Reno County, Kansas).

The facies preserved in the core from Reno County, Kansas represent an unconventional
reservoir with low porosity, low permeability and predominantly micro- to nanoporosity at the
base that transitions into a conventional reservoir with higher porosity and permeability with
predominantly macro- to mesoporosity in the top portion of the core. The contact with the
underlying Devonian and overlying Pennsylvanian are not present in the cored interval but are
easily identified from the wireline log signature. Twelve facies were identified based on visual
analysis of the core and thin sections with specific observations and descriptive methods
followed noted in Table V-1c and Figure V-6a. Observations from slabbed sections of the core
were supplemented with data from other sources as shown in Table V-2. The interpreted
depositional environments transition from a position on the inner ramp, below storm wave

base, to shoreface and tidal flat environments (Figure V-3).
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Figure V-6: The core from Reno County, Kansas is composed of a shallowing upward sequence of
facies that were deposited in a middle ramp environment to near-shore and peri-tidal
environment. Total recovered core from this location is approximately 72m (238ft). [A] Twelve
facies were identified based on visual observations of texture, composition, grain size, and level
of bioturbation. Facie are named according to the Dunham Classification Scheme (1962). The
facies are placed into an idealized stacking pattern that was utilized to define the sequence
stratigraphic framework. [B] Although biostratigraphic data is unavailable, a prominent
exposure interval that impacts the upper portion of the core supports deposition in this location
culminated at the end of the Mississippian and captures the latest globally correlated eustatic
sea level fall and hiatus between the Mississippian and Pennsylvanian Periods. As shown, the
sequence stratigraphic framework was used to identify trends in wire line log signatures and
laboratory measured petrophysical data.

High Resolution Sequence Stratigraphic Framework

The interpreted depositional environments for each core was utilized to place the facies
into an idealized stacking pattern following principles of Walther’'s Law. The interpreted
depositional environments indicate deposition occurred on an attached, low-declivity ramp with
deposition transitioning from a distal position below storm wave base to a slightly more
proximal position that remains below fair weather wave base. The sequence stratigraphic
framework was determined using the idealized vertical stacking pattern of facies. In each core
the idealized facies succession exhibits a shallowing-upwards profile that correlates to a single
large-scale transgressive and regressive phase which also represents a relative shallowing
upward sequence from deeper to more shallow water with increasingly improved water
circulation and oxygenation. The idealized stacking pattern was used as a foundation to identify
the sequence stratigraphic framework (Figure V-4b, 5b.c.d., 6b).

Based on the identified facies, the largest scale sequence, interpreted as either a 2" or
3" order sequence, includes the entire cored interval. Within this sequence are two higher
order frequency sequences that are likely either 3" or 4" order sequences and 4™ or 5" order
cycles. Because there is no biostratigraphic control, the exact time intervals and therefore

precise temporal definitions of the cyclicity cannot be ascertained unequivocally. For purposes
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of detailed results and discussion, the sequences will be referenced, from largest to smallest, as
a second-, third- and fourth-order sequence.

Each of the cores have a single second-order sequence that is assumed to be correlative
within the Mid-Continent region. Each of the second order sequences show an overall
shallowing upward, regressive depositional character, which is consistent with global sea level
curves that show a gradual fall in eustatic sea level throughout the Mississippian (Haq and
Schutter, 2008). The cores from Reno County, KS, Logan County, OK, and Payne County, OK
have 4 identified third-order sequences, and the core from Osage County, OK has 6 identified
third-order sequences. Each of these sequences has slight to obvious asymmetry with a longer
regressive phase than transgressive phase preserved in the core. There is a significant amount
of variability in the number of fourth-order sequences identified in each core which represents
the impact of autocyclic and allocyclic processes on preserved facies with the tectonically active
region.

Sequence stratigraphic framework, porosity, permeability, and wireline log relationship

As observed in the wireline logs available for use in this study, the gamma ray log signature
consistently has an approximate correlation to the identified third-order sequence (Figures V-
7a,b,c,d,e). Although this relationship should be verified by facies observations, use of the
gamma ray log can provide a first-order identification of the number and thickness of third-order
sequences within the Mississippian stratigraphic interval. Wireline log correlation with higher
resolution depositional sequences are not sufficiently consistent to be used with accuracy.
However, there is a consistent relationship observed between the fourth-order sequences and
intervals that have the highest laboratory measured porosity and permeability. Where both the
measured porosity and permeability are relatively high, these interval correlate with the top of
the fourth order sequences. Additionally, this correlation is observed to be most consistent
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within the regressive phase of preserved deposition both on the second- and third-order scale.
Although there are some fourth-order sequences within each of the five core used in the study
that defy this relationship, the consistency of this relationship within each of the study areas
indicates this type of observation could be used as a first-order approximation to identify
intervals worthy of closer analysis of other key reservoir properties (TOC, %water, %oil,

brittleness, etc...).
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Well Location: Reno County, Kansas
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Figure V-7a,b,c,d,e: Highlighted by the dashed black lines, the depositionally defined “third
order” sequences are shown to correlate approximately with the gamma ray log response for
each of the cores within the research. Additionally, highlighted by the dashed blue lines, there is
an approximate correlation between the uppermost portion of the “fourth order” sequences and
the intervals with the highest porosity and permeability which are consistently within the
regressive depositional phases of system. One core, from Osage County, Oklahoma, shows a
correlation between relatively high porosity and permeability within the transgressive phase of
the system. However, this appears to be a secondary relationship that is related to hydrothermal
alteration of the lowermost section of the strata. [a — Osage County, Oklahoma; b — Logan
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County, Oklahoma; c — Payne County, Oklahoma (west); d — Payne County, Oklahoma (east); e-
Reno County, Kansas]

A second pattern was observed in the Osage County, OK core with the most distal
depositional facies preserved. In the second order transgressive phase of the interval a
moderate correlation exists between intervals with both relatively high porosity and
permeability and the top of the fourth order sequences that are within the second- and third-
order transgressive phase (Figure V-7a). Because this was only core with this relationship
observed to have any consistency within the largest transgressive phase, it is possibly related to
specific diagenetic alteration that has occurred in this part of the region, as well as related to
observations of hydrothermal brecciation present only within this section of the core.
Mineralogy

The three unconventional cores that represent proximal to distal depositional
environments have the greatest detailed mineralogy data. Data for these cores was determined
by Weatherford Laboratories using bulk x-ray diffraction with detailed results shown in Table V-
3. Examination of the detailed mineral composition, as well as mineralogy inferred from
wireline logs for the other two cores highlights the nature of the mixed carbonate-siliciclastic
sediment composition during the Mississippian in this part of the North American Mid-Continent
region. Some of the variability noted in the mineral composition is a direct consequence of
several phases of diagenetic alteration in this region, including alteration to porous and non-
porous chert. However, based on observations from thin section analysis, there was also a
significant amount of original siliciclastic deposition in some intervals and time periods. With
the exception of the alteration to chert or other significant silicification of facies, the percentage
of original siliciclastic input varies based on specific facies classification and associated

depositional environment.
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Both the detailed laboratory measured mineralogy indicates there is up to 15% illite or
mixed-layer illite/smectite clay content, and the wireline log data estimates a similar
composition of clay mineralogy with some intervals indicating up to 45% clay content. This
percentage of clay mineralogy is most likely a representation of the amount of clays within the
matrix and not a true a representation of the clay precipitation within the pore space that has
been shown to have a qualitative relationship to the measured porosity and permeability
(Vanden Berg, 2016). Similarly, the amount of quartz is estimated to be up to 100% from
laboratory measured samples, and up to 80% composition from wireline log estimates. This
estimated composition similarly does not have a consistently predictable relationship with
relatively high porosity and permeability even though there is a qualitative relationship between
quartz or calcite within the pore space and measured porosity and permeability (Vanden Berg,
2016).

Enhanced Predictability via Laboratory Measured Acoustic Response

The acoustic response data were measured for samples representative of primary facies
and depositional environments observed within the data set that also had a large variability in
the porosity and permeability to identify end-member relationships that could be applied to
other carbonate mudrock reservoir data sets. As observed in Figure V-8, the samples have
porosity from 0-nearly 50% with associated compressional velocity of 2000 m/sec to 6400

m/sec, and associated shear wave velocity of 1000 m/sec to 5000 m/sec.

165



7000

6000 ‘§

+ VPwet
V8wet

—\\fyllie Time Avg. Eqn.

5000

S 4000

Velocity (m/sec

3000 -

*”

2000

1000

0%

5%

10%

15%

20%

25%

30%
Porosity

35% 40%

45% 50% 55% 60%

Figure V-8: The laboratory measured sonic velocity (acoustic response)data for samples from the
Mid-Continent, Mississippian age samples shows a clear inverse relationship between the
velocity and porosity for both compressional (Vp) and shear wave (Vs) responses. The
relationship between the Vp response and the Wyllie time average equation plotted for values
consistent with pure carbonate samples shows a distinct shift in the response for low porosity
(<10%) samples. This is due to a difference in the mudrock mineral composition, the complicated
micro- to nanoscale pore architecture, and the different type of grain coupling within a
carbonate mudrock compared to conventional carbonates with predominantly macro- to

mesopores.

As noted in Figure V-8, the Wyllie time average equation is plotted as a reference line
for comparison to other data sets. The Wyllie time average equation is plotted using values for
calcite for comparison to pure carbonate systems, but could also be shown using values for

quartz or clay mineralogy shown in Figure V-9, which also identifies the effect both significant

clay and quartz mineralogy within the matrix affect the sonic velocity response.
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Figure V-9: When the Mississippian data with the low porosity values are plotted in comparison
to the Wyllie time average equation plotted using values for quartz or clay (“shale”), it is clear
the shift in the relationship is at least partially because of the mixed mineralogy of the data set.

In a pure carbonate system the Wyllie time average equation is both a good
approximation of the relationship between sonic velocity and porosity, but also a useful baseline
that can be used to qualitatively predict the permeability within the data set (Anselmetti and
Eberli 1999). As shown in the data for the Mid-Continent Mississippian stratigraphic interval,
the Wyllie time average equation is a reasonable approximation of the relationship between
sonic velocity and porosity for samples that have a measured porosity that is greater than 10%.
For the samples with a measured porosity that is less than 10%, which is the majority of the data
set that is representative of unconventional reservoir facies, a different best fit line needs to be
identified. A data specific relationship can be defined with reasonable accuracy (R’= 0.79) using
a simple linear relationship. This best-fit line is necessary to identify to help relate scatter in the

velocity-porosity relationship to permeability.
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DISCUSSION OF RESULTS

Facies Analysis and Sequence Stratigraphic Framework

As noted in the introduction, the five cores were chosen to be included in this research
for several reasons including the variety of facies represented that provide insight into possible
depositional environments preserved within the North American Mid-Continent Mississippian
age stratigraphic section (Figure V-3). Facies from the Osage County, Oklahoma core are primary
representative of a distal ramp environment, or a highly restricted, low-energy environment in
the inner to outer ramp area. Facies preserved in the cores from Logan and Payne Counties,
Oklahoma are primarily representative of a middle ramp to inner ramp environment and are
also oriented along the paleo-strike. Facies preserved in the core from Reno County, Kansas are
primarily representative of a proximal outer ramp to shoreline and peri-tidal depositional
environments. Understanding how the sequence stratigraphic framework varies in each area
and how this correlates to variability in mineral composition, pore architecture, and correlation
to wireline log responses, are all key observations that can potentially provide insight into
predicting key reservoir intervals within the oil and gas play, and can also provide insight into
the application to other similar reservoir systems.

A comparison of the sequence stratigraphic framework from the three areas highlights
the potential depositional variability within the system but also indicates the sequence
stratigraphic framework fundamentally has a high degree of similarity within the region. There
is a consistent correlation observed in each core between the relative 3™ order sequences and
the gamma ray log signature indicates this is a useful tool for a first-order approximation of the
number and thickness of these units. As shown with the three cores from Logan and Payne
County, OK that are within relatively close lateral proximity, and are also located along
paleodepositional strike, the third-order sequence can also be used to identify localized patterns
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in deposition and associated local geometric patterns of deposition (Figure V-10). Additionally,
a similar pattern exists in each core that can be used to predict intervals with the t highest
porosity and permeability within the N.A. Mid-continent Mississippian section. As shown in
Figure V-7a,b,c,d,e, at each interval where there is a relatively high measurement of both
porosity and permeability, this interval corresponds to the highest level of depositional
hierarchy identified from facies analysis, which occasionally also correlates to an increased
reading from the wireline logs. Additionally, these intervals are typically at the top of the
fourth-order sequences that are within the regressive phase of both the third-order and second-
order depositional sequences. Although there are exceptions to this observation, the general
observation can be used as an initial estimate of where the highest porosity and permeability
intervals are located with additional laboratory measurements used to confirm the feasibility of

use for either extraction of fluids or gasses present, or for the injection of fluids or gasses.
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Figure V-10: The similarity observed in the depositionally defined sequence stratigraphic
framework provides support for confidence in correlation between closely spaced well locations.
As shown in the figure above, correlations between the “third order” sequences for the three
cores located along depositional strike in Logan and Payne Counties, Oklahoma, can be used
with confidence to provide enhanced predictability of stratigraphic intervals with the highest
porosity and permeability within the Mississippian stratigraphic interval.

Comparison to Modern Depositional Environments

The assumptions related to the geometry of the depositional system observed in the
five cores used in this study is consistent with other recent research using date from this area
and time period (e.g.: Price, 2015; LeBlanc, 2015; Childress, 2015; Bertallot, 2015; Doll, 2015) as
well as previously published research that describes typical depositional environments,
geometry of the deposits as related to fundamental albeit generalized bathymetry features, and
potential diagenetic alterations. The North American Mid-Continent area in the Mississippian

Period is an example of a low-declivity ramp system that abuts an actively subsiding foreland
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basin created by regional tectonism. As noted by Burchette and Wright (1992) in their analysis
of carbonate ramp depositional systems and how the authors are unique and similar to other
carbonate depositional system, they highlight several key potential depositional features that
are possible, and unique, to a ramp environment due to the natural tendency to develop into
flat-topped depositional environments. For example, shoal deposits in a ramp setting have a
tendency to form “sheet-like grainstone units” that “migrate or prograde rapidly” as linear belts
that parallel a distal foreland basin depocenter. Within this setting sedimentation that has
been isolated by foredeep areas are noted to typically be absent of siliciclastics due to very low
guantities of terrigenous sediment able to be transported to these locations. Another generic
depositional feature that is applicable and observed in the current data set is the observation
that carbonate ramps associated with foreland basins, as with the Ouchita Orogeny and
resultant series of foreland basins that includes the Oklahoma Anadarko and Arkoma Basins
(Figure V-2), are often subject to repetitive episodes of uplift and drowning. Some of this uplift
creates complicated karsted unconformities within the middle and inner ramp areas that are
only locally present. With a ramp that has a very low declivity slope the inner ramp areas can be
several hundreds of kilometers along strike which can potentially further complicate the
depositional and diagenetic history through local tectonism and differential rates in both
carbonate and terrigenous sediment supplies.

As noted in the facies descriptions with interpreted depositional environments, a low-
declivity carbonate ramp or distally steepened carbonate ramp adjacent to a foreland basin is
best described through divisions generically termed the inner, middle and outer ramp area
(Figure V-3). Loosely defined, the carbonate ramp is gently sloping with an overall slope of less
than 1° that can locally be significantly steeper. The inner ramp includes deposition from the
upper shoreface (beach, lagoons) and fair weather wave base where there is nearly constant
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wave activity that has a lasting effect on deposition and sedimentologic features. The middle
ramp extends between the fair weather wave base to normal storm wave base with potentially
significant variability in the water depths and frequent re-working of sediment by larger storm
waves. The outer ramp is defined as the area below normal storm wave base where there is
little to no storm deposition and has a significant amount of mud/clay sedimentation. A slight
modification to these classically defined areas includes observations from the Florida shelf and
specifically Florida Bay where areas close to the shoreline have a greater amount of eolian
deposited quartz, and are likely to have low-energy depositional areas with a high percentage of
very fine grain silt, clay and carbonate mud sedimentation in areas where water circulation is
restricted due to local changes in bathymetry due to the location of mud banks or restriction
from islands located in a windward direction (Harris et al. 1985).

Facies from an additional geometrically defined slope environment located between
the outer ramp and the basin in distally steepened ramps are also observed is several ancient
systems (Burchette and Wright 1992). This type of depositional environment can occur in
several types of sedimentary basins, but are largest and most common “where subsidence is
flexural and slow and gradients are slight over large areas”, such as the North American Mid-
Continent area during the Mississippian Period. Also similar to what is observed in the study
areas are observations that diagenesis on a carbonate ramp system is often significantly
different from what occurs on flat-topped carbonate platforms and steep-slope depositional
environments. Observations of different carbonate ramps systems provide the conclusion that
“early marine cementation is less pronounced and seawater dolomitization driven by processes
such as Kohout convection is absent.” Also potentially significant is the observation that due to
the low declivity slope in a ramp system, “the meteoric zone may extend for significant
distances offshore so that mixing zone dolomitization and leaching are important processes”
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observed in diagenesis. Several other observations from Burchette and Wright (1992) are
consistent regarding deposition including the potential for peritidal sediments to be microbially
laminated and extend for significant distances, as inferred from thickness preserved in the
transitional core.

Modern Depositional Analogs

Comparing ancient deposits to modern depositional environments is a valuable practice
to help conceptualize the potential spatial distribution and geometry of identified reservoir
facies during a single time slice (Grammer et al., 2004). A modern analog that seem to be most
applicable to the three different parts of the study area from most distal to most proximal
deposition are is the Arabian-Persian Gulf where carbonate deposition can be observed in an
arid environment close to the equator, on an attached gently sloping ramp system. A
comparison between the observations from core and this depositional system should provide
useful perspective related to the potential 3-D facies distribution and heterogeneity in the
subsurface. Although the current paleodepositional models (Lane and Dekyser 1980, Childress
2015) are useful, they do not highlight the potential affects that can result from bathymetric
changes within a basin or region, and are also too generalized to be used for predictions of

reservoir units.

The Arabian - Persian Gulf is a northwest-southeast trending body of water that is
bordered by Oman, the United Arab Emirates (USE), Qatar, and Saudi Arabia to the south and
southwest, and Kuwait, Iraq, and Iran to the northwest and north. The Arabian - Persian Gulf
carbonate ramp is part of the gently sloping Saudi Arabian shield where water depths range
from largely exposed sabkhas to depths greater than 80m (260ft) in the Zagros Mountain
foredeep in Iran (Wilkinson and Drummond 2004). Holocene sediments have accumulated over

an area that is 500km (310 miles) long and up to 60km (37 miles) wide (Alsharhan and Kendall,
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2003). Sedimentation in the Arabian - Persian Gulf is believed to be controlled by a number of
factors including an arid climate, wave energy, orientation with respect to NW prevailing winds,
and offshore barriers (Alsharhan and Kendall, 2003). General facies types include supratidal
sabkha deposits, various types of bioclastic carbonate sands composed of skeletal fragments,
peloids, and ooids, muddy carbonate sands, and carbonate mud (Figure V-11) (Alsharhan and
Kendall, 2003; Wilkinson and Drummond 2004). Bioclastic and oolitic sands are deposited in
high-energy settings located predominantly on the southern margin of the Arabian coast
(Alsharhan and Kendall, 2003). These bioclastic sediments are found as deep as 20m, suggesting
that storm wave base is at least this deep (Alsharhan and Kendall, 2003). Generalized facies
types occur in wide facies belts paralleling the shoreline, with the highest energy facies

(carbonate sands) being deposited closest to the shore (Alsharhan and Kendall, 2003).

[ inter-Supratidal Zone

[ Muds

[] Muddy Sands

:I Sands

SAUDI ARABIA

Figure V-11: Deposition in the Arabian-Persian Gulf is one modern analogue to Missippian age
deposition in the North American mid-continent region. Deposition in the Arabian-Persian Gulf
occurs on an attached ramp system with significant variability in facies deposited in relatively
deep water transitioning to shoreline, tidal flat and restricted tidal flat lagoon environments.
The facies map shown above identified general strike elongate trends that mirror the shoreline
based on water depth. Facies within this modern system are generically classified, from deepest
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water (brown) to most shallow water depth (yellow): carbonate mud, muddy carbonate sand
and mud, bioclatic carbonate sand, and peloidal and skeletal packstones to grainstones.
This facies mosaic is similar to what is observed in core used in this study when placed
into generic depositional environments and facies classifications. Image modified from
Wagner and Togt,1973.

Comparison of North American Mid-Continent Mississippian age facies to those
observed in the Arabian - Persian Gulf allows for a first order interpretation of the spatial
distribution of facies and possible water depths at the time of deposition. Similar to the facies
observed in the study area, facies being deposited in the Arabian — Persian Gulf are directly
related to physical location on the outer, middle or inner ramp area, are spatially distributed in a
manner that is a direct result of the water depth, wave base, and wave energy in the
depositional environment, in a pattern that is primarily strike elongate, more or less parallel to
the coastline but with a high degree of correlation to water depth contours (Gischler and
Lomando, 2005). Within the modern depositional system, facies range from low-energy marls or
muds, to wackestone, packstones, and grainstones deposited toward higher energy, shallower
water, inner ramp environments, and peritidal sediments that are capped by sabkha deposits in
the coastal areas in the northern part of the Arabian - Persian Gulf (Gischler and Lomando, 2005;
Evans, 1966). Application of the Arabian - Persian Gulf depositional system as an analog, it is
possible the peloidal and skeletal packstone and grainstone facies observed in the North
American Mid-Continent area during the Mississippian Period were deposited in 1-20m (3-65ft)
water depth, are mostly strike elongate but certainly paleo-depositional elongate, and decrease
in thickness in a basinward direction. It is also a plausible assumption the carbonate mudstone
facies were deposited in water depths that were greater than 20m (65ft), where there is very
low energy in the depositional environment, but are also deposited in generally strike elongate
geometry that parallels the paleo-shoreline with increasing thickness in a basin-ward direction

(Esrafili-Dizaji and Rahimpour-Bonab, 2009).
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Where this modern analog has the greatest potential to deviate significantly from
depositional patterns in the North American Mid-Continent during the Mississippian Period is
the presence of both large and small-scale bathymetric changes due to a tectonically active
margin, tectonically active interior within the areas of deposition, and the presence of actively
subsiding basins adjacent to the carbonate ramp (Arkoma Basin and Anadarko Basin). Because
the North American continent was partially inundated with an epeiric sea, both large and small-
scale bathymetric changes would have potentially significant effects on the resultant facies
mosaics due to small scale changes to the eustatic sea level enhanced or muted by local
subsidence or uplift. Despite these differences, it is clear the distribution of facies observed in
the Arabian - Persian Gulf area can easily be extrapolated to areas within the North American
Mid-Continent area to provide an additional level of predictability of facies along what is
currently understood to be the paleo-strike and paleo-dip directions.

Another modern analog that can provide potential insight into depositional geometries
is the Florida Bay where interior muds are deposited in sheltered areas with variable energy and
variable siliclastic input. The Florida Bay is another example of a low-declivity shelf that has
potentially significant differences in depositional environments and amount of siliciclastic or
carbonate deposition depending on which part of the region is being studied. For example, a
lateral transect from Florida Bay to the west along the current low-declivity depositional ‘shelf’
would likely have greater similarity in depositional features than a lateral transect that begins in
Florida Bay and moves toward the south or to the east. This is also observed in the variability of
depositional environments preserved and observed in the study area where a relatively short
lateral distance between Payne and Osage County, OK have significantly different depositional

facies preserved that could be related to different time periods within the Mississippian, but
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could also be an indication of how quickly the bathymetry changed in some parts of the Mid-
Continent region during the Mississippian.

Acoustic Response

In conventional carbonates, the relationship between porosity and acoustic response
(sonic velocity) has a clear inverse relationship that can be approximated by the Wyllie time
average equation (Figure V-12a) (Anselmetti et al., 1997). Scatter present and deviations from
the fundamental relationship between velocity and porosity are related to the dominant pore
type (Figure V-12b) (Anselmetti et al.,, 1997). Understanding how the dominant pore type
affects the velocity response in carbonates can potentially provide information that can be used
to predict permeability (Anselmetti and Eberli, 1993; Anselmetti et al., 1997; Anselmetti et al.,

1998; Anselmetti and Eberli, 1999).
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Figure V-12: (a) The relationship between the acoustic response, or velocity, and measured
porosity has a predictable inverse relationship. The relationship can be approximated with the
Wyllie time average equation with the Woods equation presented as a useful lower boundary to
the data. (b)] When the data are plotted based on categories of predominant macropore type,
there are data groupings observed that can be applied to enhance the predictability of the
velocity-porosity relationship in carbonates that predominantly have macroporosity. Figures
used with permission from G. Eberli. (Anselmetti and Eberli 1999; Eberli 2001).

Understanding the relationship between acoustic response and porosity provides the
potential for further enhanced predictability of permeability in conventional carbonates

(Anselmetti and Eberli, 1999). As shown in this dataset, the acoustic response and porosity is
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inversely related similar to what is observed in conventional carbonates (Anselmetti and Eberli,
1999). However, although the relationship has a similar trend, the acoustic response for the
carbonate mudrocks is significantly slower for a given porosity than would be expected based on
data from conventional carbonate samples and theoretically calculated values. The reason for
this is because the samples are from a mixed carbonate — siliciclastic system with a significant
amount of quartz and clays in the mineral composition, and the pore architecture is
predominately micro- to nano-scale pores. The combination of these two important factors
results in a slower wave propagation through the samples due to differences in the elastic
properties of the samples as compared to pure carbonates (CaCO; composition) with
predominantly macro- to meso-scale pores. For additional information please reference Vanden
Berg, 2016.
SUMMARY

Three areas within the North American Mid-Continent region (Oklahoma and Kansas)
with cored intervals from the Mississippian Period stratigraphic section were analyzed to
identify the variability in preserved facies, high resolution sequence stratigraphic framework,
pore architecture, and relationship to conventional wireline log signatures, conventional
laboratory measured porosity and permeability, and laboratory measured sonic velcoity to
identify key relationships and predictable trends that provide insight into enhanced prediction
of primary reservoir intervals and petrophysical properties (porosity, permeability). Detailed
facies analysis of five cores from these areas within the basin highlight the variability in facies
deposited within the basin from very fine grained mudstone with little to no skeletal material or
bioturbation in outer ramp environments, to wackestone and packstones deposited with
moderate to extensive bioturbation and skeletal grains deposited in middle ramp environments,
to coarse grained carbonate sand shoals and peri-tidal deposits in the inner ramp and shoreline
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environments. Despite the differences in facies preserved in different parts of the basin, a
relative high-resolution sequence stratigraphic hierarchy is shown to be applicable throughout
the study area. Wireline logs are able to be used as a first-order definition of third-order
sequences, and fourth-order sequences identified through detailed facies analysis can be used
as a first-order approximation of intervals with relatively high porosity and permeability.

Qualitative analysis revealed a relationship between pores with a significant amount of
clay mineral precipitation within the pore space and relatively low laboratory measured porosity
and permeability. Conversely, intervals that have the highest laboratory measured porosity and
highest permeability correlate with pores that not only have the greatest density as observed in
a 2-D cross section, and are relatively larger in total size, but also have little to no clay mineral
precipitation in the pore space.

The regression analysis was unable to generate a useful model that could be used to
accurately predict key petrophysical parameters which highlights the need to verify the
applicability of analytical methodology when used to interpret or define properties in samples
with significantly different petrophysical features (e.g.: macro- to mesoporosity vs. micro- to
nanoporosity).

The laboratory measured acoustic response shows a clear inverse relationship to
porosity. In comparison to pure carbonates (CaCO;) that can be approximated using the Wyllie
time average equation, the mixed carbonate- siliciclastic samples have a slower, or lower,
response than predicted for pure carbonates with similarly low porosity values. The primary
cause of the slower acoustic response is related to the mixed mineralogy with a significant
amount of quartz and clay mineralogy, as well as the effect of the micro- to nanoscale poro

architecture. Both the non-carbonate mineralogy and the small scale pore architecture combine
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to have a significant effect on the elastic properties of the samples which translates into the

slower acoustic response in a carbonate mudrock data set.

CONCLUSIONS

Results from this study indicate the following:

The sequence stratigraphic framework identified for three areas within the North American

Mid-Continent show the show:

Even without biostratigraphic data, a relative hierarchy is a key tool to predict the
intervals with the best reservoir quality as determined by measured porosity and
permeability values. Within a localized area, the third order sequences can be used for
reliable correlations. Variability observed at the fourth order sequence scale can be
used with limited reliability to predict the intervals with the highest porosity and
permeability at each specific location, but have too much variability in depositional
features to correlate between well locations that are not immediately adjacent.
Although the facies observed in different parts of the basin vary significantly from one
area to another, the basic sequence stratigraphic architecture defined in one area has a
high degree of similarity to the depositional architecture in other areas of the basin.
Although caution is advised for correlation at a sequence scale more detailed than the
2" order scale across long distances, the similarity observed can be used as a
foundation for defining the sequence stratigraphic hierarchy in unexplored areas of the

basin.

The acoustic response measured from core plugs shows:

1.

A similar inverse relationship with porosity that can be approximated by the Wyllie time
average equation is applicable to samples with predominately conventional types and
laboratory measured porosity that is greater than 10%.
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For unconventional mudrock samples that have predominantly micro- to nanopore sizes
in very fine grain sediment and laboratory measured porosity less than 10%, there is a
significant shift in the predictable inverse relationship between velocity and porosity.
Observations from the data set indicate the Wyllie time average equation remain an
applicable relationship, however instead of being utilized as an approximation of the

relationship it should be applied as an upper data boundary.

181



CHAPTER VI

SUMMARY AND CONCLUSIONS

Research Focus #1: 2-D Pore Architecture Characterization of a Carbonate Mudrock Reservoir:

Insights from the Mid-Continent ‘“Mississippi Lime”

The first focused research topic was to understand the fundamental geometry of the pore system
architecture within a mixed carbonate-siliciclastic mudrock. As shown in chapter/publication 1
titled “2-D Pore Architecture Characterization of a Carbonate Mudrock Reservoir: Insights from
the Mid-Continent ‘Mississippi Lime’”, a specific pore type classification such as intergranular or
moldic, does not fully describe the pore system. The predominantly very fine grain size within
the reservoir, coupled with a complicated diagenetic history which has altered the internal pore
network, has a significant impact on physical factors that affect fluid flow and of therefore any
measured porosity or permeability. However, a first-order classification and understanding how
the pore architecture in carbonate mudrocks differs from conventional carbonates with visible
macroporosity, can aid in understanding conventionally measured petrophysical properties and
how these relate to the potential for economic reservoir development. Analysis of the carbonate

mudrock pore architecture has led to the following key observations:
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Digital image analysis confirms that carbonate mudrocks have a complex distribution of
pore sizes, even within the micro- to pico-meter scale pores, that have an impact on the
relationship between porosity and permeability.

To obtain a complete suite of data representative of the characteristics of carbonate
mudrock pore architecture, analysis should be completed using a light microscope as well
as a scanning electron microscope to encompass data from macro- to picometer-scale
pores.

Pore shape has a weak relationship with total porosity and total permeability with the
greatest correlation observed in Facies 6, a skeletal-peloidal wackestone, and Facies 7, a
mudstone-wackestone. The scatter in the data is a result of the complexity within the
internal pore architecture.

The relationship between porosity and sonic velocity response indicates the relationships
observed in conventional carbonates are similar to carbonate mudrocks but not identical
in nature. The lower sonic (compressional) velocity response is partly because the
complex mudrock pore architecture contained primarily within the micro- to nanometer-
scale pore size fraction produces different elastic properties than properties expected for
carbonates with macroporosity. Additionally, the diagenetic alterations of the matrix to a
relatively high silica content also impact the elastic properties of the reservoir and the
resultant sonic velocity response. This difference in elastic properties associated with the
macro- to nano-scale pore architecture correlates with a unique, predictable pattern that
has a lower sonic (compressional) velocity for a given porosity, as compared to values
expected from the Wyllie time average equation. The scatter in the data are still a result

of different pore types and permeability that is demonstrated by variations in the range of
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resultant sonic (compressional) velocity values for a given porosity as well as a range of
porosity values for a given sonic (compressional) velocity response.

Micro-fractures may contribute to the overall porosity and permeability where they are
able to provide a less tortuous fluid pathway for water and oil located in the picopores
and small nanopore size fraction. Fractures that are currently filled with calcite and
dolomite cements likely contributed to migration of fluids and placement of currently
observed trapped organic material, during early and late burial stages. Although not the
focus of this study, it is clear the effect of micro-fracture contribution to porosity and
permeability should be considered in additional research relating pore architecture to
porosity and permeability in carbonate mudrocks.

Each facies identified has a generally positive correlation between porosity and
permeability with notable variances that are a result of the dominant pore type and
complex internal pore geometry. The highest porosity and permeability values are often
associated with the upper portion of the identified “5™ order” cycles within the cored
interval. Additional predictability of high porosity and permeability intervals might be
associated with specific diagenetic processes. On a broad scale, extreme silicification is
most prominent in Facies 5 while observed hydrothermal brecciation is primarily within
Facies 2. Correlation between type and timing of diagenesis and permeability was
beyond the scope of this research.

In carbonate mudrocks quantification of the pore architecture and qualitative descriptions
of the pore architecture each provide only part of the information necessary to interpret
key relationships between the pore architecture, porosity, permeability, facies, and

sequence stratigraphy. The combination of qualitative and quantitative data is
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recommended to provide a sufficient amount of insight to understand general trends and
interpret deviations within these relationships, which in turn allows for enhanced
predictability of optimal reservoir conditions and improved horizontal well target

selection.

Research Focus #2: A quantitative evaluation of the pore system architecture and acoustic

response of micro- to nanometer-scale pores in carbonate mudrocks.

The second focused research topic expands the image data set to include observations from five

cores from three locations within the Mid-Continent Mississippian basin. This research integrates

qualitative and quantitative observations from representative photographs collected using thin

sections with a magnification of 5x-40x, and ion milled samples viewed with an ESEM with a

magnification of 100x-1,000,000x to identify useful trends that can applied in other areas of the

basin to increase the predictability of key petrophysical properties. Key observations from this

expanded image data set include the following:

1.

2.

Qualitative analysis of the pore architecture provides the greatest insight to trends in
porosity and permeability through identification of pore types present in the data set and
the relationship between the micro- to nano-meter scale internal pore space and the
mineral precipitation of clays, quartz, or calcite to permeability.

Within the micro- to nano-meter scale pore types, pores that had a considerable amount
of clay mineral precipitation within the pore space have relatively low measured porosity
and permeability. Intervals that have the highest porosity and highest permeability
correlate with pores that not only have the greatest spatial density, and are relatively

larger in total size, but also have little to no clay mineral precipitation but are often
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observed to have the pore walls lined with either calcite or quartz crystals which do not
typically sub-divide the flow network.

Extensive diagenetic alterations have resulted in porosity and permeability trends that are
not facies specific, but do have a unique and predictable relationship to defined sequence
stratigraphic architecture.

Quantitative analysis using multi-linear regression with inputs from sub-sets of data
representative of the four cores with very fine grained facies with predominantly micro-
to nano-meter scale porosity, identified several statistically significantly measurements
but was unable to generate a useful or applicable model that could accurately predict any
of the key petrophysical properties.

Quantitative data regarding the pore size and distribution graphed in two unique
orientations (pore size vs. perimeter/area (P/A), and pore size distribution) provide
valuable insight to pore size controls on potential fluid flow from the natural pore system.
A quantitative analysis that is able to mathematically define key relationships that can be
used to enhance the predictability of porosity and permeability require additional data.
Some common types of data that could increase the predictive potential of the models
include: fracture density at the macro- and micro-scale with a semi-quantitative
classification scale related to the potential to increase or decrease permeability, NMR
response, 3-D CT scans of the pore architecture at meso- and nanoscales, and mercury-

injection capillary pressure data (MICP).
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Research Focus #3: Testing the applicability of identified relationships between velocity response

and permeability in Cenozoic and Mesozoic carbonates to Paleozoic carbonates from multiple

depositional basins.

The third goal of the research was to perform a comparative analysis of laboratory measured
acoustic response data from samples collected from different basins, and that represent different
geologic time periods, to identify the applicability of identified trends and relationships from
Cenozoic carbonate samples to older Mesozoic and Paleozoic carbonates. The data used for the
comparative analysis are from two Ph.D. theses and two M.Sc. theses that incorporated laboratory
measured velocity response into broader research projects. The laboratory measurements from
each data set were performed (with one exception) using the same methodology, and the same
equipment. The data set that utilized a different machine followed the same analytical procedure
and performed the analysis using the same fundamental process and procedure. The primary
conclusions based on the comparative analysis are as follows:

9. The Wyllie time average equation is often, but not always, a suitable representation of the
relationship between laboratory measured velocity and porosity in both pure carbonate
and mixed carbonate depositional systems.

10. Even within a basin, intervals of different ages can potentially have a significantly
different relationship between the velocity and porosity. Although it is likely to be an
inverse relationship, the specific character should be identified before empirical
equations, or equations derived from a single borehole, are used to predict petrophysical

properties within a reservoir interval.
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11.

12.

13.

14.

15.

Where the Wyllie time average equation is not a suitable representation, a best fit line
should be applied to the data so the relationship, and potential for enhanced predictability
of primary pore type, or permeability, can be determined.

In a mixed carbonate-siliciclastic-evaporite system, it is reasonable to expect similar
trends and relationships as identified for pure carbonate systems, assuming the major
mineralogical composition is a carbonate, or diagenetically altered carbonate.

In a mixed carbonate- siliciclastic mudrock system, it is reasonable to expect a similar
inverse relationship between the velocity and porosity, but the relationship to
permeability may become additionally complicated within a reservoir system if there
exists more than one characteristic best-fit data line.

Plotting the data in a manner that identifies either or both the dominant pore type, and/or
the well location can aid in enhanced predictability by further defining the fundamental
velocity — porosity relationship.

Limited data indicate an unconventional carbonate mudrock system with predominantly
micro- to nano-meter scale porosity has a modified relationship between velocity and
porosity. The data presented indicate a unique relationship exists for unconventional, or
transitional reservoirs that primarily have low porosity values that are equal to or less

than 10%.

Research Focus #4: Integrated reservoir characterization to provide insight into porosity and

permeability in a mixed carbonate- siliciclastic reservoir

The fourth focused research topic incorporated the expanded data set to identify predictable

relationships between the facies defined sequence stratigraphic framework applicable to each of
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the five cores to test whether results can be applied to other areas in the basin to enhance the
predictability of relatively higher porosity and permeability intervals within the Mid-Continent
Mississippian age reservoir. Additional data incorporated into the analysis included wireline logs
(especially the gamma-ray), conventional laboratory measured porosity, permeability, and sonic
velocity response, and qualitative integration of the effects from diagenetic alteration events on
otherwise predictable trends and relationships.

Key observations from comparative analysis of the facies defined sequence stratigraphic
framework for five cores from three areas within the Mid-Continent Mississippian basin include
the following:

1. Even without biostratigraphic data, a relative hierarchy is a key tool to predict the
intervals with the best reservoir quality as determined by measured porosity and
permeability values.

2. Although the facies observed in different parts of the basin vary significantly from one
area to another, the basic sequence stratigraphic architecture defined in one area has a
high degree of similarity to the depositional architecture in other areas of the basin.

Key observations from the laboratory measured acoustic response shows:

3. The inverse relationship with porosity that has been previously defined for conventional
carbonate reservoirs that can be approximated by the Wyllie time average equation is
applicable to samples with predominantly macroporosity and laboratory measured
porosity that is greater than 10%.

4. For unconventional carbonate mudrock samples, characterized by predominantly micro-
to nano-meter scale pore sizes in very fine grained sediment with laboratory measured

porosity less than 10%, there is a significant shift to the predictable inverse relationship
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between velocity and porosity. Observations from the data set indicate the Wyllie time
average equation remains an applicable relationship, however instead of being utilized as
a first order approximation of the porosity-permeability relationship, it should be applied
as an upper data boundary.

For unconventional mudrock samples, the very fine grained matrix with predominately
micro- to nano-meter scale pore architecture results in an ambiguous relationship
between the velocity — porosity relationship and permeability. As identified with
guantitative image analysis, additional data related to the diagenetic history should be

incorporated into the analysis to provide additional clarity to this relationship.
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APPENDICES

Appendix I: EXTENDED ABSTRACT

The primary focus of this research has been to increase the understanding of carbonate
mudrocks by providing some of the first insight into the nature of micro- to nano-meter scale pore
systems in these types of carbonates. In particular, this study has focused on the pore systems in
carbonate mudrocks and their three dimensional architecture, how the pore systems relate to
permeability in the reservoirs and how that permeability may be predicted based upon acoustical
properties of the rock, as well as how this ties to overarching geological parameters such as the
depositional environment and the sequence stratigraphic framework.

Over the last decade unconventional resources, defined by low porosity and low
permeability, have taken a prominent place in oil and gas exploration. This change in focus for
exploration and reservoir development has created a need to better understand shale and mudrock
depositional environments and their reservoir characteristics. Much of the research on shale and
mudrock reservoirs has been focused on siliciclastic shale and mudrocks such as the Barnett
Shale (Mississippian) in the Fort Worth Basin, and the Utica Shale (Ordovician) in the
Appalachian Basin. A fundamental control on reservoir systems and production capabilities is
often linked to facies types and their corresponding geometrical attributes derived from
interpretation of the primary depositional environments, as well as petrophysical characteristics
that are identified through facies analysis of cored intervals at meter-scale down to the micro- and
nano-meter scale.

Facies interpretation and development of a high resolution sequence stratigraphic-based
depositional architecture in Mississippian-age carbonates from three regions of the Mid-Continent
have been integrated with key petrophysical data (porosity and permeability), analysis of the pore

system architecture, and acoustic response data to provide insight into primary reservoir controls
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and trends that can be successfully applied to other areas of these Mississippian age strata as well
as to carbonate mudrocks on a global scale.

Detailed facies analysis indicate deposition occurred on an attached, low-declivity,
carbonate ramp, or possibly distally steepened carbonate ramp system. Facies observed in the
cores range from very fine grain carbonaceous mudstone, wackestones, and grainstones to near-
shore wackestone to packstones capped by a series of peritidal deposits. The fine grained facies
have a horizontal porosity that ranges from 0.1 t012% (avg.2.5%) with a correlative permeability
range of 0.0001mD to 3.4mD (avg. 0.05mD). Horizontal porosity from coarse grain facies range
from 13% to 45% (avg.31%) porosity with a correlative permeability range from 5.92mD to
163mD (avg. 43mD). Each core shows a shallowing upward succession of facies throughout the
cored interval, and a similar sequence stratigraphic framework. Within this overall regressive
system, the highest porosity and highest permeability intervals are most commonly located within
the regressive phase of large-scale sequences. Qualitative analysis shows a relationship between
mineral precipitation within the pore space and the measured porosity and permeability in the
intervals with predominantly micro- to nano-meter size pores. Where clay minerals
(illite/smectite, kaolinite) are observed in the pore space, a significant portion of the area is sub-
divided in smaller pores and pore throats. Where either calcite or quartz are precipitated inside
the pore space, the crystals grow primarily only along the pore wall. This different growth
morphology reduces the overall size of the pore and pore throat but does not sub-divide the pore.
Samples that have a significant amount of clay minerals precipitated within the pore space
correlate with low porosity, and low permeability. Samples with predominantly calcite or quartz
precipitated within the pore space correlate with the relatively higher porosity and permeability
values.

Quantitative analysis shows the relationships between measured geometric parameters of
the pore systems and how porosity and permeability transforms may differ significantly in
carbonate mudrocks with micro- to nano-meter scale porosity (<62um diam.) compared to
conventional carbonate reservoirs with primarily macro-porosity (256-4mm diam.).  The
complex pore architecture in carbonate mudrocks equates to the inapplicability of standard
methods and analyses applied to macropore systems to identify and predict key reservoir
properties. A complicated diagenetic and structural over-print within the data set causes
additional complications in interpreting trends that are observed consistently within the data set.

Acoustical response (velocity) data are inversely related to porosity, with a clear shift in
the relationship as related to the empirical Wyllie time average equation. The shift in this
mathematically defined relationship is attributed to the complexity within the micro- to nanopore
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architecture and the effects this has on the elastic properties of the samples. A comparison of the
velocity — porosity relationship using data from different basins and geological ages shows the
inverse relationship is a reasonable expectation, but that caution is suggested before application of
the Wyllie time average equation as a baseline to interpret the primary pore type or relative
permeability, especially in micro- to nano-scale pore systems. Specific measurements from the
reservoir or interval of interest should be used to identify the reservoir specific relationship
between velocity and porosity to have greater confidence in the development of proxies to predict
permeability from the combination of pore architecture and associated acoustical response.
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Appendix II: SUPPLEMENTARY SEM IMAGES FOR 2-D PORE ARCHITECTURE
CHARACTERIZATION OF A CARBONATE MUDROCK RESERVOIR: INSIGHTS FROM
THE MID-CONTINENT “MISSISSIPPI LIME”

Supplemental SEM images of observed pore architecture in used in data set for a first-order
characterization of the pore in a carbonate mudrock reservoir.

Note: not all pores are identified in each image. Images are arranged by order of facies.

Select SEM images that are representative of the samples analyzed in this study have
been grouped by facies classification to highlight the complex pore structure at the micro- to
nanometer pore scale. The internal pore architecture adds an additional layer of complication
to predict permeability due to the precipitation of different clays and minerals within the pore
space. Although many of the pores can be generically classified as interparticle or intergranular
pores, most are effectively moldic and vuggy in relationship to their connection to other void
space and in their relationship to the flow network. The matrix pores, defined within this paper,
are observed and common in each facies with a variety of geometric (oval, circular) and non-
geometric shapes. Pyrite framboids, also common in several facies, have the least amount of
precipitation observed within the structure, but are also observed to have intraparticle pore
space that in a two dimensional cross section does not appear to have significant connection to
other pore space within the samples.
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