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Geologic Assessment of Undiscovered Oil and Gas
Resources in the Cherokee Platform Province Area of
Kansas, Oklahoma, and Missouri

By Ronald M. Drake Il and Joseph R. Hatch

Abstract

In 2015, the U.S. Geological Survey completed a
geology-based assessment to estimate the volumes of
undiscovered, technically recoverable petroleum resources in
the Cherokee Platform Province area of southeastern Kansas,
northeastern Oklahoma, and southwestern Missouri. The U.S.
Geological Survey identified four stratigraphic intervals that
contain petroleum source rocks: (1) thin shales in the Middle
to Upper Ordovician Simpson Group, (2) shales within the
Upper Devonian to Lower Mississippian Woodford Shale
and stratigraphically equivalent Chattanooga Shale, (3) coals
and coal-associated shales and mudstones in the Middle
Pennsylvanian (Desmoinesian) Cherokee and Marmaton
Groups, and (4) thin marine shales within the Marmaton
Group and the Upper Pennsylvanian (Missourian) Kansas City
and Lansing Groups. Based on the nature of the petroleum
accumulations, the characterization of the compositions
and thermal maturity of the organic matter in the rocks,
and the compositions of the produced petroleum, the U.S.
Geological Survey identified three total petroleum systems
(TPS) containing four assessment units (AU): the Paleozoic
Composite TPS with the Paleozoic Conventional Assessment
Unit (AU), the Woodford/Chattanooga TPS with the Woodford
Shale Oil AU and the Woodford Biogenic Gas AU, and the
Desmoinesian Coal TPS with the Desmoinesian Coalbed Gas
AU. Assessment unit summaries follow

1. Three source rock intervals have contributed
geochemically distinct oils to reservoirs within the
Paleozoic Conventional AU. These intervals are the
Simpson Group; the Woodford and Chattanooga Shales;
and the Marmaton, Kansas City, and Lansing Groups.
The major petroleum source rocks are the Woodford
and Chattanooga Shales. The Paleozoic Conventional
AU includes reservoirs that range in age from the Upper
Cambrian Arbuckle Group to the lower Permian Chase
Group. Most oil production in the province has been
from Pennsylvanian sandstone reservoirs. Estimated
undiscovered petroleum resources for this AU are a
mean of 3 million barrels of oil (MMBO), 140 billion
cubic feet of gas (BCFG), and 4 million barrels of
natural gas liquids (MMBNGL).

The Woodford Shale Oil AU contains undiscovered
continuous petroleum resources within the Woodford
Shale and Chattanooga Shale. The geologic model for
the AU assumes that petroleum resources remain trapped
within the shale following petroleum migration. For
most of the AU, organic matter within the Woodford
Shale and Chattanooga Shale is thermally mature with
respect to petroleum generation as shown by vitrinite
reflectance values between 0.6 and 1 percent. Petroleum
has been produced from the Woodford Shale and
Chattanooga Shale. Estimated undiscovered petroleum
resources for this AU are means of 460 MMBO,

640 BCFG, and 7 MMBNGL.

The Woodford Shale Biogenic Gas AU contains
undiscovered continuous petroleum resources in the
east-central portion of the Cherokee Platform Province
near the Ozark uplift where the Woodford Shale and
Chattanooga Shale are at depths of 1,250 ft or shallower.
At those depths, methanogenesis and(or) biodegradation
of thermogenic natural gases can be found where the
shale may be more fractured and more susceptible to
groundwater penetrations. The mean assessed volume of
undiscovered gas for this assessment unit is 416 BCFG
and 1 MMBNGL.

The Desmoinesian Coalbed Gas AU contains
undiscovered continuous petroleum resources within
the Middle Pennsylvanian coals and coal-associated
shales and mudstones. The boundaries for the
Desmoinesian Coalbed Gas AU are, in part, defined

by the extent, depth, and thickness of the coals. Within
the Desmoinesian Coalbed Gas AU, a sweet spot area
was delineated based on a 10 foot or greater net coal
thickness. Gas analytical data show that natural gas
produced from the coals has a mixed biogenic and
thermogenic origin and that there is significant migration
of natural gas into the coals from adjacent conventional
sandstone reservoirs. The estimated mean volume of
undiscovered gas is 10.0 trillion cubic ft of gas (TCFG),
and 23 MMBNGL.
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For the three continuous (unconventional) assessment
units and one conventional assessment unit in the Cherokee
Platform Province, total mean volumes of undiscovered
petroleum resources are estimated to be 463 MMBO,

11.2 TCFG and 35 MMBNGL.

Introduction

In 2015, the U.S. Geological Survey (USGS) conducted
an assessment to estimate the volumes of undiscovered,
technically recoverable petroleum resources in the Cherokee
Platform Province area of southeastern Kansas, northeastern
Oklahoma, and southwestern Missouri. For this assessment
the USGS identified four stratigraphic/lithologic intervals that
contained petroleum source rocks: (1) thin shale intervals in
the Middle Ordovician Simpson Group, (2) shales within the
Upper Devonian to Lower Mississippian Woodford Shale
and stratigraphically equivalent Chattanooga Shale, (3) coals
and coal-associated shales and mudstones in the Middle
Pennsylvanian (Desmoinesian) Cherokee and Marmaton
Groups, and (4) thin marine shales within the Marmaton
Group and the Upper Pennsylvanian (Missourian) Kansas City
and Lansing Groups. Based on the nature of the petroleum
accumulations, the characterization of the compositions
and thermal maturity of the organic matter in the rocks, and
the compositions of the produced petroleum, the USGS
identified three total petroleum systems (TPSs) containing
four assessment units (AUs): (1) the Paleozoic Composite
TPS with the Paleozoic Conventional AU, (2) the Woodford/
Chattanooga TPS with the Woodford Shale Oil AU and the
Woodford Biogenic Gas AU, and (3) the Desmoinesian Coal
TPS with the Desmoinesian Coalbed Gas AU.

This publication describes the geologic setting of the
Cherokee Platform Province, the petroleum exploration and
production history, and the petroleum assessment terminology
and methodologies that were used for this assessment. This
information is followed by descriptions of the three TPSs
and four AUs identified in the basin, along with supporting
geological data and maps that were used in the assessment.
The USGS methodology for predicting undiscovered volumes
of hydrocarbons (Charpentier and Cook, 2011; Charpentier
and Klett, 2005) was used to quantitatively assess the
petroleum resources.

Geologic Setting

The Cherokee Platform is located on the east side of the
Nemabha uplift and is bounded on the north by the Bourbon
arch, on the east by the Ozark uplift, on the south by the
Arkoma Basin, and on the southwest by Arbuckle uplift and
the Anadarko Basin (fig. 1).

Structural Framework

The Cherokee Platform formed as a relatively stable
platform in southeastern Kansas and northeastern Oklahoma
updip from the Anadarko and Arkoma Basins in southern
Oklahoma and southwestern Arkansas (Merriam, 1999).
Tectonic activity in the Cherokee Platform area has been
relatively minor. Most of the major tectonic events occurred
adjacent to the Cherokee Platform in the Anadarko and
Arkoma Basins to the south and southwest (fig. 1). During the
Cambrian, there was a failed rift system called the Southern
Oklahoma aulacogen in what is now the Anadarko Basin. This
failed rift arm filled with large amounts of igneous rocks that
were intruded (gabbros and granites) and extruded (basalts
and rhyolites) along the axis of the aulacogen (Perry, 1989).
Following the filling of the aulacogen axis, the rocks subsided,
which formed the Oklahoma trough. This trough was filled
with more than 11,000 feet (ft) of mostly Cambrian to Lower
Devonian carbonates (Perry, 1989) during development of the
Anadarko Basin.

The Late Silurian to Early Devonian marked the
formation of the central Kansas uplift and the central Kansas
and Chautauqua arches to the northwest of the Cherokee
Platform (fig. 1). The central Kansas uplift and the central
Kansas arch are northwest-trending structures on the western
side of the Chautauqua arch. These structural features
restricted the deposition of the Hunton Group (fig. 2) in the
Cherokee Platform area to northeastern Kansas (Merriam,
1963; Blakey, 2013). During the Early Pennsylvanian
(Morrowan and early Atokan), the South American plate and
North American plate collided, which led to the Ouachita
and Wichita orogenies (Amarillo-Wichita uplift) (fig. 1).

The Ouachita and Wichita orogenic pulses may have begun
as early as the Mississippian and ended in the Middle
Pennsylvanian (Desmoinesian) (Johnson, 2008). These
pulses included significant northward thrusting. According
to Johnson (2008), there were 10,000 to 15,000 ft of uplift in
the Wichita Mountains. The Nemaha and Ozark uplifts also
developed during this time; the Nemaha uplift was active

in the Late Mississippian to Early Pennsylvanian and was
reactivated during the Mesozoic (Dolton and Finn, 1988).

Uplift during the Early Pennsylvanian caused the erosion
of most pre-Pennsylvanian (Chester Group; fig. 2) rocks from
the paleotopographic highs on the Wichita Mountains, Criner
Hills, and the central Oklahoma arch creating an unconformity
between the Mississippian and Early Pennsylvanian
(Morrow Group) strata (fig. 2). Subsidence during the early
Middle Pennsylvanian (Atokan) is associated with sediment
accumulation of 10,000 ft in the Anadarko Basin (Rascoe and
Adler, 1983). On the Cherokee Platform is commonly 2,000 to
5,000 ft of Pennsylvanian strata (Johnson, 2008) (fig. 3).
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Figure 2. Cherokee Platform Province area (modified from Gaswirth and Higley, 2014). Stratigraphic boundaries for the three

Total Petroleum Systems and four Assessment Units and intervals with petroleum source rocks are shown.
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Stratigraphic Framework

Cambrian to Ordovician

Basement rocks that underlie the sedimentary rocks
of the Cherokee Platform are composed of Proterozoic
igneous and metamorphic rocks that formed about 1.4 billion
years ago (Johnson, 2008). The oldest sedimentary rocks
in the area are Late Cambrian to Early Ordovician in age
(fig. 2). During the Late Cambrian, the area was covered
by a shallow sea and sand from eroded basement rocks was
deposited as the Reagan Sandstone. This was followed by the
deposition of thick limestones and dolomites of the Arbuckle
Group. In the Cherokee Platform area, the Arbuckle Group is
1,000 to 2,000 ft thick and thickens to about 7,000 ft to the
south into the Anadarko and Ardmore Basins (Ham, 1973;
Johnson, 2008). Overlying the Arbuckle Group carbonates
are shallow marine shales, limestones, and sandstones of
the Simpson Group, Viola Limestone, and Sylvan Shale.
The thickness of the middle to upper parts of the Simpson
Group increases from about 100 ft in the northeast part
of the Cherokee Platform to about 800 ft in Pottawatomie
County, Oklahoma, in the southwest part of the platform area
(Suhm, 1997). Thick widespread limestones and dolomites
of the Viola Limestone overlie the Simpson Group, and the
top of the Viola Limestone exhibits karst topography. The
Sylvan Shale overlies the Viola Limestone and it may act as
a hydrocarbon seal.

Silurian to Early Mississippian

The Silurian to Devonian Hunton Group limestones on
the Cherokee Platform are usually 100—500 ft thick. These
Hunton Group rocks were later eroded from the northern
platform area as the Chautauqua arch was uplifted in the Late
Silurian to Early Devonian. Hunton Group strata are present
in the northwest corner of the Cherokee Platform and in the
southern portion of the area. The Upper Devonian to Lower
Mississippian Woodford Shale unconformably overlies
the Hunton Group in the southern portion of the Cherokee
Platform. In eastern Kansas and the northeastern portion
of Oklahoma, the stratigraphically equivalent Chattanooga
Shale overlies the Misener Sandstone (Kuykendall and
Fritz, 2001). In the Oklahoma portion of the Cherokee
Platform, the Misener Sandstone has been described as
a time transgressive deposit of fine-grained quartz sand
with some dolomite, which was deposited on the post-
Hunton Group unconformity and within associated fluvial
channels (Gaswirth and Higley, 2014). Although the Misener
Sandstone is not widespread, it has been a prolific oil-
producing unit. The Woodford Shale and the stratigraphically
equivalent Chattanooga Shale were deposited in a deep,
low-energy, dysoxic to anoxic marine environment. In the
Cherokee Platform area, these shales are typically about
50 ft thick, but can be as much as 200 ft thick in the southern
portion of the area.

Mississippian to Permian

During the Mississippian, thick deposits of limestone,
dolomite, and chert developed in a shallow sea on the
continental shelf. Rock types in the Middle and Upper
Pennsylvanian in the midcontinent area have long been
recognized as recording intervals of cyclical sedimentation
(cyclothems) (Weller, 1930; Moore, 1931, 1936; Wanless and
Weller, 1932). Each cyclothem records a single transgressive-
regressive sequence with rock types representing deposition
in both marine and nonmarine environments (marine and
terrestrial sandstones and shales, marine carbonates, and
coal). During the Permian, shallow marine limestones were
deposited along with gray and red shales and red sandstones
(nonfossiliferous, red clastic deposits).

Petroleum Exploration and Production
History

The first well in the area was completed in 1873 in the
Iola field in Allen County, Kansas (Moore and Elledge, 1920;
Nehring Associates, Inc., 2014), where oil and gas were
produced from sandstone of the Cherokee Group. Most of
the conventional fields in the area have produced oil and gas
from Pennsylvanian-aged sandstones (figs. 2 and 23). More
than 3.4 billion barrels of oil and more than 3.8 trillion cubic
ft of gas have been produced from more than 48 thousand
wells (IHS Markit™, 2014). The distribution of wells with oil
and gas production in the Cherokee Platform Province area is
shown in figure 4. Only about 2 percent of the producing wells
are directional or horizontal wells.

Recent petroleum industry interest in the area has shifted
to producing gas from the Desmoinesian coals. More than
6,500 coalbed gas wells are in the area and earliest production
started in 1979 in coals of the Cherokee Group in Rogers
County, Oklahoma, (IHS Markit™, 2014). Nearly 500 billion
cubic feet of natural gas (BCFG) produced, primarily from
the coals in the Cherokee Group (IHS Markit™, 2014). Of the
nearly 700 producing Woodford Shale and Chattanooga Shale
wells in the area, almost 500 are horizontal or directional
wells; more than 59 BCFG and more than 12 million barrels
of oil (MMBO) have been produced from these wells (IHS
Markit™, 2017).
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Petroleum Assessment Terminology
and Methodology

In this publication, the term “hydrocarbons” is used to
denote molecules composed of hydrogen and carbon, whereas
the term “petroleum” is used to denote mixtures of liquid
or gaseous hydrocarbons that may also include helium and
hydrocarbon compounds containing sulfur, nitrogen, oxygen,
and metals. The assessment of undiscovered petroleum
resources is possible because petroleum is distributed in groups
of accumulations that share common geological attributes
(Houghton and others, 1993). An accumulation of petroleum
is often called a field, which is defined as ““...an individual
producing unit consisting of a single pool or multiple pools
of petroleum related to each other based on a single structural
or stratigraphic feature.” (Gautier and others, 1995, p. 6).
Furthermore, the chemical compositions of petroleum in
a given field can often be correlated with the chemical
compositions of organic matter in specific stratigraphic
intervals indicating the source of the petroleum.

Petroleum System

The definition of a petroleum system includes (1) a
source rock for the petroleum, (2) the physical and chemical
characteristics of the petroleum derived from that source rock,
and (3) all the geologic elements and processes that are essential
for a petroleum accumulation to exist (Magoon and Dow, 1994).
The geologic elements and processes of the petroleum systems
include (1) source-rock physical characteristics and chemical
and mineralogical compositions; (2) source-rock organic-matter
thermal maturation; (3) petroleum compositions and migration
pathways; and (4) characterizations of the reservoir rocks, traps
and seals.

Petroleum systems may be classified as known,
hypothetical, or speculative systems (Magoon and Dow, 1994).
For known systems, geochemical studies show correlation
between hydrocarbons contained within the petroleum source
rock and a petroleum accumulation. Hypothetical systems have
a source rock identified by geochemical information but no
known geochemical correlation between the petroleum source
rock and a petroleum accumulation. Speculative systems do not
have a source rock identified by geochemical information, but
the existence of either a petroleum source rock or a petroleum
accumulation is postulated based on other evidence.

Assessment Unit

For a given petroleum system, the volume of rock to
be assessed is divided into various reservoir intervals that
share common attributes. These reservoir intervals are called
assessment units and are typically defined according to
stratigraphic and structural parameters. These parameters
should be sufficiently homogenous such that one methodology

of resource assessment is applicable to a given assessment
unit. In the case of the Cherokee Platform Province, most AUs
are defined according to stratigraphy and lithology.
Assessment units are classified as either conventional or
continuous (unconventional) depending upon the nature of
petroleum accumulation within the assessment unit (Gautier
and others, 1995; U.S. Geological Survey National Oil and
Gas Resource Assessment Team, 1995; Schmoker, 2005;
Schmoker and Klett, 2005). Conventional assessment units
contain discrete petroleum accumulations of a range of
sizes, with well-defined fluid contacts (water, oil, and gas)
within the reservoir. In contrast, continuous (unconventional)
assessment units are petroleum accumulations that have poorly
defined boundaries within the reservoir, exist more or less
independently of the water column, and are pervasive over a
large geographic area. Different assessment methodologies
are applied to conventional assessment units and continuous
(unconventional) assessment units. Figure 5 is a schematic
diagram illustrating conventional and unconventional oil and
gas accumulations as used in assessments by the USGS.
Conventional assessment units may be classified as
established, frontier, or hypothetical. Established assessment
units are defined as having more than 13 discovered petroleum
accumulations that are larger than the minimum size established
for the assessment (Klett and others, 2000). Frontier assessment
units are defined as having 1 to 13 discovered petroleum
accumulations larger than the minimum size established for the
assessment. Hypothetical assessment units are defined as having
no discovered accumulations of petroleum larger than the
minimum size established for the assessment.

Field Growth

Perception of the size and distribution of petroleum
accumulations in an area can be distorted by several
artefacts of the petroleum discovery process. One artefact
of this process is an emphasis on the discovery of large
fields (Kontorovich and others, 2001). Larger petroleum
fields are easier to discover; hence, larger fields tend to be
discovered earlier in the exploration history, and the number
of discoveries per well tends to decline as more wells are
drilled (Kaufman, 1993; Root and Mast, 1993; Schuenemeyer
and Drew, 1993; LaPointe, 1995). Thus, the discoverability
of a petroleum field is a function of the petroleum field
size. Petroleum field discoverability is also a function of
the number of wells drilled in the basin. Specifically, the
discoverability of a petroleum field is greater if fewer wells
have been drilled in the basin (Meisner and Demirmen,
1981). Thus, the probability of an exploration success tends
to decrease as more wells are drilled, and progressively more
drilling is required to find a petroleum accumulation of a given
size (Kaufman, 1993). Furthermore, as more wells are drilled,
fewer and smaller fields are discovered causing the mode
of the distribution of the magnitudes of discovered fields to
decrease (Schuenemeyer and Drew, 1983; Root and Attanasi,
1993). As a result, the true average size of the underlying field
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Figure 5. Conventional and unconventional oil and gas accumulations as used in assessments by the
U.S. Geological Survey. Shale gas, shale oil, tight gas, tight oil, and coalbed gas are unconventional
accumulations. (%R , = vitrinite reflectance; figure from Schenk and Nelson, 2015).

population is less than the average size calculated early in the
exploration history. Most estimates of the ultimate recoverable
resources of an oil or gas field, however, eventually increase
with time as more wells are drilled (Drew and Schuenemeyer,
1993). This phenomenon is referred to as field growth, and it
is an artefact of the petroleum discovery process (Attanasi and
Root, 1994). To account for field growth, the USGS applies

a growth factor to reported field sizes in order to account for
resources expected to be added to reserves as a consequence
of the extension of known fields, the revision of reserve
estimates, and the addition of new pools to discovered fields
(U.S. Geological Survey National Oil and Gas Resource
Assessment Team, 1995; Attanasi and others, 1999). Thus,

in the USGS assessment terminology, grown fields are fields
where the volume of oil or gas resources is the amount of
estimated ultimate recoverable resources.

Economic Truncation

Economic truncation is another artefact of the petroleum
discovery process distorting perception of the underlying
parent population of petroleum fields (Schuenemeyer and
Drew, 1983). The term refers to the fact that smaller oil and

gas fields may be unreported, because they are not profitable
to produce. Thus, the USGS uses a minimum field size (for
grown field sizes) when working with oil and gas statistics.
For the 2015 assessment of the Cherokee Platform province,
the USGS used a minimum grown field size of 0.5 MMBO for
oil accumulations and a minimum grown field size of 3 BCFG
for gas accumulations. These minimum grown field-size
values are the same minimum field-size values used in USGS
assessments of most other basins in the United States.

Petroleum Source Rock
Characterization

Petroleum resource assessments are completed, in part,
on evaluations of petroleum source rock potential, which is
based primarily on analyses of the amounts and compositions
of the organic matter in the rocks and on the thermal maturity
of the organic matter. For this assessment, the amount of
organic matter is measured by organic carbon content, the
relative hydrogen richness of the organic matter, by hydrogen
index (as measured through Rock-Eval pyrolysis), and by
hydrogen/carbon ratios. The thermal maturity of organic
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matter is measured by T, (the temperature at which the
maximum rate of hydrocarbon generation occurs in a kerogen
sample during pyrolysis), vitrinite reflectance (%R ), and
conodont alteration indices. In addition, characterizations

of the geochemical compositions of petroleum (oils, natural
gases and natural gas liquids) originating from the source-
rock intervals are critical to the understanding of the volumes,
pathways, and distances of petroleum migration for each
petroleum system.

As shown by Ronov (1958), the critical minimum organic
carbon content for shale to be an effective hydrocarbon
source rock is 0.5 percent. The organic facies concept of
Jones (1987) is used to help compare the relative hydrogen
richness of organic matter in the samples and to help estimate
the relative amounts of oil and(or) natural gas that will be
generated when the organic matter becomes thermally mature.
Jones (1987) defined a classification of organic facies (A, AB,
B, BC, C, CD, and D) for organic matter in rocks based on
microscopic and chemical characteristics of organic matter
that is marginally mature with respect to petroleum generation.
Organic facies A has the greatest potential to generate oil.
Organic facies AB also has great potential to generate oil.
However, organic facies B has generated most of the oil in
the world. Organic facies BC usually generates both oil and
gas, and organic facies C usually generates condensate and
gas. Organic facies CD has a moderate capacity to generate
dry gas, whereas organic facies D is essentially nongenerative
(Jones, 1987).

Petroleum Systems of the Cherokee
Platform Province

The USGS has defined three TPSs and four AUs in the
Cherokee Platform Province. Identification of these three
TPSs and four AUs are based on (1) petroleum source rock
properties including organic carbon content, organic matter
compositions, and organic matter thermal maturation; (2)
composition of petroleum originating from the source-rock
interval and timing of petroleum generation and migration;
(3) reservoir rocks (sequence stratigraphy and petrophysical
properties); and (4) petroleum traps (trap formation and
timing). In stratigraphic order, from oldest to youngest, the
TPSs and the AUs are:

1. Paleozoic Composite TPS and Paleozoic Conventional
AU;

2. Woodford/Chattanooga Shale TPS, Woodford Shale Oil
AU, and Woodford Biogenic Gas AU;

3.  Desmoinesian Coal TPS and Desmoinesian Coalbed Gas
AU.

The spatial distributions of the four AUs are shown in
figure 6.

Paleozoic Composite Total Petroleum
System

The Paleozoic Composite TPS on the Cherokee Platform
is defined based on the presence of petroleum source-rock
intervals within the Middle Ordovician Simpson Group,
the Upper Devonian to Lower Mississippian Woodford
Shale and stratigraphically equivalent Chattanooga Shale,
and the Middle Pennsylvanian Marmaton Group and Upper
Pennsylvanian Kansas City and Lansing Groups (fig. 2, Hatch
and Newell, 1999). On the Cherokee Platform, petroleum has
been produced from Paleozoic reservoirs ranging in age from
the Cambrian Arbuckle Group to the Permian Chase Group;
these reservoirs range in depth from 180 to 8,200 ft (Nehring
Associates, Inc., 2014). The Paleozoic Composite TPS has one
conventional AU, the Paleozoic Conventional AU (fig. 4).

Middle Ordovician Simpson Group

The Middle Ordovician Simpson Group (fig. 2)
comprises thin, shallow-subtidal limestone, dolomite, shale,
and sandstone on the shelf in northeastern Oklahoma (fig. 7;
modified from Northcutt and Johnson, 1997; Suhm, 1997).
Thin shales in the Simpson Group have been identified as
source rocks for petroleum in areas outside the Cherokee
Platform including the Forest City, Salina, Sedgwick, and
Anadarko Basins (Adler and others, 1971; Burruss and Hatch,
1989; Hatch and Newell, 1999; Newell and Hatch, 2000a,
2001). The Simpson Group is absent over a broad area of the
Cherokee Platform in southwestern Missouri, southeastern
Kansas, and northeastern Oklahoma (fig. 7). Where present
in northeastern Oklahoma, the Simpson Group thickens
from northeast to southwest. Suhm (1997) shows the middle
to upper Simpson Group interval thickening from less than
200 ft in southern Tulsa County, to approximately 1,000 ft
in southern Pottawatomie County. This stratigraphic interval
reaches a thickness of close to 2,000 ft in the Anadarko Basin
farther to the southwest.

Petroleum Source Rock Characterization

Published analyses of samples needed to help evaluate
the petroleum source rock potential of the shales from the
Simpson Group in the Cherokee Platform Province are not
available. Hence, published analyses of samples from adjacent
basins to the west and north (listed in Hatch and Newell, 1999;
Newell and Hatch 2000a) were used. These samples in Kansas
are from the Sedgwick Basin (including Rice, Reno, Marion,
and McPherson Counties) and from Wabaunsee and Nemaha
Counties; samples from Missouri are from the Forest City
Basin (including Atchison County, Missouri).
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Organic Matter Contents

The distribution of organic carbon contents (weight
percent) for the 22 shale samples from the Simpson Group is
shown in figure 8. For these samples, organic carbon contents
range from 0.3 to 15.8 weight percent. The distribution of
organic carbon contents for the 22 samples is uneven; 17
of 22 shale samples have a 2.0 weight percent or less. The
other 5 samples have more than a 6.0 weight percent. T _ is
<445 degrees Celsius (°C) for all samples.

Organic Matter Hydrogen Richness

The distribution of hydrogen indices (HI) for the 22
shale samples from the Simpson Group is shown in figure 9.
HI of organic matter in the shales have an uneven distribution
ranging from 7 to more than 1,000 milligrams per gram
(mg/g). Organic matter compositions for 6 of the 22 shale
samples are in the organic facies A or B categories, 8 samples
are in the BC category, 5 samples are in the C category,
and 3 samples are in the CD and D categories. Thus, where
thermally mature, the beds of shale with facies A and B
compositions would have high potential to generate oil; shales
with facies BC compositions have potential to generate both
gas and oil. Shale beds with facies C compositions have
potential to generate gas and gas condensate, and beds with
organic facies CD compositions have limited potential to
generate dry gas (Jones, 1987).

Northwestern Missouri samples

4r Eastern Kansas samples

Number of observations

2to <4 4to <6 6to <8

810 <10 >10

<1 1to <2
Organic carbon, in weight percent

Figure 8. Histogram showing the distribution of organic-carbon
contents (weight percent) for 17 shale samples from the Middle
Ordovician Simpson Group from eastern Kansas and 5 samples
from northwestern Missouri. Data are from Hatch and Newell
(1999) and Newell and Hatch (2000b); T__ is <445 degrees Celsius
for all samples. T__ is the temperature at which the maximum rate
of hydrocarbon generation occurs in a kerogen sample during
pyrolysis analysis.
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Figure 9. Distribution of hydrogen indices for 17 samples from
the Middle Ordovician Simpson Group from eastern Kansas and
5 samples from northwestern Missouri. Data are from Hatch
and Newell (1999) and Newell and Hatch (2000b); T__ is about
445 degrees Celsius for all samples. T__ is the temperature at
which the maximum rate of hydrocarbon generation occursin a
kerogen sample during pyrolysis analysis.

Organic Matter Thermal Maturity

Information is not available to help determine organic
matter thermal maturity trends for the Simpson Group on the
Cherokee Platform. In the Salina and Forest City Basins to
the north and northwest of the Cherokee Platform in Kansas
(fig. 1), thermal maturation modeling and organic matter
maturation data indicate that the organic matter in the lower
Paleozoic rocks in the axes of both basins is in the early stage of
petroleum generation (Newell, 1997; Newell and others, 1997).
Where the Simpson Group is located in the southwestern part of
the Cherokee Platform, organic matter thermal maturity trends
can be approximated using the data on the thermal maturity of
the Woodford Shale that is discussed in the Woodford Shale
and Chattanooga Shale section of the report and estimating an
additional correction to account for the deeper burial.

Woodford Shale and Chattanooga Shale

The Upper Devonian to Lower Mississippian Woodford
Shale in Oklahoma and the stratigraphically equivalent
Chattanooga Shale in Kansas are dark gray to black fissile
shales that also contain chert and siliceous shale. As shown in
figure 10, the Woodford Shale has an average thickness of close
to 50 ft on the Cherokee Platform in northeastern Oklahoma



14

Geologic Assessment of Undiscovered Qil and Gas Resources in the Cherokee Platform Province Area

101° 100° 99° 98° 98° 96° 95° 94°
\ I I [
39°
38° — E
-
=)
2}
Z
=
K740 s
|
[
360 | '/\
1 900
23500
400
.5‘00
I 2
35° i A
TEXAS |
(3 I
2}
\J‘J\" l é
Lo 4
~ |
— <
340 | — \/\ L - - | §
“‘f Lo ™ LJ‘ J\—J‘r.““‘“’” . &
0 5 50 75 100MILES 3,’; S Y, |
N OUACHITA ey
0 25 50 75 100KILOMETERS FOLD BELT |
l l \ \ \ \ \ !
Base from U.S. Geological Survey, digital data
The National Map, 2019
State plane projection EXPLANATION

Oklahoma North FIPS 3501, meters
North American Datum 1983

Figure 10.
(1990) and Lambert (199

2).

|:| No Woodford Shale or Chattanooga
Shale present
—300— Isopach contour—Shows thickness
of Woodford Shale and Chattanooga
Shale. Contour interval 50 and
100 feet.
Fault

—aA___ Thrust fault—Sawteeth indicate
upthrown side

Upper Devonian strata in Oklahoma, Arkansas, and Kansas. Modified from Comer



and can be up to 200 ft thick in the southern platform area. The
Woodford Shale thins to the northeast and is missing in the
northeastern-most corner of Oklahoma. In southeastern Kansas,
the Chattanooga Shale is approximately 100 ft thick on the
western side of the Cherokee Platform, thins to the east, and is
missing from areas on the eastern border with Missouri.

Petroleum Source Rock Characterization

Petroleum has been produced from the Woodford and
Chattanooga Shales at depths of about 500 ft to almost
9,000 ft (IHS Markit™, 2014). Published analyses of samples
used to illustrate the petroleum source rock potential of the
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Woodford and Chattanooga Shales on the Cherokee Platform
and adjacent areas are from Comer (1990), Hatch and Newell
(1999), and Newell and Hatch (2000b). T, is <445 °C or
vitrinite reflectance (%R ) <0.60 percent for all samples. T

is the temperature at which the maximum rate of hydrocarbon
generation occurs in a kerogen sample during pyrolysis analysis.

Organic Matter Contents

The organic carbon contents (weight percent) for the
Woodford Shale in the Cherokee Platform Province of
northeastern Oklahoma are 2-4 percent as shown in figure 11.
The distributions of the averaged organic carbon contents for
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samples from 4 cores of the Woodford and Chattanooga Shale
samples from eastern Kansas and for 14 cores from central and
south-central Oklahoma are shown in figure 12. Figure 11 and
the data from the two sample sets illustrated in figure 12 show
that organic carbon contents of the Chattanooga Shale on the
Cherokee Platform in eastern Kansas are generally lower than
organic carbon contents of the Woodford Shale farther south in
central and south-central Oklahoma.

Organic Matter Hydrogen Richness

The distributions of the averaged hydrogen indices (HI,
mg hydrocarbon content/g organic carbon) for the samples
from cores of the Woodford and Chattanooga Shales in eastern
Kansas (4 cores) and from central and south-central Oklahoma
(14 cores) are shown in figure 13. T is<445°C or R
<0.60 percent for all samples. Organic matter compositions
for the Woodford Shale core samples from central and south-
central Oklahoma are significantly more oil prone than organic
matter in the core samples of Chattanooga Shale from eastern
Kansas. Compositions of Oklahoma Woodford Shale samples
range from organic facies BC to AB and should primarily
generate oil when thermally mature. The Kansas Chattanooga
Shale samples have organic facies BC compositions and
should primarily generate gas with some oil when thermally
mature (Jones, 1987).

N
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Central and south-
__central Oklahoma
samples

Number of observations
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Figure 12. Distributions of the average organic carbon contents
for samples from 4 cores of the Woodford and Chattanooga
Shales from eastern Kansas and from 14 cores from central and
south-central Oklahoma. Data are from Comer (1990), Hatch and
Newell, (1999), and Newell and Hatch (2000b). T__ is <445 degrees
Celsius or vitrinite reflectance (%R ) <0.60 percent for all samples.
T isthe temperature at which the maximum rate of hydrocarbon

max

generation occurs in a kerogen sample during pyrolysis analysis.
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Figure 13. Distributions of the average Rock-Eval hydrogen
indices for samples from 4 cores of the Woodford and
Chattanooga Shales from eastern Kansas and from 14 cores from
central and south-central Oklahoma. Data are from Comer (1990),
Hatch and Newell, (1999), and Newell and Hatch (2000b). T is
<445 degrees Celsius, or vitrinite reflectance (%R ) <0.65% for
all samples. T__ is the temperature at which the maximum rate
of hydrocarbon generation occurs in a kerogen sample during
pyrolysis analysis.

Organic Matter Thermal Maturity

Figure 14 shows the vitrinite reflectance (%R ) map for
eastern Oklahoma (Cardott, 2012b). R for organic matter in
the Woodford Shale is highly variable ranging from a low of
0.49 percent in Creek County, Oklahoma, on the Cherokee
Platform, to more than 4 percent for organic matter in Le Flore
County, near the Choctaw fault in the Arkoma Basin. Except
for some anonymously high R measures for Woodford Shale
organic matter in southern Osage County and northern Pawnee
County, organic matter thermal maturity on the Oklahoma part
of the Cherokee Platform generally increases from northwest
to southeast into the Arkoma Basin.

Figure 15 is a crossplot showing the relation between
the average HI and average R for 18 sets of Woodford Shale
core samples that are primarily from central and south-central
Oklahoma, as well as 19 sets of Woodford Shale outcrop
samples primarily from eastern and southeastern Oklahoma
and from northwestern Arkansas. Data are from Comer (2005).
This plot shows a significant decrease in the highest average
HI values between R about 0.6 percent and about 0.8 percent.
For the Woodford Shale, the highest average HI values
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Figure 15. Relation between the average hydrogen index and

average R_for 18 sets of Woodford Shale core samples that are
primarily from central and south-central Oklahoma and 19 sets of
Woodford Shale outcrop samples that are primarily from eastern
and southeastern Oklahoma and from northwestern Arkansas.
Data are from Comer (2005).

decrease from between 450 to 600 mg/g to about 300 mg/g
or less. Assuming that the bulk organic matter compositions
of the outcrop shales have not been significantly altered by
weathering, it appears that the decreases in HI between R |
of approximately 0.6 percent and approximately 0.8 percent
indicate a significant increase in thermogenic generation and
expulsion of petroleum.

Middle and Upper Pennsylvanian Marine Shales

Rock types in the Middle and Upper Pennsylvanian of
the midcontinent area have long been recognized as recording
intervals of cyclical sedimentation (cyclothems)(Weller,
1930; Moore, 1931, 1936; Wanless and Weller, 1932). The
black marine shales within the cyclothems are thin (0.3 to
5 ft), nonsandy, dark gray to black, phosphatic, and represent
deposition at the time of maximum transgression (high-stand)
of the Pennsylvanian seas. Thinness, great lateral persistence,
conspicuous nonskeletal phosphorite, and abundant organic
matter all point to deposition of these shales under conditions
of detrital sediment starvation, with little or no bottom water
oxygen (Heckel, 1977, 1986, 1991). Within the Middle and
Upper Pennsylvanian sections in the midcontinent, at least 20
of these shale horizons extend up to 370 miles along outcrop.
In Kansas and Oklahoma, these thin, black, phosphatic shales
have been identified as petroleum source rocks (Burruss and
Hatch, 1989; Hatch and Newell, 1999).

Petroleum Source Rock Characterization

The petroleum source rock potential of the Middle
and Upper Pennsylvanian, thin, black marine shales on the

Cherokee Platform were evaluated using data from Hatch and
others (1984), Hatch and Leventhal (1992), Hatch and Newell
(1999), Newell and Hatch (2000b), and unpublished USGS
analyses from five Kansas Geological Survey drill cores (Green
Acres #1, Bourbon County; Hines #1, Neosho County; Joe
Newland #1, Wilson County; and Clarkson #1 and Clarkson #2,
Montgomery County). The unpublished analyses are available
from the U.S. Geological Survey Energy Geochemistry
Database at https://certmapper.cr.usgs.gov/data/apps/
geochem-db/. The analyses from the Kansas Geological Survey
cores as well as core from the Carter G.H. Davis #2A well in
Wabaunsee County are of representative incremental samples
of the Upper Pennsylvanian (Missourian) Hushpuckney Shale
Member of the Swope Limestone or the Stark Shale Member of
the Dennis Limestone both from the Kansas City Group.

Organic Matter Contents

The distributions of organic carbon contents (weight
percent) for the 47 shale samples from the Marmaton Group
(8 samples) and Kansas City Group (39 samples) are shown
in figure 16. For these samples, organic carbon contents range
from 1.6 to 39.5 weight percent. Organic carbon contents for
23 of 47 shale samples were 16 weight percent or higher. T
18 <440 °C for all samples.
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Figure 16. Distribution of organic carbon contents for 47 shale
samples from the Desmoinesian Marmaton Group (8 samples)
and the Missourian Kansas City Group (39 samples) from
southeastern Kansas and northeastern Oklahoma. Data are from
Hatch and others (1984), Hatch and Leventhal (1992), Hatch and
Newell (1999), Newell and Hatch (2000b), and unpublished U.S.
Geological Survey data from core from five Kansas Geological
Survey drill cores from Bourbon, Neosho, Wilson, and
Montgomery Counties, Kansas. T__ is <440 degrees Celsius for
all samples. T__ is the temperature at which the maximum rate
of hydrocarbon generation occurs in a kerogen sample during
pyrolysis analysis.


https://certmapper.cr.usgs.gov/data/apps/geochem-db/
https://certmapper.cr.usgs.gov/data/apps/geochem-db/

Organic Matter Hydrogen Richness

The distributions of HI for the 47 shale samples from
the Marmaton and Kansas City Groups are shown in figure
17. HI values of organic matter in the shales range from 110
to 460 mg/g. The distribution of HI for the Marmaton Group
shale samples is similar to the distribution for the Kansas City
Group samples. Organic matter compositions for 12 of the
47 shale samples are in the organic facies CD and C categories,
29 samples are in the organic facies BC category, and 6 samples
are in the facies B category (fig. 17). Where thermally mature,
the beds of shale with organic facies CD and C compositions
have potential to generate gas and gas condensate, beds with
organic facies BC compositions have potential to generate
both gas and oil, and beds with facies B compositions should
primarily generate oil (Jones, 1987).

Organic Matter Thermal Maturity

Determination of the regional organic matter thermal
maturity trend for the Kansas City Group black marine
shales is problematic because the samples only represent six
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Figure 17. Distribution of hydrogen indices for 47 shale samples
from the Desmoinesian Marmaton Group (8 samples) and the
Missourian Kansas City Group (39 samples) from southeastern
Kansas and northeastern Oklahoma. Data are from Hatch and
others (1984), Hatch and Leventhal (1992), Hatch and Newell (1999),
Newell and Hatch (2000b), and unpublished U.S. Geological Survey
data from core from five Kansas Geological Survey drill cores from
Bourbon, Neosho, Wilson, and Montgomery Counties, Kansas. Tmax
is <440 degrees Celsius for all samples. T__ is the temperature at
which the maximum rate of hydrocarbon generation occursin a
kerogen sample during pyrolysis analysis.
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locations in Kansas. However, based on the distribution of the
six sets of samples, there is a general north to south increase
in thermal maturity as measured by T, . For the Wabaunsee
County samples, the T range is from 420 to 432 °C;
Bourbon County, 429 to 438 °C; Wilson County, 430 to

448 °C; and for Montgomery County, 435 to 444 °C (see fig. 6
for county locations). These T measurements show that the
thermal maturity of organic matter in the shales ranges from
immature to mature with respect to petroleum generation.

Thermal maturity also generally increases north to
south, as measured by T, for the 16 Marmaton Group shale
samples. For two samples from Bates County, Missouri, T
is 439 °C and 441 °C, and for two samples from Greenwood
County, Kansas, T__ is 440 °C and 442 °C. In Oklahoma,

T . for four samples from Craig County ranges from 441 °C
to 447 °C, for four samples from Rogers County, T ranges
from 438 to 444°C and for five samples from Osage County,
T, ranges from 449 to 458 °C. These measurements show
that the organic matter in the shales is thermally mature with
respect to petroleum generation.

Acrossplot of Hland T for 16 Marmaton Group
samples and 39 Kansas City Group samples from southeastern
Kansas and northeastern Oklahoma is shown in figure 18.
This plot shows a large decrease in the highest HI values
betweena T _ of about 440 and about 450 °C. For the shales,
the highest HI values decrease from near 400 mg/g to less
than 200 mg/g. These decreases suggest a large increase in
the rates of generation and expulsion of petroleum within this
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Figure 18. Relation between hydrogenindex and T__ for 16 shale
samples from the Desmoinesian Marmaton Group and 39 samples
from the Missourian Kansas City Group from southeastern Kansas
and northeastern Oklahoma. Data are from Hatch and others (1984),
Hatch and Leventhal (1992), Hatch and Newell (1999), Newell

and Hatch (2000b), and unpublished USGS data from five Kansas
Geological Survey drill cores from Bourbon, Neosho, Wilson, and
Montgomery Counties, Kansas. T__ is the temperature at which

the maximum rate of hydrocarbon generation occurs in a kerogen
sample during pyrolysis analysis.
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T, range. If the relation between T, and R discussed in
the Desmoinesian Coal TPS section is appropriate for these
shales, the T range of 440 to 450 °C equates to a R range
from about 0.63 to 0.77 percent.

However, as shown by the oil collected from a
Kansas City Group reservoir in the Davis Ranch field in
Wabaunsee County, Kansas, organic matter in Middle and
Upper Pennsylvanian shales with lower T measures are
also source rocks for petroleum. Hatch and Newell (1999)
demonstrated that source rocks for the Davis Ranch field oil
were thin marine shales in the Kansas City Group. Median
T, . for organic matter in these shales is 424 °C, with a range
of 420 to 432 °C.

Petroleum Geochemistry
Oils

Previous analyses of oils produced from the Cherokee
Platform and adjacent areas of the Forest City and Anadarko
Basins, (Hatch and others, 1987, 1989; Longman and Palmer,
1987; Burruss and Hatch, 1989, 1992; Hatch and Newell,
1999) document the presence of at least three geochemically
distinct oil groups: (1) intervals within the Middle Ordovician
Simpson Group, (2) the Upper Devonian to Lower
Mississippian Woodford and Chattanooga Shales, and (3) the
Middle and Upper Pennsylvanian thin marine shales.

The characteristics for the three oils, as shown by gas
chromatography (fig. 19), are as follows:

Saturated hydrocarbon fraction gas chromatogram
Viola Limestone, Livengood field
Brown County, Kansas

The saturated hydrocarbon distribution for oils with a
Middle Ordovician Simpson Group source is shown in
figure 19. This oil, produced from the upper Ordovician
Viola Limestone in the Livengood field (also known as
Livingood), Brown County, Kansas (Hatch and Newell,
1999, their figure 34), is characterized by a dominance
of odd-carbon-number n-alkanes between nC,, and nC,;
(carbon-preference index [CPI] about 1.6, modified
from Bray and Evans, 1961), relatively small amounts
of branched and cyclic alkanes (for example, pristane/
nC,, = about 0.07), low pristane/phytane (about 0.9), and
relatively small amounts of alkanes with carbon numbers
greater than nC .

The saturated hydrocarbon distribution for oils with a
Woodford and Chattanooga Shale source is shown in
figure 20. This oil, produced from a Cherokee Group
reservoir (Squirrel sand) in the Paola-Rantoul field,
Miami County, Kansas, (Hatch and Newell, 1999),

is characterized by smoothly decreasing amounts of
n-alkanes, intermediate n-alkane to isoprenoid ratios
(for example, pristane/nC . = 0.55+), and intermediate
pristane/phytane (1.56).

The saturated hydrocarbon distribution for oils with a
Middle and Upper Pennsylvanian black marine shale
source is shown in figure 21. This oil, produced from a
Kansas City Group reservoir in the Davis Ranch Field,
Wabaunsee County, Kansas (Hatch and Newell, 1999), is
characterized by isoprenoid compounds dominant over
the n-alkanes (for example, pristane/nC , = 3.1) and low
pristane/phytane (0.9).
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Figure 19. Saturated hydrocarbon fraction
gas chromatogram for an oil collected from
the Livengood (also known as Livingood)
field, Brown County, Kansas. Production
for this well is from a reservoir in the Upper
Ordovician Viola Limestone. Production
depth is not known. Modified from Hatch
and Newell (1999).



Saturated hydrocarbon fraction gas chromatogram

Squirrel sand, Paola-Rantoul field
Miami County, Kansas
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fields distributed throughout southeastern Kansas and
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Figure 20. Saturated hydrocarbon fraction
gas chromatogram for an oil collected from
the Paola-Rantoul field, Miami County,
Kansas. Production is from the Squirrel sand

nC
/ 2 of the Middle Pennsylvanian Marmaton
Group. Production depth is about 700 feet.
Modified from Hatch and Newell (1999).
EXPLANATION
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northeastern Oklahoma, the primary source rocks for 28
of the oils are the Woodford and Chattanooga Shales.
Production from these 25 fields was from reservoirs ranging
in age from Middle Ordovician (Viola Limestone) to Late
Pennsylvanian (Missourian, Layton sand). The Woodford and

Figure 21. Saturated hydrocarbon fraction
gas chromatogram for an oil collected

from the field, Wabaunsee County, Kansas.
Production for this well is from a reservoir
in the Upper Pennsylvanian Kansas City
Group. Production depth is 1,682 feet.
Modified from Hatch and Newell (1999).

Chattanooga Shales have been identified as the sources for
the oils produced from traps along the basal Pennsylvanian
unconformity (Mississippian chat) and from stratigraphic
traps in Cherokee Group lenticular sandstone reservoirs
(Burgess, Burbank, Bartlesville, Skinner, and Prue sands)
(Hatch and others, 1989). For one field on the west side of
the Cherokee Platform area (Haverhill field, Butler County,
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Kansas), source rocks for the oil, produced from a Kansas
City Group reservoir, are the Upper Pennsylvanian black
marine shales. Eight of the 28 Woodford and Chattanooga
Shale sourced oils contain a small mixture of Simpson Group
sourced oil as indicated by a predominance of the odd-carbon-
number n-alkanes between nC10 and nC20 (CPI = 1.02-1.09;
modified from Bray and Evans, 1961). These eight oils are
from Greenwood and Woodson Counties, Kansas, and Osage,
Tulsa, and Washington Counties, Oklahoma.

Natural Gases

The chemical compositions, including measurements
of nitrogen, carbon dioxide, and gas wetness of 9 natural gas
samples collected from wells producing from Middle and Upper
Ordovician, and Silurian and Lower Devonian (Hunton Group)

Table 1.

reservoirs on the Cherokee Platform area of southeastern
Kansas and northeastern Oklahoma are summarized in table

1; compositions for 88 natural gas samples from Mississippian
and Pennsylvanian (Morrowan, Atokan, and Desmoinesian)
reservoirs, are summarized in table 2; and compositions for 8
natural gas samples from upper Pennsylvanian reservoirs are
summarized in table 3. The data summarized in these tables are
from Moore and Sigler (1987) and Hamak and Sigler (1991).
The natural gas compositions summarized in tables 1 and 2 are
primarily from samples collected from reservoirs on the western
side of the assessment area in Oklahoma (for example, Osage,
Pawnee, Payne, and Creek Counties to the north, Lincoln,
Okfuskee, Okmulgee, and Seminole Counties to the south). For
samples collected from Upper Pennsylvanian reservoirs, four
samples are from Elk and Chautauqua Counties, Kansas, and
four samples are from Osage and Lincoln Counties, Oklahoma.

Statistical summary of the chemical compositions of nine natural gas samples collected from wells

producing from Middle and Upper Ordovician, Silurian, and Lower Devonian (Hunton Group) reservoirs on the

Cherokee Platform area of northeastern Oklahoma.

[Gas wetness (percent) = 100 x (1— [C, mole percent/ZC ~C, mole percent]); n, number; C1, methane; C2, ethane; C3 propane; C4,

butane; C5, pentane]

.. Nitrogen Carbon dioxide Wetness
Statistic
(mole percent) (mole percent) (percent)
Samples (n) 9 9 9
Median 6.8 0.1 14
Average, standard deviation 7.6+£24 0.4+0.6 13+8.4
Range 2.6-12 <0.1-1.9 0.5-24

Table 2. Statistical summary of the chemical compositions of 88 natural gas samples collected from wells
producing from Mississippian and Pennsylvanian (Morrowan, Atokan, and Desmoinesian) reservoirs on the

Cherokee Platform area of northeastern Oklahoma.

[Gas wetness (percent) = 100 x (1= [C, mole percent/~C ~C, mole percent]); n, number; C1, methane; C2, ethane; C3, propane; C4,

butane; CS5, pentane]

. Nitrogen Carbon dioxide Wetness
Statistic
(mole percent) (mole percent) (percent)
Samples (n) 88 88 88
Median 6.4 0.2 13.9
Average, standard deviation 8.1+6.3 04+0.7 13.9+6.8
Range <0.1-38 <0.1-0.3 0.4-40

Table 3. Statistical summary of the chemical compositions of eight natural gas samples collected from wells
producing from Upper Pennsylvanian reservoirs on the Cherokee Platform area of southeastern Kansas and

northeastern Oklahoma.

[Gas wetness (percent) = 100 x (1 [C, mole percent/~C,~C mole percent]); n, number; C1, methane; C2, ethane; C3, propane; C4,

butane; CS5, pentane]

s Nitrogen Carbon dioxide Wetness
Statistic
(mole percent) (mole percent) (percent)
Samples (n) 8 8 8
Median 12 0.1 15
Average, standard deviation 17+ 14 0.1+0.1 12+6.2
Range 3.8-38 <0.1-0.3 2.6-18




Jenden and others (1988) used multiple parameters,
isotope compositions, and cross plots to study the compositions
of natural gases produced from 15 conventional reservoirs in
eastern Kansas. Their analyses demonstrated that the produced
natural gases have biogenic, thermogenic, and mixed biogenic-
thermogenic origins. The chemical compositions of nitrogen,
carbon dioxide, and gas wetness of 13 natural gas samples
collected by Jenden and others (1988) from wells producing
from Mississippian and Middle Pennsylvanian reservoirs
on the Cherokee Platform area of southeastern Kansas are
summarized in table 4.

Comparison of the natural gas analyses from the
Cherokee Platform area in northeastern Oklahoma
(summarized in table 2) with the gas analyses from
southeastern Kansas (summarized in table 4) shows similar
nitrogen and carbon dioxide contents. The gas wetness of the
northeastern Oklahoma natural gases, however, is twice that of
the southeastern Kansas natural gases, which is likely caused
by gas generation from source rocks with a higher level of
thermal maturity or a lack of microbial generated gas. Samples
with gas wetness values less than 3.0 percent included in
tables 14 have likely been biodegraded or are primarily
composed of microbial gas (table 1, two samples; table 2,
seven samples; table 3, two samples; and table 4, six samples).

Geologic Model for Assessment

The geologic model for the assessment of the Paleozoic
Composite TPS and the Paleozoic Conventional AU is that
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the major petroleum source rock is the Upper Devonian to
Lower Mississippian Woodford Shale and stratigraphically
equivalent Chattanooga Shale. Petroleum contributions

are minor from Middle Ordovician Simpson Group shales
and from thin marine shales in the Middle Pennsylvanian
Marmaton Group and the Upper Pennsylvanian Kansas City
Group. Oil and gas generation in the Woodford Shale most
likely occurred in the deeper part of the Cherokee Platform
and in the deeper Anadarko and Arkoma Basins to the south
(Cardott, 2012a). Petroleum migrated from these areas,
apparently along faults and unconformities and through
fractured and permeable carbonates and clastics, to areas

of the Cherokee Platform in northeastern Oklahoma and
southeastern Kansas (Burruss and Hatch, 1989).

Assessment Unit Description and Input Data

The AU area (fig. 6) is bounded on the north and west
by the Bourbon arch and the Nemaha uplift, respectively,
and on the east by Paleozoic outcrop and the areal extent
of the Woodford Shale and Chattanooga Shale (Merriam,
1963). The southern boundary is defined, in part, by the
adjacent Arkoma Basin, the extent of the Woodford Shale,
and borehole data (IHS Markit™, 2014). The producing and
source rocks for this assessment unit are shown in figure 2
and the input data for the assessment are shown in table 5.
Input data for the USGS petroleum resource assessments are
described in Schenk and Nelson (2015), and the results are
given in table 6.

Table 4. Statistical summary of the chemical compositions of 13 natural gas samples collected from wells
producing from Mississippian, Morrowan, Atokan, and Desmoinesian reservoirs on the Cherokee Platform area of
southeastern Kansas. Data are from Jenden and others (1988).

[Gas wetness (percent) = XC,~C,mole percent/~C —~C, mole percent; n, number; C1, methane; C2, ethane; C3, propane; C4, butane;

C5, pentane]

L Nitrogen Carbon dioxide Wetness
Statistic
(mole percent) (mole percent) (percent)
Samples (n) 13 13 13
Median 5.1 0.5 6.7
Average, standard deviation 9.2+83 1.3+1.8 6.5+6.7
Range 1.2-26.1 0.1-6.1 <0.1-22.4
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Table 5. Key assessment input data for the Paleozoic Conventional Assessment Unit in the Cherokee Platform Province (from Drake
and others, 2015).

[AU, assessment unit; MMBO, million barrels of oil; BCFG, billion cubic feet of gas]

Assessment input data—conventional AU

Paleozoic conventional AU Minimum Median Maximum Calculated mean
Number of oil fields 1 3 10 3.2
Number of gas fields 1 15 40 15.8
Sizes of oil fields (MMBO) 0.5 0.8 3 0.9
Sizes of gas fields (BCFG) 3 7 60 8.7

Table 6. Assessment results for petroleum resources in the Paleozoic Conventional Assessment Unit in the Cherokee Platform
Province area (from Drake and others, 2015).

[Results shown are fully risked estimates. For gas accumulations, all liquids are included under the natural gas liquids category. F95 represents a 95 percent
chance of at least the amount tabulated. Other fractiles are defined similarly. Fractiles are additive under the assumption of perfect positive correlation. Gray

shading indicates not applicable. TPS, total petroleum system; AU, assessment unit; MMBO, million barrels of oil; BCFG, billion cubic feet of gas; NGL,

natural gas liquids; MMBNGL, million barrels of natural gas liquids]

Total undiscovered resources

AU Accu-
TPS and AU prob-  mulation 0il (MMBO) Gas (BCFG) NGL (MMBNGL)
ability  type  f95 F50 F5 Mean F95 F50 F50 Mean F95 F50 F5  Mean
Paleozoic Composite TPS
. . Oil 1 3 3 0 2 8 3 0 0 0 0
Paleozoic Conventional AU 1.0
Gas 72 130 229 137

Woodford/Chattanooga Total Petroleum Petroleum Source Rock Characterization

System

Assessment Units Description

The Woodford/Chattanooga TPS is based on the
presence of identified petroleum source rock intervals within
the Woodford and Chattanooga Shales. The Woodford/
Chattanooga TPS has two continuous AUSs: (1) the Woodford
Shale Oil AU and (2) the Woodford Biogenic Gas AU.

Both of these AUs (fig. 6) are bounded on the north by the
Bourbon arch and on the south by the northern boundary of
the Woodford Shale Gas AU of the Arkoma Basin petroleum
assessment (Houseknecht and others, 2010). The Woodford
Shale Oil AU is bounded on the west by the Nemaha uplift,
which is also the eastern boundary of the Woodford Shale Oil
AU of the Anadarko Basin petroleum assessment (Higley and
others, 2014), and it is bounded on the east by the Woodford
Biogenic Gas AU. The eastern boundary with the Woodford
Biogenic Gas AU is where the top of the Woodford Shale is
at a depth of 1,250 ft. At depths less than 1,250 ft, biogenic
methane can be found (Cardott, 2012b). The eastern boundary
of the Woodford Biogenic Gas AU is the outcrop and subcrop
of the Woodford Shale and Chattanooga Shale.

The petroleum source rock for the Woodford/Chattanooga
TPS is the Upper Devonian to Lower Mississippian Woodford
Shale and the stratigraphically equivalent Chattanooga Shale.
Petroleum source rock characteristics, as summarized from
the Woodford and Chattanooga Shale section of Paleozoic
Composite TPS section of this report, include

1. For most of the Woodford/Chattanooga TPS area on
the Cherokee Platform, R  is between 0.6 percent
and 1.0 percent; in the southeast part of the Cherokee
Platform area, however, R can be as high as 3.0 percent
(fig. 14).

2. The shales average approximately 50 ft thick over most
of the Cherokee Platform area and can be up to 200 ft
thick in the southern part of the AU (fig. 10).

3. Organic carbon contents (weight percent) for the
Woodford Shale on the Cherokee Platform area of
northeastern Oklahoma is generally 2 to 10 weight
percent (fig. 11). For the Chattanooga Shale in eastern
Kansas, organic carbon contents range from 1.9 to
5.0 percent, median is 3.1 percent (fig. 12).



Geologic Model for Assessment and Input Data

The geologic models used for the AUs of the Woodford/
Chattanooga TPS are

1.  For the Woodford Shale Oil AU, the model is that the
Woodford and the Chattanooga Shales are both the
source rock for the petroleum and the reservoir rock and
that some petroleum resources remain trapped within the
shale following migration of oil and gas. Petroleum has
been produced from the Woodford and the Chattanooga
Shales at depths ranging from 1,000 to 9,000 ft (IHS
Markit™, 2014); and

Table 7.
the Cherokee Platform Province (from Drake and others, 2015).
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2. For the Woodford Biogenic Gas AU, the model is that
methanogenesis, and(or) petroleum degradation has
taken place, and the gas has been retained at shallower
depths (less than 1,250 ft deep) on the Ozark uplift
side of the Cherokee Platform where the shale may be
more fractured and more susceptible to groundwater
penetration.

The input data for the assessment of the Woodford
Shale Oil AU and the Woodford Biogenic Gas AU are shown
in table 7. Input data and definitions for the USGS petroleum
resource assessments are described in Schenk and Nelson
(2015) (fig. 5 and table 8).

Key assessment input data for the Woodford Shale Oil Assessment Unit and the Woodford Biogenic Gas Assessment Unit in

[The input for the average estimated ultimate recovery is the minimum, median, maximum, and calculated mean. AU, assessment unit; EUR, estimated ultimate
recovery per well; MMBO, million barrels of oil; BCFG, billion cubic feet of gas; %, percent]

Assessment input data continuous AU

Woodford Shale 0il AU Minimum Mode Maximum Calculated mean

Potential production area of AU (acres) 3,000,000 6,000,000 11,500,000 6,833,333
Average drainage area of wells (acres) 120 160 200 160
Percentage of total AU area that is untested (%) 96 98 100 98.0
Success ratio (%) 15 30 50 31.7
Average EUR (MMBO) 0.02 0.03 0.12 0.035

Woodford Biogenic Gas AU Minimum Mode Maximum Calculated mean
Potential production area of AU (acres) 100,000 350,000 2,480,000 976,667
Average drainage area of wells (acres) 60 80 100 80
Percentage of total AU area that is untested (%) 90 95 100 95.0
Success ratio (%) 10 30 50 30.0
Average EUR (BCFG) 0.06 0.11 0.3 0.12

Table 8. Assessment results for the petroleum resources of the Woodford Shale Oil Assessment Unit and the Woodford Biogenic Gas
Assessment Unit in the Cherokee Platform Province area (from Drake and others, 2015).

[Results shown are fully risked estimates. For gas accumulations, all liquids are included under the natural gas liquids category. F95 represents a 95 percent
chance of at least the amount tabulated. Other fractiles are defined similarly. Fractiles are additive under the assumption of perfect positive correlation. Gray
shading indicates not applicable. TPS, total petroleum system; AU, assessment unit; MMBO, million barrels of oil; BCFG, billion cubic feet of gas; NGL,

natural gas liquids; MMBNGL, million barrels of natural gas liquids]

Total undiscovered resources

AU Accu-
TPS and AUs prob- mulation 0il (MMBO) Gas (BCFG) NGL (MMBNGL)
ability type  Fg5 F50 F5 Mean F95 F50 F50 Mean F95 F50 F5 Mean
Woodford/Chattanooga TPS
Woodford Shale Oil AU 1.0 Oil 195 403 924 460 246 553 1,345 644 2 6 16 7
Woodford Biogenic Gas AU 1.0 Gas 90 341 993 416 0 0 2
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Desmoinesian Coal Total Petroleum
System

Natural gas is produced from the coals and some coal-
associated mudstones in the Desmoinesian Coal TPS in the
Cherokee Platform Province of southeastern Kansas and
northeastern Oklahoma. For this TPS, the coals and coal-
associated mudstones are both source rocks for petroleum
and reservoir rocks (Newell and others, 2004, and Cardott,
2005). The Desmoinesian Coal TPS contains a continuous
accumulation and includes one AU, the Desmoinesian Coalbed
Gas AU.

Petroleum Source Rock Characterization

The Desmoinesian coals represent one of the
nonmarine rock types that characterize the cyclothems of the
midcontinent area (Weller, 1930; Moore, 1931, 1936; Wanless
and Weller, 1932). Thirty-two coals, with thickness exceeding
14 inches are identified in the Desmoinesian stratigraphic
columns in eastern Kansas and Oklahoma (Newell and
others, 2004); 22 of the coals are shown in figure 23. Each
coal can range in thickness from 0.1 to 6 ft; most are less
than 28 inches thick. The average net coal thickness in the
assessment area is about 6.5 ft; thickness ranges from about
1 to 29 ft. (fig. 22). Up to 14 coals can be found in a typical
well. On the Cherokee Platform, when coals and mudstones
are in close stratigraphic proximity (for example, Mulky coal
(informal) and Excello Shale, fig. 23), natural gases can be
coproduced from both rock types during coalbed gas recovery
(Cardott, 2005).

The petroleum source rock potentials of the Desmoinesian
coals and coal-associated shales and mudstones were
characterized using the analytical data from Hatch and others

(1984, 1989), Barker and others (1992), and unpublished
USGS analyses of cores from two Oklahoma wells (Oklahoma
Geological Survey CMM-2, MclIntosh County, Oklahoma, and
Warren 11-24, Noble County, Oklahoma). The unpublished
analyses are available from the USGS Energy Geochemistry
Database at https://www.usgs.gov/energy-and-minerals/
energy-resources-program.

Organic Matter Contents

The distributions of organic carbon contents for 40 coal
and 48 coal-associated shale and mudstone samples are shown
in figure 24. For the 48 coal-associated shale and mudstone
samples organic carbon contents range from 3.0 to 22.7 weight
percent. Organic carbon contents for 25 of 40 shale and
mudstone samples ranged from 8 to 16 weight percent; for
12 samples, contents were greater than 16 weight percent. For
the 40 coal samples, organic carbon contents range from 30 to
77 weight percent.

Organic Matter Hydrogen Richness

The distributions of HI for 40 coal and 48 coal-associated
shale and mudstone samples are shown in figure 25. Rock-
Eval T is <450 °C for all samples. Organic facies categories
(labeled A, AB, B, BC, C, CD, and D; Jones, 1987) are also
shown in figure 25. HI values of organic matter in coals range
from 130 to 350 mg/g; for the coal-associated mudstone shale
and mudstone samples, the values range from 45 to 410 mg/g.
HI values for most coal samples (33 of 40) and shale and
mudstone samples (33 of 48) are between 150 and 300 mg/g
(organic facies C and BC, fig. 25). The similar distributions of
HI for the coals and coal-associated shales suggest a common
source for most of the organic matter (Hatch and others, 1989).
When thermally mature, the beds of coal and coal-associated
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Figure 22. Distribution of net thicknesses of
1 Cherokee Group coals in wells from the area
of the Desmoinesian Coalbed Gas Assessment
Unit in southeastern Kansas and northeastern
Oklahoma (IHS Markit™, 2014).
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and 48 coal-associated shale and mudstone samples from

the Desmoinesian Cherokee Group and Marmaton Group of
southwestern Missouri, southeastern Kansas, and northeastern
Oklahoma. Data are from Hatch and others (1984, 1989) and
unpublished U.S. Geological Survey analyses from two wells
from Mclntosh and Nobel Counties, Oklahoma; Rock-Eval Tmax
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Figure 25. Distribution of hydrogen indices for 40 coal and 48
coal-associated shale and mudstone samples from the Middle
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1989) and unpublished data from two cores from McIntosh and
Noble Counties, Oklahoma; T__ <450 degrees Celsius for all
samples.
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shale and mudstone with organic facies C compositions should
primarily generate gas and gas condensate, whereas, the

beds with organic facies BC compositions have potential to
generate both gas and oil.

Organic Matter Thermal Maturity

The distributions of T ___values for 27 coal samples from
southeastern Kansas and southwestern Missouri and 29 coal
samples from northeastern Oklahoma are shown in figure 26.
Locations of R lines were estimated from the best fit line for
the R data in Hatch and others (1984). Median T, _measure
for the southeastern Kansas and southwestern Missouri coals
is 439 °C; range is from 432 to 453 °C. For the Oklahoma
coals, median T is 452 °C, range is from 429 to 470 °C.
For Kansas coals, the highest T measures are on the eastern
edge of the province in Cherokee County (T ranges from
438 to 450 °C) and on the western edge in Greenwood County,
(T, ranges from 438 to 445 °C). For Oklahoma, the highest
T . measures are in Osage County (T ranges from 454 to
470 °C). T, measures are also higher on the eastern edge of
the province in Craig and Rogers Counties, Oklahoma (T,
ranges from 439 to 454 °C) (Hatch and others, 1984, 1989;
Barker and others, 1992; Newell and others, 2004).

Figure 27 shows a cross plot of Hl and T, _for 27 coal
samples from southeastern Kansas and southwestern Missouri
and 29 coal samples from northeastern Oklahoma. Figure 28
shows a cross plot of Hl and T, for 27 shale and mudstone
samples from southeastern Kansas and southwestern Missouri
and 45 shale and mudstone samples from northeastern
Oklahoma (Hatch and others 1984, 1989; Barker and others,
1992). Both plots show general decreases in the highest HI
values between T, measures of about 430 to near 450 °C
(R, <0.50 to about 0.75 percent). For coal, the highest HI
values decrease from 340 to 350 mg/g to 280 to 290 mg/g;
for shales, the decreases in HI are from 330 to 340 to 280 to
290 mg/g. These decreases likely represent the generation of
early thermogenic gas and gas condensate. At T measures
near 450 °C (R = 0.75 percent), the highest hydrogen index
values for the coals drop from 280 to 290 mg/g to near
240 mg/g; for shales, the drop in HI values are from 280 to
290 mg/g to near 170 mg/g. Assuming that the original organic
matter compositions of the coals and shales and mudstones
in areas in and adjacent to Osage County, Oklahoma, where
T . measures are >450 °C, were similar to compositions
farther to the north in Kansas and to the east in Craig, Rogers,
and McIntosh Counties, Oklahoma, the decreases in HI may
indicate an increase in the rates of generation and expulsion of
thermogenic gas and gas condensate.

Through modeling using paleotemperatures,
reconstructed peak burial depths, and geothermal gradients,
several researchers (Barker and others 1992; Forster and
Merriam, 1994) conclude that organic matter thermal
maturity on the Cherokee Platform is higher than expected.
Barker and others (1992) and Forster and Merriam, (1994)
both propose flow of heated waters to account for the higher
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Celsius for 27 coal samples from southeastern Kansas and
southwestern Missouri and 29 coal samples from northeastern
Oklahoma. T__ is the temperature at which the maximum rate
of hydrocarbon generation occurs in a kerogen sample during
pyrolysis. Data are from Hatch and others (1984, 1989) and Barker

and others (1992).

than expected vitrinite reflectance measurements. Forster and
Merriam (1994) invoke flow of heated waters out of the deep
Anadarko and Arkoma Basins to explain the discrepancy.
Direct evidence for flow of heated waters exists in the
sphalerite, pyrite, and calcite mineralization found in coals

from southeastern Kansas and southwestern Missouri and 45
shale and mudstone samples from northeastern Oklahoma. T__
is the temperature at which the maximum rate of hydrocarbon
generation occurs in a kerogen sample during pyrolysis. Data are
from Hatch and others (1984, 1989) and Barker and others (1992).

from Bourbon and Crawford Counties in Kansas, and from
Bates, Vernon, and Barton Counties in Missouri, and from
Craig County in Oklahoma (Hatch and others, 1976; Wedge
and Hatch, 1980; Brady and Hatch, 1997; Goldstein and
King, 2014).
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Petroleum Geochemistry

Jenden and others (1988) used multiple parameters, isotope
compositions, and cross plots to study the compositions of
natural gases produced from conventional petroleum reservoirs
in eastern Kansas. As shown in figure 29, their analyses
demonstrate that the produced natural gases have mixed origins:
natural gases from 3 reservoirs are of biogenic origin; natural
gases from 11 reservoirs are of thermogenic origin; whereas,
natural gases from 11 reservoirs have a mixed biogenic-
thermogenic origin. Newell and others (2004), building on
the research of Jenden and others (1988), demonstrated that
natural gases produced from coals in Montgomery and Labette
Counties, Kansas, other areas on the Bourbon arch and areas
from southeastern part of the Forest City Basin also have
biogenic and mixed biogenic-thermogenic origins (fig. 29).

The sources of most of the thermogenic gas component
of coalbed gases from southeastern Kansas, where the coals
are of low relative thermal maturity, are likely to be from
the conventional petroleum reservoirs found throughout the
Cherokee Platform area (Newell and others, 2004). This
explanation is supported by large increases in coalbed gas
contents (as determined by desorption of coal cores) in cores
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of the Weir-Pittsburgh coal from Montgomery County, Kansas,
where desorbed gas contents range up to near 250 standard
cubic feet per ton compared to most other coals where gas
contents of cores are near 100 standard cubic feet per ton
(Lange and others, 2003; Newell and others, 2004).

Newell and others (2004) also show that biodegradation
of some coalbed gases has taken place. In figure 29, gases
with wetness values that are significantly lower than those of
most of the mixed gases (<0.5 percent) are probably the result
of biodegradation. This interpretation is also applicable to the
gases from conventional reservoirs with similar compositions.

Geologic Model for Assessment

The geologic model for the assessment of the
Desmoinesian Coal TPS and Desmoinesian Coalbed Gas
AU is that the natural gases produced from the coals may
have biogenic and(or) a mixed biogenic-thermogenic
origin (fig. 29). The sources of most of the thermogenic
gas component of coalbed gases are likely to be from the
conventional petroleum reservoirs found throughout the
Cherokee Platform area (Newell and others, 2004). Farther
south, in Oklahoma, where the coals are more thermally
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mature, additional amounts of thermogenic gas could have and organic-matter-rich shales and mudstones are in close
originated within the coals or from the coal-associated shales stratigraphic proximity (for example, Mulky coal (informal)
and mudstones. The coalbed gas is produced from coals and Excello Shale, fig. 23), natural gases can be coproduced
at depths of 300 to 2,900 ft. Most coalbed gas production from both rock types during coalbed gas recovery (Nelson and
takes place where net coal thickness is about 10 ft thick Pratt, 2001). There is some uncertainty in this assessment with
or greater (fig. 30). Production is usually from several whether there was sufficient coal thickness and gas charge
coalbeds in a vertical well that was stimulated. When coals remaining within the coals.
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Assessment Unit Description and Input Data

The Desmoinesian Coalbed Gas AU (figs. 6 and 30) is
bounded on the north by the Bourbon arch and on the west
by Nemaha uplift and is defined by the spatial extent of the
coals (IHS Markit™, 2014). The assessment unit is bounded
on the south and the east by the outcrop and subcrop of the
Middle Pennsylvanian coals (East, 2013) and on the southeast
by the boundary with the Arkoma Basin. Along the west side,
a net coal thickness map (Peterson and Jacobs, 1997) and
borehole data (IHS Markit™, 2014) were used to add detail
to the western boundary based on the presence of the coals.
By using borehole data and other published data (Kansas
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Geological Survey, Cherokee Group net coal thickness maps
by Johnson, 2004), a net coal thickness map was created for
the Cherokee Platform area in Kansas and Oklahoma. Using
this map, a sweet spot map was created based on where net
coal thickness is at least 10 ft (fig. 30). This area covers most
of the north-central part of the assessment unit. Input data
for the assessment of the Desmoinesian Coalbed Gas AU are
shown in table 9. Input data for the USGS petroleum resource
assessments are described in Schenk and Nelson (2015).
Assessment results for the Desmoinesian Coalbed Gas AU
are shown in table 10, and assessment results for all assessed
conventional and continuous petroleum resources in the
Cherokee Platform Province area are summarized in table 11.

Table 9. Key assessment input data for the Desmoinesian Coalbed Gas Assessment Unit in the Cherokee Platform Province

(from Drake and others, 2015).

[The input for the average estimated ultimate recovery per well is the minimum, median, maximum, and calculated mean. AU, assessment unit; EUR,
estimated ultimate recovery per well; BCFG, billion cubic feet of gas; %, percent]

Assessment input data

Desmoinesian Coalbed Gas AU Minimum Mode Maximum Calculated mean

Potential production area of AU (acres) 5,000,000 5,500,000 16,976,000 9,158,667
Average drainage area of wells (acres) 60 80 160 100
Percentage of total AU area that is untested (%) 88 92 96 92.0
Percentage of untested AU area in sweet spots (%) 50 90 95 78.3
Success ratio (%) in sweet spots 75 85 95 85.0
Average EUR (MMBO) in sweet spots 0.06 0.15 0.6 0.175
Success ratio (%) in non-sweet spots 5 10 20 11.7
Average EUR (MMBO) in non-sweet spots 0.03 0.1 0.5 0.122

Table 10. Assessment results for petroleum resources in the Desmoinesian Coalbed Gas Assessment Unit in the Cherokee Platform

Province area (from Drake and others, 2015).

[Results shown are fully risked estimates. For gas accumulations, all liquids are included under the natural gas liquids category. F95 represents a 95 percent
chance of at least the amount tabulated. Other fractiles are defined similarly. Fractiles are additive under the assumption of perfect positive correlation. Gray
shading indicates not applicable. TPS, total petroleum system; AU, assessment unit; MMBO, million barrels of oil; BCFG, billion cubic feet of gas; NGL,

natural gas liquids; MMBNGL, million barrels of natural gas liquids]

AU Accu- Total undiscovered resources
TPS and AU prob- mulation 0il (MMBO) Gas (BCFG) NGL (MMBNGL)
ability ~type  fg5 F50 F5 Mean F95 F50 F50 Mean F95 F50 F5 Mean
Desmoinesian Coal TPS
Desmoinesian Coalbed Gas AU 1.0 Gas 4,123 8,691 20,590 10,044 4 18 61 23
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Table 11. Assessment results for conventional and continuous petroleum resources in the Cherokee Platform Province area (from
Drake and others, 2015).
[Results shown are fully risked estimates. For gas accumulations, all liquids are included under the natural gas liquids category. F95 represents a 95 percent
chance of at least the amount tabulated. Other fractiles are defined similarly. Fractiles are additive under the assumption of perfect positive correlation. Gray
shading indicates not applicable. TPS, total petroleum system; AU, assessment unit; MMBO, million barrels of oil; BCFG, billion cubic feet of gas; NGL,
natural gas liquids; MMBNGL, million barrels of natural gas liquids]
AU  Accu- Total undiscovered resources
TPS and AU prob- mulation 0il (MMBO) Gas (BCFG) NGL (MMBNGL)
ability type F95 F50 F5 Mean F95 F50 F50 Mean F95 F50 F5 Mean
Desmoinesian Coal TPS
Desmoinesian Coalbed Gas AU 1.0 Gas 4,123 8,691 20,590 10,044 4 18 61 23
Woodford/Chattanooga TPS
Woodford Shale Oil AU 1.0 Oil 195 403 924 460 246 553 1,345 644 2 6 16 7
Woodford Biogenic Gas AU 1.0 Gas 90 341 993 416 0 0 2
Total Continuous Resources 195 403 924 460 4,459 9,585 22,928 11,104 6 24 79 31
Paleozoic Composite TPS
. . Oil 1 3 5 3 0 2 8 3 0 0 0 0
Paleozoic Conventional AU 1.0
Gas 72 130 229 137 2 4 7 4
Total Conventional Resources 1 3 5 3 72 132 237 140 2 4 7 4
Total Undiscovered Resources 196 406 929 463 4,531 9,717 23,165 11,244 8 28 86 35
Assessment summa ry Simpson Group; Woodford and Chatt.anooga
Shales; and the Marmaton, Kansas City, and
As part of a study to estimate the volumes of Lansing Groups. The major petroleum source
undiscovered, technically recoverable petroleum resources in rocks are ,the, Woodfgrd and the Chattanooga
the Cherokee Platform Province area of southeastern Kansas, Shales. Limited mlxmg Ofpetmle,um has
northeastern Oklahoma, and southwestern Missouri, the f)ccurred. The Pg160201c. Conventional AU )
USGS identified four stratigraphic and lithologic intervals includes reservoirs ranging f.rom the Cambrian
that contained source rocks of petroleum: (1) thin shales in Arbuckle Group .to the Permlan.Chase Group.
the Middle Ordovician Simpson Group, (2) shales within the Most oil producu.on in the province has been
Upper Devonian to Lower Mississippian Woodford Shale from Pennsylvanian sandstone reservoirs.
and stratigraphically equivalent Chattanooga Shale, (3) coals 2 The Woodford Shale Oil AU contains
and coal-as;ocwted sha}es gnd mudstones in the Middle undiscovered continuous petroleum resources
Pennsylvanian (De.sm01n.es1an) Cher(?ke.e and Marmaton within the Woodford and Chattanooga Shales,
Groups, and (4) thin marine shales within the Marmaton and is based on the assumption that sufficient
G.roup and the. upper Pennsylvanian (Mlssourlan). K.ansas petroleum resources remain trapped within the
City and Lansing Groups. Based on the characteristics of the shale following petroleum migration. For most
petroleum accumulations, determinations of the petroleum of the area of the Woodford Shale Oil AU on the
source-rock potential and thermal maturity of the organic Cherokee Platform, organic matter within the
matter in the rocks, and the chem1ca.1 corpp051t10ns of Woodford and Chattanooga Shales is thermally
the pr.oc.iuced petroleum, the USGS 1dent1ﬁeq three TP.Ss mature with respect to petroleum generation as
containing four AUs: the Paleozoic Composite TPS with shown by R_measurements between 0.6 percent
the Paleozoic Conventional AU; the Woodford/Chattanooga and 1.0 per coent. In the southeast part of the
TPS, with the Woodford Shale Oil AU and the Woodford Cherokee Platform area, R_can be as high as
Blogen.lc G.as AU; and the Desmoinesian Coal TPS with the 3.0 percent. Petroleum has been produced from
Desmoinesian Coalt?ed Gas AU' the Woodford and Chattanooga Shales at depths
Assessment unit summaries follow: of about 500 feet to almost 9,000 feet.
1. Three petroleum source rock intervals have
contributed geochemically distinct petroleum 3. The Woodford Shale Biogenic Gas AU contains

to reservoirs within the Paleozoic Conventional
AU. These source rock intervals are the

undiscovered continuous petroleum resources
in the east-central portion of the Cherokee
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Platform Province near the Ozark uplift where
the Woodford and Chattanooga Shales are at
depths of 1,250 feet or shallower. At those
depths, methanogenesis, and(or) biodegradation
of thermogenic natural gases can take place
where the shale may be more fractured and
more susceptible to groundwater penetration.
Limited chemical and isotope analyses of
produced natural gas from the Woodford Shale
in Wagoner County, Oklahoma, indicate that
the gas that is thermogenic has been subject to
biodegradation.

4. The Desmoinesian Coalbed Gas AU contains
undiscovered continuous petroleum resources
within the Middle Pennsylvanian coals and
coal-associated shales and mudstones. The
boundaries for the Desmoinesian Coalbed Gas
AU are, in part, defined by the extent, depth,
and thickness of the coalbeds. Within the
Desmoinesian Coalbed Gas AU, a sweet spot
area was delineated based on a 10 foot or greater
net coal thickness. Gas analytical data show that
natural gas produced from the coals has a mixed
biogenic and thermogenic origin and that there
is significant migration of natural gases into
the coals from adjacent conventional sandstone
reServoirs.
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