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Abstract:

The “Mississippian Limestone” of the Mid-Continent contains a geologically
complex organization of facies and is an areally extensive mixed carbonate-siliciclastic
system. Lateral and vertical heterogeneity commonly occurs within carbonates and has
been illustrated within the Mississippian Subsystem of the Mid-Continent. These facies
shoal upwards from siliciclastic dominated facies (argillaceous siltstones/sandstones and
silty shale) into progressively more carbonate-dominated facies (burrowed mudstones-
wackestones), and conclude in mud-lean packstones-grainstones. Facies and
sedimentary structures from core and thin section analysis, along with bed geometries
(observed within the study area) suggest deposition within the distal mid-ramp to outer
ramp region of a distally-steepened ramp during fluctuations in sea level with occasional
influence from storms.

Previous studies on the “Mississippian Limestone” have focused on larger scale
variations in lithofacies. More recent work has identified a sequence stratigraphic
hierarchy of facies changes due to variations in sea level. While recent studies have
focused on proximal locations of the ramp, little work had been done within the more
distal portions of the ramp. This study shows the stratigraphic relationship between
more distal facies and the proximal facies in the Mississippian section within the study
area. This work is important, as it builds upon previous work (LeBlanc, 2014; Bertalott,
2014) and demonstrates the stratigraphic relationship between proximal carbonate-rich
facies and distal siliciclastic-rich, argillaceous facies. Bertalott (2014) demonstrated that
prograding carbonate wedges in a ramp setting were a logical interpretation of
Mississippian depositional packages within the northern part of the study area. This
study tested the hypothesis that prograding carbonate wedge geometries extend into a
more basinal depositional setting by expanding upon previous studies with subsurface
data from Creek and Lincoln Counties, Oklahoma and employing a sequence
stratigraphic framework, this study extended the ramp model basinward and identified
associated siliciclastic dominated depositional facies.
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CHAPTER I

INTRODUCTION

Problem Statement

The “Mississippian Limestone” is a comprehensive mixed carbonate/siliciclastic
unconventional play throughout much of Oklahoma and southern Kansas. This unconventional
play is characterized by low porosity and/or permeability that impedes the migration of
hydrocarbons, and well completions require hydraulic stimulation in order to produce economic
volumes of oil and gas. The Mississippian Subsystem of Oklahoma, despite being lithologically
heterogeneous and poorly age-constrained, is economically due to its long history as a
hydrocarbon-producing play (Figure 1). Though the Mississippian section has a long history of
producing, there are limited studies of the distal or more basinal sections of the “Mississippian
Limestone” resulting in poor resolution of the stratigraphy and confusion concerning subsurface
correlations. This is largely due to the changes in facies from the outcrop to the subsurface, a lack
of biostratigraphic control, and absence of core that is necessary to develop facies models
(Mazzullo et al., 2011). Understanding the depositional processes is essential to resolving
Mississippian stratigraphy. This study is designed to expand the correlation of Mississippian
subunits in the subsurface of east-central Oklahoma, which has not previously been
accomplished. Lithostratigraphic nomenclature applied to the Mississippian strata in the Mid-
Continent region is inconsistent and poorly constrained biostratigraphically and temporally

(Mazzullo et al., 2013).



An important factor for the success of this study was a concurrent conodont
biostratigraphic study (Hunt, 2017) on the Doberman #1-25 SWD core, which was also examined
in this study (Table 1). The combined efforts of these two studies have resulted in a better
understanding of the depositional processes and age of the Mississippian section. Conodont
biostratigraphy, with its ability to yield high-resolution age constraints (one million years
maximum resolution), has produced the most accurate dataset for correlating within the
Mississippian (Boardman et al., 2013). Establishing a temporal and spatial relationship between
the more limestone-rich facies of the outcrop and subsurface in northern Oklahoma, to the deeper
water, more silty and argillaceous facies, provides a major step in resolving facies relationships
within ramp settings, thereby making a significant contribution to the science of stratigraphy.
Both cores utilized in this study appear to be unique in that they contain examples of both the

limestone-rich facies and the siltier, quartz- and clay-rich facies.
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Figure 1. Historical map of the “Mississippian Limestone” play (vertical production) with the
study area outlined in purple. The map shows production of oil (green) and gas (red) from
“Mississippian Limestone” vertical wells across Oklahoma and Kansas. The thickness of the
Mississippian section is indicated by grey contour lines with a contour interval of 250ft
(62.5m). The thickness trend of the Mississippian shows thickening to the west and thinning to
the east. The largest producing field in Oklahoma is the Sooner Trend on the western flank of
the Nemaha Ridge. Modified from Harris (1987). 2



Hypotheses and Fundamental Questions

In order to ascertain the impact of high-frequency eustatic sea level changes and their
influence on the stratigraphy of the “Mississippian Limestone”, this study utilized two
“Mississippian Limestone” cores (Table 1) (Figure 1). These cores were chosen because they
have a complete or near complete section of the “Mississippian Limestone”, a suite of
conventional wireline logs, and differing thicknesses of the “Mississippian Limestone” section.
These cores offer sedimentological evidence of changes in sea level, and depositional energy, and
the resulting depositional facies and their stacking patterns that were used to establish a hierarchy

of sea level cyclicity. Two overarching hypotheses were formulated for this study:

1. The Doberman #1-25 and Ihle #1-26 cores, in the southern and southeastern part of the
study area, contain a cleaner carbonate section toward the base of the cores that is a
thinner more distal equivalent to the same section in the Payne County cores previously
studied by LeBlanc (2014).

2. Probable 3" order, sequences and higher frequency depositional cycles observed within
the Doberman and Ihle cores are part of prograding carbonate packages, whose
deposition was likely influenced by eustatic sea level changes associated with

Milankovitch cyclicity.

The fundamental questions addressed by this research are in regard to the “Mississippian
Limestone” section in Creek, Lincoln, and southern Payne Counties in east-central Oklahoma

(Figure 2). These fundamental questions are as follows:

1. Is there a stratigraphic hierarchy of depositional sequences and cycles that exist within
the Mississippian section of the examined cores?
2. [If a stratigraphic hierarchy exists within the cores, can it be tied to their respective

wireline log signatures, and then correlated to adjacent wells in the study area?



3. Do prograding carbonate wedge geometries, demonstrated in the northern part of the

study area by Bertalott (2014), extend into a more distal (basinal) depositional setting?

“Mississippian Limestone”
Core# | Lease Name | Well No. Interval (ft) Operator | County
1 Doberman 1-25 4964.75'- 5199.20’ Devon Energy | Payne
2 Ihle 1-26 2783.00'- 3206.55’ Devon Energy | Creek

Table 1. List of cored wells utilized within this study including lease name, well number,
depths through the Mississippian section in feet, operator, and county. Well information
was obtained from the well logs and log headers.

Purpose and Objectives of Study

The primary purpose of this study was to establish a core and wireline log based
stratigraphic framework for the “Mississippian Limestone” in portions of east-central Oklahoma.

The primary objectives were:

1) Examine cores to identify significant stratigraphic surfaces that can be attributed to
changes in relative sea level, such as flooding surfaces or subaerial exposure
surfaces.

a. Establish a set of depositional facies based on core descriptions and thin
sections

b. Document depositional cycles based on facies stacking patterns and compare
them to the hierarchy of cycles established for the “Mississippian Limestone”
section in previous studies.

2) Correlate these stratigraphic surfaces and facies assemblages observed in the cores to

their signatures on wireline logs and establish electrofacies.



3) Establish a regional stratigraphic framework using the electrofacies interpreted from

patterns on wireline logs and stratigraphic surfaces observed within the cores.

The major research tasks included in this study were core and thin section descriptions,
correlating cores to wireline logs, and correlating the stratigraphic hierarchy away from the cored
wells. The anticipated results expected to show the stratigraphic relationship between more distal
(basinal) facies and the proximal (landward) facies in the Mississippian section within the study
area. This work is important, as it built upon previous work (LeBlanc, 2014; Bertalott, 2014) and
demonstrated the stratigraphic relationship between proximal limestone rich facies and distal
siliciclastic-rich, argillaceous facies. Bertalott (2014) demonstrated that prograding carbonate
wedges in a ramp setting were a logical interpretation of Mississippian depositional packages
within the northern part of the study area. This study tested the hypothesis that prograding

carbonate wedge geometries extend into a more basinal depositional setting.



CHAPTER II

GEOLOGIC BACKGROUND

Structural and Tectonic History

The study area is located in east-central/northeast Oklahoma on the Cherokee Platform in
Lincoln, Creek, and southern Payne counties. Bordering the study area are tectonic features
including the Nemaha Uplift, also referred to as the Nemaha Ridge, to the west, the Anadarko
Basin to the west and southwest, the Ozark Uplift to the east, the Arkoma Basin to the southeast,
and the Arbuckle Uplift to the south (Northcutt and Campbell, 1996). The orientations of the

previously mentioned tectonic features are illustrated by figure 2.

1 @ =Doberman #1-25 SWD
2 @ =lhle #1-26

A @ =Winney #1-8
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Figure 2. Map of Oklahoma showing major tectonic features in reference to the study area
(shown by red outline). Cores utilized in this study are shown by black dots (1 and 2), the
gray dots (A and B) are cores described by LeBlanc, 2014 that were integrated into this study
for subsurface correlation purposes. Uplifted regions are shown in brown, while basins are
shown in blue. Green shaded areas represent platform and shelf regions. Modified from
Northcutt and Campbell (1996).

Understanding the location and timing of these tectonic features is important because of
the role they played in influencing depositional settings, environments and the amount of
accommodation during deposition, all of which directly affect the type of facies and reservoir
distribution. Accommodation and environment directly influence facies stacking patterns and
reservoir distribution (Drummond and Wilkinson, 1993). In addition, tectonism and erosion
associated with uplift modified the Mississippian section prior to Pennsylvanian deposition and it

is important to consider erosion during correlation and facies analysis.

With respect to tectonic activity or structural deformation, the Early (~360 Ma) and
Middle (~347 Ma) Mississippian was relatively quiet or inactive within the Mid-continent
(Gutschick and Sandberg, 1983). During this time, a large percentage of the southern United
States was immersed under a shallow, warm, epeiric sea where temperate to subtropical climates
existed. As a result, Mississippian carbonates were deposited on the Burlington Shelf across
portions of Arkansas, Colorado, Illinois, lowa, Kansas, Nebraska, New Mexico, Oklahoma, and
Texas (Figure 3; Curtis and Champlin, 1959; Gutschick and Sandberg, 1983). Depositional dip
was towards the south southeast and the depositional strike was roughly east to west, with
shallower waters occurring to the north and deeper water settings to the south. Bounding the Mid-
Continent ramp/shelf system was the Transcontinental Arch to the north. The Burlington Shelf
was also bounded to the east by the Ozark Uplift and Illinois basin and by the Oklahoma Basin

and Ouachita Trough to the south (Figure 3; Lane and De Keyser, 1980).
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Figure 3. Regional paleo-depositional time-slice map of the Mid-continent representative of
deposition during Late Tournaisian, or Early to Middle Osagean. Approximate water depths (in
meters) are illustrated by gray contour lines with a contour interval of 50m (164ft). Shallower
waters were to the north while deeper waters persisted to the south. The carbonate system was
bounded to the north northwest by the Transcontinental Arch, to the east by the Ozark Uplift,
and the Oklahoma Basin to the south, a position occupied by the present day Anadarko and
Arkoma basins. The study area is denoted by the red outline and had an estimated water depth
of 150 to 175 meters. Note that this figure only represents a generalized time slice of a dynamic
mixed carbonate-siliciclastic system and that it represents a carbonate shelf/platform rather
than a carbonate ramp. Modified from LeBlanc (2014), originally re-drafted by Bertalott (2014)
after Gutschick and Sandberg (1983) and Lane and De Keyser (1980).



The Ozark Uplift, which formed during the Paleozoic and is thought to have been
paleogeographically positive during the deposition of Mississippian sediments, was reactivated
during the Pennsylvanian, generating folds and faults around the area (Huffman, 1958). As
previously stated, the Early and Middle Mississippian were tectonically quiet. However, during
the Late Mississippian (~331 Ma) and Early Pennsylvanian (~320 Ma), tectonic activity
increased. Tectonism accompanying the Pennsylvanian Orogeny directed the growth of structural
and geologic features within the southern Mid-Continent and study area, influencing available

accommodation and deposition of carbonates during Late Mississippian time.

Nemaha Ridge

The Nemaha Ridge is a large north-south trending structural uplift extending south-
southwest from Nebraska and northeastern Kansas, through Kansas and southward into central
Oklahoma where it terminates (McBee, 2003). The uplift structurally divides the Cherokee
Platform in north-central Oklahoma from the Anadarko Basin in west-central Oklahoma. The
Nemaha Ridge is relatively narrow, extending roughly 80 miles (129 km) across at its widest in
the north and outspreading to approximately 500 miles (805 km) in length (Gay, 2003). In north-
central Oklahoma, it is roughly 30 miles (48 km) wide and narrows towards the southwest, where
it is less than 6 miles (10 km) across (McBee, 2003; Gay, 2003). The complex history of the
Nemaha Ridge played a role in determining the thickness and distribution of the “Mississippian
Limestone” in north-central and east-central Oklahoma (Bertalott, 2014). Dolton and Finn (1989)
indicate that the Nemaha Ridge is an intricate structural feature where associated folding and
faulting control the distribution of oil and gas. Faulting (Figure 4) affected the thickness of
subunits within the Middle to Late Mississippian (Bertalott, 2014). The timing of the structural
events accompanying the Nemaha Ridge are still uncertain for the older Paleozoic. Although, it is
known and understood that the uplift was a prominent structural feature by the Late Mississippian

that affected Carboniferous deposition and sediment distribution, Gay (1999) suggests the



Nemaha Ridge initially moved, as early as, the Middle Ordovician (Taconic), with the main uplift
taking place through Late Mississippian into Early Pennsylvanian (Alleghanian). According to
Steen (in progress) uplift occurred pre-, during, and post-Mississippian time based upon
synsedimentary uplift and accelerated erosion of the unit. Steen (in progress) also states a thicker
sedimentary section occurs along the flanks of the structure compared to the apex. Recent studies
of outcrops and subsurface sections suggest that the Ouachita orogeny initiated syndepositional

tectonism (Mazzullo et al., 2011; Wilhite et al., 2011).
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Paleogeography and Climate

During the Mississippian, a large portion of the southern North American craton was
immersed under a shallow, warm, epeiric sea in temperate to subtropical climates. The result was
deposition of Mississippian carbonates across the Burlington Shelf (Figures 3 and 5; Curtis and
Champlin, 1959; Gutschick and Sandberg, 1983). The combination of climate and water
conditions provided a relatively large area suitable for carbonate production (Figure 5). Following
deposition of Woodford sediments (Late Devonian, Early Mississippian), sea level declined
resulting in a shallow, relatively well-oxygenated environment in Early Mississippian

(Tournaisian) time (Frezon and Jordan, 1979).

Northern Oklahoma (including the study area) was located approximately 20°-30° south
of the paleoequator (Figures 5 and 6). During the Middle to Late Mississippian, global sea level
continued to fall, which resulted in significantly more land mass being exposed across the Mid-
Continent (Figure 6). In the oxygenated, shallow water north and northwest of the Ouachita
Trough, an ample amount of invertebrate fauna was capable of growing (Huffman, 1958). Due to
heavy siliciclastic input during Late Mississippian within the study area, carbonate production
was likely hindered and prevented extensive growth of normal marine faunas in what was an

otherwise favorable environment (Frezon and Jordan, 1979).
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Prevailing
Wind Direction.

A

ST R | 600 Mi
Early Mississippian -- 345 Ma (350-340) MW o

Figure 5. Early Mississippian (~345 Ma) paleogeography. The red outline indicates the
study area, which is located roughly 25-30 degrees south of the paleoequator. Water
depths are indicated by contrasts in color, with deeper water being darker blue and
shallower waters being lighter blue. Exposed land masses are indicated by browns and
green. During this time the study area was characterized by shallow water marine
conditions, while deeper water conditions existed to the south. The dominant paleo
wind direction is interpreted to have been from the northeast. Modified from Blakey

(2015).
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Figure 6. Late Mississippian (~325 Ma) paleogeography. The red outline indicates the
study area, which is located roughly 20-25 degrees south of the paleoequator. Water
depths are indicated by contrasts in color, with deeper water being darker blue and
shallower waters being lighter blue. Exposed land masses are indicated by browns and
green. During this time the study area was characterized by shallow water marine
conditions, while deeper water conditions existed to the south. The dominant paleo
wind direction is interpreted to have been from the northeast. Unlike the Early
Mississippian, during Late Mississippian time there was significantly more land mass
exposed, which could have affected sediment supply and the distribution of facies
throughout the study area. Modified from Blakey (2015).

The Mississippian represents a transitional period between the greenhouse climate of the
Devonian to icehouse climatic conditions during the Pennsylvanian (Buggisch et al., 2008; Read,

1995). Coinciding with this transitional period from greenhouse conditions to icehouse conditions
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was a time of low carbon dioxide concentrations, globally (Figure 7; Read, 1995). According to
Haq and Schutter (2008), surface temperatures within the ocean were also transitional through
Mississippian time. The first major glaciation event within the Mississippian occurred during
Tournaisian and continued through the Visean (Middle Mississippian), another glaciation event
occurred within the Serpukhovian (Late Mississippian), but between the two glaciation events

warm conditions existed (Buggisch et al., 2008; Pfefferkorn et al., 2014).
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00

Figure 7. lllustration of greenhouse and icehouse conditions existing through the
Phanerozoic. Paleo-latitudes of ice-rafted deposits (shown by gray boxes with solid
black outline) and marine ice-rafted deposits (shown by gray boxes with dashed
black line) combined with the change in climate due to deviations in carbon
dioxide and solar intensity (solid black curve) demonstrate the transitional state
that existed during the Mississippian. The Mississippian is outlined by the red
rectangle, noting the increase in ice-rafted deposits during this time. Modified
from Read (1995), who redrafted it from Fischer (1982).
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Sea Level and Cycle Hierarchy

Eustatic sea level change is controlled by two main influences: (1) variations in global ice
capacity and (2) fluctuations in ocean basin volume from the flow of heat through mid-ocean
ridges. A hierarchy of sea level fluctuations, denoted as cycles and sequences, is created from the
amalgamation of the two mechanisms mentioned above. Characteristics such as magnitude,
length of time, and processes controlling sea level change differentiate sea level cycles and/or
sequences (Table 2; Read, 1995). First order supersequences are more than 100 million years
(m.y.) in length (typically 200-300 m.y. long) and are related to plate tectonics and the opening
and closing of ocean basins (Read, 1995). Second order supersequences typically range from 10
to 50 million years in length and are caused by changes in ocean basin volumes, plate tectonics,
and to a lesser extent fluctuations in global ice capacity (Read, 1995). Superimposed on second
order supersequences are third order sequences of 1 to 10 million years in length, but typically
less than 3 million years (Plint et al., 1992). The controlling mechanisms of third order sequences
are controversial and challenging. However, most researchers believe that third order sequences
are likely controlled by ocean floor spreading and plate tectonics (Haq and Schutter, 2008; Plint
et al., 1992; Kerans and Tinker, 1997), while (Read, 1995) attributes them to waxing and waning

of continental ice sheets.
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Cycle Hierarchy

Relative Sea Relative Sea

Tectono-Eustatic Sequence Duration Level Level Rise/Fall
Cycle Order Stratigraphic Unit (n =my) Amplitude | Rate (cm/1000
(m) yrs)
First Supersequence > 100 <1
Second Supersequence 10-100 50-100 1-3

. Depositional Sequence
Third . 1-10 50-100 1-10
Composite Sequence

High-Frequency
Sequence,
Parasequence and
Cycle Set

Fourth 0.1-1 1-150 40-500

Parasequence, and

Fifth High-Frequency Cycle 0.01-0.1 1-150 60 -700

Table 2. Chart illustrating cycle hierarchy and showing characteristics among first
through fifth order sea level cycles and sequences. 4™ order sequences and 5" order
cycles have relatively high sea level amplitudes and sea level rise/fall rates. This study
concentrates on 3™ and 4™ order sequences, and to a lesser degree 5" order cycles.
Modified from Kerans and Tinker (1997).

High frequency 4" order sequences (HFS) and high frequency 5™ order cycles (HFC) are
superimposed on 3™ order sequences and are likely driven by Milankovitch-band glacio-eustacy
(Kerans and Tinker, 1997; Read, 1995). Cyclical changes in the orbital variability of earth along
with the tilt and wobble of the earth’s axis are known as Milankovitch cycles. The functions
associated with Milankovitch cycles (listed above) are responsible for change in climate, which
then causes changes in the ice budget and eustatic sea level (Read, 1995). These fluctuations in
eustatic sea level occur on the order of less than 20 to 400 thousand years (k.y.) and can cause
rapid flooding of platforms (Kerans and Tinker, 1997; Read, 1995). There are three
Milankovitch-band frequencies: eccentricity, obliquity, and precession (Figures 8 and 9; Read,

1995). Eccentricity is the variation in the shape of earth’s orbit around the sun and occurs on a 4"
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order scale every 100 to 400 k.y. Obliquity is the change in the tilt of the earth’s axis that occurs
on a 5™ order scale every 40 k.y. Precession is the wobble of the axis of the earth and occurs on a
5™ order scale every 19 to 23 k.y. (Kerans and Tinker, 1997; Read, 1995). Sub-Milankovitch
cycles, likely on the order of 10 k.y. or less, have been identified within the stratigraphic record

(Grammer et al., 1996; Read, 1995).

- — PRECESSION
19,23 Ky

T TN —OBLIQUITY 22%-24°30

e

— o — —

ECCENTRICITY
100, 410 Ky

Figure 8. lllustration of the relationship between Milankovitch orbital patterns of
eccentricity, obliquity (tilt), and precession (wobble) from Read, 1995. Eccentricity
(change in the shape of earth’s orbit) occurs approximately every 100,000 to
400,000 years. Obliquity (tilt of the earth’s axis) occurs approximately every 40,000
years. Precession (wobble of the earth’s axis) occurs approximately every 19,000 to
23,000 years. Modified from Read (1995) who obtained the figure from Einsele and
Ricken (1994).
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Figure 9. Diagram showing Milankovitch-band frequencies

fluctuations in sea level. The composite curve shows how eccentricity, obliquity,
and precession interact to cultivate the climate change signal, or sea level change.
Modified from Read (1995) who obtained the figure from Einsele and Ricken (1994).

Sea level fluctuations are primarily related to the amount of continental ice existing

during a particular sequence or cycle; this is correlative to the variation in greenhouse and

icehouse environments through geologic time (Read, 1995). During

sea level are typically small (less than 10m (33ft)) and can be controlled by precessional cycles
and low amplitude 40, 100 and 400 k.y. cycles (Kerans and Tinker, 1997; Read, 1995). During
icehouse times, sea level gradually falls during times of high glaciation and rapidly rises during

times of deglaciation. This results in rapid transgressions that are usually higher than most rates

19
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of sedimentation (Read, 1995). In global icehouse conditions, Milankovitch sea level fluctuations
were typically large (up to 100m (328ft) or more) and were likely controlled by 100 and 400 k.y.
eccentricity cycles (Kerans and Tinker, 1997; Read, 1995). According to Read (1995), obliquity
cycles may be more important during transitional times (from greenhouse to icehouse) and
icehouse times. This is important as the Mississippian was a transitional period from greenhouse
conditions to icehouse conditions.

Mississippian Sea Level

The Mississippian represents a transitional period from greenhouse conditions that
occurred throughout the Devonian to icehouse conditions that occurred throughout the
Pennsylvanian and Permian (Read, 1995). During the Mississippian, Milankovitch sea level
oscillations were usually large, being up to 100m (328ft) or more (Read and Horbury, 1993).
Long term, 1* order, global sea level was some 50-100m (164-328ft) above the present day sea
level (Haq and Schutter, 2008). Ross and Ross (1988) acknowledged 14-15 transgressive-
regressive cycles (3" order sequences) within the Mississippian that range from 1-3 million years
in length. Haq and Schutter (2008) recognized 21 transgressive-regressive cycles within the same
time period (Tournaisian through Serpukhovian) and noted temporally long 3™ order sequences
(1-6 million years) can likely be correlated worldwide (Figure 10).

Overall, the Mississippian was a time of overall eustatic regression between submergence
during Devonian and emergence during the Carboniferous (Buggish et al., 2008). During
transitional periods from greenhouse to icehouse, the stratigraphic record shows that sea level
changes illustrate minor evidence of precessional (19 to 23 k.y.) cycles and are more likely to be
controlled by eccentricity (100 to 400 k.y.) and obliquity (40 k.y.) cycles (Read, 1995).
According to Kerans and Tinker (1997), during transitional periods the stratigraphic record is
characterized by high-frequency cyclicity that has well-defined stacked rock fabric units. Through
the mid-Visean (Late Osagean/Meramecian) sea level began to decline considerably relative to
sea level during the Tournaisian (Kinderhookian & Early Osagean), reaching a low in the
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Serpukhovian (Chesterian) (Figure 10; Haq and Schutter, 2008).
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Figure 10. Diagram illustrating global sea level fluctuations throughout the Carboniferous

Period. Stages of the Mississippian Epoch are bolded and highlighted in gray. The North

American regional stage names are typically used in literature. Kinderhookian and Osagean

strata link to the Tournaisian and Middle Visean Stages, while Meramecian and Chesterian

strata link to the Middle Visean and Serpukhovian Stages. The decrease in the temporal

span of 3" order composite sequences during the Middle and Upper Mississippian is

believed to be the result of the dominance of icehouse conditions. Modified from Hag and
Schutter (2008).
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Problems in Expounding High Frequency Cyclicity

Regardless of the association between sea level oscillations and the subsequent changes
in carbonate sedimentary systems, there are several other variables that can constrain high
frequency cyclicity. Sedimentation rate, subsidence, and sediment body migration are
acknowledged to develop meter scale packages of strata similar to those accredited to the higher
frequency eustatic cycles (4™ and 5™ order) (Cowan and James, 1996; Drummond and Wilkinson,
1993). Understanding the processes responsible for the formation of these cycles is necessary to
avoid misconstruing facies patterns. Allocyclic and autocyclic processes can muddle the signal of
sea level oscillation. Understanding how facies, attributed to these processes, migrate and are
distributed within a system, as well as how subsidence rates along with tectonic activity affect
facies distributions, are essential to discriminating allocyclic cycles, including eustatic cycles
from autocyclic cycles (Drummond and Wilkinson, 1993).

Extracting high-frequency sea level cyclicity from the sequence stratigraphic hierarchy
can prove to be problematic for various reasons. Some problems are external to the high-
frequency cyclic nature of the system (as mentioned above), while other problems arise from the
previously mentioned Milankovitch cycles. Likewise, correctly classifying the primary rock
fabric and facies, in order to positively interpret the depositional environment, can be difficult in
units having mixed siliciclastic-carbonate sediments and diagenetic changes. Finally, correlating
high-frequency cycles within the subsurface can be difficult due to misinterpretation and the
observation that high-frequency cycles are often below the resolution of wireline logs. Identifying
these potential problems and their effects is fundamental to correctly determining the role of high-
frequency sea level cycles within the complex sequence stratigraphic hierarchy.

Problems in Classifying Facies

Correctly characterizing and classifying rock fabrics in both core and thin section is
essential to interpreting depositional environments, because the rock fabric or facies reflect
depositional energy related to high-frequency sea level oscillations. Input of siliciclastic sediment
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can disturb the production of carbonates and successive diagenetic events can mask the primary
rock fabric. These potential problems can lead to difficulties classifying lithofacies, and directly
affect the interpretation of vertical stacking patterns and depositional processes.

Mixed Carbonate-Siliciclastic System

The name “Mississippian Limestone” is somewhat misleading. Thin section petrography
demonstrates that throughout much of subsurface Oklahoma and the outcrop belt in the Ozark
region and southern Oklahoma, the Mississippian section contains a significant amount of detrital
quartz and clay minerals — mainly illite (Childress, 2015; LeBlanc, 2015; Flinton, 2016; Jaeckel,
2016; Price, 2014; Shelley, 2016). Sedimentation can alternate between carbonates and
siliciclastics laterally and vertically, and may be separated temporally or can be deposited within
the same period of time (McNeill et al., 2004). There are several hypotheses as to the origin of
siliciclastic sediments within the study area, but the exact source(s) have yet to be determined.
The occurrence of siliciclastic sediments is important to note due to its capability of disturbing
and disrupting the fragile nature of carbonate environments (McNeill et al., 2004; Yancey, 1991).
The Ozark Uplift is thought to have been a paleogeographic high during the Mississippian and
could have been a regional source of siliciclastics for the mixed lithology system (Huffman,
1958). Another possible source is eolian as wind-blown silt is proposed for the underlying
Woodford Shale. The Batesville Delta in northeast Arkansas is proposed as a fluvial-deltaic
source of siliciclastic sediments in the Late Mississippian, and during the Chesterian. The
Batesville Delta (Figure 11) was actively transporting sediment (Glick, 1979). With the dominant
paleo wind and ocean current direction from the east northeast, it is probable that fine grained
siliciclastic sediments were transported into the study area from the Batesville Delta. Siltstones
dominate the upper intervals of both cores examined in this study. Moura et al. (2016) illustrates
that a plume, hundreds of kilometers in size, created by the dumping of sediment from the
Amazon River into the Atlantic ocean alters the photic and oxic zones, which hinders reef and
carbonate production. A similar effect could have taken place from the Batesville Delta during
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Chesterian time. Abundant siliciclastics hindered carbonate production and resulted in the

dominance of siliciclastic sediments within the upper Chesterian (Hunt, 2017) intervals of the

studied cores.

0 100 Mi.
Nonmarine
0,90
20,59 Alluvial deposits - Top-set beds of delta
50 00

Beach deposits

Marine D Fault

Subaqueous delta deposits

Direction
1
|||I| <:) of flow

Limestone

=

. Deepwater basin deposits - Turbidites

Figure 11. Distribution of environments, sediment types and
direction of ocean current flow during Chesterian time. Modified
from Glick (1979).
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Problems with Subsurface Correlation

Correlations based on lithology alone can and will lead to erroneous chronostratigraphic
correlations, especially when correlating carbonate packages. High-frequency sequences and
cycles recognized in cores may not be resolved by wireline logs and in turn would not be
recognized in correlations based on log data. Impending problems associated with delineating
high-frequency cyclicity were anticipated with this study because facies stacking patterns likely
do not represent the individual 20, 40, 100 and 400 k.y. Milankovitch cycles, but are composite
cycles affected by additional variables including other allo- and autocyclic processes and
siliciclastic input. These all contribute to making the “Mississippian Limestone” a complex

system that is difficult to interpret.

Regional Stratigraphy

“Mississippian Limestone” is an informal term that is used predominately within industry
to label Mississippian-aged carbonate-dominated strata in the Mid-Continent. However, the
Mississippian section can more precisely be defined as a mix of carbonate and siliciclastic
sediments. The term “Mississippian Limestone” is a “catch all” term applied to carbonates of all
ages in the subsurface of Oklahoma and Kansas. The stratigraphy of these Mississippian aged
rocks is not clear-cut and is also convoluted by variations in nomenclature spanning short
distances (Mazzullo et al., 2013). Relatively recent studies of outcrops by Mazzullo et al. (2013)
have resulted in more useful nomenclature for correlating strata in the Ozark region (Figure 12).
These proposed changes to the nomenclature by Mazzullo et al. (2013) have yet to be accepted or

approved by the Stratigraphic Commission of North America and the USGS.
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Figure 12. Stratigraphic column with newly proposed nomenclature of
the Mississippian Subsystem. Modified from Mazzullo et al. (2013).

Kinderhookian Strata

Kinderhookian-aged strata are commonly characterized by greenish-gray to gray silty
calcareous shales and greenish-gray, finely crystalline limestone that may contain silt and
dolomite (Jordan and Rowland, 1959). According to Frezon and Jordan (1979), Kinderhookian-
aged strata are largely limestones and argillaceous limestones with minor amounts of calcareous
mudstones. In some areas, sand and silt occur in basal beds. The silt or sand, where present,

typically consists of sandy or silty limestone and muddy limestone. These sand-rich packages are
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usually not prevalent enough to be replicated within the lithofacies pattern (Frezon and Jordan,
1979). Kinderhookian strata typically contain less chert than overlying Osagean-aged strata and
are believed to represent deposition on a carbonate ramp or distally steepened carbonate ramp
(Wilhite et al., 2011). Kinderhookian strata are thickest (150ft; 45.7m) in the Panhandle of
Oklahoma, thin towards the east, and likely absent in the majority of eastern Oklahoma (Curtis
and Champlin, 1959).

Osagean Strata

Regionally, strata labeled Osagean are characterized by brownish gray to dark gray,
finely crystalline limestone that contains fluctuating amounts of dolomite, chert, and silt that is
interbedded with gray to brownish gray, slightly calcareous shale (Curtis and Champlin, 1959;
Heinzelmann, 1957). Osagean strata are characteristically cherty, with the chert being a product
of replacement of the carbonates by silica (Frezon and Jordan, 1979). It is inferred that during the
Osagean, from Kansas southward, the deposition occurred on a southerly dipping ramp
containing low inclination (Wilhite et al., 2011). During this time, variations in sea level led to
progradation of strata in a basinward direction (Childress and Grammer, 2015; Mazzullo et al.,
2011). Oagean strata are thickest (700ft; 213m) in western Oklahoma and thin towards the south
southeast, demonstrating that depositional strike paralleled the Transcontinental Arch (Curtis and
Champlin, 1959; Lane and DeKeyser, 1980).

Meramecian Strata

According to Frezon and Jordan (1979) Meramecian rocks are comprised of muddy
limestones and calcareous mudstones, with muddy limestones being the most widespread
lithology across the northern third of Oklahoma. However, regionally within the study area,
Meramecian strata are characterized by calcareous siltstones and silty argillaceous limestones that
are interbedded with silty shales and argillaceous siltstones that contain irregular amounts of
glauconite, dolomite, and chert (Curtis and Champlin, 1959; Heinzelmann, 1957; Jordan and
Rowland, 1959). Lithologies labeled Meramecian are similar to the east and west of the Nemaha
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Ridge (Flinton, 2016; Hunt, 2017; LeBlanc, 2014). In eastern Oklahoma, the Meramecian section
is generally less than 100ft (30.5m) thick and thins toward the north (Curtis and Champlin, 1959).

Chesterian Strata

Regionally, Chesterian-aged strata are characterized by gray to black, silty and calcareous
shales interbedded with gray to grayish brown, crystalline, fossiliferous limestones (Curtis and
Champlin, 1959; Jordan and Rowland, 1959; Rowland, 1964). In the northwestern part of
Oklahoma, fine-grained sandstone or siltstones occur towards the base of the section (Jordan and
Rowland, 1959). Heinzelmann (1957) proposed that within the study area, Chesterian strata
contains both the Fayetteville and Hindsville formations with the Fayetteville being present in the
easternmost part. Chesterian rocks are thickest in southern Oklahoma and thin toward the north-
northeast or shoreward, a similar depositional pattern as shown by underlying Meramecian strata
(Curtis and Champlin, 1959; Rowland, 1964). During deposition of Chesterian sediments,
subsidence rates increased and an incursion of siliciclastic sediments spread across portions of

Oklahoma (Curtis and Champlin, 1959).
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CHAPTER III

DATA AND METHODS

The primary objective of this research is to construct a sequence stratigraphic framework
based on facies and stratal associations that can be used to characterize the relationship between
shelfal (proximal) packages and basinal (distal) packages within the Mississippian section in east-
central Oklahoma. The stratigraphic framework was established employing a sequence
stratigraphic approach rather than a lithostratigraphic approach. Sequence stratigraphy is defined
as the branch of stratigraphy that uses unconformities and their correlative conformities to
compile successions of depositional packages into temporally and spatially confined sequences
(Sloss, 1963). As a result, predicting the distribution of depositional facies becomes more
apparent. The major strength of sequence stratigraphy is its potential to predict the lateral and
vertical distribution or continuity of facies within a sedimentary basin, whereas a
lithostratigraphic approach fails to accomplish this (Handford and Loucks, 1993). The sequence
stratigraphic framework for the Mississippian section in east-central Oklahoma was established

using core, thin section, and wireline log data.

Two cores through the “Mississippian Limestone” interval, ranging in thickness from
235-425 ft. (71.6-129.5m), were studied (Table 3). A total of ninety-seven thin sections were
obtained from both cores across the Mississippian section. A sequence hierarchy was identified

during core analysis (centimeter to meter-scale), and developed and quantified through the
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analysis of thin sections (micrometer to centimeter-scale). X-ray diffraction was supplied and
used to establish bulk mineralogy in intervals where mineralogy was not evident based on core
and petrographic analyses. Significant surfaces of the stratigraphic hierarchy (noted in core) were
correlated to their respective subsurface wireline log signatures and then extrapolated throughout
the study area (kilometer-scale), which established the sequence stratigraphic architecture of the

Mississippian section.

“Mississippian Limestone”
Core# | Lease Name | Well No. Interval (ft) Operator |County
1 Doberman 1-25 4964.75'- 5199.20' Devon Energy | Payne
2 lhle 1-26 2783.00"- 3206.55' Devon Energy | Creek

Table 3. List of cored wells utilized in this study including lease name, well number,
depths through the Mississippian section in feet, operator, and county. Well information
was obtained from the well logs and log headers.

Core Descriptions

Examining and describing core is essential for understanding the characteristics of the
rocks within the subsurface, specifically within the “Mississippian Limestone”. Two cores (658
total feet, 200.5m) provided by Devon Energy were evaluated for detailed facies descriptions as
well as detailed observations regarding fossil content, significant stratigraphic surfaces, and
sedimentary structures. Depositionally significant surfaces (i.e. — flooding surfaces) were noted to
delineate vertical stacking patterns and to help aid in the development of cycle hierarchy, as these
surfaces often represent cycle boundaries. For the more carbonate-rich lithofacies, the Dunham
(1962) classification scheme (Figure 13) was utilized. Siliciclastic-rich lithofacies were
grouped/named based upon grain type, percentages of dominate grain types, texture, sedimentary
structures, and the degree of bioturbation. The degree of bioturbation was determined using a
bioturbation index chart from Bann et. al. (2008) (refer to appendices A&B for figure). A detailed
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core description was completed to identify the depositional facies, interpret their respective
depositional environments, and demonstrate the effects of high frequency cyclicity on facies

stacking patterns. The distance between the two cored wells is approximately 54 miles (86.9km),

resulting in both similarities and distinct differences in facies.

Components

Grain-supported| Pound together
and lacks mud |during deposition

CRYSTALLINE
GRAINSTONE | BOUNDSTONE | CARBONATE

Figure 13. Illustration showing the Dunham (1962) classification of carbonate rocks
according to depositional textures. This classification scheme was used in this study for
the carbonate rich lithofacies. Modified from Scholle and Ulmer-Scholle (2003).

Thin Section Analysis

A total of 97 thin sections were prepared for samples collected from the Mississippian
section in both cores (Figure 14). Seventy-one of these thin sections were provided by Devon
Energy. The additional twenty-six thin sections were prepared by Tulsa Thin Sections from
samples collected from the butt end of the core. All 97 thin sections were stained with alizarin red
to easily identify calcite; thin sections provided by Devon Energy were also stained with
potassium ferrocyanide to identify dolomite. All thin sections were blue epoxy impregnated to
facilitate the identification of open pores. The Mississippian section in both cores is so fine
grained that thin section petrography is crucial to determining and describing variations within
the facies that are not apparent in hand sample. Thin sections provided essential information for

quantifying grain size, allochem or fossil content, textural classification, and various pore types.
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As with hand sample core descriptions, the thin section descriptions employed the Dunham
(1962) classification scheme (Figure 13) to define observed textures. Allochem content along
with grain size were estimated using standard visual estimation charts. Grain size and
morphology can be critical indicators of depositional energy, which is critical to evaluating
depositional processes and settings. Thin section data were fundamental in constructing
interpretations of depositional environment, conditions during deposition, facies, and facies

stacking patterns.
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Figure 14. Measured sections for both cores showing their total footage, facies
variability, and locations of thin sections (purple rectangles next to facies column)
throughout the Mississippian section. Thin section sample locations were selected
based on changes in composition and apparent sharp contacts. The frequency of
samples within the Doberman #1-25 reflects the rapid changes in facies compared
to the Ihle #1-26.
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X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is diagnostic for identifying crystalline materials in rocks and
provides quantitative estimates of bulk and clay mineralogy. Devon Energy sampled the butt
section of the core and x-rayed samples that correspond to the 71 thin section depths. These
samples were evaluated using whole rock bulk mineralogy to identify and quantify the
abundances of common framework grains and cements including calcite, dolomite, quartz, and
feldspars. Clay mineral types and abundances were also determined using bulk XRD data. For the
purpose of this study, XRD composition augmented mineral composition determined using thin
section petrography and were used to classify facies trends and interpret depositional processes,
depositional setting, and cyclic boundaries. Abundances of clay and calcite change over short
lengths of the cores (centimeter to meter scale). XRD data proved useful for detecting these
changes, providing more accurate mineralogy than was apparent in hand sample and thin section,

and helped to more accurately classify facies.
Sequence Stratigraphic Analysis

A sequence stratigraphic hierarchy in this study was defined using the principles of
sequence stratigraphy and associated Milankovitch bound high-frequency cycles. Probable 3™
order sequences and 4™ order high-frequency sequences, containing transgressive and regressive
segments, were interpreted from facies stacking patterns and correlated to their respective
wireline log signatures. These sequences were first correlated to gamma-ray log curves.
Secondly, they were correlated to resistivity curves (which proved very useful for identifying
sequences on adjacent well logs within the study area), and finally to the neutron and density
porosity logs. Correlating facies stacking patterns to log signatures allowed correlation of

facies/sequences away from cored wells and mapping of sequence distribution.

34



Subsurface Correlation/ Wireline Logs

Devon Energy provided a suite of well logs including: caliper, gamma-ray, spontaneous
potential, shallow medium and deep resistivity, density porosity, neutron porosity, and P.E. for
the two cored wells as well as a data set of additional wells within the study area. Wireline logs
measure properties of the rock and the fluid within, and are used to correlate zones of interest and
evaluate reservoir properties. Caliper log measurements represent the diameter of the borehole
and therefore indicate zones that are washed out (increased caliper reading) or zones that are
permeable (decreased caliper reading). The caliper log proved useful for determining the
boundary between Mississippian and Pennsylvanian strata, as less indurated Pennsylvanian strata
wash out, whereas better cemented Mississippian strata are more competent and resist erosion
during drilling. Gamma-ray (GR) logs measure the natural radioactivity from radiogenic
potassium, thorium, and uranium that frequently occur in clay-mineral rich shales and mudrocks.
The GR is largely used to distinguish between clay-rich and less-clay-rich (cleaner) lithologies
and is a useful correlation tool to distinguish between mudrock and non-mudrock lithofacies.
Spontaneous potential or SP, which measures the electric potential between the drilling fluid and
the drilled rock and its natural fluids, is used to determine the variation of ionic concentrations in
pore fluids within the rock. Resistivity logs use electrical conductivity of strata and the fluids
therein to identify permeable strata and differentiate between water-saturated rocks and
hydrocarbon saturated zones. The density tool measures porosity via measuring electron density
for specific minerals, whereas the neutron log measures porosity by determining hydrogen
concentrations. Together these tools provide an estimation of mineralogy dependent porosity and
the presence of gas, petroleum or water-bearing zones. Asquith and Krygowski (2004) provide in
depth information concerning logging tools including the basics of how they work and are used to

interpret subsurface strata and fluids.
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Core spectral gamma-ray and borehole gamma-ray were both used to interpret lithology
and trends in clay content. The core spectral gamma-ray curve was compared to core lithology
and the borehole gamma-ray for both wells. Core lithology, thin sections, core gamma-ray curve
and open-hole wireline log signatures were correlated to establish the characteristic log signatures
for specific facies and facies stacking patterns. Tying these facies and the derived sequences to
their respective wireline log signatures resulted in more accurate correlation of wireline logs and
subsurface mapping, and facilitated constructing the sequence stratigraphic architecture of the
“Mississippian Limestone” within the study area. Using mostly gamma-ray and resistivity curves,
wells adjacent to the cored wells were correlated to the cored wells and became the basis for

cross-section construction and mapping.
Geologic Mapping

Through geologic mapping, the lateral continuity and distribution of depositional
sequences were revealed. Mapping showed that sequences have consistent thickness and are
laterally continuous moving subparallel-parallel to depositional strike, but exhibit variable
thicknesses parallel to depositional dip and can be discontinuous. 3" Order sequences were
mapped to determine their distribution patterns and thicknesses. Along with the thickness maps,
structure maps were constructed to gain insight into the present structural attitude of these
packages and determine if tectonics, especially faulting, affected the thickness of the depositional

sequences and the Mississippian section as a whole.
Dataset Limitations

For this study, two cores were used to define a sequence stratigraphic framework that
enhanced and expanded upon previous models of sequence stratigraphy within the “Mississippian
Limestone”. Both of the cores utilized in this study contain the contact between the Mississippian

section and the underlying Woodford Shale. However, only one of the cores (Doberman #1-25)
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contains the contact between the Mississippian section and the overlying Pennsylvanian strata.
The Ihle #1-26 core did not capture the contact between Pennsylvanian and Mississippian strata.
The Mississippian-Pennsylvanian contact was determined from well log responses and
specifically, similar signatures from the Doberman #1-25 core and adjacent wells in close
proximity within the study area. The distance between the cored wells is a little over 54 miles
(86.9km), which is different from other recent studies (Flinton, 2016; Jaeckel, 2016; LeBlanc,
2014) that utilized cores where spacing between the cored wells was smaller. Eleven depositional
facies were identified in the Ihle core, whereas the Doberman core contains only six. However, all
six facies observed within the Doberman occur in the Ihle. Based on the previous work of
LeBlanc (2014) and Flinton (2016) and the facies relationships in the Thle and Doberman cores, it
is apparent that the vertical changes in facies occur quickly, but that facies patterns are
predictable. It is important to consider that the two cores in this study, while demonstrating
distribution of facies within the study area, might not be representative of Mississippian

depositional facies at locations outside of the study area.

The age of the cores is acknowledged to be Mississippian, but without biostratigraphic
data, the exact age of the cores was unknown. Another study (Hunt, 2017) concurrent with this
one, established conodont biostratigraphy of Mississippian strata, including the Doberman #1-25.
Unfortunately due to poor recovery of conodont samples (whether the result of conodonts not
being present or samples being incomplete or unidentifiable) absolute dating across much of the
core was inconclusive. However, of the conodont samples that were identifiable, the Doberman
#1-25 core appears to be Meramecian and Chesterian in age, with the majority of the core being
Chesterian. Conodont biostratigraphic analysis provides relatively high-resolution age constraint
(maximum resolution of one million years) and it is the most accurate dataset for correlation
within the Mississippian (Boardman et al., 2013). With a maximum resolution of one million

years, conodont biostratigraphy is useful for pinpointing 3™ order sequences, but is not useful in
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defining higher-frequency 4™ and 5™ order cyclicity that falls below its resolution. Recognizing
these limitations, the hierarchy of cyclicity evident in these cores will follow the findings of
previous studies (Flinton, 2016; Jaeckel, 2016; LeBlanc, 2014) and be labeled as 3rd, 4th, and 5"
order. For this study, as with previous ones, high-frequency cyclicity was determined based on
repetitive facies stacking patterns and significant stratigraphic surfaces (i.e. — flooding surfaces or
exposure surfaces) that were observed in core and recognized on wireline log signatures
(electrofacies), without a direct reference to a certain length of time. In carbonate systems, the
high-frequency sequences and cycles commonly act as individual flow or reservoir units;

(Grammer et al., 2004) therefore, identifying these units is critical.
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CHAPTER IV

RESULTS AND DISCUSSION

Facies Associations

Eleven total depositional facies were identified through the examination of both cores
(658ft total; 200m). These facies associations were established based upon texture, grain/ bioclast
type, grain size, sedimentary structures, color, and interpreted depositional environment.
Interpretations from the core examination were augmented through the use of thin sections (97
total) taken from both cores. The input of siliciclastic sediments and gradational/rapid changes in
sediment type and composition made delineating facies problematic. To combat these changes,
facies were determined using average grain size, as well as percentages of the grain sizes
observed. This was done through petrographic analysis, point counting, and inspection of core
slabs under a microscope. Devon Energy provided XRD analysis for both cores, which allowed
for the quantifying of mineralogical composition of each facies. The Ihle 1-26 (core #2) contains
all eleven depositional facies within the “Mississippian Limestone” interval. However, the
Doberman 1-25 (core #1) “Mississippian Limestone” interval contains only six of the
depositional facies. This is likely due to either non-deposition or post depositional erosion. Facies
composition falls into two general categories: carbonate-dominated and siliciclastic-dominated.
The carbonate-dominated facies types range from mudstones-wackestones to higher-energy
packstones-grainstones indicated by an increase of faunal assemblages (peloids, crinoids, and

brachiopods). The siliciclastic-dominated facies
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types range from silty shales/mudstones to siltstones and sandstones. Tables 4 and 5 provide

detailed summaries of each facies and their characteristics for both cored wells. Colors were

determined using GSA’s Rock-Color-Chart that was prepared by the Rock-Color Chart

Committee. Supplementary core photos with corresponding facies, as well as thin section

photomicrographs of each facies for core #1 and core #2 are located in Appendices A and B.
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Table 4. Mississippian depositional facies observed in the Doberman #1-25 core. The table

includes the color, average bulk mineralogy from XRD, primary grain constituents, and

sedimentological character for each facies.
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sedimentological character of each facies.

Table 5. Mississippian depositional facies observed in the lhle #1-26 core. The table includes
the color, average bulk mineralogy from XRD analysis, primary grain constituents, and

The facies identified in both cores were ordered and presented in a shallowing or
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shoaling-upward sequence that is based on the findings of previous studies (Flinton, 2016;
LeBlanc, 2014). The numeration begins with the facies determined to represent the most distal
depositional environment and concludes with facies determined to represent the most proximal
depositional environment. Based on the occurrence of the facies presented in tables 4 and 5, as
well as previous work (LeBlanc, 2014; Childress, 2015), it is interpreted that deposition occurred

on a gently sloping ramp-like setting, such as a distally steepened carbonate ramp (Figure 15).
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Figure 15. Diagrammatic representation of a distally steepened carbonate ramp environment
showing the key environmental subdivisions. The facies observed from both cores in the
Mississippian section are characteristic of depositional lithofacies within a mixed carbonate-
siliciclastic ramp-like setting. The area highlighted in red represents the range of depositional
facies observed in this study. The range of facies varies from shales and mudstones-
wackestones in the distal outer ramp to packstones-grainstones in the distal portion of the
mid-ramp. Modified from Childress (2015), originally re-drafted by LeBlanc (2014) after

DOBERMAN #1-25 SWD FACIES

Doberman Facies 1: Glauconitic Sandstone

The glauconitic sandstone facies is dusky yellowish green to dark grayish green color,
grain dominated, and burrowed (Figure 16). Based on thin section petrography and XRD analysis,
Facies 1 is composed primarily of fine to medium sand-sized glauconite grains (50-60%) that are
sub- to well-rounded and moderately sorted, silt to very fine sand-sized quartz grains (35-45%)
that are sub-rounded to well-rounded and well sorted, clay minerals — mainly illite (20-45%), and

dolomite (3-10%). The glauconitic sandstone facies also contains pyrite (5-6%) and phosphate
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grains (2-3%). To a lesser degree, skeletal debris occurs in the form of thin-shelled brachiopod

fragments, as well as phosphatic bone fragments. This facies is only present in the lowermost 10ft

(3m) of the Doberman core (core #1) and ranges in thickness from 0.1ft (0.03m) to 1ft (0.3m).

Figure 16. Doberman Facies 1: Glauconitic Sandstone Facies. A) Core photograph of
Doberman Facies 1 in white light. The scale to the left of the core is in tenths of feet.
Doberman Facies 1 is dusky yellowish green to dark grayish green in color and
commonly displays burrowing (BU). B-C) Thin section photomicrograph of the
glauconitic sandstone facies within the Doberman core at 5198.30’. Images are in PPL.
The sample is blue epoxy impregnated. This sample shows the sand-sized glauconite (G)
grains, silt to fine sand-sized quartz (Q) grains, dolomite (D) grains and phosphate (PH)
grains. XRD analysis: 45% quartz, 3% carbonates (3% dolomite), 37% clay minerals (28%
illite/mica, 9% mixed layer illite/smectite), and 15% other minerals (5% plagioclase
feldspar, 4% potassium feldspar, 5% pyrite, and 1% marcasite).
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The glauconitic sandstone facies often occurs in the lowermost portion of the
“Mississippian Limestone” interval in subsurface cores and is commonly reported in bit cuttings
immediately above the Woodford Shale across northern Oklahoma. As a result of its widespread
distribution, Facies 1 is interpreted to represent regional-scale deposition in a low-energy
environment, where circulation was limited, during the initial stages of a transgressive event or
flooding of the post-Woodford surface. Low-energy conditions along with little to no sediment
supply, within a submarine environment, are idealized conditions for the formation of glauconite
(Amorosi, 1997; Middleton et al., 2003). The occurrence of thin-shelled brachiopod fragments
also supports the interpretation of deposition occurring in a relatively low-energy environment,
probably below storm wave base (SWB). It is interpreted that this facies represents the onset of a

widespread transgression across the area of study.

Doberman Facies 2: Clay-Rich Siltstone

The clay-rich siltstone facies is dusky green to greenish black and grayish black in color
and commonly has visible, intact laminae (Figure 17). This facies contains abundant silt-sized
quartz grains (40-50%) that are sub-angular to sub-rounded and are moderately to well sorted,
abundance of clay minerals (highest percentage of all Doberman facies) — largely illite (20-30%),
and in areas, phosphate nodules can be seen in hand sample and thin section. The clay-rich
siltstone facies also contains carbonate — mainly calcite (10-17%). To lesser degree, it contains
sparse skeletal debris, mainly brachiopod fragments. In core, this facies is generally thin-bedded,
darker colored, and has intact laminae that contrasts disrupted/bioturbated laminae in the
calcareous siltstone facies. The contacts between overlying and underlying facies are commonly

sharp.
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Figure 17. Doberman Facies 2: Clay-Rich Siltstone. A) Core photograph under white light

showing the dusky green to greenish black and grayish black color and intact laminae.
This facies is generally thinly bedded and contacts with other facies are generally sharp.
The scale on the left of the core photo is in tenths of feet. B-C) Thin section
photomicrographs of the clay-rich siltstone facies in the Doberman core at 5027.10’.
Images are in PPL. The sample is dominated by quartz silt (Q) to very fine sand-sized
quartz grains in areas and contains an abundance of clays (20-30%) and organic matter.
This facies contains sparse amounts of carbonates (~11%) — calcite grains (pink). The
calcite grains are indistinguishable bioclasts/fossils. XRD analysis: 44% quartz, 11%
carbonates (10% calcite, and 1% dolomite), 26% clay minerals (19% illite, 4%
illite/smectite, and 3% chlorite), 19% other minerals (11% plagioclase feldspar, 4%
potassium feldspar, 3% pyrite, and 1% apatite). The average porosity for this facies
based on 3 samples was 5%, and average permeability was 0.066 millidarcies (mD) (air)
and 0.039 mD (Klinkenberg).
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The clay-rich siltstone facies is interpreted to represent continued transgression following
Facies 1. The angular silt-sized quartz grains could be eolian in origin, however, the presence of
sub-rounded grains suggest that some were transported via water current. Preserved laminations
along with a relative abundance of clays support the interpretation that during deposition, the
environment was restricted, calm and fairly low-energy. The low abundance and assortment of
organisms (crinoids and brachiopods) suggests an environment that periodically alternated from
dysoxic to slightly oxygenated water conditions (Ekdale et al., 1984). Due to minimal abundance
and diversity of organisms, Facies 2 is interpreted to be part of the outer to distal outer ramp
(Figure 15) with deposition below FWWB — fair weather wave base and likely below SWB —

storm wave base (Ekdale et al., 1984).

Doberman Facies 3: Slightly Sandy Calcareous Siltstone

The slightly sandy calcareous siltstone facies (Figure 18) is commonly bioturbated and
olive gray to dark gray in color. This facies is dominated by silt- to very fine sand-sized quartz
grains (37-49%) that are sub-angular to sub-rounded and moderately sorted, an abundance of
carbonate (calcite) content (24-35%), and clay minerals (12-18%). The difference between this
Facies 3 and the clay-rich siltstone (Facies 2) is that Facies 3 is characterized by an increase in
biogenic structures (burrows) over physical sedimentary structures (compared to that of Facies 2).
These burrows and beds range from completely burrowed to slightly laminated beds. This
calcareous siltstone facies generally has higher carbonate content and lower clay content
compared to the clay-rich siltstone facies. This facies is commonly bioturbated or burrowed
whereas the clay-rich siltstone facies is generally laminated and thinly bedded. However, some
intervals within the Doberman Facies 3 have remnant parallel laminations surrounded by beds of
the same facies that are heavily burrowed. The contacts between the two siltstone facies are

generally sharp and easily recognizable.
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Figure 18. Doberman Facies 3: Slightly Sandy Calcareous Siltstone. A) Core photograph
of the Doberman facies 3 under white light. The scale to the left of the core is in tenths

of feet. This facies is commonly bioturbated dark gray to olive gray in color. Doberman
Facies 3 commonly contains small (mm scale) burrows that likely represent the
Phycosiphan Ichnofacies. B-C) Thin section photomicrographs of the slightly sandy
calcareous siltstone facies within the Doberman core at 5107.25’. Images are in PPL. The
sample is dominated by silt- to very fine sand-sized quartz (Q) grains, carbonate — mainly
calcite (pink) grains, occasional clays — mainly illite, and a muddy organic-rich matrix.
Usually the calcite grains in this facies are indistinguishable bioclasts or micritized grains;
when the grains are recognizable, they are generally brachiopod and crinoid fragments.
XRD analysis: 42% quartz, 25% carbonates (22% calcite and 3% dolomite), 18% clay
minerals (12% illite, 5% illite/smectite, and 1% chlorite), and 15% other minerals (9%
plagioclase feldspar, 4% potassium feldspar, and 2% pyrite). The average porosity for this
facies based on 3 samples was 5%, and average permeability was 0.038 mD (air) and
0.021mD (Klinkenberg).
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During deposition of Doberman Facies 3, there appears to have been an increase in water
energy (moderate), increase of oxygen levels, and increased circulation of water compared to that
of Facies 2. Evidence for an increase in the oxygen levels and circulation of water is increased
fauna activity, particularly small (mm) horizontal burrows likely due to Phycosiphan and/or
Teichichnus (MacEachern et al., 2009). Another line of evidence for an increase in the quality of
the water during deposition is an increase in the appearance of fossils (i.e. thin-shelled
brachiopods). An increase of carbonate (calcite) grains, although indistinguishable bioclasts, from
that of Facies 2 supports intensification in water energy along the ramp (Tucker and Wright,
1990). Doberman Facies 3 is interpreted to have been deposited in relatively oxygenated water
environment in the distal mid-ramp to proximal outer ramp setting, below FWWB and near SWB

(Figure 15).

Doberman Facies 4: Silty Argillaceous Sandstone

The silty argillaceous sandstone facies (Figure 19) within the Doberman occurs in the
upper 98ft (29.9m) of the core and is dark greenish gray to dusky yellow green and moderate
olive brown. This facies is dominated by sub-angular to sub-rounded, moderately sorted to well
sorted very fine to fine sand-size quartz grains (50-61%), clay minerals — mainly illite (15-27%),
and carbonate (calcite) grains (7-21%). The silty argillaceous sandstone contains small amounts
of skeletal debris that is dominantly brachiopod fragments, and has a dark organic matter (?) and
muddy matrix. Bioturbation is the dominant biogenic structure within this facies. Parallel
laminations, and to a lesser degree cross-bedding, are the only physical sedimentary structures

identified.
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Figure 19. Doberman Facies 4: Silty Argillaceous Sandstone. The scale to the left of the core

photo is in tenths of feet. A) Core photograph of Doberman Facies 4 under white light, it is
dark greenish gray to dusky yellow green and moderate olive brown colored and is present in
the upper 98 feet of the core. The structures within this facies are biogenic and to a lesser
degree physical, in the way of laminated to bioturbated/burrowed beds. The red line
represents the boundary between the Pennsylvanian (above) and Mississippian (below)
strata. B-C) Thin section photomicrographs of the silty argillaceous sandstone facies within
the Doberman core at 4966.75’. Images are in PPL. The sample is dominated by very fine to
fine sand-sized quartz (Q) grains as well as silt-sized quartz grains in areas, carbonate —
mainly calcite (pink) grains, and some clays. Calcite grains are commonly brachiopod
fragments and indistinguishable bioclasts. XRD analysis: 61% quartz, 12% carbonates (10%
calcite and 2% dolomite), 12% clay minerals (9% illite, 2% illite/smectite, and 1% chlorite),
and 15% other minerals (9% plagioclase feldspar, 4% potassium feldspar, 2% pyrite, and trace
amounts of apatite). The average porosity for this facies based on 4 samples was 8%, and
average permeability was 0.037 mD (air) and 0.020 mD (Klinkenberg).
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Facies 4 represents increased water oxygenation (compared to Doberman Facies 3), as
expressed by the increase in bioturbation. Physical sedimentary structures (laminated beds) within
this facies are still recognizable. However, it is apparent that sediment was reworked by fauna
(burrowed beds). The occurrence of laminated sand/silty sand beds along with bioturbated beds
suggests that occasionally the influence of current reworking is an essential process while at other
times biogenic activity is the dominate influence, a sign that interplay between fair weather and
storm conditions occurred (Howard and Reineck, 1980). The amount of siliciclastics, and size of
quartz, increased during deposition of Facies 4. The reason for this increase is unknown, but
could be due to flooding of the siliciclastic source (due to high frequency changes in sea level) or
an increase in siliciclastic sediment supply. The more dominant ichnofacies (in decreasing order)
within the silty argillaceous sandstone facies are Phycosiphon, Zoophycos, and Teichichnus
(MacEachern et al., 2009). The silty argillaceous sandstone facies is likely to represent deposition
between the distal mid-ramp to proximal outer ramp environment, (Figure 15) below FWWB and

near SWB.

Doberman Facies 5: Silty Burrowed Mudstone-Wackestone

The silty burrowed mudstone — wackestone facies (Figure 20) is commonly bioturbated
as well as laminated to massive or blocky and is light olive gray and greenish black to grayish
black. Burrows are vertical, horizontal, and millimeter to centimeter in scale. This facies contains
sub-angular to sub-rounded, moderately to well sorted silt to very fine-sand-sized quartz grains
(20-35%), silt-sized carbonate grains (35-48%), and clay minerals (15%). Doberman Facies 5 is
similar to the slightly sandy calcareous facies, but contains less carbonate and quartz. Skeletal
debris in Facies 5 includes brachiopods, crinoids and some indistinguishable bioclasts. Generally,
Facies 5 contains abundant silt sized quartz and calcareous grains dispersed throughout a muddy

organic-rich matrix.
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Figure 20. Doberman Facies 5: Silty Burrowed Mudstone-Wackestone. The scale to the

left of the core image is in tenths of feet. A) Core photograph of the silty burrowed
mudstone-wackestone facies under white light. It is commonly bioturbated or burrowed
(BU) as well as laminated to blocky or massively bedded in areas, and light olive gray and
greenish black to grayish black in color. This facies commonly contains brachiopods (BR)
and crinoids (CR). B-C) Thin section photomicrographs of the silty burrowed mudstone —
wackestone facies within the Doberman core at 5158.20’. The images are in PPL. The
sample contains abundant silt- to very fine sand-sized quartz (Q) grains, carbonate —
calcite (pink) grains, brachiopods (BR), as well as clays (illite) in a muddy organic-rich
matrix. XRD analysis: 31% quartz, 46% carbonates (40% calcite, 6% dolomite), 15% clay
minerals (9% illite, 4% illite/smectite, 2% chlorite), and 8% other minerals (5% plagioclase
feldspar, 2% potassium feldspar, 1% pyrite). The average porosity for this facies based on
2 samples was 3%, and average permeability was 0.007 mD (air) and 0.002 mD
(Klinkenberg).
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Doberman Facies 5 was likely deposited within moderately deep water and under low to
moderate energy water conditions based upon the increase in carbonate mud composition and
extensive burrowing/bioturbation. This facies has alternating intervals of preserved laminated
beds with small scale (millimeter) burrowed beds, an indication of changing environmental
conditions between oxygen restricted and oxygen enriched water (Ekdale et al., 1984). The
relative abundance of carbonates increased during deposition of Doberman Facies 5, reflecting a
slowdown in siliciclastic sediment input to a point, as not to impede the carbonate system via
siliciclastic poisoning. The dominant burrowing organisms observed within this facies include
Phycosiphon, Planolites, and Zoophycos. Doberman Facies 5 is interpreted to represent
deposition between the distal mid-ramp to outer ramp environment, below FWWB and near SWB
(Figure 15). Well preserved bedding supports the interpretation that most deposition took place

within the outer ramp, near SWB.

Doberman Facies 6: Silty Peloidal Packstone-Grainstone

The silty peloidal packstone — grainstone facies is the “cleanest” carbonate facies within
the Doberman core and is light gray to medium gray and moderate yellowish brown (in some
areas) color, and massively bedded (Figure 21). This facies is dominated by silt to fine sand-sized
peloids (>50%), carbonate grains (45-71%), and silt-sized quartz grains (22-35%) that are sub-
angular to sub-rounded and moderately sorted to well-sorted. Micritized grains are also
commonly observed in thin section and appear to be distributed throughout this facies. Facies 6
also contains skeletal debris (in decreasing order of abundance) such as: brachiopods, crinoids,
and in rare occasions, sponge spicules. Chert is observed in certain sections of Doberman Facies
6, but overall it is not abundant in this facies or the core as a whole. Contacts in the Doberman

core between Facies 6 and other facies are commonly sharp.
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Figure 21. Doberman Facies 6: Silty Peloidal Packstone — Grainstone Facies. A) Core

photograph of Doberman facies 6, the scale to the left of the image is in tenths of feet.
This facies is the only “clean” carbonate facies within the Doberman core. The silty
peloidal packstone — grainstone facies is predominantly very light gray to medium gray in
color, but in some intervals it is a moderate yellowish brown color and is commonly
massively bedded. B-C) Thin section photomicrographs of Doberman facies 6 at
5178.25’. Images are in PPL. The sample is composed of silt to mostly sand-sized peloid
(P) grains, carbonate — mainly calcite (pink) grains, and silt- to very fine sand-sized quartz
(Q) grains. Skeletal debris includes crinoids (CR) and brachiopods. XRD analysis: 22%
quartz, 71% carbonates (65% calcite, 6% dolomite), 1% clay minerals —illite, 6% other
minerals (3% plagioclase feldspar, 1% potassium feldspar, 1% pyrite, 1% apatite). The
average porosity for this facies based on 5 samples was 3.9%, and average permeability
was 0.004 mD (air) and 0.001 mD (Klinkenberg).
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The increase in abundance of skeletal grains, (mainly brachiopods, crinoids, and the
occasional sponge spicule) suggests an increase in depositional energy and also indicates
conditions were more suitable for marine fauna, in respect to Doberman Facies 5 (Fliigel, 2010).
The abundance of peloids implies a somewhat restricted and/or quiet environment of deposition,
however, this was likely not the case given the other environmental indicators (increase in fauna
and relative lack of sedimentary structures). In areas subject to occasional storms or events,
peloids can be moved into shallower or deeper environments, and peloid packstones to
grainstones can be components of slope and basin sequences formed by mass transport deposits
(Fligel, 2010; Scholle and Scholle, 2003). In comparison with the previously mentioned facies,
the peloidal packstone-grainstone facies is interpreted to be a shallower water facies that was
periodically affected by storm events. The silty peloidal packstone to grainstone facies is
interpreted to represent deposition within the middle ramp environment (conceivably a more

distal portion of the mid-ramp), likely below FWWB and above SWB (Figure 15).
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IHLE #1-26 FACIES

Thle Facies 1: Glauconitic Sandstone

The Ihle glauconitic sandstone facies is greenish gray to greenish black in color, grain
dominated, and heavily burrowed (Figure 22). It is composed primarily of fine sand sized, to
sparse medium sand sized, glauconite grains (40-55%) that are sub to well-rounded and poorly to
moderately sorted, silt- to very fine sand-sized quartz grains (35-45%) that are sub to well-
rounded and well sorted, clay minerals — mainly illite (20-40%), and carbonates (~7%) — 5%
dolomite and 2% calcite. Thle Facies 1 also contains pyrite (5-7%) and phosphate grains (3-4%).
Skeletal debris occurs in the form of thin-shelled brachiopod fragments, as well as phosphatic
bone fragments and occasional conodonts. This facies is only present in the lowermost 3ft (~1m)
of the “Mississippian Limestone” interval in the Thle 1-26 core (core #2) and is 1ft (0.3m) thick.
Ihle Facies 1 does not directly overlie the Woodford Shale like the Doberman Facies 1 does.
Instead, Ihle Facies 1 directly overlies a limestone (appears to be packstone to grainstone) unit

(Weldon Limestone?), which overlies the Woodford Shale.
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Figure 22. lhle Facies 1: Glauconitic Sandstone Facies. A) Core photograph of lhle Facies 1

in white light. The scale on the left of the image is in tenths of feet. Ihle Facies 1 is
greenish gray to greenish black in color and is heavily burrowed (BU). B-C) Thin section
photomicrographs of the lhle glauconitic sandstone facies at 3204.25’. Images are in PPL.
The sample is blue epoxy impregnated. This sample shows the sand-sized glauconite (G)
grains, silt- to fine sand-sized quartz (Q) grains, dolomite (D) grains and some phosphate
grains. XRD analysis: 39% quartz, 7% carbonates (5% dolomite, and 2% calcite), 45% clay
minerals (inconclusive results on breakdown of clay types with XRD), and 9% other
minerals (1% plagioclase feldspar, 2% potassium feldspar, and 6% pyrite). The measured
porosity for this facies based on 1 sample was 12%, and average permeability was 0.010
mD (air) and 0.0047 mD (Klinkenberg).
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Ihle Facies 1 is interpreted to represent deposition during the early stages of a
transgression or flooding event of regional scale. The glauconitic sandstone facies frequently
occurs in the lowermost portion of the “Mississippian Limestone” interval in subsurface cores
throughout Oklahoma. Idealized conditions for the formation of glauconite require deposition in a
low-energy shallow marine environment where circulation is limited, and sedimentation rates
(Amorosi, 1997; Bentor and Kastner, 1965). The occurrence of thin-shelled brachiopod fragments
also supports the interpretation of deposition occurring in a relatively low-energy environment,
probably below SWB — storm wave base (Figure 15). The abundance of burrows, likely from
Zoophycos ichnofacies, indicates a relatively dysaerobic depositional environment (Middleton et

al., 2003).

Thle Facies 2: Silty Shale/Mudstone

The silty shale/mudstone facies in the Thle #1-26 does not occur in the Doberman core
(core #1); this is likely due to non-deposition or erosion. The silty shale/mudstone facies within
the Thle is brownish black to black in color, occurs in the uppermost 1661t (50.6m) of the core,
and ranges from 2.5ft (0.76m) to 76ft (23.2m) in thickness. This facies is composed of silt- to
very fine sand-sized quartz (18-32%) grains, clay minerals (46-66%) — illite and mixed layer
illite/smectite, and rare carbonate (0-9%) and 2-10% phosphate (Figure 23). Thle Facies 2 also
contains occasional fossils (mainly thin-shelled brachiopods) and pyritized burrows. Where
brachiopods are present, they are concentrated in thin layers that resemble storm events
(tempestites). This facies displays alternating intervals of competent beds, and friable/fissile beds.
The alternation of competent and less-competent (crumbly) intervals is attributed to clay mineral
type within the facies as well as available quartz. Mixed layer illite/smectite is more abundant in
the less-competent bedded intervals, while illite-dominated intervals are less-crumbled/broken
(along with an increase in quartz) relatively massive-bedded units. Ihle Facies 2 also has visible

laminations (3-10mm in width) that are primarily calcareous.
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Figure 23. lhle Facies 2: Silty Shale/Mudstone Facies. A) Core photograph of Ihle Facies 2

in white light. The scale to the left of the image is in tenths of feet. lhle Facies 2 is
brownish black to black in hand sample. This facies contains intervals of alternating beds
of, crumbly/fissile shale and competent relatively massively bedded ones. Occasional
thin-shelled brachiopods are present and tend to occur in concentrations, possibly
derived from storm events. B-C) Thin section photomicrographs of the Ihle silty
shale/mudstone facies at 2935.15’. Images are in PPL. The sample is blue epoxy
impregnated. This sample shows silt- to very fine sand-sized quartz (Q) grains,
clayey/muddy matrix, clusters of chert (CH), flattened (evidence of compaction)
agglutinated foraminifera enclosed with microcrystalline quartz (AF). XRD analysis: 22%
quartz, 9% carbonates (9% calcite with trace amounts of dolomite), 58% clay minerals
(43% illite, 10% mixed layer illite/smectite, 3% kaolinite, and 2% chlorite), and 11% other
minerals (3% plagioclase feldspar, 2% potassium feldspar, 4% pyrite, 1% marcasite, and
1% apatite).
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Ihle Facies 2 is interpreted to represent a continuing transgression following deposition of
Facies 1 (Figure 15). The lack of normal marine fauna, but the occasional presence of thin shelled
brachiopods, suggests an environment alternating from dysoxic to anoxic conditions (Ekdale et
al., 1984). Within Ihle Facies 2, occasional and rare beds of fossils (mainly thin shelled
brachiopods and crinoids) occur. These fossil beds are interpreted to be infrequent storm deposits
brought in periodically within the outer ramp to basin environment (Handford, 1986). The silty
shale/mudstone facies is dominated by clay minerals of illite and mixed layer illite/smectite
composition. Due to the abundance of clays and silt sized quartz grains, Ihle Facies 2 is
understood to have been deposited in a relatively calm low-energy environment that was
influenced by occasional storm events (Harms et al., 1982). The silty shale/mudstone facies likely

represents deposition within the outer ramp setting, below FWWB and SWB.

Ihle Facies 3: Phosphatic Dolomitic Shale:

The phosphatic dolomitic shale facies within the Ihle #1-26 core is not present within the
Doberman #1-25 core. In hand sample, Thle Facies 3 is brownish black to dusky brown and dusky
blue green (Figure 24). This facies only occurs in the uppermost portion of the silty
shale/mudstone facies and is represented by approximately six total feet. Facies 3 is composed
mainly of silt-sized quartz grains (29%), carbonates — dolomite (24%), and calcite grains that are
primarily brachiopod fragments (1%), clay minerals — mainly illite (29%), and organic matter
along with an abundance of sand sized phosphate grains observed mostly in thin section and
occasionally in hand sample. Phosphate present in hand sample is typically concentrated along
bedding planes or forms lenses and nodules. Pyrite tends to be associated with the phosphate. Ihle
Facies 3 contains fossil debris, mainly brachiopod fragments. Laminated to massively bedded
beds are observed within the core, and laminations that are present tend to be composed of the

phosphate grains or nodules along with minor amounts of calcareous debris.
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Figure 24. lhle Facies 3: Phosphatic Dolomitic Shale Facies. A) Core photograph of Ihle
Facies 3 in white light. The scale to the left of the image is in tenths of feet. lhle Facies 3
is brownish black to dusky brown and dusky blue green in hand sample. Phosphate
grains observed in hand sample are millimeter scale and are nodular to laminated. B-C)

Thin section photomicrographs of the phosphatic dolomitic shale facies within the lhle
core at 2855.50’. Images are in PPL. The sample is blue epoxy impregnated. This sample
shows silt-sized quartz grains, an abundance of sand-sized phosphate grains (PH),
dolomite (D), and brachiopod fragments (BR). XRD analysis: 29% silt sized quartz grains,
29% clay minerals (18% illite, 7% mixed layer illite/smectite, 2% kaolinite, and 2%
chlorite), 25% carbonates (24% dolomite, 1% calcite — occurring as brachiopod
fragments), and 17% other minerals (9% apatite, 4% plagioclase feldspar, 2% potassium

feldspar, and 2% pyrite).
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During deposition of Thle Facies 3 dysoxic and intermittent oxic conditions likely existed
near the sea floor that allowed colonization by thin-shelled brachiopods. A stratified water
column influenced by marine upwelling and slow deposition over a relatively long time span,
supported accumulations of phosphates and organic matter (Kidder, 1985). The majority of
dolomite within the phosphatic dolomitic shale facies appears to be ferroan, which typically
implies formation during deeper burial. Due to Ihle Facies 3 only comprising six total feet of the
core, it is a volumetrically less-significant facies. Ihle Facies 3 is interpreted to represent
deposition within the outer ramp, below FWWB and SWB under relatively low to moderate

energy settings (Figure 15).

Ihle Facies 4: Clay-Rich Siltstone

The clay-rich siltstone facies occurs in both the Thle and Doberman cores, and are
compositionally similar. This facies within the Ihle contains a slightly higher percentage of silt-
sized quartz grains (46-49%) that are sub angular to sub-rounded and clay minerals — mainly illite
(20-31%) than the same facies in the Doberman core. However, in the Ihle core the carbonate
content is marginally lower (7-18%). The carbonate is primarily calcite and in hand sample
Facies 4 is medium dark gray to grayish black and dusky brown (Figure 25). As it was in the
Doberman, the clay-rich siltstone facies in the Ihle is generally thin-bedded and laminated. In the
Ihle, this facies is commonly interbedded with the silty argillaceous sandstone facies, and to a
lesser degree, the calcareous siltstone facies. Intervals of clay-rich siltstone within the Thle are not
as thick as intervals of this same facies within the Doberman core. Occasional small scale cross-

bedding is observed in this facies.
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Figure 25. lhle Facies 4: Clay-Rich Siltstone. A) Core photograph under white light. The

scale on the left of the core photo is in tenths of feet. This facies is medium dark gray to
grayish black and dusky brown in color and contains burrowed to laminated beds. This
facies is generally thinly bedded and contacts with other facies are more gradational
than contacts in the Doberman core. B-C) Thin section photomicrographs of the clay-
rich siltstone facies in the lhle core at 3148.25’. Images are in PPL. The sample is
dominated by silt-sized quartz (Q) to very fine sand-sized quartz grains in some areas,
and contains an abundance of clays along with some organic matter. This facies also
contains sparse amounts of carbonates — mainly calcite grains (pink). The calcite grains
are primarily indistinguishable bioclasts/fossils. XRD analysis: 46% quartz, 6%
carbonates (4% calcite, and 2% dolomite), 31% clay minerals (18% illite, 10% mixed
layer illite/smectite, and 3% chlorite), and 17% other minerals (9% plagioclase feldspar,
5% potassium feldspar, 2% pyrite, and 1% apatite).
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In the Doberman core, the clay-rich siltstone facies is predominantly laminated and lacks
an abundance/diversity of organisms. However, in the Ihle, this facies contains a greater density
of burrows and an increased abundance of fossils (brachiopods and crinoids). Due to the factors
above, the clay-rich siltstone within the Ihle is interpreted to have been deposited in the outer
ramp environment (conceivably a more proximal portion of the outer ramp) likely below SWB
(Figure 15). Based on the presence of brachiopods and crinoids, the environment was at times
oxygenated (Ekdale et al., 1984). Preserved laminations reflect a relatively low-energy
depositional environment that was occasionally affected by storms. Facies 4 in the Ihle core,
represents a slightly more proximal location on the ramp compared to the same facies in the
Doberman core that has a lower abundance and diversity of organisms and less

bioturbation/burrowing.

Thle Facies 5: Slichtly Sandy Calcareous Siltstone

The slightly sandy calcareous siltstone is observed in both cores and is greenish gray to
medium gray in color in the Ihle core (Figure 26). In the Doberman core, bioturbation is extensive
and common throughout this facies. While the Thle contains bioturbated bedding, preserved
laminations occur more frequently compared to the same facies in the Doberman core. In the Ihle,
this facies is dominated by silt- to very fine sand-sized quartz grains (36-51%) that are sub
angular to sub-rounded, carbonate — primarily calcite (16-37%), and a lesser amount of clay
minerals (14-20%). Clay mineral percentages for Facies 5 in the Ihle are slightly higher than in
the same facies in the Doberman. Brachiopods and small scale cross-bedding are commonly
observed in hand sample within both the Thle and Doberman. In thin section, peloids are

frequently noted within the Thle, while they are not as common in the Doberman.
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Figure 26. lhle Facies 5: Slightly Sandy Calcareous Siltstone. A) Core photograph of Ihle

facies 3 under white light, the scale to the left of the core is in tenths of feet.
Bioturbation is common and seen in the sample, there are also frequent sections
containing preserved laminations. In hand sample, this facies is greenish gray to medium
gray. Bioturbation in lhle facies 3 commonly occurs as small (mm scale) burrows. B-C)
Thin section photomicrographs of the slightly sandy calcareous siltstone facies, Ihle core
at 3096.10’°. Images are in PPL. The sample is dominated by silt- to very fine sand-sized
quartz (Q) grains that are sub-angular to sub-rounded and moderately sorted, carbonate
— mainly calcite (pink) grains, sparse clays, and a muddy organic-rich matrix. Most calcite
grains in this facies are unidentified bioclasts or micritized grains. When the grains are
recognizable, they are mostly brachiopod and crinoid fragments. XRD analysis: 38%
quartz, 37% carbonates (33% calcite, and 4% dolomite), 16% clay minerals (9% illite, 6%
mixed layer illite/smectite, and 1% chlorite), and 9% other minerals (5% plagioclase
feldspar, 2% potassium feldspar, and 2% pyrite).
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The increased number of brachiopods and crinoids, in comparison with the clay-rich
siltstone facies, and the increase in non-identified carbonate grains, indicate the slightly sandy
calcareous siltstone facies likely formed slightly higher on the ramp and in a marginally
intensified water energy environment compared to the clay-rich siltstone facies (Fliigel, 2010;
Tucker and Wright, 1990). The slightly sandy calcareous siltstone contains coarser-grained quartz
(compared to clay-rich siltstone facies), possibly a result of this facies being in a more proximal
location to the siliciclastic source. The increase in abundance of brachiopods and crinoids,
presence of peloids, and the increase in size of quartz grains support a higher-energy environment
with respect to the clay-rich siltstone facies (Fliigel, 2010). Thle Facies 5 is interpreted to
represent deposition on a distal mid-ramp to outer ramp setting, below FWWB and close to SWB

(Figure 15).

Thle Facies 6: Silty Argillaceous Sandstone

The silty argillaceous sandstone facies is a facies that occurs in both cores. In the Ihle
core, this facies is medium light gray to greenish gray and dusky yellow green in hand sample
(Figure 27). It is dominated by sub-angular to sub-rounded and moderately to well-sorted very
fine to fine sand-sized quartz grains (40-70%), clay minerals — mainly illite (16-37%), and rare
carbonate grains (2-19%). Burrows are prominent in Facies 6, and sedimentary structures include
parallel laminations, and to a lesser degree, small scale cross-bedding. The amount of small scale
cross-bedding in Facies 6 has increased compared to the calcareous siltstone facies. In hand

sample, small (mm scale) phosphate nodules and clay clasts are observed.
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Figure 27. lhle Facies 6: Silty Argillaceous Sandstone. The scale to the left of the core image

is in tenths of feet. A) Core photograph of Ihle facies 6 under white light; it is medium light
gray to greenish gray and dusky yellow green color in hand sample. Structures in this facies
are biogenic and physical, and include laminated to bioturbated/burrowed beds. B-C) Thin
section photomicrographs of the silty argillaceous sandstone facies within the Ihle core at
3051.15’. Images are in PPL. The sample is dominated by very fine to fine sand-sized quartz
(Q) grains as well as silt-sized quartz grains, carbonates — mainly calcite (pink) grains, and
occasional clays — primarily illite. Calcite grains are commonly brachiopod and crinoid
fragments along with indistinguishable bioclasts. XRD analysis: 61% quartz, 12%
carbonates (10% calcite and 2% dolomite), 12% clay minerals (9% illite, 2% mixed layer
illite/smectite, and 1% chlorite), and 15% other minerals (9% plagioclase feldspar, 4%
potassium feldspar, and 2% pyrite). The measured porosity for this facies based on 1
sample was 9.4%, and average permeability was 0.0063 mD (air) and 0.0026 mD
(Klinkenberg).
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The increase in bioturbated and burrowed beds in the silty argillaceous sandstone facies,
compared to the slightly sandy calcareous siltstone facies, suggests more oxygenated water
conditions during deposition. The occurrence of laminated sand/silty sand beds along with
bioturbated/burrowed beds suggests that occasionally, the influence of wave reworking is an
essential process while at other times biogenic activity is the dominate influence, a sign that
interplay between fair weather and storm conditions occurred (Howard and Reineck, 1980). The
increase in small scale cross-bedding and size of the quartz grains, along with the presence of
laminated sections suggests a higher-energy environment during deposition compared to the
calcareous siltstone facies (Fliigel, 2010). Based on the increase in abundance and size of the
quartz grains, this facies was deposited more proximal to the siliciclastic sediment source than the
calcareous facies. Ihle Facies 6 likely represents deposition from the distal mid-ramp to outer

ramp environments, below FWWB, while immediately above or below SWB (Figure 15).

Thle Facies 7: Argillaceous Mudstone-Wackestone

The argillaceous mudstone-wackestone facies occurs within the upper 68ft (28.7m) of the
Ihle core and is not present within the Doberman. In hand sample, it is grayish black to black
(Figure 28) and interbedded with Ihle Facies 10, which is a packstone to grainstone that has been
heavily recrystallized. Ihle Facies 7 is thinly bedded and dominated by carbonate mud and
bioclasts (30-53%), clay minerals — mainly mixed layer illite/smectite (36-50%), and minor
amounts of silt-sized quartz grains (8-15%). The argillaceous mudstone-wackestone facies is
highly fossiliferous, containing primarily brachiopods and crinoids. Similar to Ihle Facies 2, this
facies also contains concentrations of fossils that resemble storm events/beds. However, within
the argillaceous mudstone-wackestone facies, these concentrations of fossils occur more
frequently compared to Thle Facies 2. Planar laminations along with minor areas of
bioturbation/burrowing are the dominant types of sedimentary and biogenic structures observed

within this facies.
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Figure 28. lhle Facies 7: Argillaceous Mudstone — Wackestone. The scale to the left of the

core image is in tenths of feet. A) Core photograph of Ihle facies 7 was taken using white
light, and illustrates the grayish black to black color. The sedimentary and biogenic
structures within this facies are planar laminated beds and to a lesser degree,
bioturbated/burrowed beds. lhle facies 7 is interbedded with Ihle facies 10 and only occurs
within the upper 68ft (20.7m) of the core. B-C) Thin section photomicrographs of the
argillaceous mudstone-wackestone facies within the Ihle core at 2790.40’. Images are in
PPL. The sample is dominated by carbonate mud and carbonate grains — mainly calcite
(pink) grains, clays — mainly mixed layer illite/smectite, and minor silt-sized quartz grains
(Q). Calcite grains are commonly brachiopod (BR) and crinoid fragments and to a lesser
degree indistinguishable bioclasts. XRD analysis: 8% quartz, 53% carbonates (49% calcite
and 4% dolomite), 36% clay minerals (3% illite, 23% mixed layer illite/smectite, 6% kaolinite,
and 4% chlorite), and 3% other minerals (trace amounts of plagioclase feldspar, 1%
potassium feldspar, and 2% pyrite).
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The carbonate mud could have been delivered into the system from carbonate sources
higher up on the ramp, but it likely originated at the site of deposition. It is apparent from
accumulations of condensed brachiopod sections and interbedded packstones to grainstones, that
during deposition, storm events were highly active within the area and transported bioclastic
debris basinward (Handford, 1986). The common occurrence of fossils (brachiopods and
crinoids) suggests that either the depositional environment was oxygenated enough to be
favorable for their accumulation or that they were brought into this area via storm processes. The
condensed fossil accumulations tend to form in laminations parallel to bedding. It is possible that
these were formed by typical low energy marine currents moving across the ramp (Fliigel, 2010).
In some instances the brachiopod fragments are convex side down, which implies that suspension
settling took place. The argillaceous mudstone-wackestone facies in the Ihle core is interpreted to

represent deposition on the outer ramp, below FWWB and SWB (Figure 15).

Thle Facies 8: Silty Burrowed Mudstone-Wackestone

The silty burrowed mudstone-wackestone facies occurs in both the Ihle and Doberman
cores. This facies is commonly burrowed and/or bioturbated and to a lesser degree, laminated.
This facies is greenish black to brownish black and grayish black in hand sample (Figure 29). The
silty burrowed mudstone-wackestone facies contains sub-angular to sub-rounded, moderately to
well sorted silt- to very fine sand-sized quartz grains (24-32%), silt- to very fine sand-sized
calcite grains and carbonate mud (38-46%), sparse clay minerals — primarily illite (10-14%), with
the various grains dispersed throughout a muddy organic-rich matrix. This facies is commonly
fossiliferous containing primarily brachiopods along with occasional crinoids. The calcareous
siltstone facies is similar to this facies, the notable difference being the relative abundance and

percentages of quartz and carbonate grains.

69



Figure 29. lhle Facies 8: Silty Burrowed Mudstone-Wackestone. The scale to the left of the

core image is in tenths of feet. A) Core photograph of the silty burrowed mudstone-
wackestone facies (lhle, 3184-85’) under white light. Facies 8 is commonly bioturbated or
burrowed (BU) as well as laminated to massively bedded in areas, and greenish black to
brownish black and grayish black in hand sample. This facies is fossiliferous and contains
brachiopods (BR) and crinoids. B-C) Thin section photomicrographs of the silty burrowed
mudstone — wackestone facies from the Ihle core at 3184.20’. Both images are in PPL and
contain abundant silt- to very fine sand-sized quartz (Q) grains, carbonate — calcite (pink)
grains, brachiopods (BR), as well as clays (illite) in a muddy organic-rich matrix. XRD
analysis: 27% quartz, 46% carbonates (45% calcite and 1% dolomite), 14% clay minerals
(11% illite, 1% mixed layer illite/smectite, 1% kaolinite, and 1% chlorite), and 13% other
minerals (5% plagioclase feldspar, 4% potassium feldspar, 2% pyrite, and 2% apatite).
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Similar to Ihle Facies 7, the silty burrowed mudstone-wackestone facies contains
carbonate mud that could have been delivered into the system from carbonate sources higher up
the ramp in a more proximal location or originated at the site of deposition. Ihle Facies 8 has
alternating layers of preserved laminated beds with small scale (millimeter) burrowed beds,
perhaps an indication of alternating conditions during deposition between oxygen-restricted and
oxygen-enriched (Ekdale et al., 1984). During oxygen enriched water conditions, the environment
was favorable for accumulations of local benthic organisms in addition to those that may have
been transported into the system. Like Ihle Facies 7, the silty burrowed mudstone-wackestone
facies contains brachiopods deposited convex side down, which suggests that suspension settling
(Dr. Grammer, personal communication). The silty burrowed mudstone-wackestone facies is
interpreted to have been deposited below FWWB, and at or below SWB within the proximal

outer ramp environment (Figure 15).

Ihle Facies 9: Silty Argillaceous Dolomitic Packstone

The silty argillaceous dolomitic packstone facies occurs in the Thle #1-26 core, but is not
present within the Doberman #1-25 core. This facies occurs near the middle of the Mississippian
section and ranges in thickness from 0.5ft (0.15m) to 5.5ft (1.7m) at its thickest and combines for
9.3 total feet (2.8m) within the Ihle core. In hand sample, Ihle Facies 9 is very light gray to
medium gray and light bluish gray in color (Figure 30). Thle Facies 9 is composed of sub-angular
to sub-rounded silt-sized quartz grains (25-35%), carbonates (34-37%) — mainly dolomite (27-
30%), clay minerals (22-29%), and silt- to sand-sized peloids. This facies contains burrows (mm
to cm scale), mineralized fractures, and abundant bioclasts based on thin section petrography.

Fossils observed in Facies 9 are dominantly brachiopods.
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Figure 30. lhle Facies 9: Silty Argillaceous Dolomitic Packstone. The scale to the left of the

core image is in tenths of feet. A) Core photograph of the silty argillaceous dolomitic
packstone facies under white light, showing burrows (BU) as well as preserved
laminations, and the light gray to medium gray and light bluish gray color. This facies is
fossiliferous and contains abundant thin-shelled brachiopods (BR). B-C) Thin section
photomicrographs of the silty argillaceous dolomitic packstone facies from the lhle core at
2956.70’. Both images are PPL. The sample contains abundant silt sized quartz (Q) grains,
carbonates — dolomite (D), and brachiopods (BR), as well as clay minerals. XRD analysis:
25% quartz, 37% carbonates (30% dolomite and 7% calcite), 29% clay minerals
(inconclusive results on breakdown of clay types with x-ray diffraction), and 9% other
minerals (4% plagioclase feldspar, 2% potassium feldspar, and 3% pyrite). The average
porosity for this facies based on 2 samples was 4.5%, and average permeability was
0.0036 mD (air) and 0.0013 mD (Klinkenberg).
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Oxic water conditions during deposition are indicated by the abundance of brachiopods
(Ekdale et al., 1984). This facies contains sections that are burrowed along with other sections
that contain laminated bedding. The occurrence of laminated sand/silty sand beds along with
bioturbated beds suggests that occasionally currents dominate while at other times biogenic
activity is the dominate influence, evidence of interplay between fair weather and storm
conditions (Howard and Reineck, 1980). The dolomite appears to be ferroan, which implies
formation during burial. Like Ihle Facies 3, this facies appears volumetrically insignificant as it is
only nine total feet (2%) of the Mississippian section. Thle Facies 9 is interpreted to represent
deposition within the mid-ramp to distal mid-ramp environment below FWWB and above SWB

(Figure 15).

Ihle Facies 10: Recrystallized Packstone-Grainstone

The recrystallized packstone-grainstone facies is observed within the upper 68ft (28.7m)
in the Ihle core and is absent in the Doberman core. This facies is interbedded with Ihle Facies 7
and is white to very light gray in color (Figure 31). Ihle Facies 10 is thinly bedded and dominated
by calcite grains (88-92%) that are recrystallized, making the original grains unrecognizable.
Facies 10 also contains minor amounts of clay minerals (6-8%) that are mainly mixed layer
illite/smectite, and to a lesser extent, silt-sized quartz (1-3%) grains. Ihle Facies 10 is heavily
cemented and microbioclastic debris is observed in thin section. The original depositional
framework or composition cannot be identified due to the apparent total recrystallization.
Contacts between this facies and Ihle Facies 7 are both gradational and sharp, with no apparent

preference toward one or the other.
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Figure 31. lhle Facies 10: Recrystallized Packstone-Grainstone. The scale to the left

of the core image is in tenths of feet. A) Core photograph of the recrystallized
packstone-grainstone facies under white light, displaying massive bedding and its
white to very light gray color. This facies is highly fossiliferous as observed in thin
section, but identity of the skeletal debris is obscured by recrystallization. B-C) Thin
section photomicrographs of the recrystallized packstone-grainstone facies within
the Ihle core at 2797.30’. The images are in PPL. The sample is dominated by
unidentifiable calcite grains and contains minor amounts of clays and silt sized
guartz grains. XRD analysis: 1% quartz, 92% carbonates (91% calcite and 1%
dolomite), 6% clay minerals (3% mixed layer illite/smectite, 1% illite, 1% kaolinite,
and 1% chlorite), and 1% other minerals (1% pyrite).
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The recrystallized packstone-grainstone facies within the Ihle is interbedded with Ihle
Facies 7, which was deposited in the outer ramp to basin below SWB. As a result, the
juxtaposition of Facies 10 and Facies 7 requires explanation. It is possible that a proximal
carbonate facies 10 was transported into this area of the ramp by storms. This interpretation of
Ihle Facies 10 is supported by its irregular thickness and marked difference in composition
compared to the adjacent Ihle Facies 7 (Handford, 1986). As a result of the relative thicknesses of

Facies 10, it is volumetrically insignificant from a reservoir perspective.

Ihle Facies 11: Silty Peloidal Packstone-Grainstone

The silty peloidal packstone-grainstone facies is observed in both, the Ihle and Doberman
cores. In hand samples from the Ihle core, Facies 11 is light to medium dark gray and commonly
massively bedded (Figure 32). Thle Facies 11 is composed of silt- to sand-sized peloids (>50%),
carbonate grains (59-81%) — mainly calcite, silt-sized quartz grains (11-26%) that are sub-angular
to sub-rounded, and minor amounts of clay minerals (4-9%). Micritized grains/peloids are
common in thin sections. Skeletal debris include (in decreasing order of abundance) brachiopods,
crinoids, and in rare occasions, sponge spicules. Contacts between this facies within the
Doberman were primarily sharp; however, the contacts between this facies and

overlying/underlying facies within the Ihle are both sharp and gradational.
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Figure 32. lhle Facies 11: Silty Peloidal Packstone — Grainstone. A) Core photograph of

Ihle facies 11, the scale to the left of the image is in tenths of feet. This facies is the only
“clean” carbonate facies within the Doberman core. The silty peloidal packstone —
grainstone facies is predominantly light to medium dark gray color, commonly massively
bedded, and contains mineralized fractures. B-C) Thin section photomicrographs of lhle
facies 11 at 3160.20’. Images are in PPL. The sample is composed of silt- to mostly sand-
sized peloid (P) grains, carbonate — mainly calcite (pink) grains, and silt- to very fine sand-
sized quartz (Q) grains. It also contains skeletal debris such as crinoids (CR) and
brachiopods (BR). XRD analysis: 24% quartz, 65% carbonates (61% calcite, 4% dolomite),
4% clay minerals (inconclusive results on breakdown of clay types with x-ray diffraction),
7% other minerals (4% plagioclase feldspar, 2% potassium feldspar, 1% pyrite). The
average porosity for this facies based on 6 samples was 2.5%, and average permeability
was 0.05 mD (air) and 0.037 mD (Klinkenberg).
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Ihle Facies 11, along with Ihle Facies 9, are likely the shallowest water facies within the
succession based on their abundant carbonate composition and high concentrations of skeletal
debris. An abundance of peloids implies a somewhat restricted and/or quiet environment of
deposition, however, this was likely not the case given the other environmental indicators
(increase in fauna and relative lack of sedimentary structures). Evidence from other lhle facies
(and some Doberman facies) place the location of the Ihle core in an area that was influenced by
storm events. In areas subjected to recurrent storms, peloids can be moved into shallower or
deeper water environments, and peloid packstones to grainstones can be important components of
slope and basin sequences formed by MTDs — mass transport deposits (Fliigel, 2010; Scholle and
Scholle, 2003). Like the silty peloidal packstone-grainstone facies within the Doberman, it is
thought that these peloids were transported into this area of the ramp from another area of active
peloid formation. Ihle Facies 11 is interpreted to represent deposition within the mid-ramp

environment, below FWWB and above SWB (Figure 15).

Sequence Stratigraphic Framework

Idealized Facies Successions

The sequence stratigraphic framework for the Mississippian section in east-central
Oklahoma was established using an idealized vertical stacking pattern of facies identified from
the Doberman #1-25 and Ihle #1-26 subsurface cores as described in the preceding section. To
better explain observed facies stacking patterns, facies were separated into a siliciclastic-
dominated facies stacking pattern and a carbonate-dominated facies stacking pattern. The
siliciclastic- and carbonate-dominated idealized facies successions for both cores demonstrate a
shoaling- or shallowing-upwards profile that consists of a transgressive and regressive phase of

one complete rise and fall in relative sea level (Figures 33 and 34). To better represent
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components of a sequence/cycle, transgressions are shown by blue triangles pointing upward and
regressions are shown by red triangles pointing downward. These idealized facies successions
were used to better understand variability of facies, delineate sequences within the cored
intervals, and outline the hierarchy of these sequences and cycles. After vertically constraining
the hierarchy of depositional sequences and cycles for both cores, their respective boundaries
were correlated laterally between the cored wells and then where possible, laterally to other wells.
All six facies present within the Doberman #1-25 were correlated to the Thle #1-26 core. However
the Thle #1-26 core has eleven facies in total and roughly an additional 190ft (58m) of core
(mostly silty shales and mudstones) not seen in the Doberman #1-25. Flooding surfaces within
both cores were noted by a sharp or abrupt change in lithology from shallow water to deeper
water facies. Identifying flooding surfaces within both cores helped define stacking patterns and
hierarchical levels of cyclicity. In the Doberman core, carbonate-dominated facies begin at the
bottom and extend upward approximately 100ft (31m). The remaining 135ft (41m) is dominated
by siliciclastic facies. It is important to point out that occasional carbonate facies occur in the
siliciclastic-dominated interval and vice-versa. However, these isolated occurrences are not
repetitive and therefore are not included in the idealized stacking patterns. In the Ihle core,
carbonate-dominated facies begin at the contact with the Woodford Shale and extend upward
approximately 180ft (55m). Continuing upward, siliciclastic-dominated facies comprise the next
~175ft (53m), then the remaining 70ft (21m) of uppermost core switches back to carbonate-

dominated facies.
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Doberman idealized carbonate-dominated facies succession

SILTY PELOIDAL PACKSTONE-GRAINSTONE

SILTY BURROWED MUDSTONE-WACKESTONE

SLIGHTLY SANDY CALCAREOQOUS SILTSTONE

CLAY-RICH SILTSTONE

GLAUCONITIC SANDSTONE

Doberman idealized siliciclastic-dominated facies succession

SILTY ARGILLACEOUS SANDSTONE
3 SLIGHTLY SANDY CALCAREOUS SILTSTONE
2 CLAY-RICH SILTSTONE
1 GLAUCONITIC SANDSTONE

Figure 33. Top: Idealized carbonate-dominated facies succession for the Mississippian section within the
Doberman #1-25. Bottom: Idealized siliciclastic-dominated facies succession for Doberman #1-25. This
succession is representative of the preserved depositional facies during a complete rise and fall of sea level.
The blue triangle illustrates the transgressive phase of the system while the red triangle illustrates the

regressive phase.
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Ihle idealized carbonate-dominated facies succession

SILTY PELOIDAL PACKSTONE-GRAINSTONE

RECRYSTALLIZED PACKSTONE-GRAINSTONE (rare - upper core)

SILTY ARGILLACEOUS DOLO PACKSTONE (rare - upper core)

SILTY BURROWED MUDSTONE-WACKESTONE

ARGILLACEOUS MUDSTONE-WACKESTONE (rare - upper core)

SLIGHTLY SANDY CALCAREOUS SILTSTONE

CLAY-RICH SILTSTONE

GLAUCONITIC SANDSTONE

Ihle idealized siliciclastic-dominated facies succession

SILTY ARGILLACEOUS SANDSTONE

SLIGHTLY SANDY CALCAREOUS SILTSTONE

CLAY-RICH SILTSTONE

PHOSPHATIC DOLOMITIC SHALE (rare - upper core)

SILTY SHALE

GLAUCONITIC SANDSTONE
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Figure 34. Top: Carbonate —dominated idealized facies succession for the Mississippian
section based on the lhle #1-26 core. Bottom: Siliciclastic-dominated idealized facies
succession for the lhle #1-26 core. The succession represents depositional facies
preserved in the lhle core. The blue triangle illustrates the transgressive phase of the
system while the red triangle illustrates the regressive phase.

Sequence Stratigraphic Hierarchy

The vertical stacking patterns of facies identified in the Doberman and Ihle cores yielded
a hierarchy containing three levels of cyclicity, which is similar to the results of other
Mississippian studies (LeBlanc, 2015; Flinton, 2016; Jaeckel, 2016). Though a conodont
biostratigraphy study (Hunt, 2017) was conducted on the Doberman #1-25 core, it is important to
note that the temporal resolution of these cycles is still unresolved due to the maximum 1-3
million year temporal resolution of conodont biostratigraphy (Boardman et al., 2013). Conodont
biostratigraphy, while useful in constraining 3™ order sequences at best, still provided valuable
stage resolution (Hunt, 2017). As conodont biostratigraphy does not provide the required
resolution to define the higher-frequency 4™- and 5™-order cycles, the proposed “3"-, 4™-, and 5"-
order” cycles in this study are not assigned specific intervals of time.

Within the Doberman #1-25 core there are four probable 3™ —order sequences
encompassing ~236ft (72m) of Mississippian section. Within the Thle #1-26 core there are six
probable 3™ —order sequences comprising the ~424ft (129m) of Mississippian section, with the
first four 3" —order sequences correlating to the four 3™ —order sequences within the Doberman
#1-25 core (Figure 35). The higher-frequency (4"-order high-frequency sequences (HFSs) and
5" order high-frequency cycles (HFCs)) packages are interpreted as being the result of either
Milankovitch band sea level cyclicity or other auto-/allocyclic processes. While their origins may
not be resolved, these packages can control the evolution of reservoir flow units within carbonate

reservoirs (Grammer et al., 2004).
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Figure 35. Sequence Stratigraphic Hierarchy of both cores in this study. Dark brown correlation
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lines represent the probable 3" —order sequences common to the two cored wells. These
probable 3" —order sequences display a shallowing upward pattern (refer to figures 35 and 36)
and contain various 4" —order HFSs. 5" —order HFCs (represented by the black arrows) were
observed and are inferred to be the result of high-frequency Milankovitch sea level cyclicity (20-
40 k.y.) 82



“Third” Order Sequences

In the Doberman #1-25 core, four probable 3™ order sequences (S1 — S4) were
recognized and correlated to similar sequences in the Thle # 1-26 core. The Ihle core contains an
additional ~190ft (58m) more Mississippian section than the Doberman, and within this section,
two additional probable 3" order sequences (S5 and S6) were identified (Figure 35). The 3" order
sequences identified in the Doberman core range in thickness from 31ft (9.5m) to 84ft (25.6m)
with S3 being the thickest, and the base of each sequence is indicated by a noticeable shift to
deeper-water facies (Facies 1, 2, and 3) relative to the underlying shallower-water facies (Facies
4&6). Within the Ihle core, the 3™ order sequences range in thickness from 16ft (5m) to 89ft
(27m) with S4 being the thickest, and like the Doberman, the base of the sequences are marked
by a distinct deepening as facies change from shallow water Facies (9&11) to deeper-water
Facies (1, 2, and 3). This relationship is indicative of a landward shift in facies belts resulting
from a rise in relative sea level (LeBlanc, 2014; Price, 2014; Childress and Grammer, 2015). In
both cores, it was observed that these 3™ order sequences have a common shallowing upward
pattern from deeper-water facies at the base, to shallower-water facies at the top, which is
demonstrative of a steady decrease in relative sea level. Each 3" order sequence, within both

cores, consists of two to four ingrained 4™ order high-frequency sequences (Figure 36).
“Fourth” Order High-Frequency Sequences

Both the Doberman and Ihle cores display probable 4™ order high-frequency sequences
(HFSs) that, like the 3" order sequences, illustrate a shoaling upwards succession of depositional
facies. Within both cores, S1 contains two 4" order HFSs, while S2 and S3 contain four (Figure
36). The Doberman core contains two nested 4™ order HFSs within S4 and in the Thle core S4
contains four HFSs. In this case, the additional 4™ order HFSs in the Ihle core are attributed to the

additional Mississippian section as the Doberman S4 sequence is truncated by the pre-
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Pennsylvanian unconformity. As previously mentioned, the Thle has two more probable 3™ order
sequences (S5 and S6) than the Doberman. S5 and S6 in the Ihle each contain three 4™ order
HFSs (Figure 36). Thicknesses of the HFSs within the Doberman range from 11ft (3.4m) to 30 ft
(9m), and within the Thle the thicknesses range from 6 ft (2m) to 40 ft (12m). 4™ order high
frequency sequences typically display the same or similar facies stacking patterns and

depositional successions as their host 3™ order sequences.
“Fifth” Order High-Frequency Cycles

Probable 5™ order high-frequency cycles (HFCs) were identified in both cores and range
from 1ft (0.3m) to 10ft (3m) in thickness (Figures 35 and 36, black arrows). These highest
frequency packages are cyclic and were recognized by the repetition of facies within the complete
facies stacking pattern. It is likely that autocyclic and other allocyclic processes were occurring,
simultaneously with eustatic ones, complicating the interpretation of these small scale packages.
As a result of depositional processes being influenced by occasional to frequent storms, it is
difficult to interpret if these high-frequency 5" order cycles are the result of autocyclic and/or
tectonic processes or the result of Milankovitch band sea level cyclicity. If Milankovitch band sea
level cyclicity is the controlling factor, these cycles are likely related to precession (19 to 23 k.y.)
and/or obliquity (40 k.y.). If these HFCs are the result of autocyclic or other allocyclic processes,
storms and/or tides could cause fluctuations in FWWB leading to unforeseen discrepancies and

disruptions in stacking patterns that are not related to eustatic changes in sea level.
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Wireline Log Correlation

Correlating and mapping sequences across the study area incorporated multiple data sets,
including wireline logs. Stratigraphic surfaces associated with 3™ order sequences identified in
cores were tied to their respective wireline log signatures to establish facies trends on wireline
logs and correlate trend signatures between wells. Boundaries for the probable 3™ order
sequences were selected based on regressive facies (shallower-water facies) being succeeded by
transgressive facies (deeper-water facies). Correlating these boundaries from the “ground truthed”
sequence stratigraphic framework identified in the cores, produced wireline log markers that

could be correlated with confidence.
Gamma-ray

Spectral gamma-ray and borehole measured gamma-ray data were both utilized in this
study to help correlate the sequences identified on core-truthed wireline logs. Gamma-ray
signatures consistently correlated to the boundaries of the 3™ order sequences, typically
displaying an increase in the overall value of greater than 80 API units. These higher API values
correspond with the onset of the transgressive phase within the 3" order sequences, and there is a
general trend of the gamma-ray values decreasing as the sequence transitions into the regressive
phase (Figures 37 and 38). However, not every increase in gamma-ray value marks a 3" order
sequence boundary, as seen within the sequence stratigraphic hierarchy of facies correlated to
wireline log signatures (Figure 38). The 3™ order sequences can be regionally correlated within
the subsurface using the gamma-ray log. Although the 4™ order HFSs were correlatable in some
areas, these correlations were not as predictable as those tied to 3" order sequence boundaries.
Overall, the gamma-ray curve was not a reliable tool to identify and correlate the higher-

frequency 4" order HFSs and 5" order HFCs.
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Resistivity

The resistivity curves for both cores were evaluated to gauge their capability as a
correlation tool for 3" order sequence boundaries and to see if they had further value in
correlating 4" order HFSs. The resistivity curve signatures proved useful for correlating and
extrapolating 3™ order sequences, away from the cored wells. Typically, resistivity values were
higher in the carbonate-rich facies (800 — 1100 ohm-m) compared to the silt- and clay-rich facies
(50 — 200 ohm-m). The resistivity curve for the Ihle is more erratic and less smooth than the
Doberman resistivity curve, a characteristic attributed to the higher percentage of siliciclastics in
the Ihle. In the Doberman core, the resistivity curve was useful in differentiating between silt-rich
zones and calcite-rich zones with the silt-rich zones having lower values (Figures 37 and 38).
While the resistivity curve proved valuable for correlating 3" order sequences between wells, it
added little value (if any) in terms of correlating 4™ order HFSs. No consistent signatures were
observed that were deemed useful for correlating the boundaries of the 4™ order HFSs. Overall,
the resistivity curve, when paired with the gamma-ray curve, proved to be more useful for
correlating than the density and neutron porosity curves. The density and neutron porosity curves
were useful in identifying the boundary between Mississippian strata and Pennsylvanian strata. At
this boundary, the density and neutron porosity curves tracked each other and typically went off
scale to the left, or to the positive side (Figure 38). Meaning, at the Pennsylvanian-Mississippian
boundary the density and neutron porosity curves displayed a characteristic increase in porosity,

which in some cases was attributed to poor tool pad contact to the rock because of hole washout.
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Sequence Stratigraphic Architecture

The recognized sequence stratigraphic architecture of the “Mississippian Limestone”
within the study area exhibits strike-elongate geometries that are characteristic of a carbonate
ramp environment (Ahr, 1973; Tucker and Wright, 1990). Progradation of the probable 3™ order
sequences was observed in both subsurface cross sections (Figures 41 and 42) and thickness maps
(Figures 44 and 45) and is likely the result of a global decline in sea level (2" order) throughout
Mississippian time (Haq and Schutter, 2008). Although 4™ order HFSs and 5™ order HFCs were

observed, they were unable to be correlated confidently to well logs in the study area.

Subsurface Cross Sections

Subsurface stratigraphic cross sections were constructed to extrapolate correlations from
cored wells and evaluate thickness trends. Mississippian strata were correlated between wells
using gamma-ray, resistivity, and to a lesser extent density and neutron porosity logs tied to the
sequence stratigraphic framework established for the Doberman and Ihle cores. Correlating the
sequence stratigraphic framework from the cores to the gamma-ray log signatures was critical to
constructing cross sections and correlating wireline log signatures. Sequences designated based
on shoaling-upwards or shallowing-upwards packages on wireline logs of the cored wells, were
recognized in non-cored wells. Correlations within the cross sections are referenced to a flat
datum on the top of the Devonian Woodford Shale. Cross sections were constructed along
depositional strike and depositional dip directions to reveal thickness trends and geometries
associated with depositional processes. Cross-sections transect all counties within the study area
and provide evidence to support inferences concerning the stratigraphic architecture and
depositional environments. Gamma-ray and resistivity curves were the most useful well log
signatures for correlating and logs containing these curves were preferred for inclusion in cross

sections.
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Strike-Oriented Cross Sections

Two west-east transects were constructed in a depositional strike direction (Figures 39
and 40) to illustrate the geometry of sequences and their correlation across the study area. Each
cross section contains two core-calibrated wireline logs, either from this study or from LeBlanc
(2014). Flooding surfaces and shoaling-upwards packages identified in cores correlated to
wireline log signatures and were used to delineate sequence boundaries. Cross section A to A’
(Figure 39) represents correlations subparallel to depositional strike (WSW to ENE), spans
roughly 55 miles (88.5 km), contains 19 wells, and includes both core calibrated logs examined
within this study. Figure 39 illustrates the lateral continuity of these 3™ order sequences along
inferred depositional strike, as previously shown. The absence of S5 and S6 to the west was likely
influenced by the prominent Wilzetta Fault trend, where on the downthrown side an additional
~200ft (61m) of section occurs at the top of the Mississippian interval (Figure 39). Subsurface
cross section A-A’ displays the six depositional sequences identified within the cores and are

color coated by sequence throughout the cross section.

Subsurface cross section B to B’ (Figure 40) is an west to east trending strike-oriented
cross section through the northern part of the study area. Cross-section B to B’ spans ~68mi
(109km), contains 29 wells, and includes the Elinore #1-18 and Winney#1-8 cored wells from
LeBlanc (2014). This cross section displays relatively laterally continuous sequences of uniform
thickness (similar to A to A’) from west to east until the Wilzetta Fault trend, where extra section
is evident on the downthrown side. Based on wireline log correlations, cross-section B to B’ may

contain as many as nine sequences.
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Dip-Oriented Cross Sections

Two cross sections were constructed in the expected depositional dip direction (Figures
41 and 42) to demonstrate the distribution of depositional sequences and their geometries. Both
cross sections contain the Elinore #1-18 from LeBlanc (2014) and extend to each of the cores
used in this study. As with the strike-oriented cross sections, flooding surfaces and shoaling-
upwards patterns identified in cores were correlated to wireline log signatures and used to
delineate sequence boundaries. Cross-section C - C’ (Figure 41) spans roughly 45 miles (72 km)
with 21 wells and includes the Doberman #1-25 near the south end area and the Elinore #1-18 at
the north end. Cross-section C - C’ displays eight probable sequences, whose geometries suggest
progradation in a southerly direction. Some sequences (2 & 3 from this study) exhibit relatively

uniform thickness (Figure 41).

Subsurface cross section D to D’ (Figure 42) starts at the Elinore #1-18 in the northwest
part of the study area and extends in a dip direction, roughly 42 mi (67 km) to the Ihle #1-26 in
the southeast corner of the study area. Cross section D to D’ (like C to C’) contains core
calibrated sequences from LeBlanc (2014) and this study that provide the facies basis for nine
possible depositional sequences. These sequences display a progradational stacking pattern
moving basinward. Cross section D to D’ crosses the Wilzetta Fault zone, evident by the
significant increase in thickness of Mississippian strata on the downthrown side (Figure 42). The
thinning of the Mississippian section on the upthrown (west) side of the Wilzetta Fault is likely

related to uplift associated with the subsequent erosion of the uplifted block to the west.
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Thickness Maps

The thickness trends of the “Mississippian Limestone” along with 3 order sequences 1
— 6 (S1-S6) were mapped. The thickness map of the Mississippian interval (Figure 43) displays
regional distribution patterns. The Mississippian interval is marked at the top by the pre-
Pennsylvanian unconformity and the Woodford Shale at the base. These are recognized by
characteristic wireline log signatures and are relatively easy to identify. Mississippian strata, in
east-central Oklahoma, thicken towards the south-southeast and thin towards the north-northwest
(Figure 43). The thickness maps of individual 3" order sequences disclose trends that support
specific types of depositional geometries. Each younger sequence appears to shift basinward
compared to its predecessor and thickens towards the south-southeast or in a basinward direction

(Figures 44 and 45).
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Figure 43. Thickness map of the “Mississippian Limestone”. Boundaries were defined by
the strata between the Woodford Shale and pre-Pennsylvanian unconformity. The
thickness of the interval generally thickens towards the south-southeast towards the
present day Arkoma basin, which occupies the position of the Oklahoma basin during the
Mississippian. Star #1 and star #2 indicate locations of Doberman and lhle cores,
respectively. Contour interval is fifty feet and the color bar in the top right corner indicates
the thickness values, which range from 0 feet (white and dark purple) to 500 feet (orange).

Sequence 1

Sequence 1 (S1) is bound at its base by the underlying Woodford Shale and overlying
siltstone facies (Facies 2 & 3 and Facies 4 &5 in the Doberman and Ihle, respectively). On
wireline logs, S1 is characterized by an abrupt decrease in gamma-ray values from 200+ API

Units to ~80-90 API units (Figures 37 and 38). Overall, S1 displays a shallowing-upward
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signature to Facies 6 and Facies 11 for the Doberman and Ihle, respectively. Sequence 1 contains
two embedded 4™ order HFSs. In the Doberman, S1 is 31ft (9m) thick and thins down to 16ft
(5m) within the Thle. Sequence 1 is thickest (~140ft; 43m) in the northern and northwestern part
of the study area and is at its thinnest (0-10ft; 0-3m) in the southern and southeastern part of the
study area (Figure 44). Along the western border of Lincoln County, S1 thins to <5 ft. (1.5m) and

appears to be absent.
Sequence 2

Sequence 2 (S2) is bound by a calcareous siltstone facies (Facies 3 & 5 for the Doberman
and Ihle, respectively) at the base and demonstrates a shallowing-upward signature into the more
carbonate-rich facies and is capped by the silty burrowed mudstone-wackestone facies (Facies 5
& 8 for the Doberman and Ihle, respectively). The boundary of S2 can be identified on wireline
log signatures by an increase in the gamma-ray value from 40-50 API units to 120-125 API units
and an overall decrease in resistivity values (Figures 37 and 38). Within S2, there are four 4
order HFSs that were observed in both cores. Sequence 2 is 70ft (21m) thick in the Doberman
core and 68ft (20.7m) in the Thle core. Like S1, the maximum thickness (~150ft; 46m) of S2 is in
the northern part of the study area, but has shifted farther to the south-southeast compared to S1

(Figure 44). Sequence 2 thins to ~10-20ft (3-6m) towards the southeast and northwest.
Sequence 3

In both cores, sequence 2 contains carbonate-dominated facies, whereas sequence 3 (S3)
transitions to siliciclastic-dominated facies. However, the Thle core has thin beds of carbonate-
dominated facies in S3, whereas the Doberman core displays only siliciclastic-dominated facies
within the same sequence. Sequence 3 (S3) is bound by the silty burrowed mudstone-wackestone
facies (Facies 5 & 8 for the Doberman and Ihle, respectively) at the base and displays a

shallowing-upward pattern into Doberman Facies 4 and lhle Facies 11. In the Doberman core, the
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uppermost 5-10ft (1.5-3m) of S3 is identified as a slightly calcareous (avg. 9-12%) expression of
facies 4. On wireline logs, S3 is recognized by an increase in gamma-ray values from 60-65 API
units to 100-110 API units and a slight decrease (90-100 ohm-m to 70-80 ohm-m) in resistivity
values (Figures 37 and 38). Sequence 3 contains four nested 4™ order HFSs that were observed
and correlated in both cored wells (Figure 38). Out of the four recognized 3"™-order sequences, S3
is the thickest and is 85ft (26m) thick in the Doberman and displays relatively consistent
thicknesses, moving subparallel to strike (east), towards the Ihle (78ft; 24m). The thickest area of
S3 (~130-160ft; 40-49m) is located in the central to east-central part of the study area, indicating
continued progradation in a basinward direction, to the southeast (Figure 44). Sequence 3 thins
(~0-10ft; 0-3m) slightly toward the south-southeast, but thins rapidly to the northwest, and is
absent in the upper (northwestern) part of the study area. Thickness trends for S1 to S3 appear to

develop in a northeast to southwest linear pattern.
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Figure 44. Thickness maps of sequence 1 through
sequence 3. Contour interval for all three maps is
10ft. (3m), brown lines crossing through the study
area represent dip- and strike-oriented
subsurface cross section lines, color bars in the
top right corner of maps indicate thickness values
with warmer colors (red, orange, yellow) being
thickest and cooler colors (purple and white)
being thinner. Location of Doberman and Ihle
cores are indicated by white star #1 and white
star #2, respectively. Starting with S1, the
maximum thickness is in the north-northwestern
part of the study area at 120-130 feet thick.
Within S2 and S3, the maximum thickness shifts
to the southeast in a basinward direction,
indicating that S1-S3 are strike-elongate packages
prograding from northwest to southeast.
Thickness trends seem to progress in a northeast-
southwest linear pattern.



Sequence 4

In the Ihle core, the base of sequence 4 (S4) is bound by a calcareous siltstone (Ihle
Facies 5) overlying Ihle Facies 11, which would indicate a landward shift in facies if Ihle Facies
11 was deposited in place and not transported to its present position via storm processes. The top
of S4 within the Ihle is bound by a silty argillaceous dolomitic packstone (Facies 9). Sequence 4
in the Doberman core is not a complete representation of the sequence due to its truncation by the
Pennsylvanian-Mississippian unconformity at the top of the Mississippian section. In the
Doberman core, sequence 4 is bound at the base by argillaceous siltstones (Doberman Facies 2)

and sandstones (Doberman Facies 4).

The boundary of S4 is recognized on wireline logs as an increase in gamma-ray values
from 50-55 API units to 110-115 API units and a slight decrease in resistivity values of
approximately 100 ohm-m to 70-80 ohm-m (Figures 37 and 38). Sequence 4 contains four nested
4™ order HFSs that were observed in the Ihle core. However, in the Doberman core there are only
two observed 4™ order HFSs, due to the truncation by the Pennsylvanian unconformity. The
incomplete sequence 4 within the Doberman is only 49ft (15m) thick, but in the IThle it is 89ft
(27m) thick. The maximum thickness of S4 is ~100-120ft (30-37m) in the south-southeast part of
the study area (Figure 45). Sequence 4 thins (0-10ft; 0-3m) quickly to the northwest (similar to

S3) and is absent in the northwestern study area (Figure 45).
Sequence 5

The Ihle core has an additional ~190ft (58m) of upper Mississippian section compared to
the Doberman. Therefore, sequence 5 (S5) is observed within the Thle core, but not in the
Doberman. This additional upper Mississippian section seen in the Thle, compared to the
Doberman, could be the result of increased accommodation due to the Ihle being closer to the

axis of the Oklahoma Basin, non-deposition of the extra Mississippian section in the Doberman,
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or uplift and erosion of the section from the Doberman as a result of its closer proximity to the
Nemaha Ridge. Sequence 5 is bound at its base by clay-rich siltstones (Ihle Facies 4) overlying a
silty dolomitic packstone (Ihle Facies 9) and can be recognized on wireline logs by an increase in
gamma-ray value from 65-70API units to 120-125API units and a general decrease on the

resistivity log from 200 ohm-m to 90-100 ohm-m (Figures 37 and 38).

Overall, S5 is largely comprised of clay-rich siltstone (Ihle Facies 4) and silty shale (Ihle
Facies 2) with sparse carbonate beds (storm deposits or concretions) in the Ihle core sequence 5 is
~83ft (25m) thick and consists of three probable 4™ order HFSs. Accurate determination of HFSs
and HFCs within S5 proved difficult due to similar lithology throughout the sequence, and the
sparse carbonate beds may represent transported material. The thickness of S5 trends SW to NE,
similar to the previously described sequences. The maximum thickness (~100-110ft; 30-34m) of
S5 is to the southeast of S4 and is located in the southeastern part of the study area (Figure 45).
S5 thins gradually to the northwest (compared to S3 and S4) and is absent in the northwestern

study area.
Sequence 6

Sequence 6 (S6) is bound at the base by the contact with the underlying S5. However, the
basal ten (10) feet of S6 is missing from the Thle core and the sequence is not present in the
Doberman core. The base of sequence 6 is interpreted from the wireline log signatures of the Ihle
borehole and is marked by a sharp increase in the gamma-ray signature from 115-120API units to
270-275 API units along with a sharp increase in resistivity of 90-100 ohm-m to 300-400 ohm-m
(Figures 37 and 38). S6 displays a prominent shallowing-upward signature to the top of the core
where the section is alternating beds of carbonate mudstones and recrystallized packstones-
grainstones (lhle Facies 7 & 10 respectively). Sequence 6 is 89ft (27m) thick and contains three

probable 4™ order HFSs. Inferred sequence and cycle boundaries in this section of the core are
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picked with less confidence as it may represent a storm dominated interval (refer to pgs. 70 &
76). S6 is similar to S5 in that the maximum thickness of S6 (~120ft; 37m) occurs in the
southeastern part of the study area (Figure 45). Sequence 6 thins somewhat rapidly to the

northwest and is absent in the northern and northwestern parts of the study area.

Based on thickness maps of the individual sequences, these sequences (S1 — S6) appear
to prograde from the northwest to the southeast (Figures 44 and 45) and display geometries
indicative of prograding “carbonate” clinoforms (Bertalott, 2014; Flinton, 2016; Jaeckel, 2016;
LeBlanc, 2014). As a result of their shape and orientation to depositional strike, these clinoforms

are interpreted to be strike-elongate sigmoidal clinoforms (Patruno et al., 2015).
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Figure 45. Thickness maps of sequence 4 through
sequence 6. Contour interval for all three maps is
10ft. (3m), brown lines crossing through the study
area represent dip- and strike-oriented
subsurface cross section lines, color bars in the
top right corner of maps indicate thickness values
with warmer colors (red, orange, yellow) being
thickest and cooler colors (purple and white)
being thinner. Location of Doberman and Ihle
cores are indicated by white star #1 and white
star #2 respectively. Compared to sequence 3
(Figure 42), Sequence 4 has prograded farther to
the southeast, a pattern followed by S5-S6. S1 —
S6 display prograding geometries indicative of
clinoforms that are strike elongate and sigmoidal
in shape. All mapped clinforms are prograding
from the northwest (landward) to the southeast
(basinward).



Comparison of Results to Previous Studies

These results suggest the Doberman #1-25 and Ihle #1-26 Mississippian sections
represent deposition in deeper water settings than the Mississippian sections detailed in LeBlanc
(2014). The Doberman #1-25 contains roughly 30ft (9m) of “clean” carbonates compared to the
roughly 95ft (29m) of “clean” carbonates within the Elinore #1-18 from LeBlanc (2014). Hunt
(2017) established that the lower cleaner carbonate in the Doberman #1-25, and perhaps the lower
15ft (4m) of Mississippian section within the Ihle #1-26, are Meramecian and correlate to
carbonate section in the Elinore #1-18. In contrast, the silty/sandy generally more argillaceous
upper section in the Doberman #1-25 core and perhaps essentially the complete preserved

Mississippian section in the Thle #1-26 are both Chesterian age (Figure 46).

A similar relationship exists between the cleaner carbonate sections in the Adkisson #1-
33 and Winney #1-8 cores detailed in LeBlanc (2014). The lower cleaner limestone that
correlates to the similar interval in the Doberman #1-25 is Meramecian, whereas the more
argillaceous carbonates are Chesterian. If these correlations are correct, the upper sequence in the
Adkisson #1-33, Winney #1-8, and Elinore #1-18 cores correlate to and represent a more

proximal facies of sequence 2 (S2) within the Doberman #1-25.
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Chesterian in age. Modified from Hunt (2017).
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CHAPTER V

SUMMARY AND CONCLUSIONS

This study utilized an integrated approach to characterize Mississippian-aged deposits to
the east of the Nemaha Ridge using cores located in Creek, Lincoln, and Payne counties, east-
central Oklahoma. Through detailed core and thin section analysis a sequence stratigraphic
framework was established providing insight and understanding into the depositional processes
and environments during Mississippian time. The construction of wireline log cross sections
allowed for a regional sequence stratigraphic analysis of the “Mississippian Limestone” in east-
central Oklahoma and provided insight into the architecture and spatial distribution of the
recognized depositional sequences. Where present, core calibrated sequences were correlated in
the study area using wireline logs. The key findings of this core- and wireline log-based study

are:

1. Eleven total depositional facies were identified in the Ihle #1-26 core using core and thin
sections. Six of these facies were identified in the Doberman #1-25 core. The facies
identified were consistent with facies identified in other regional studies of the
Mississippian section and support the hypothesis that deposition occurred on a distally-
steepened ramp.

2. ldealized vertical stacking patterns were established for depositional facies in both cores

(eleven facies in Thle #1-26 and six facies in Doberman #1-25). The transgressive phase
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of a sequence contains siliciclastic dominated facies (argillaceous siltstones/sandstones
and silty shale) that transitions into more carbonate-rich facies (silty mudstones-
wackestones and silty packstones-grainstones) within the regressive phase.

The idealized stacking patterns for both cores revealed a three-fold sequence
stratigraphic hierarchy that consists of probable 3™ order sequences that contain
ingrained 4™ order high-frequency sequences and 5™ order high-frequency cycles.

The facies stacking patterns and bounding stratigraphic surfaces for 3" order sequences
were correlated to wireline log signatures, especially gamma-ray and resistivity curves.
3" order sequences typically display an upward decrease in gamma-ray values, while
displaying an upward increase in resistivity values. The 3" order sequences bounded by
flooding surfaces were correlative throughout the study area, whereas 4™ order
sequences and 5™ order cycles could not be correlated with confidence.

Wireline log cross sections illustrate that lower to middle Mississippian sequences are
relatively consistent in thickness in a strike-oriented direction (largely W to E), whereas
dip-oriented cross sections reveal that probable 3™ order Mississippian sequences are a
series of prograding clinoforms that mainly prograde in a basinward direction (NNW to
SSE).

The geometry and distribution of these probable 3" order sequences are consistent with
previous regional studies and support the interpretation that Mississippian deposition
occurred on a distally-steepened ramp.

The strike-elongate prograding clinoform geometries evident in this study support the
hypothesis that clinoforms demonstrated in the northern part of the study area by
Bertalott (2014) and LeBlanc (2014) extend into a more distal (basinal) depositional

setting.
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I. Doberman #1-25 SWD Whole Core Photographs

Core Photographs are shown under white light and are labeled with the abbreviations in the
table shown below. The core is in boxes containing 10 feet of core (when full) and within each
box, cores are split into 2 foot intervals. The shallowest depths are located in the top left corner of
the boxes, while the deepest depths are in the bottom right corner. The scales next to the core
boxes are in tenths of feet. The contacts between the “Mississippian Limestone” and differing

strata are marked where present. Next to the cores are colored rectangles that correspond to the

facies stacking pattern colors.

Doberman Core Image Labels

BR

brachiopod

BU | burrow
CH | chert
CR | crinoid
FR | fracture
G | glauconite

PH

phosphate

PY

pyrite

XB

cross-bedding

Table 6. Abbreviations and their meanings used in labeling the
whole box core photos for the Doberman #1-25 SWD core.
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Devon Energy Corporation HH-60282
Doberman 1-25 SWD Well
Wea!herlurl Lincoln County, Oklahoma
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Devon Energy Corporation HH-60282
Doberman 1-25 SWD Waell
W‘,’*‘?""".‘V' Lincoln County, OCklahoma

49€0 4982
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Devon Energy Corporation HH-60282
Doberman 1-25 SWD Well
Wea!herlurl Lincoln County, Oklahoma

CORE 1 4968 4990 4992 4994 4996
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Devon Energy Corporation HH-60282
Doberman 1-25 SWD Well
Wea!herlurl Lincoln County, Oklahoma
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
Wea{llenu[d Lincoln County, Oklahoma

CORE 1 5008 5010 5012 5014 5016
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Devon Energy Corporction HH-60282
Doberman 1-25 SWD Well
Weathermrﬂ Lincoln County, Oklahoma

CORE 2 5118 5120 5122 5124 5126
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Devon Energy Corporation
: Doberman 1-25 SWD Well
Wea{llenu[d Lincoln County, Oklahoma

5030 5032 5034
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CORE 1 5028

A
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Devon Energy Corporation HH-60282
: Dobkberman 1-25 SWD Well
Wea{henquu Lincoln County, Oklahoma

CORE 1 5038 5040 5042 5044 5046
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
Wea{llenu[d Lincoln County, Oklahoma

5050 5052 5054 505
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Wea{llenu[d Lincoln County, Oklahoma
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Devon Energy Corporation HH-60282
. Doberman 1-25 SWD Well
Weathenquu Lincoln County, Oklahoma

CORE 2 5068 5070 5072 507 5076
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
Wea{llenu[d Lincoln County, Oklahoma

CORE 2 5078 5080 5082 5084 5086
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Devon Energy Corporation HH-60282
: Dobkberman 1-25 SWD Well
Weathenquu Lincoln County, Oklahoma

CORE 2 5088 5090 5092 5094 5096
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
Wea{llenn[d Lincoln County, Oklahoma

CORE 2 5098 5100 5102 5104
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
weatj!em[d Lincoln County, Oklahoma

CORE 2 5108 5110 5112 5114 5116
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Waell
weat»hem[d Lincoln County, Oklahoma

CORE 2 5118 5120 5122 5124 5126
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
wfaﬁ'l‘ff'ﬂf‘! Lincoln County, Oklahoma

CORE 2 5128 5130 5132 5134
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
Wea{llenu[d Lincoln County, Oklahoma
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Waell
weat»hem[d Lincoln County, Oklahoma

CORE 3 5149 5151 5153
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
weatj!em[d Lincoln County, Oklahoma
CORE 3 5157 5161 5163
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Weathermrd

CORE 3

ft.

9167

Devon Energy Corporation
Doberman 1-25 SWD Well
Lincoln County, Oklahoma
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HH-60282
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Devon Energy Corporation HH-60282
: Doberman 1-25 SWD Well
weatqemid Lincoln County, Oklahoma
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Devon Energy Corporation HH-60282
Doberman 1-25 SWD Well
Weatherlucd Lincoln County, Oklahoma

CORE 3 5187 5189 5191 5193 5195
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Devon Energy Corporation
Weatherford Doberman 1-25 SWD Well
LABORATORIES Lincoln County, Oklahoma

CORE 3 5197 5199 5201 5203

"Mississippian
Limestone”

Woodford
Shale
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II. Doberman #1-25 SWD Core Descriptions

The Doberman core was described using the Dunham (1962) classification scheme where
applicable (i.e. — carbonate-rich intervals), while siliciclastic-rich intervals were classified based
on abundant grain type and composition. The colors described from the core relate to the
standardized color chart key (Table 7), which has been adapted from the revised rock-color chart
developed by the rock-color chart committee (2009). The descriptions of bioturbation uses a

bioturbation index implemented from Bann et al., 2008 (Table 8).

Rock-Color Chart - Doberman #1-25 SWD

Color Name D'il;r;::tclzln Color Name D'il;:';:tclzln
Dark Gray N3 Olive Gray 5Y3/2
Dark Greenish Gray 5G 4/1 Very Light Gray N8
Dusky Green 5G 3/2
Dusky Yellow Green 5GY 5/2
Dusky Yellowish Green 10GY 3/2
Grayish Black N2
Grayish Green 10G 4/2
Greenish Black 5GY 2/1
Light Olive Gray 5Y 6/1
Medium Gray N5
Moderate Olive Brown 5Y 4/4
Moderate Yellowish Brown| 10YR 5/4

Table 7. Modified from the Rock-Color Chart prepared by the Rock-Color Chart Committee
(representing the U.S.G.S., GSA, AAPG, SEG, and AASG) and distributed by The Geological
Society of America. Revised and reprinted in 2009.
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Bioturbation Index

Characteristics | Mud-Dominated Facies | Grain-Dominated Facies

Bioturbation absent

Sparse bioturbation,
bedding distinct, few
discrete traces

4

5

Uncommon bioturbation,
bedding distinct,
low trace density

Moderate bioturbation,
bedding boundaries
sharp, traces discrete,
overlap rare

Common bioturbation,
bedding boundaries
indistinct, high trace
density with overlap

common

Abundant bioturbation,
bedding completely
disturbed (just visible)

Complete bioturbation, §

total biogenic :

homogenization of
sediment

Table 8. Bioturbation index utilized for core descriptions. Modified from Bann et
al (2008).
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Fracture Density

A B CD

No fractures

A = 1-3 fractures

B = 4-6 fractures

C = 7-9 fractures

D = 10+ fractures

Table 9. Chart used for illustrating the fracture density within the core
descriptions. The letters A through D relate to the number of fractures
in one foot of core.
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LITHOLOGIC SYMBOLS

1
| I | Limestone Calcareous Sandstone

FeFaa

gl i Silty Limestone Siltstone

(11} l— aee —I—"l

i ses —— ses_L_]
Sandstone . —wa—| Calcareous Siltstone
Pl [ -1 _wes

GRAIN TYPES, SEDIMENTARY STRUCTURES, & DIAGENETIC FEATURES

’ ,(, Bioturbated

Cross-Bedded - Argillaceous

Burrow Fossils Y ) Peloids

Vertical
Burrow

Fracture %%  Glauconite

Undulate

S
m Horizontal @ Unrecognizable 000
%

@ Brachiopod Stratification ] Pyrite
* Crinoid p— Horlzpntal 0 Nodule
Laminae
TRACE FOSSILS
Ph - Phycosiphon Te - Teichichnus
Pl - Planolites Zo - Zoophycos
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Devon Energy - Doberman #1-25 SWD, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 4964’ - 5044’

Notes

Oil Staining

Index
Fracture Density

Structures
Lithology
Classification

Trace Fossils
Facies Type

LT Eeh 2sasda o c offf 8

Thin Sections
lif Sedimentary

72'- pyrite lamination/bed
73"~ large fracture filled with calcite

77" large fracture with offset beds

St . 84~ fracture is illed with mud and
| brecia e of snd

S B
88'- phosphate or clay nodules present
prepp——
e
e
rap
4998.3-5007.4 - clay or phosphate
== Trodutes present

01'- black rip up clasts, likely clay/mud,
concentrated in the coarser
grained beds

07"~ black rip up clasts, likely
(= clay/mud

|

|

|

|

|

|

|

|

|

5029"
] ﬁ-
5034’
| &
5039’ Y S clay clasts (mm)
1 | =%
] 8 |
] o
044’ —
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Devon Energy - Doberman #1-25 SWD, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 5044'- 5124

Depth
(ft)

Thin Sections

>
=
%
g |2
s2 |8
v .
£S5 |e
TS |8
on =
(%]

Facies Type

Lithology

Classification

Index

1

@

b12345¢

Fracture Density

A B CD

Oil Staini

Heawy

Notes

5074

|

|

|

|

5079

|

|

|

5084

|

|

|

|

5089

5114

5119

5124’

g 8 3 8 8 8 B 8 B B B N

|

|

|

|

|

|

|

]

|

¢ ¢
L)

I
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>

=

|

|

|

|

D o "
e i

@ ¢
W

>
€

|

|

|

|

¢

I

|

|

|

[
I S

|

|

|

|

|

|

46 - black rip up clasts, likely clay/mud

detrital sands increase, also start to lose
carbonate content, these sands are

reavity - ther
muds/silt are laminated

68'-angled beds

lithology becomes more silt/mud
tich from here up

verticle burrows are filled with material
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Devon Energy - Doberman #1-25 SWD, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 5124'- 5204’

ion
Index

Depth

(ft) Notes

Structures
Trace Fossils
Facies Type
Lithology
Classificat
Fracture Density
Oil Staining

Thin Sections
Sedimentary

N

ascolf 1§

5124’

269~ sand lamination in limestone

5129

08

|

|

|

mud bed at 37'- tested streak and took
s, it is WDFD thats out of place

|

|

|

|

|

|

|

|

|

|

chert

thin mud beds at high angles appears
to have some deformed bedding

massively bedded limestone

large fracture with refracturing around i

glauc sandstone returns in very
thin (mm) beds

beds alternate from being burrowed/
bioturbated to no structures

and faintly laminated

Glauconite rich sandstone in thin beds
and contains brachs

Glauconitic Sandstone, hasa

glossy like surface

5204
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Core to Wireline Log Correlation

Formation:“Mississippian Limestone”

Devon Energy - Doberman 1-25 SWD, Lincoln County, OK

Depth Interval: 4964’ - 5114’
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Devon Energy - Doberman 1-25 SWD, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 5114’ - 5204

Stratigraphic
Hierarchy

Classification
Gamma Ray Depth Facies

(API) (ft) rd \ ft ‘ grn pk wk

mic/mud

g | ve | ¢ m f vf | osi

S11a

mud

cly

GREd

_FF- o NP

5154°

n

- .

U=

5144

545"

Sisa

555"

s164”

T Er

Si74”

[T

5175"

S184”

- Siso”

+ Si5a”

5155

mic/mud

Woodford Shale d | A am pk wK
Ip‘g‘vc‘c‘mfvfsi

5204”

mud

cly

Facies 6 - Silty Peloidal Packstone - Grainstone
Facies 5 - Silty Burrowed Mudstone - Wackestone
Facies 4 - Silty Argillaceous Sandstone
Interbeded Facies 2&3

Facies 3 - Slightly Sandy Calcareous Siltstone
Facies 2 - Clay-rich Siltstone

Facies 1 - Glauconitic Sandstone

[ Missing Core |
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III. Doberman #1-25 SWD Thin Section Photomicrographs

Thin section photomicrographs show enlarged views of samples that have been cut
from the core. The samples and images shown are oriented as if looking at core, from
shallower at the top of the image and deeper towards the base of the image. The images
are formatted in order of facies (facies 1 - facies 6), and multiple images at
magnifications of 2x and 5x are shown for each facies. All thin sections are blue epoxy
impregnated, stained with alizarin red and potassium ferrocyanide on half of the slide. All
photomicrographs are in plane polarized light (unless otherwise stated) and are labeled

using the chart below.

Doberman Thin Section Image Labels

BR | brachiopod ILL | illite/mica
BU | burrow MG | micritized grain
CEM | calcite cement | MW | mud whisp

calcite grain :
CG (indistinguishable) oM organic matter

CON | conodont P | peloid
CR | crinoid PH | phosphate
D | dolomite PY | pyrite
FR | fracture Q | quartz

G | glauconite

Table 10. Abbreviations and their meanings used in labeling the
thin sections for the Doberman #1-25 SWD core.
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519830'@2x

5198.30’ — Glauconitic sandstone. Sample shows the sand sized glauconite (G) grains, silt to
fine sand sized quartz (Q) grains, dolomite (D) grains and phosphate (PH) grains. XRD analysis:
45% quartz, 3% carbonates (3% dolomite), 37% clays (28% illite/mica, 9% mixed layer
illite/smectite), and 15% other minerals (5% plagioclase feldspar, 4% potassium feldspar, 5%

pyrite, and 1% marcasite).
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5077.25'@5x
-

5077.25’ - Clay-rich siltstone. Sample shows silt sized quartz grains (Q), clays-mainly illite

(ILL), and displays burrowing (BU). XRD Analysis: 41% quartz, 14% carbonates (13% calcite,
1% dolomite), 26% clays (20% illite/mica, 4% mixed layer illite/smectite, and 2% chlorite),

and 19% other minerals (10% plagioclase feldspar, 5% potassium feldspar, 4% pyrite).
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5066.95’ — Clay-rich siltstone. Sample shows silt sized quartz grains (Q), indistinguishable
calcite grains (CG), and clays-mainly illite (ILL). XRD Analysis: 42% quartz, 22% carbonates
(20% calcite, 2% dolomite), 22% clays (16% illite/mica, 4% chlorite, and 2% mixed layer
illite/smectite), and 14% other minerals (9% plagioclase feldspar, 2% potassium feldspar, 2%

pyrite, and 1% apatite).
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5046.55’ — Clay-rich siltstone. Sample shows silt and VF sand sized quartz grains (Q), clays-
mainly illite (ILL), and phosphate (PH). XRD Analysis: 50% quartz, 12% carbonates (10% calcite,
2% dolomite), 20% clays (15% illite/mica, 3% mixed layer illite/smectite, and 2% chlorite), and

18% other minerals (10% plagioclase feldspar, 4% potassium feldspar, 3% pyrite, and 1%
apatite).
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5027.10@2x
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Ry

, indistinguishable

rich siltstone. Sample shows silt sized quartz grains (Q)

Clay-

5027.10’

carbonates

11%

, 4% mixed layer illite/smectite, and

’

mainly illite (ILL). XRD Analysis: 44% quartz

and clays-

’

calcite grains (CG)

clays (19% illite/mica

, 26%

(10% calcite, 1% dolomite)

3% chlorite), and 19% other minerals (11% plagioclase feldspar, 4% potassium feldspar,

3% pyrite, and 1% apatite).
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5006.85’ — Clay-rich siltstone. Sample shows silt sized quartz grains (Q),
indistinguishable calcite grains (CG), and clays-mainly illite (ILL), and phosphate (PH).
XRD Analysis: 42% quartz, 17% carbonates (14% calcite, 3% dolomite), 20% clays (15%
illite/mica, 3% mixed layer illite/smectite, and 2% chlorite), and 21% other minerals

(10% plagioclase feldspar, 6% apatite, 3% potassium feldspar, and 2% pyrite).
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5168.25’ - Slightly sandy calcareous siltstone. Sample shows silt to VF sand sized quartz grains (Q), calcite grains
(indistinguishable), and pyrite (PY). Usually the calcite grains in this facies are indistinguishable bioclasts or micritized
grains, when the grains are recognizable; they are generally brachiopod and crinoid fragments. XRD Analysis: 37%
quartz, 35% carbonates (34% calcite, 1% dolomite), 15% clays (9% illite/mica, 4% mixed layer illite/smectite, and 2%
chlorite), and 13% other minerals (8% plagioclase feldspar, 2% apatite, 2% potassium feldspar, and 1% pyrite).

166



VIS
s A

5117.05’ - Slightly sandy calcareous siltstone. Sample shows silt to sand size quartz grains
(Q), calcite grains- possibly crinoids (CG), and micritized grains (MG). XRD Analysis: 48%
quartz, 21% carbonates (19% calcite, 2% dolomite), 17% clays (10% illite/mica, 5% mixed
layer illite/smectite, and 2% chlorite), and 14% other minerals (9% plagioclase feldspar, 4%

potassium feldspar, and 1% pyrite).
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5107.25’ - Slightly sandy calcareous siltstone. Sample is dominated by silt to very fine sand sized
quartz (Q) grains, carbonate — mainly calcite (pink) grains, occasional clays — mainly illite, and a
muddy organic-rich matrix. XRD analysis: 42% quartz, 25% carbonates (22% calcite and 3% dolomite),
18% clays (12% illite, 5% illite/smectite, and 1% chlorite), and 15% other minerals (9% plagioclase
feldspar, 4% potassium feldspar, and 2% pyrite).
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5097.00’ - Slightly sandy calcareous siltstone. Sample is dominated by silt to VF sand sized quartz

grains (Q), carbonate — mainly calcite (pink) grains, and occasional clays —mainly illite. XRD analysis:
46% quartz, 24% carbonates (19% calcite and 5% dolomite), 15% clays (11% illite, 2% illite/smectite,
and 2% chlorite), and 15% other minerals (10% plagioclase feldspar, 3% potassium feldspar, and 2%

pyrite).
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4987.05’ - Slightly sandy calcareous siltstone. Sample is dominated by silt to very fine sand sized
quartz (Q) grains, carbonate — mainly calcite (pink) grains and micritized grains, occasional clays —
mainly illite, and a muddy organic-rich matrix. XRD analysis: 60% quartz, 13% carbonates (11% calcite
and 2% dolomite), 12% clays (9% illite, 2% illite/smectite, and 1% chlorite), and 15% other minerals
(9% plagioclase feldspar, 4% potassium feldspar, and 2% pyrite).
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5056.95'@2x

5056.95'@5x
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5056.95’ - Silty argillaceous sandstone. This facies is dominated by very fine to fine sand sized quartz (Q) grains
as well as silt sized quartz grains in areas, carbonate — mainly calcite (pink) grains, and clays. Calcite grains are
commonly brachiopod fragments and indistinguishable bioclasts. XRD analysis: 60% quartz, 7% carbonates (5%
calcite and 2% dolomite), 15% clays (11% illite, 2% illite/smectite, and 2% chlorite), and 18% other minerals (12%
plagioclase feldspar, 4% potassium feldspar, 1% pyrite, and 1% apatite).
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Facies 4
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5036.75’ - Silty argillaceous sandstone. Sample is dominated by very fine to fine sand sized quartz (Q)
grains as well as silt sized quartz grains in areas, and clays-mainly illite. XRD Analysis: 54% quartz, 9%
carbonates (5% dolomite, and 4% calcite), 18% clays (14% illite, 3% chlorite, and 1% illite/smectite), and
19% other minerals (12% plagioclase feldspar, 5% potassium feldspar, 2% pyrite, and Tr apatite).
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5016.95’ - Silty argillaceous sandstone. Sample is dominated by very fine to fine sand sized
quartz (Q) grains as well as silt sized quartz grains in areas, and clays. XRD Analysis: 50% quartz,
2% carbonates (1% dolomite, and 1% calcite), 27% clays (20% illite, 4% illite/smectite, and 3%
chlorite), and 21% other minerals (12% plagioclase feldspar, 6% potassium feldspar, 2% pyrite,

and 1% apatite).
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Facies 4
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4976.80'@2x

4976.80’ - Silty argillaceous sandstone. Sample is dominated by very fine to fine sand sized quartz
(Q) grains as well as silt sized quartz grains in areas, and clays. XRD Analysis: 64% quartz, 3%
carbonates (2% dolomite, and 1% calcite), 17% clays (13% illite, 3% illite/smectite, and 1% chlorite),
and 16% other minerals (10% plagioclase feldspar, 4% potassium feldspar, 1% pyrite, and 1%
apatite).

174



4966.75’ - Silty argillaceous sandstone. The sample is dominated by very fine to fine sand sized quartz (Q) grains as
well as silt sized quartz grains in areas, carbonate — mainly calcite (pink) grains, and some clays. Calcite grains are
commonly brachiopod fragments and indistinguishable bioclasts. XRD analysis: 61% quartz, 12% carbonates (10%
calcite and 2% dolomite), 12% clays (9% illite, 2% illite/smectite, and 1% chlorite), and 15% other minerals (9%
plagioclase feldspar, 4% potassium feldspar, 2% pyrite, and trace amounts of apatite).
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Facies 5
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5188.20’ - Silty burrowed mudstone to wackestone. This facies commonly contains abundant silt to very
fine sand sized quartz (Q) grains, carbonate — calcite (pink) grains, brachiopods (BR), as well as clays (illite) in
a muddy organic-rich matrix. XRD Analysis: 31% quartz, 46% carbonates (40% calcite and 6% dolomite), 15%
clays (9% illite, 4% illite/smectite, and 2% chlorite), and 8% other minerals (5% plagioclase feldspar, 2%
potassium feldspar, 1% pyrite, and trace amounts of apatite).
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5158.20@2x

5158.20’ - Silty burrowed mudstone to wackestone. The sample contains abundant silt to very fine sand sized
quartz (Q) grains, carbonate — calcite (pink) grains, brachiopods (BR), as well as clays (illite) in a muddy organic-
rich matrix. XRD analysis: 31% quartz, 46% carbonates (40% calcite, 6% dolomite), 15% clays (9% illite, 4%
illite/smectite, 2% chlorite), and 8% other minerals (5% plagioclase feldspar, 2% potassium feldspar, 1%

pyrite).
177



5178.25'@2x

5178.25’ - Silty peloidal packstone to grainstone. This facies is typically composed of silt to mostly sand
sized peloid (P) grains, carbonate — mainly calcite (pink) grains, and silt to very fine sand sized quartz (Q)
grains. It also contains skeletal debris such as, crinoids (CR) and brachiopods. XRD analysis: 22% quartz,
71% carbonates (65% calcite, 6% dolomite), 1% clay —illite, 6% other minerals (3% plagioclase feldspar, 1%

potassium feldspar, 1% pyrite, 1% apatite).
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Facies 6

5148.20’ - Silty peloidal packstone to grainstone. Sample is dominated by silt to mostly sand sized peloid
(P) grains, carbonate — mainly calcite (pink) grains, and silt to very fine sand sized quartz (Q) grains. It also
contains skeletal debris such as, crinoids (CR). XRD analysis: 35% quartz, 51% carbonates (48% calcite, 3%
dolomite), 5% clays (3% illite, 1% illite/smectite, 1% chlorite), and 9% other minerals (5% plagioclase

feldspar, 3% potassium feldspar, and 1% pyrite).
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Facies 6
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5137.05’ - Silty peloidal packstone to grainstone. Sample is dominated by silt to sand sized
peloids (P), skeletal debris such as crinoids (CR) and brachiopods (BR). XRD analysis: 23%
quartz, 63% carbonates (59% calcite, 4% dolomite), 3% clays (2% illite, and 1%
illite/smectite), and 11% other minerals (8% plagioclase feldspar, 3% potassium feldspar, and

Tr pyrite).
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5127.05’ - Silty peloidal packstone to grainstone. Sample is dominated by silt to sand sized
peloids (P), calcite cement, and silt sized quartz grains (Q). XRD analysis: 33% quartz, 53%
carbonates (49% calcite, 4% dolomite), 4% clays (2% illite, 1% illite/smectite, 1% chlorite), and
10% other minerals (7% plagioclase feldspar, 2% potassium feldspar, and 1% pyrite).
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4996.85’ - Silty peloidal packstone to grainstone. Sample is composed of silt to sand sized
peloids (P), calcite grains and cement, silt sized quartz grains (Q), and phosphate (PH). XRD
analysis: 34% quartz, 45% carbonates (44% calcite, 1% dolomite), 9% clays (7% illite, 1%
illite/smectite, 1% chlorite), and 12% other minerals (7% plagioclase feldspar, 2% potassium

feldspar, 2% pyrite, and 1% apatite).
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APPENDIX B:

Ihle #1-26
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Whole core photographs of the Ihle core are shown under white light and are labeled with
the abbreviations in the table shown below. The core slabs are placed in boxes containing 10 total
feet of core (when full) and divided into 2 foot intervals. Where core is missing or has been

removed, it is marked accordingly. The shallowest depths of the core are in the top left corner of

I. Thle #1-26 Whole Core Photographs

the boxes, while the deepest depths of the core are in the bottom right corner. The scale

positioned to the right of the core boxes is in tenths of feet. Next to each core slab, is a colored

rectangle that corresponds to the facies stacking pattern colors. The contacts between the

underlying Woodford Shale and overlying Pennsylvanian strata with the “Mississippian

Limestone” are marked where present.

lhle Core Image Labels

AMM | ammonite |LAM (Ca)| [aicareous
BR | brachiopod PH | phosphate
BU burrow PSD Et%)rtr)r?%leeposit
CC | clay clast PY pyrite
CR | crinoid PY-BU | pyritized burrow
D |dolomite RMC |rip-up mud clast
2 indistinguishable
FB | fossil bed IFD fossil debris
FR | fracture XB cross-bedding
LAM/| lamination

Table 11. Abbreviations and their meanings used in labeling the

whole box core photos for the Ihle #1-26 core.
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II. Thle #1-26 Core Descriptions

The IThle core was described using the Dunham (1962) classification scheme where
applicable (i.e. — carbonate-rich intervals) whereas siliciclastic-rich intervals were classified
based on abundant grain type and composition. The colors described from the core relate to the
standardized color chart key (Table 12), which has been adapted from the revised rock-color chart
developed by the rock-color chart committee (2009). The descriptions and degree of bioturbation

uses a bioturbation index implemented from Bann et al., 2008 (refer to Table 8).

Rock-Color Chart - Ihle #1-26

Color Name D'\Ll;:;:;lchL Color Name D“L::;:;ﬁzln
Black N1 Medium Light Gray N6
Brownish Black 5YR 2/1 Very Light Gray N8
Dusky Blue Green 5BG 3/2 White N9
Dusky Brown 5YR 2/2
Dusky Yellow Green 5GY 5/2
Grayish Black N2
Greenish Black 5GY 2/1
Greenish Gray 5G 6/1
Light Bluish Gray 5B 7/1
Light Gray N7
Medium Dark Gray N4
Medium Gray N5

Table 12. Modified from the Rock-Color Chart prepared by the Rock-Color Chart Committee
(representing the U.S.G.S., GSA, AAPG, SEG, and AASG) and distributed by The Geological
Society of America. Revised and reprinted in 2009.
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Fracture Density

A B CD

No fractures

A = 1-3 fractures

B = 4-6 fractures

C = 7-9 fractures

D = 10+ fractures

Table 13. Chart used for illustrating the fracture density within the core

descriptions. The letters A through D relate to the number of fractures
in one foot of core.

230




LITHOLOGIC SYMBOLS

Limestone

Silty Limestone

—_sss — sen_L_|
sss —— sss — sms
—_— —— sss —
wes _L_ wes _|__as

Siltstone

Sandstone

Calcareous Sandstone

Calcareous Siltstone

Silty Shale/Mudstone

Calcareous Silty
Shale/Mudstone

Silty Dolomite

Carbonate Concretion

GRAIN TYPES, SEDIMENTARY STRUCTURES, & DIAGENETIC FEATURES

’ ", Bioturbated

\Q0Q) Burrow

@ Brachiopod
* Crinoid

//é Cross-Bedded

Unrecognizable
Fossils

N

s

Filled Fracture

Horizontal
Laminae

:—;: Argillaceous
%%’  Peloids
%%  Glauconite
O Pyrite

Nodule/Clast

TRACE FOSSILS

Ch - Chondrites

Cy - Cylindrichnus

He - Helminthopsis

Ph - Phycosiphon

Pl - Planolites

Zo - Zoophycos
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Devon Energy - lhle #1-26, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 2783’ - 2863’
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Devon Energy - lhle #1-26, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 2863'- 2943’

Index

Depth
(ft)

QOil Staining

Notes

Thin Sections
Structures
Trace Fossils

Facies Type
Lithology
Classification
Fracture Density

Sedimentary

_@ Pl [ " ["[[™[+j123456A B C D

i
s

Sight
e

—— | calcareous laminations continue

within shale

that contains fractures filled with
calcite

$
£ ¢ 03.3'-04.6'= carbonate concreation
s
b

(e

(7]

pyritized burrows

17.5'- 18.05'= carbonate concretion

—{218']

; fractures appear to be filled
with clacite

—{2923'}

] L
%] =

— calcareous laminations appear

within shale

— () —

— shale facies alternates between
— 2 compotent rock and fissile and friable

L -

|| 39.5'-39.7'= carbonate concretion

— & pyrite starts to become more abundant
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Devon Energy - lhle #1-26, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 2943'- 3023’
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Devon Energy - lhle #1-26, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 3023'- 3103
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Devon Energy - lhle #1-26, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 3103'- 3183
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Devon Energy - lhle #1-26, Lincoln County, OK
Formation: “Mississippian Limestone”
Depth Interval: 3183'- 3213’
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Core to Wireline Log Correlation

Devon Energy - lhle 1-26, Creek County, OK
Formation: “Mississippian Limestone”
Depth Interval: 2783’ - 2933’
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Devon Energy - lhle 1-26, Creek County, OK
Formation:“Mississippian Limestone”
Depth Interval: 2933’- 3083’
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Devon Energy - lhle 1-26, Creek County, OK
Formation: “Mississippian Limestone”
Depth Interval: 3083'- 3213’

Stratigraphic Gamma Ray : Classification
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Facies 11 - Silty: e Gl Facies 6 - Silty Argillaceous Sandstone

Facies 10 - Recrystallized Packstone - Grainstone Interbeded facies 4&6

Facies 9 - Silty Argillaceous Dolo Packstone Facies 5 - Slightly Sandy Calcareous Siltstone

Facies 8 - Silty Burrowed Mudstone - Wackestone Facies 4 - Clay-rich Siltstone

Facies 7 - Argillaceous Mudstone - Wackestone Facies 3 - Phosphatic Dolomitic Shale

D Facies 2 - Friable Silty Shale

Facies 2 - Silty Shale

Facies 1 - Glauconitic Sandstone
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III. Thle #1-26 Thin Section Photomicrographs

Thin section photomicrographs show enlarged views of samples that have been cut

from the core. The samples and images shown are oriented as if looking at core, from

shallower at the top of the image and deeper towards the base of the image. The images

are formatted in order of facies, starting with facies 1 (facies 1 — facies 11), and multiple

images at magnifications of 2x and 5x are shown for each facies. All thin sections are

blue epoxy impregnated, stained with alizarin red and potassium ferrocyanide on half of

the slide. All photomicrographs are in plane polarized light (unless otherwise stated) and

are labeled using the chart below.

lhle Thin Section Image Labels
AF aggflgrt;r:gted G | glauconite P | peloid
BR [ brachiopod ILL | illite/mica PH | phosphate
BU | burrow LAM/| lamination PY | pyrite
CEM | calcitecement | M | mud Q | quartz
CG |indingsinable) | M&S| mud&silt | RCG | chtbomme geain
CH | chert ME | micritic envelope| SK | skeletal debris
D | dolomite MG | micritized grain| SP | spicule
FEL | feldspar MW | mud whisp
FR |fracture OM | organic matter

Table 14. Abbreviations and their meanings used in labeling the thin sections from Ihle #1-26.
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3204.25’ - Glauconitic sandstone. This sample shows the sand sized glauconite (G) grains, silt
to fine sand sized quartz (Q) grains, dolomite (D) grains and some phosphate grains. XRD
analysis: 39% quartz, 7% carbonates (5% dolomite, and 2% calcite), 45% clays (inconclusive
results on breakdown of clay types with XRD), and 9% other minerals (1% plagioclase feldspar,
2% potassium feldspar, and 6% pyrite).
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2875.20’ - Silty shale. This facies is commonly composed of clays, silt & chert, and minor
amounts of pyrite. XRD analysis: 22% quartz, 0% carbonates, 66% clays (33% mixed layer
illite/smectite, 30% illite, 2% chlorite, and 1% kaolinite), and 12% other minerals (5%
plagioclase feldspar, 4% potassium feldspar, and 2% pyrite).

243



2884.00’ - Silty shale. Sample is dominated by clays, silt & chert, and phosphate.

XRD Analysis: 32% quartz, 3% carbonates (2% calcite, and 1% dolomite), 47% clays
(36% illite , 8% mixed layer illite/smectite, 2% chlorite, and 1% kaolinite), and 18%
other minerals (6% plagioclase feldspar, 4% potassium feldspar, 4% pyrite, and 4%

apatite).
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Facies 2
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2891.40’ - Silty shale. Sample is dominated by clays, silt & chert, and phosphate. XRD
Analysis: 18% quartz, 0% carbonates, 70% clays (43% mixed layer illite/smectite, 25%
illite , 1% chlorite, and 1% kaolinite), and 12% other minerals (4% potassium feldspar,
3% plagioclase feldspar, 3% pyrite, and 2% apatite).
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2908.20’ - Silty shale. Sample is dominated by clays, silt & chert, and phosphate and
is heavily fractured. XRD Analysis: 32% quartz, 7% carbonates — calcite, 46% clays
(42% illite , 3% mixed layer illite/smectite, and 1% chlorite), and 15% other minerals
(5% plagioclase feldspar, 5% apatite , 3% potassium feldspar, and 2% pyrite).
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2935.15’ - Silty shale. Sample shows silt to very fine sand sized quartz (Q) grains, clayey/muddy matrix, clusters

of chert (CH), flattened (evidence of compaction) agglutinated foraminifera enclosed with microcrystalline quartz

(AF), and some phosphate nodules/grains. XRD analysis: 22% quartz, 9% carbonates (9% calcite with trace

amounts of dolomite), 58% clays (43% illite, 10% mixed layer illite/smectite, 3% kaolinite, and 2% chlorite), and

11% other minerals (3% plagioclase feldspar, 2% potassium feldspar, 4% pyrite, 1% marcasite, and 1% apatite).
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Facies 2
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2948.70’ - Silty shale. Sample shows abundant silt sized quartz grains (Q), and clays.
XRD Analysis: 24% quartz, 6% carbonates (3% calcite, and 3% dolomite), 60% clays (31%
mixed layer illite/smectite , 27% illite, and 2% chlorite), and 10% other minerals (3%
plagioclase feldspar, 3% potassium feldspar, 3% pyrite, and 1% marcasite).
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2963.35’ - Silty shale. Sample is dominated by silt sized quartz grains (Q), clays/mud,
and contains skeletal fragments — brachiopods (BR). XRD Analysis: 31% quartz, 4%
carbonates (3% calcite, and 1% dolomite), 51% clays (32% mixed layer illite/smectite,
18% illite, and 1% chlorite), and 14% other minerals (6% potassium feldspar, 5%

plagioclase feldspar, and 3% pyrite).
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Facies 3

2855.50’ — Phosphatic dolomitic shale. Sample shows silt sized quartz grains, an abundance of sand sized
phosphate grains (PH), dolomite (D), and brachiopod fragments (BR). XRD analysis: 29% silt sized quartz
grains, 29% clays (18% illite, 7% mixed layer illite/smectite, 2% kaolinite, and 2% chlorite), 25% carbonates
(24% dolomite, 1% calcite — occurring as calcified brachiopod fragments), and 17% other minerals (9%
apatite, 4% plagioclase feldspar, 2% potassium feldspar, and 2% pyrite).
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3120.70’ - Clay-rich siltstone. This facies is typically dominated by silt to VF sand sized quartz
grains (Q), clays, and lesser amounts of carbonates. XRD analysis: 47% quartz, 18% carbonates
(13% calcite, and 5% dolomite), 20% clays (15% illite, 3% mixed layer illite/smectite, and 2%
chlorite), and 15% other minerals (8% plagioclase feldspar, 5% potassium feldspar, and 2%

pyrite).
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Facies 4
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3148.25’ - Clay-rich siltstone. The sample is dominated by silt sized quartz (Q) to very fine sand sized quartz grains
in some areas, contains an abundance of clays along with some organic matter. This facies also contains sparse
amounts of carbonates — mainly calcite grains (pink). The calcite grains are primarily indistinguishable
bioclasts/fossils. XRD analysis: 46% quartz, 6% carbonates (4% calcite, and 2% dolomite), 31% clays (18% illite, 10%
mixed layer illite/smectite, and 3% chlorite), and 17% other minerals (9% plagioclase feldspar, 5% potassium
feldspar, 2% pyrite, and 1% apatite). 252



3194.00’ - Clay-rich siltstone. The sample is dominated by silt sized quartz grains (Q),
and clays, and also displays burrowing (BU). XRD analysis: 49% quartz, 7% carbonates
(5% calcite, and 2% dolomite), 26% clays (16% illite, 8% mixed layer illite/smectite, and
2% chlorite), and 18% other minerals (8% plagioclase feldspar, 7% potassium feldspar,
2% pyrite, and 1% marcasite).
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3018.20’ - Slightly sandy calcareous siltstone. This facies is typically dominated by silt to very fine sand sized
quartz (Q) grains, and carbonate debris. Usually the calcite grains in this facies are indistinguishable bioclasts or
micritized grains, when the grains are recognizable; they are generally brachiopod and crinoid fragments. XRD
Analysis: 51% quartz, 21% carbonates (14% calcite, and 7% dolomite), 14% clays (9% illite, 4% mixed layer
illite/smectite, and 1% chlorite), and 14% other minerals (8% plagioclase feldspar, 4% potassium feldspar, and 2%
pyrite). 254
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3074.60’ - Slightly sandy calcareous siltstone. Sample dominated by silt to VF sand sized quartz
grains (Q), carbonate grains — mainly calcite, and clays. XRD Analysis: 45% quartz, 16% carbonates
(13% calcite, and 3% dolomite), 20% clays (12% illite, 7% mixed layer illite/smectite, and 1%
chlorite), and 19% other minerals (10% plagioclase feldspar, 4% potassium feldspar, 4% pyrite, and

1% apatite).
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3096.10’ - Slightly sandy calcareous siltstone. The sample is dominated by silt to very fine sand sized quartz
grains (Q) that are sub-angular to sub-rounded and moderately sorted, carbonate — mainly calcite (pink)
grains, sparse clays, and a muddy organic-rich matrix. XRD analysis: 38% quartz, 37% carbonates (33% calcite,
and 4% dolomite), 16% clays (9% illite, 6% mixed layer illite/smectite, and 1% chlorite), and 9% other minerals
(5% plagioclase feldspar, 2% potassium feldspar, and 2% pyrite).
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2973.30’ - Silty argillaceous sandstone. The sample is dominated by very fine to fine sand
sized quartz grains (Q), carbonates, and clays. XRD analysis: 57% quartz, 16% carbonates (8%
calcite and 8% dolomite), 16% clays (inconclusive results on breakdown of clay types with
XRD), and 11% other minerals (4% plagioclase feldspar, 4% potassium feldspar, 2% pyrite, and

1% apatite).
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2992.25’ - Silty argillaceous sandstone. Sample is dominated by very fine to fine sand
sized quartz grains (Q), and clays with minor amounts of carbonates. XRD analysis: 59%
quartz, 3% carbonates (2% calcite, and 1% dolomite), 23% clays (14% illite, 8% mixed layer
illite/smectite, and 1% chlorite), and 15% other minerals (8% plagioclase feldspar, 5%

potassium feldspar, and 2% pyrite).
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3011.60’ - Silty argillaceous sandstone. Sample is dominated by very fine to fine sand
size quartz grains (Q), and clays. XRD analysis: 40% quartz, 6% carbonates (5% calcite,
and 1% dolomite), 37% clays (26% illite, 9% mixed layer illite/smectite, and 2% chlorite),
and 17% other minerals (9% plagioclase feldspar, 5% potassium feldspar, and 3%

pyrite).
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3034.00’ - Silty argillaceous sandstone. Sample is dominated by very fine sand sized quartz
grains (Q), phosphate grains (PH), and calcite skeletal debris — brachiopods (BR). XRD analysis:
39% quartz, 19% carbonates (16% calcite, and 3% dolomite), 20% clays (11% illite, 7% mixed
layer illite/smectite, and 2% chlorite), and 22% other minerals (9% apatite, 7% plagioclase
feldspar, 3% potassium feldspar, and 3% pyrite).
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3051.15’ - Silty argillaceous sandstone. The sample is dominated by very fine to fine sand sized quartz (Q) grains as
well as silt sized quartz grains in some areas, carbonates — mainly calcite (pink) grains, and occasional clays — primarily
illite. Calcite grains are commonly brachiopod and crinoid fragments along with indistinguishable bioclasts. XRD analysis:
61% quartz, 12% carbonates (10% calcite and 2% dolomite), 12% clays (9% illite, 2% mixed layer illite/smectite, and 1%
chlorite), and 15% other minerals (9% plagioclase feldspar, 4% potassium feldspar, and 2% pyrite).
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2790.40’ - Argillaceous mudstone-wackestone. This facies is commonly dominated by carbonate mud and
carbonate grains — mainly calcite (pink) grains, clays — mainly mixed layer illite/smectite, and minor silt sized quartz
grains (Q). Calcite grains are commonly brachiopod and crinoid fragments and to a lesser degree indistinguishable
bioclasts. XRD analysis: 8% quartz, 53% carbonates (49% calcite and 4% dolomite), 36% clays (23% mixed layer
illite/smectite, 6% kaolinite, 4% chlorite, and 3% illite), and 3% other minerals (trace amounts of plagioclase
feldspar, 1% potassium feldspar, and 2% pyrite). 262



Facies 7

2808.00'@2x

2808.00’ — Argillaceous mudstone-wackestone. Sample is dominated by carbonate mud and
carbonate grains — mainly calcite (pink) grains, clays — mainly mixed layer illite/smectite, and
minor silt sized quartz grains (Q). XRD Analysis: 15% quartz, 27% carbonates — calcite, 50% clays
(39% mixed layer illite/smectite, 6% kaolinite, 3% illite, and 2% chlorite), and 8% other minerals
(3% potassium feldspar, 3% pyrite, and 2% plagioclase feldspar).
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Facies 7

2827.70’ - Argillaceous mudstone-wackestone. Sample is dominated by carbonate mud and
carbonate grains — mainly calcite (pink) grains, clays — mainly mixed layer illite/smectite, and
minor silt sized quartz grains (Q). XRD Analysis: 10% quartz, 52% carbonates (51% calcite and
1% dolomite), 36% clays (28% mixed layer illite/smectite, 4% kaolinite, 2% illite, and 2%
chlorite), and 2% other minerals — pyrite.
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3184.20’ - Silty burrowed mudstone-wackestone. This facies commonly contains abundant silt to very fine sand
sized quartz grains (Q), carbonate — calcite (pink) grains, brachiopods (BR), as well as clays (illite) in a muddy
organic-rich matrix. XRD analysis: 27% quartz, 46% carbonates (45% calcite and 1% dolomite), 14% clays (11%
illite, 1% mixed layer illite/smectite, 1% kaolinite, and 1% chlorite), and 13% other minerals (5% plagioclase
feldspar, 4% potassium feldspar, 2% pyrite, and 2% apatite).
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3190.20’ - Silty burrowed mudstone-wackestone. Sample is dominated by calcite grains and
calcite cement, with minor amounts of silt sized quartz grains (Q) and peloids (P). XRD analysis:
12% quartz, 71% carbonates (70% calcite and 1% dolomite), 12% clays (11% illite, and 1% mixed
layer illite/smectite), and 5% other minerals (3% plagioclase feldspar, 1% potassium feldspar, and

1% pyrite).
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Facies 9

2956.70’ - Silty argillaceous dolomitic packstone. The sample contains abundant
silt sized quartz (Q) grains, carbonates — dolomite (D), and calcified brachiopods
(BR), as well as clays. XRD analysis: 25% quartz, 37% carbonates (30% dolomite and
7% calcite), 29% clays (inconclusive results on breakdown of clay types with x-ray
diffraction), and 9% other minerals (4% plagioclase feldspar, 2% potassium feldspar,
and 3% pyrite).
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2980.25’ - Silty argillaceous dolomitic packstone. Sample is dominated by silt sized
guartz grains (Q), dolomite, and clays. XRD analysis: 30% quartz, 36% carbonates (29%

dolomite and 7% calcite), 24% clays (inconclusive results on breakdown of clay types
with x-ray diffraction), and 10% other minerals (5% plagioclase feldspar, 3% potassium

feldspar, and 2% pyrite).
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Silty argillaceous dolomitic packstone. Sample contains silt sized quartz

2997.60’

quartz, 34%

and peloid grains (P). XRD analysis: 35%

dolomite, clays,

’

grains (Q)

carbonates (27% dolomite and 7% calcite), 22% clays (inconclusive results on breakdown

of clay types with x-ray diffraction), and 9% other minerals (5% plagioclase feldspar, 2%

potassium feldspar, and 2% pyrite).
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Facies 10

2797.30’ — Recrystallized packstone-grainstone. This facies is dominated by
indistinguishable calcite grains (due to heavy recrystallization) and contains minor
amounts of clays and silt sized quartz grains. XRD analysis: 1% quartz, 92% carbonates
(91% calcite and 1% dolomite), 6% clays (3% mixed layer illite/smectite, 1% illite, 1%
kaolinite, and 1% chlorite), and 1% other minerals (1% pyrite).
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Facies 10

2813.20’ — Recrystallized packstone-grainstone. The sample is dominated by
indistinguishable calcite grains and contains minor amounts of clays and silt sized
guartz grains. XRD analysis: 2% quartz, 92% carbonates (90% calcite and 2% dolomite),
6% clays (5% mixed layer illite/smectite, 1% illite), and 0% other minerals.
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2839.90’ — Recrystallized packstone-grainstone. The sample is dominated by
indistinguishable calcite grains and contains minor amounts of clays and silt sized quartz
grains. XRD analysis: 3% quartz, 88% carbonates (82% calcite and 6% dolomite), 8% clays
(6% mixed layer illite/smectite, 1% illite, and 1% kaolinite), and 1% other minerals (1%

pyrite).
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Facies 11

3027.15’ - Silty peloidal packstone-grainstone. This facies is commonly composed of silt to mostly sand
sized peloid (P) grains, carbonate — mainly calcite (pink) grains and cement, and silt to very fine sand sized
quartz (Q) grains. It also contains skeletal debris such as, crinoids (CR) and brachiopods. XRD analysis: 19%
guartz, 68% carbonates (67% calcite, 1% dolomite), 5% clays (inconclusive results on breakdown of clay types
with x-ray diffraction), 8% other minerals (5% plagioclase feldspar, 1% potassium feldspar, 1% pyrite, and 1%
apatite). 273
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3077.20’ - Silty peloidal packstone-grainstone. Sample is dominated by calcite grains & calcite
cement, silt to sand sized peloid grains (P), and silt sized quartz grains (Q). XRD analysis: 20%
quartz, 64% carbonates (63% calcite, 1% dolomite), 7% clays (inconclusive results on breakdown
of clay types with x-ray diffraction), 9% other minerals (6% plagioclase feldspar, 2% potassium

feldspar, and 1% pyrite).
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3109.50’ - Silty peloidal packstone-grainstone. Sample is dominated by calcite grains & calcite
cement, silt to sand sized peloid grains (P), and silt sized quartz grains (Q). XRD analysis: 22%
quartz, 59% carbonates (55% calcite, 4% dolomite), 9% clays (inconclusive results on
breakdown of clay types with x-ray diffraction), 10% other minerals (7% plagioclase feldspar,

2% potassium feldspar, and 1% pyrite).
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3129.30’ - Silty peloidal packstone-grainstone. The sample is dominated by calcite grains &
calcite cement, silt to sand sized peloid grains (P), silt sized quartz grains (Q), and occasional
micritized grains. XRD analysis: 26% quartz, 57% carbonates (54% calcite, 3% dolomite), 8% clays
(inconclusive results on breakdown of clay types with x-ray diffraction), 9% other minerals (5%

plagioclase feldspar, 3% potassium feldspar, and 1% pyrite).
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3160.20’ - Silty peloidal packstone-grainstone. The sample is composed of silt to mostly sand sized peloid
(P) grains, carbonate — mainly calcite (pink) grains, and silt to very fine sand sized quartz (Q) grains. It also
contains skeletal debris such as, crinoids (CR) and brachiopods. XRD analysis: 24% quartz, 65% carbonates
(61% calcite, 4% dolomite), 4% clays inconclusive results on breakdown of clay types with x-ray diffraction),
7% other minerals (4% plagioclase feldspar, 2% potassium feldspar, 1% pyrite).
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3202.15’ - Silty peloidal packstone-grainstone. Sample is dominated by calcite grains & calcite cement,
silt to sand sized peloid grains (P), silt sized quartz grains (Q), and minor amounts of phosphate. XRD
analysis: 11% quartz, 81% carbonates (80% calcite, 1% dolomite), 4% clays (inconclusive results on
breakdown of clay types with x-ray diffraction), 4% other minerals (3% plagioclase feldspar, and 1%

potassium feldspar).
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2903.25’ - Carbonate concretion. These concretions are very infrequent but are typically
dominated by indistinguishable calcite grains and calcite cement, with minor amounts of clays
and silt sized quartz grains (Q). XRD analysis: 2% quartz, 85% carbonates (84% calcite, 1%
dolomite), 4% clays (2% illite, and 2% mixed layer illite/smectite), 9% other minerals (5% pyrite,
3% marcasite, and 1% plagioclase feldspar).
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2917.70’ — Carbonate concretion. Sample is dominated by indistinguishable calcite
grains and calcite cement, with minor amounts of clays and silt sized quartz grains (Q).
XRD analysis: 2% quartz, 90% carbonates (88% calcite, 2% dolomite), 5% clays (3% illite,
and 2% mixed layer illite/smectite), 3% other minerals — pyrite.
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APPENDIX C:

Architecture of Mississippian Strata/Subsurface Mapping

Cross sections and subsurface maps were constructed using Petra geological software, an IHS product.
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I. Subsurface Cross Sections and Correlations
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C-l-a. Top. Map of study area (outlined in black) showing the cross-section (red line).
From west to east, the Doberman #1-25 well is indicated by the blue star and the lhle
#1-26 well is indicated by the orange star. Bottom. Strike oriented subsurface cross
section from red line on map. Cross-section shows six probable 3" order sequences.
Vertical scale exaggerated 16x.
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C-I-b. Top. Map of study area (outlined in black) showing the location of cross-section

(red line). From west to east, the Winney #1-8 well is indicated by the green star and

the Elinore #1-18 well is indicated by the gray star. Bottom. Strike oriented subsurface

cross-section from red line on map. Cross-section displays the lateral continuity of these

sequences moving along depositional strike. Vertical scale exaggerated 8x.
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C-l-c. Top. Map of study area (outlined in black) showing location of the cross-
section (red line). From north to south, the Elinore #1-18 well is indicated by the
gray star and the Doberman #1-25 well is indicated by the blue star. Bottom. Dip
oriented subsurface cross section of the red line in the above photo. Cross-section
displays the geometry of these sequences moving along depositional dip. The
correlations show these packages prograding in the dip direction. Correlations also
reveal that prograding carbonate clinoforms are a logical interpretation for this
system. Vertical scale exaggerated 8x.
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C-I-d. Top. Map of study area (outlined in black) showing the location of cross-section C—C’ (red
line). From north to south, the Elinore #1-18 well is indicated by the gray star and the Doberman #1-
25 well is indicated by the blue star. Bottom. Dip oriented subsurface cross section of the red line in
the above photo. Cross-section C — C’' displays the geometry of these sequences moving along
depositional dip. The correlations show these packages prograding in the dip direction. Correlations
also reveal that prograding carbonate clinoforms are a logical interpretation for this system. Vertical
scale exaggerated 16x.
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C-l-e. Top. Map of study area (outlined in black) showing the cross-section (red line).
From northwest to southeast, the Elinore #1-18 well is indicated by the gray star and
the Ihle #1-26 well is indicated by the orange star. Bottom. Dip oriented cross-section
of the red line on map. Cross-section displays the geometry of these sequences moving
along expected depositional dip. Correlations show these packages prograding towards
the southeast. Correlations also reveal that prograding carbonate clinoforms are a
logical interpretation for this system. Note the significant increase in the thickness of
strata starting in the sixth well from the right to the end of the cross section. This
thickness increase comes from cross the downthrown side of the Wilzetta Fault line.
Vertical scale exaggerated 8x.
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II. Isopach Maps

The scale in the upper right corner of each isopach map represents thickness values in feet.
Cooler (purple) colors indicate lower thickness values, whereas warmer (yellow and orange)
colors indicate greater thickness values. The location of the Doberman is shown by the white star
with the number 1, while the location of the Ihle is shown by the white star with the number 2.

Brown lines represent cross-section transects throughout the study area (outlined in black).

287



Sequence 1 - Sequence 6
Isopach Maps

SEQUENCE 2 IsoPACH [l
. ; —

SEQUENCE 3 ISoPACH |0 SEQUENCE 4 ISOPACH

C-ll-a. Combined figure of sequences 1 through 6. Starting in the top left corner with
sequence 1 and moving left to right ending at sequence 6, the thickness maps of
probable 3" order sequences display progradation in a basinward direction (NW to SE).

All maps have a contour interval of 10 feet.
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C-lI-b. Thickness map of probable 3" order sequence 1 (S1). Contour Interval = 10ft.
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C-ll-c. Thickness map of probable 3" order sequence 2 (S2). Contour Interval = 10ft.
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C-lI-d. Thickness map of probable 3" order sequence 3 (S3). Contour Interval = 10ft.

291




= :\J 140
» 130
() 4 OPA ‘ 120

T 110

100

90

80

70

60

50

40

=) 30

20

10

0

i
o {9
! & 2
A d
' T
KLAHOMA I 1 _ A /jj\"\‘ 4
/r | | | ic.|.=10';
| ‘ OKFUSKEE
North
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C-lI-f. Thickness map of probable 3" order sequence 5 (S5). Contour Interval = 10ft.

293



£ \=)
UL,

KLAHOMA

170
160
150
140
130
120
110
100

80
70
60

40
30
20
10

| CL=10"

/r - — OKFUSKEE
North ‘

C-ll-g. Thickness map of probable 3" order sequence 6 (S6). Contour Interval = 10ft.
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C-lI-h. Thickness map of the “Mississippian Limestone” throughout the study area.
Contour Interval = 50ft.
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