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Assessment of Undiscovered Oil and Gas Resources of
the Anadarko Basin Province of Oklahoma, Kansas, Texas,

and Colorado, 2010

Compiled by Debra K. Higley

Abstract

The U.S. Geological Survey, using a geoscience-based
assessment methodology, estimated mean technically recov-
erable undiscovered continuous and conventional resources
that total 495 million barrels of oil, 27.5 trillion cubic feet of
natural gas, and 410 million barrels of natural gas liquids in
the Anadarko Basin Province; this assessment includes the Las
Animas arch area of southeastern Colorado. The province is
at a mature stage of exploration and development for conven-
tional resources. Mean undiscovered continuous resources are
estimated at 79 percent of oil, 90 percent of natural gas, and
81 percent of natural gas liquids in the province.

Introduction

The U.S. Geological Survey (USGS) in 2010 completed
an assessment of the undiscovered oil and gas potential of
the Anadarko Basin Province of western Oklahoma, western
Kansas, northern Texas, and southeastern Colorado (fig. 1).
The assessment is based on the geologic elements of each
defined total petroleum system (TPS), including (1) hydrocar-
bon source rocks (source-rock richness and thermal matura-
tion, hydrocarbon generation, adsorption, and migration);

(2) reservoir rock type (conventional or continuous), distribu-
tion, and quality; and (3) types and distribution of reservoir
traps and seals, including timing relative to petroleum genera-
tion and migration. Using this geologic framework, the USGS
defined 2 TPSs, with 12 included assessment units (AU), and
quantitatively estimated undiscovered oil, gas, and natural gas
liquids resources in each AU (table 1).

The Anadarko Basin Province is in a mature state of
exploration and development for conventional resources.
Much of the production is reported as being commingled
from numerous formations that were deposited over broad age
ranges; this commingling influenced grouping of formations
into the AUs. The Woodford Composite and Pennsylvanian
Composite TPSs represent source rock contributions from
numerous Ordovician through Pennsylvanian formations. The

Woodford Composite TPS source rocks primarily contribute

to Cambrian through Mississippian reservoirs, and those of the
Pennsylvanian Composite TPS to Pennsylvanian and Permian
reservoirs. Migration and accumulation of hydrocarbons from
variable sources can occur along fault systems and updip from
the extent of the Woodford Shale and other source rocks. Bio-
genic gas from the Cretaceous Niobrara Formation is produced
from western Kansas and eastern Colorado; however, that
resource was evaluated in the Denver Basin Province assess-
ment (USGS Fact Sheet 002—03).

Resource Summary

The USGS assessment of undiscovered conventional
and continuous (unconventional) resources within the prov-
ince resulted in mean estimates of 495 million barrels of
oil (MMBO), 27 trillion cubic feet of natural gas (TCFQ),
and 410 million barrels of natural gas liquids (MMBNGL)
within 12 AUs in the 2 TPSs (table 1). Much of the remaining
conventional resources are from field growth in this mature
province. Continuous resources are focused in the deep part
of the Anadarko Basin in Oklahoma and Texas. Boundar-
ies of the Woodford Shale Oil and Woodford Shale Gas AUs
and locations of sweet spots within them were based mainly
on (1) extent and thickness of the formation, (2) filling of
underlying Hunton Formation eroded channels, (3) historical
and estimated ultimate production from existing wells, and
(4) levels of thermal maturation based on 1D, 2D, and 3D
petroleum system models and on vitrinite reflectance maps
and data. The Thirteen Finger Limestone—Atoka Shale Gas
continuous AU does not have documented production and has
limited published information. Boundaries for this AU were
based largely on characteristics such as thickness and lateral
extent of included formations from well-log examination, and
it is within the boundary of wet and dry gas generation based
on 1D and 3D petroleum system models. This uncertainty is
reflected in a fairly broad range of F5 to F95 resource esti-
mates (table 1); mean undiscovered resources are 6.85 TCFG
and 82 MMBNGL.
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For Further Information

Supporting geologic studies of total petroleum systems
and assessment units and reports on the methodology used in
the Anadarko Basin Province assessment are in preparation.
Assessment results and geologic reports will be available as
completed at the USGS Web site http://energy.cr.usgs.gov/
oilgas/nogal.

Anadarko Basin Province Assessment Team:

Debra K. Higley (Task Leader; higley@usgs.gov),
Stephanie B. Gaswirth, Marvin M. Abbott, Ronald R. Char-
pentier, Troy A. Cook, Geoffrey S. Ellis, Nicholas J. Gianout-
sos, Joseph R. Hatch, Timothy R. Klett, Philip H. Nelson,
Mark J. Pawlewicz, Ofori N. Pearson, Richard M. Pollastro,
and Christopher J. Schenk (National Assessment of Oil and
Gas Project Chief).
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Figure 1.

Map showing boundaries of the Anadarko Basin Province (red line), the Woodford

Composite total petroleum system (TPS, black line), and the Pennsylvanian Composite TPS

(blue line).
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Table 1. Anadarko Basin Province assessment results listed by total petroleum system (TPS) and assessment unit (AU). Included are
estimated volumes of undiscovered technically recoverable oil, gas, and natural gas liquids (NGL).

[MMBO, million barrels of oil; BCFG, billion cubic feet of gas; MMBNGL, million barrels of natural gas liquids; gray shading, not applicable. Type refers
to mainly oil or gas accumulations in the assessment unit. Fractiles (F95, F50, F5) are fully risked estimates. F95 denotes a 95-percent chance of at least the
amount tabulated. Other fractiles are defined similarly. Fractiles are additive only under the assumption of perfect positive correlation]

Woodford Composite TPS
Oil 2 5 12 6 7 24 61 28 0 1 1
Arbuckle-Ellenburger AU
Gas 43 164 371 181 0 1 1
. 0il 2 4 9 5 6 17 39 19 0 0 1 1
Simpson Group AU
Gas 33 114 252 125 2 9 21 10
) Oil 2 5 10 5 3 9 20 10 0 1 2 1
Viola Group AU
Gas 10 27 58 30 0 0 0 0
Oil 2 8 21 9 8 32 87 38 0 1 3 1
Hunton Group AU
Gas 71 281 641 310 0 2 4 2
S oil 5 1 16 | 31 17 15 46 99 50 0 2 4 2
Mississippian AU
Gas 125 350 663 367 3 8 17 9
Pennsylvanian Composite TPS
Oil 6 14 29 15 21 55 121 61 1 2 5 2
Morrowan-Atokan AU
Gas 101 261 469 271 2 5 10 5
o oil 2 6 | 12 6 8 23 52 26 0 1 2 1
Desmoinesian AU
Gas 29 87 167 92 1 3 5 3
. . . Oil 10 22 38 23 49 114 223 122 2 4 8 4
Missourian-Permian AU
Gas 61 130 231 136 2 4 7 4
Greater Granite Wash Oil 4 14 34 16 22 78 198 90 1 2 7 3
Composite AU Gas 192 646 | 1,496 719 7 24 60 27
Total Conventional 35 | 94 | 196 | 102 804 | 2458 | 5248 | 2675 21| 70 | 160 | 77
Resources
Woodford Composite TPS
Woodford Shale Oil AU oil | 175 357 | 730 393 795 1,750 | 3,851 | 1,963 22 51 121 59
Woodford Shale Gas AU Gas 8,806 | 15,131 (25,998 | 15,973 94 178 336 192
Pennsylvanian Composite TPS
Thirteen Finger Limestone- Oil
Atoka Shale Gas AU Gas 3,040 6,229 112,763 | 6,850 33 73 161 82
Total Continuous 175 | 357 | 730 | 393 | 12,641 | 23,110 |42,612 | 24,786 | 149 | 302 | 618 | 333
Resources
Total Resources 210 451 926 495 13,445 | 25,568 147,860 | 27,461 170 372 778 410
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Figures

1. Map showing the Anadarko Basin Province is delineated by the maximum areal
extent of the Woodford Composite and Pennsylvanian Composite Total Petroleum
Systems (TPSs). The province includes the Anadarko Basin (red line), part of the
Palo Duro Basin, and the Las ANimMas @rch ...

2. Generalized surface and subsurface stratigraphic columns for the Anadarko Basin
and the Southern Oklahoma Fold Belt Provinces for the Precambrian to
Mississippian. Assessment units (AU) are included in the Woodford Composite
TPS. Blue text and lowercase descriptors indicate informal status. Wavy horizontal
lines and vertical bars indicate unconformities and their duration. Modified from
Bebout and others (1993) and Henry and Hester (1995). Ages in millions of years
before present (Ma) from Hag and Van Eysinga (1998) and Gradstein and others
(2004) (red text). Fm., Formation; Mbr., MemMDbEr........cccoeuevereetecceceeesesse s

3. Generalized surface and subsurface stratigraphic columns for the Anadarko Basin
and the Southern Oklahoma Fold Belt Provinces for the Precambrian to
Mississippian. Assessment units (AU) are included in the Woodford Composite
TPS. Italic (blue) text and lowercase descriptors indicate informal status. Wavy
horizontal lines and vertical bars indicate unconformities and their duration.

Modified from Bebout and others (1993) and Henry and Hester (1995). Ages in
millions of years bhefore present (Ma) from Haq and Van Eysinga (1998) and
Gradstein and others (2004) (red text). Fm., Formation; Mbr., Member ..........ccccocvevvrrunee.
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Overview

By Debra K. Higley and Stephanie B. Gaswirth

Introduction

This publication provides research results and related
data in support of the U.S. Geological Survey (USGS)
assessment of the undiscovered oil and gas resource potential
of the Anadarko Basin Province of western Oklahoma and
Kansas, northern Texas, and southeastern Colorado (fig. 1).
This province area includes the Las Animas arch of south-
eastern Colorado, part of the Palo Duro Basin of Texas, and
the Anadarko Basin. This is hereafter referred to as the 2011
assessment, which corresponds to the publication release date
of the assessment results (Higley and others, 2011). Results
of the geologic analysis and resource assessment (chapter 1)
are based on the geologic elements of each defined total
petroleum system (TPS), including hydrocarbon source rocks
(source-rock maturation, hydrocarbon generation and migra-
tion), reservoir rocks (sequence stratigraphic and petrophysi-
cal properties), hydrocarbon traps (trapping mechanisms and
timing), and seals. Using this geologic framework, the USGS
defined 2 TPSs, the Woodford Composite TPS and Pennsyl-
vanian Composite TPS (fig. 1) and 12 included assessment
units (AU) (chapters 1 and 5-7), and quantitatively estimated
the undiscovered oil and gas resources within these AUs. The
assigned TPS and AU names and numeric codes follow.

Woodford Composite TPS 505801:
1. Arbuckle-Ellenburger, AU 50580101

2. Simpson Group, AU 50580102

3. Viola Group, AU 50580103

4. Hunton Group, AU 50580104

5. Mississippian, AU 50580105

6. Woodford Shale Gas, AU 50580161

7.  Woodford Shale Oil, AU 50580162

8. Pennsylvanian Composite TPS 505802:
9. Morrowan-Atokan, AU 50580201

10. Desmoinesian, AU 50580202

11. Missourian-Permian, AU 50580203

12. Greater Granite Wash Composite, AU 50580204

13. Thirteen Finger Limestone—Atoka Shale Gas, AU
50580261

There are nine conventional and three continuous AUs.
Continuous AUs are the (1) Devonian and Mississippian
Woodford Shale Gas and (2) Woodford Shale Oil AUs of the
Woodford Composite TPS, and (3) the Pennsylvanian Thir-
teen Finger Limestone—Atoka Shale of the Pennsylvanian
Composite TPS. The stratigraphic charts show units within the
Woodford Composite TPS (fig. 2) and Pennsylvanian Com-
posite TPS (fig. 3).

Discussion of Chapters

The 13 chapters included in DDS-69-EE cover topics
that range from the oil and gas resource assessment results
(chapter 1) of the Anadarko Basin Province, to background
geological and geochemical research (chapters 3—11), tabular
data and graphs in support of the assessment (chapter 12), and
data releases of geographic information systems (GIS) shape
files, zmap-format grid files that were used to build petroleum
system models, and a standalone three-dimensional (3D) geo-
logic model (chapter 13). Information on individual chapters
is below.

Chapter 3. Thermal maturation history is based on
one-dimensional (1D) and four-dimensional (4D) petroleum
system models created as part of this study and on published
research. This information was used to model hydrocarbon
generation, migration, and accumulation through time for
three assigned source intervals, the Ordovician Oil Creek
Formation, Devonian-Mississippian Woodford Shale, and the
informal Atokan Thirteen Finger limestone. Thermal matura-
tion boundaries were also used to delineate continuous assess-
ment units.

Chapter 4. The geochemistry of produced gases from the
Anadarko Basin was analyzed with particular regard for their
source and timing of generation, and this information helped
to define the assessment units used in the assessment of undis-
covered resources.

Chapter 5. The geology and assessment of Cambrian
through Devonian stratigraphy of the Anadarko Basin Prov-
ince is discussed. Included are descriptions of the units that
compose the AUs: the Reagan Sandstone, the Arbuckle Group,
the Simpson Group, the Viola Group, the Sylvan Shale, the
Hunton Group, and the Misener sand (fig. 2).
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Figure 1.

Map showing the Anadarko Basin Province is delineated by the maximum areal

extent of the Woodford Composite and Pennsylvanian Composite Total Petroleum Systems
(TPSs). The province includes the Anadarko Basin (red line), part of the Palo Duro Basin,

and the Las Animas arch.

Chapter 6. Contained are the geology, thermal matura-
tion history, and assessment of continuous resources of the
Devonian-Mississippian Woodford Shale Gas and Woodford
Shale Oil AUs (fig. 2).

Chapter 7. Conventional undiscovered resources of Missis-
sippian through Permian AUs are discussed, as well as continu-
ous gas resources from the Atokan Thirteen Finger limestone
AU (figs. 2 and 3). Background information on these AUs
includes the geologic characteristics and thermal maturation and
petroleum production histories of the source and reservoir rocks.

Chapters 8 and 9. Pore pressures in Pennsylvanian strata of
the greater Anadarko Basin range from overpressure in the deep
basin, to normal pressure in the northeastern flank, to underpres-
sure in the northwestern flank. The characteristics and evolution
of the overpressured system are discussed in chapter 8, along
with the finding of a paleo-overpressure zone more extensive
than the present-day area of overpressure. The characteristics and
causes of the underpressure, which grades into normal pressure
along the northern flank of the basin, are discussed in chapter 9.

Chapter 10. Lithologies derived from mud logs, sample
logs, and geophysical logs are presented on eight structural

cross sections that cover the Oklahoma portion of the
Anadarko Basin. There are three major lithologic groups: (1)
the carbonate-dominated units of Mississippian age and older,
(2) mostly siliciclastic units of Pennsylvanian age, and (3)
evaporites and red shales of Permian age.

Chapter 11. This discussion of the tectonic and structural
evolution of the Anadarko Basin is accompanied by a struc-
tural interpretation of a key two-dimensional (2D) seismic line
and associated structural restoration.

Chapter 12. Contained are tabular data and graphs used in
support of assessment of undiscovered oil and gas resources of
the Anadarko Basin Province.

Chapter 13. Included are grid files and associated
readme and metadata files used to build and document a 4D
petroleum system model of the province. The 2D grid files
comprise (1) 26 structural surfaces across the province, (2)
estimated eroded thickness of strata in the Cenozoic, (3)
total organic carbon content of the Woodford Shale, and (4)
basement heat flow. Also included with this chapter is a 3D

standalone geologic model of the Anadarko Basin Province
that incorporates the 2D grid files.
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Figure 3. Generalized surface and
subsurface stratigraphic columns for the
Anadarko Basin and the Southern Oklahoma
Fold Belt Provinces for the Precambrian to
Mississippian. Assessment units (AU) are
included in the Woodford Composite TPS.
Italic (blue) text and lowercase descriptors
indicate informal status. Wavy horizontal lines
and vertical bars indicate unconformities
and their duration. Modified from Bebout and
others (1993) and Henry and Hester (1995).
Ages in millions of years before present
(Ma) from Haq and Van Eysinga (1998) and
Gradstein and others (2004) (red text). Fm.,
Formation; Mbr., Member.
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Figures

1. Map showing Anadarko Basin Province (dashed line) and boundaries of total
petroleum systems (TPS) and assessment units (AU). Only AUs that contain source
rocks are shown. The Woodford Shale is divided into the Woodford Shale Qil and
Woodford Shale Gas AUs based mainly on levels of thermal maturation and
formation thickness. The Desmoinesian and Missourian-Permian AUs share a
common boundary with the Pennsylvanian Composite TPS, with the exception that
the AUs exclude an area of the deep basin that is the Granite Wash Composite AU
(not shown). There are common boundaries for Most AUS........cc.cocuevveevvcernernsesesisesesesnenns 2

2. Generalized stratigraphic column for the Anadarko Basin Province with oil and gas
source rocks (brown text). Increases in source rock potential are indicated by
larger numbers. The expected hydrocarbons header indicates whether the source
rock is more oil or gas prone. Hatch (oral commun., 2010), and modified from
Burruss and Hatch (1989). Vertical lines show a generalized time range of
unconformity from Bebout and others (1993, fig. 5). Gp., Group; Fm., Formation............... 3

3. Map showing basement heat flow contours across the Anadarko Basin based on
data from Carter and others (1998), Blackwell and Richards (2004), and data
downloads from the Southern Methodist University Web site
(http.//smu.edu/geothermal/). Basin areas within and north of the Wichita
Mountain and Amarillo uplifts exhibit generally lower heat flows than other basin
areas. Highest measured heat flow is in the northwest, along the Las Animas arch.
The northwest trending Central Kansas uplift (CKU) also exhibits elevated heat flow
values. Contours are in milliwatts per square meter (m\W/m?). Red fault lines are
from Adler and 0thers (T977).... sttt 7



4, Map showing formation temperatures on the top of the Woodford Shale model

layer. Cross section location is orange line on map. Black contour lines are
temperature on the Woodford Shale from Gallardo and Blackwell (1999). Formation
temperatures on the cross section are from ground surface to the Precambrian.

The red dot is location of the Woodford Shale layer. Elevation in meters is relative

to sea level. Purple fault lines are from Adler and others (1971)......c.cocoeeeueeeevcececeeeeenna, 7

Map showing modeled Celsius (°C) temperatures on the top of the Wabaunsee

layer. Oklahoma (black) contour lines from Gallardo and Blackwell (1999) are

estimated temperatures on the top of the Pennsylvanian, which is roughly

analogous to the Wabaunsee elevation. Both sets of contours show general

increase in temperature with greater burial depth. Increasing depth with burial is
shown by the underlying Precambrian through Morrowan layers (red arrow). 3D

view is 10 times vertical exaggeration. Purple fault lines are from Adler and others
(1970 ettt 8

View to the southeast of elevation on the top of the Woodford Shale model layer is
from the two-dimensional WoodfordTft.DAT grid file (Higley and others, 2014) that

was created using Earthvision®. Vertical exaggeration is 18 times. Woodford

extent is approximated by the -12,000-foot elevation contour, although Woodford is
also present east of the Central Kansas uplift (CKU). Major structures are labeled.
Precambrian faults (red) are from Adler and others (1971). Wichita Mountain uplift
bounding faults are vertical for four-dimensional model purposes only, and the
Woodford Shale surface in this area is unknown because of insufficient data. Data
sources for this surface include Woodford picks from well logs, Rottmann (2000a,
2000b), and edited IHS Energy (2009a, 2009b) formation topS........cccveueeeeerrerrerererreseenns 10

View to the southeast showing Woodford Shale layer lithofacies. Vertical
exaggeration is 18 times. View orientation is similar to the 1-kilometer grid spacing
Earthvision® image (fig. 6). This PetroMod® image shows underlying and lateral
facies changes for the Woodford Shale layer, which is shown in white. Lateral
lithofacies within the Woodford layer are primarily limestone and dolomite of the

Viola Group. Because the purpose of this image is to show lateral changes in
lithofacies assignments on a model layer, this information is generalized in the
explanation and not all listed formations are visible. The southern half of the

Kansas Woodford has almost 0 meter thickness and represents grid extrapolation
between the northeast Kansas and Oklahoma extents. Vertical yellow bars are

faults from Adler and others (1971). CKU, Central Kansas uplift; Ist, limestone; sh,
Shale; U, UPPEr; L, JOWET ..ottt bbb 1"
View to the southeast of elevation on the top of the Desmoinesian layer (Higley and
others, 2014, DesmoinesianTft.DAT grid file). Vertical exaggeration is 18 times.

Major structures are labeled. CKU is Central Kansas uplift. Precambrian faults (red)
are from Adler and others (1971). Wichita Mountain and Amarillo uplift faults are
vertical for three-dimensional Earthvision® model purposes only, and presence of

the Desmoinesian in this area is unknown because of insufficient data. Data

sources for this surface include picks from well logs and edited IHS Energy (2009a,
2009b) well formation tops. Elevation is relative to sea evel........ccooeeeeveereeecceecreeenee 13

Map showing thickness of strata between the Hunton Group and Desmoinesian

layers ranges from less than 500 meters over most of the Kansas shelf to more than
5,000 meters in the deep basin of Oklahoma. This wedge of units is oriented
northwest-southeast. Precambrian faults (blue lines) and named structures are

from Adler and others (1971). The north-south red line is the general location of the

Lo LU= T LT - Vo - TP 14



Cube dissection of the four-dimensional petroleum system model shows

present-day elevation on the Desmoinesian layer surface; color variations on the
Desmoinesian correspond to lithologies from Adler and others (1971). Vertical color
bands represent lithofacies assignments for the Desmoinesian through

Precambrian layers. For example, the labeled Mississippian layer is about 900

meters (2,900 feet) thick at the location. Location of the slice is in figure 9. Vertical
€XaQgQeration iS TH tIMES ...ttt en 14
Map showing vitrinite reflectance (R ) contours for the Woodford Shale; black line
contours are in increments of 0.4% R . Generation stages on R_legend are
generalized, as gas generation also occurs within the oil generation range. Black
triangles and white dots include R data from Cardott (1989; written commun.,

2011), Price (1997), and Mark Pawlewicz (written commun., 2010). Labeled white

dot well locations are (1) Bertha Rogers 1, (2) Petree Ranch 1, (3) West Edmond

SWD 1-24, and (4) Streeter 1. Brown lines are faults in the underlying Hunton Group
(Rottmann, 20008, Pl. 3) ....ceveeeeeeeeeeeeeeeeee ettt ss st ass s et san e nsnaneas 15

Cross section showing the Woodford Shale (WDFD, blue line) and terminus of the
Morrow Group (MRRW) and overlying Thirteen Finger Limestone portion of the

Atoka Group (ATOKA, gold line) in the deep Anadarko Basin. Line of section is

shown in figure 13. Vertical scale is in feet relative to the top of the WDFD. MRMT

is Marmaton Group, CHRK is Cherokee Group, MSSP is Mississippian, HNTN is

Hunton Group, SLVN is Sylvan Shale, VIOL is Viola Group, and SPRG, CSTR, and

MRMC are the respective Mississippian Springer Formation, Chester Group, and
Meramec lime. Labeled well log traces are gamma (0 to 200 API), resistivity, sonic
density, neutron density, spontaneous potential, and density........ccccoeeveveeveccvencnneennes 18

Three-dimensional isopach image of the Woodford Shale in the Anadarko Basin.
Vitrinite reflectance (% R ) contours (white lines) from figure 11 approximate end of

oil generation at 1.2% R to overmature for petroleum generation (4% R ). White dot
well locations are, from left to right, Bertha Rogers 1, Petree 1, and Streeter 1.

Dashed white line is location of figure 12 cross section. Woodford thickness is

derived from Rottmann (2000b, pl. 2), analysis of more than 100 well logs, and

edited formation tops from IHS Energy (2009a, 2009b). Faults (red) are from

Rottmann (2000a, pl. 3). Image is tilted and 1,300 times vertical exaggeration................. 19

Map showing total organic carbon (TOC) content in weight percent (wt%) for the
Woodford Shale based on TOC data from Burruss and Hatch (1989) and mean

values from Hester and others (1990). TOC ranges from 0.08 to 14.05 wt% and

averages 3.7 wt% for core and well log density calculations from 123 wells. There

is considerable TOC variation, but almost the entire area that is thermally mature

for petroleum generation contains greater than 2 wt% TOC. Qil and gas generation
depletes TOC and HI (hydrogen index), the fuels for petroleum, so original TOC

and Hl values would have been greater. Red lines are faults from Adler and others

1 7 ) O 20

View to the southeast of elevation on the top of the Thirteen Finger limestone layer
(Higley and others, 2014, ThirteenFingerTft.DAT grid file). Vertical exaggeration is

18 times. Thirteen Finger lime extent is approximated by the light blue line. Major
structures are labeled. Precambrian faults (red) are from Adler and others (1971).
Wichita Mountain uplift faults are vertical for four-dimensional model purposes

only, and surface in this area is unknown because of insufficient data. Data

sources for this surface include Thirteen Finger limestone picks from well logs and
edited IHS Energy (2009a, 2009b) formation tops. Elevation is relative to sea level.

CKU, Central Kansas UPlift ..ottt sssss s ssessesans 22
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17.

18.

19.

20.

Isopach map of the top of the stratigraphic interval from the Thirteen Finger

limestone to the Morrow Formation, based on Andrews (1999a, b), examination of

more than 120 well logs, and edited tops from IHS Energy (2009a, 2009b). Morrow
Formation faults (green) are modified from Andrews (1999b). Color contour interval

is 20 feet and (black) line contours are 10-feet intervals. Figure 17 cross sections

are labeled A-A"and B-B’. White polygons are Perryton (Texas) and Knowles
Northwest (Oklahoma Panhandle) 0il fields..........oieeeeeeeeee e 23
A, Southwest to northeast and B, southeast to northwest cross sections of the
Thirteen Finger limestone (TRFG) of the Pennsylvanian Atoka Group (ATOKA) in the
Anadarko Basin. Lines of section are shown in figure 16. Vertical scale is feet

relative to the base of the Thirteen Finger. MRMT is Marmaton Group, CHRK is
Cherokee Group, MRRW is Morrow Group, and MSSP is top of the Mississippian.
Labeled well log traces are gamma (0 to 200 American Petroleum Institute [API]
range), resistivity, sonic density, and neutron density ........cccccceeveerververeeeesrssiseseseesessennns 24

Graphic showing comparison of calculated vitrinite reflectance (% R ) and
transformation ratios (TR) using Woodford Shale and Phosphoria kinetic algorithms
from Lewan and Ruble (2002), gas generation from coals based on Pepper and
Corvi (1995a, 1995b), and dry gas generation using Tsuzuki and others (1999).
Calculations are for the Bertha Rogers 1 and Petree Ranch 1 wells shown on figure
11. Woodford hydrous pyrolysis (HP) TR of onset- (0.1percent) to-completion of oil
generation (99 percent) correlates to a range of about 0.6 to 1.2% R ; Woodford
Rock Eval pyrolysis (REV) TR range is much broader at approximately 0.4 to 2.6%
R,, and Phosphoria HP TR onset and completion are about 0.4 to 0.8% R . Woodford
REV TR is at 81 percent when the HP TR has completed at 100 percent. Pepper and
Corvi (1995a, 1995b) kinetics provides a range of gas generation from 0.55 to 3.0%
R, from the Type Ill kerogen in coals. Basin heating rate of 5 °C/m.y. was based on
the Bertha Rogers 1 well; present-day geothermal gradient is 21.3 °C/km to the
Woodford (19 °C surface and 200 °C Woodford temperature at 8,486.5-meter depth)...27

Graph showing depth distribution of wet and dry gas in the Anadarko Basin and of

1D vitrinite reflectance (% R ) profiles for the Bertha Rogers 1 and Petree Ranch 1
wells (fig. 11). Depth range for end of oil generation to start of dry gas generation

for the one-dimensional wells is about 3,200 to 5,000 meters. Increase in dry gas
fraction and decrease in scatter below 5,000 meters indicates gas is becoming
progressively dryer for these samples, with 1.0 being 100 percent methane. Gas

data are from the Energy geochemistry data base (U.S. Geological Survey, 2010).

The blue symbols are mostly Colorado and Kansas wells. Oklahoma and Texas

wells were selected for detailed study because Colorado and Kansas portions of

the province are thermally immature for gas generation. Light blue background is a
generalized boundary for gas diStribBUtioN...........oeocrenirnere s 28
Burial history curves for the Bertha Rogers 1 and Petree Ranch 1 wells. Modeled
vitrinite reflectance (percent Ro) through time includes heat flow of about 68

milliwatts per square meter (m\W/m?) to 260 million years ago (Ma) followed by 42
mW/m? for Bertha Rogers 1, and 68 m\W/m? to 260 Ma followed by 52 m\W/m? for

Petree Ranch 1. Pale-yellow and blue lines follow the Thirteen Finger limestone

and Woodford Shale, respectively. Gp., Group; Lst., Limestone; Ord., Ordovician;

Sil., Silurian, Neog., NBOGENE ...ttt s 29
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22.
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25.

Burial history transformation ratios (TR) for the Bertha Rogers 1 well based on
Woodford Shale hydrous pyrolysis (HP) kinetics (Lewan and Ruble, 2002). Depth
compared to temperature and vitrinite reflectance profiles are calibrated at (1) 40
milliwatts per square meter (m\W/m?) heat flow (HF) through time, and (2) 70

mW/m? to 260 million years ago (Ma) followed by 42 mW/m? to present. Woodford
Shale interval is marked with the blue line and the Thirteen Finger limestone by

the gold line. Vitrinite reflectance (% R ) calibration data are from Price (1997).
Temperature dots are corrected bottom hole temperatures (BHT) from Gallardo and
Blackwell (1999, fig. 8) and bars show range from measured to maximum estimated
BHT. Gp., Group; Ord., Ordovician; Sil., Silurian, Neog., Neogene ........ccccoecveueeecrvereernnces 31

Burial history for the Bertha Rogers 1 well based on Phosphoria Formation hydrous
pyrolysis (HP) kinetics (Lewan and Ruble, 2002). Depths are shown relative to
calculated porosity, lithostatic, pore, and hydrostatic pressure; light blue line is
hydrostatic pressure of 9,800 Pascals/meter (MPa/m) (0.465 psi/ft). Yellow band is
probable zone of overpressure based on Al-Shaieb and others (1994). Woodford

Shale interval is marked with the blue line and the Thirteen Finger limestone by the
gold line. Ord., Ordovician; Sil., Silurian, Neog., NEOGENE........ccceeeeerrecerereeereeeeee e 32

Burial history for the Petree Ranch 1 well based on Woodford Shale and
Phosphoria Formation hydrous pyrolysis (HP) kinetics (Lewan and Ruble, 2002).
Model is calibrated using 68 milliwatts per square meter (m\W/m?) heat flow to 260
million years before present (Ma), then 52 m\W/m? to present. Woodford Shale
interval is marked on the transformation ratio (TR) charts with the blue line, and the
Thirteen Finger limestone by the gold line. Vitrinite reflectance (% R ) calibration
data are from Pawlewicz (1989) (brown dots) and Woodford Shale estimates from
Cardott (1989) (yellow and red dots). Temperature data from Pawlewicz (1989, table
2) (blue dots and connecting line) were calculated based on 1.3 °F increase per
100 feet depth from a 15 °C (60 °F) surface temperature. The corrected bottom hole
temperature (BHT) (yellow dot) was derived using Gallardo and Blackwell (1999,
fig. 7). Ord., Ordovician; Sil., Silurian, Neog., NEOGENE ......cc.ceveereerereereeeeeeeeeee e 33
Graph showing history of generation of oil from the Qil Creek Formation, Woodford
Shale, and Thirteen Finger limestone sources in the four-dimensional petroleum
system model based on Woodford Shale HP kinetics. Gray bars delineate periods
of peak oil generation. Early oil generation from the Qil Creek layer, prior to about
70 million years before present (Ma), is in a narrow band that is proximal to the
Wichita Mountain uplift. This band exceeds maximum depth of the formation and is
the result of poor data control in the area bordering the fault zone. The error could
have been removed by clipping the four-dimensional model extent to the basin axis
and northward, but less of the model would have been visible and usable..................... 35

South to north cross sections of thermal maturation using Woodford

transformation ratio (TR) at present (0 Ma) and at 300 million years before present
(Ma). The inset shows the location of these extracts from the four-dimensional

model. Yellow and pink dots are approximate locations of the Woodford Shale and
Thirteen Finger limestone, respectively. Elevation is relative to sea level, and

vertical and lateral scales are equivalent for the cross sections. Map image is TR

on the Woodford Shale layer at 0 Ma and at 10 times vertical exaggeration. Red

line is the approximate location of the cross SECtioN........c.ccccueeeeveeeecerecceeceeee s 37
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29.
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Images showing present-day vitrinite reflectance (% R ) on Ordovician to Virgilian
model layers (fig. 2), using Sweeney and Burnham (1990) kinetics. Changes in
thermal maturity on the shelf areas of Kansas and Colorado are minor and source
rocks are mostly immature for oil generation at less than 0.6% R . Thermal maturity
for source rocks in the deep basin of Oklahoma and Texas ranges generally from
mature for oil generation to overmature for gas generation at about 4% R and
greater. Red contour lines mark the 99 percent transformation ratio for each layer;
itis approximately equivalent to 1.2% R . Precambrian faults (Adler and others,

1971) @re SNOWN @S DIUE TINES ...ttt en s
Images showing transformation ratios (TR) through time on tops of the Qil Creek,
Woodford Shale, and Thirteen Finger Limestone layers. Ten times vertical
exaggeration results in variable shading within contours. Onset of oil generation
was about 370 million years ago (Ma) (Qil Creek), 330 Ma (Woodford), and 300

Ma (Thirteen Finger) based on modeled vitrinite reflectance and 0.1 percent

TR. Completion of oil generation is indicated by 99 percent TR. Source rocks

are overmature for oil generation at greater than 99 percent TR (medium gray).
Precambrian faults (Adler and others, 1971) are shown as blue lines........c.cccccecuverernnee.
Map and rotated three dimensional images of modeled petroleum migration
catchments on the Thirteen Finger limestone layer. Layer boundaries extend

across the images but catchments represent greater than zero meter thickness

for the Thirteen Finger limestone. Qil and gas flow paths are compartmentalized
within each catchment until a change in lithofacies or structure results in

petroleum accumulations or loss to bounding formations. The “cluttered”
compartments on the west represent more complex flow and are represented on
flow path maps as broken lines or groups of rays. Olive green lines and vertical

bars are Precambrian faults of Adler and others (1971) ...
Two views of modeled oil (green) and gas (red) flow path lines, and oil (yellow)
accumulations for the Thirteen Finger limestone. Layer shown in dark gray on three
dimensional map view is the top of the Morrow Group layer. The gray space in the
deep basin that is devoid of oil flow paths is the area that is mature for gas
generation from the Thirteen Finger limestone. Inset image is a rotated view at 10
times Vertical eXaggeration ...ttt
Images showing oil migration flow paths from 320 to 40 million years ago (Ma).

Blank migration areas can indicate no migration, (invisible) Darcy flow through
lithofacies, or overmaturity for petroleum generation. Hunton Group facies from
Howery (1993) are delineated by orange lines for limestone (Darcy flow area) and
dolomite (flow path migration). Onset of oil generation preceded migration from the
0il Creek Formation layer source rocks (light green), which started about 340 Ma.
This was followed by Woodford Shale oil generation about 335 Ma, then the
Thirteen Finger limestone (blue) about 300 Ma. Lst, limestone. Maroon lines are
Precambrian faults of Adler and others (1971) ...

Image showing present-day oil and gas migration flow paths. Blank migration

areas indicate no migration, (invisible) Darcy flow through lithofacies, or
overmaturity for petroleum generation. Qil migration flow paths from mostly Qil
Creek layer source rocks (light green) are overlain by mostly Woodford Shale (dark
green), and then Thirteen Finger limestone (blue) flow paths. Gas (red) flow paths
are not differentiated by source rocks. Maroon lines are the fault system from

Adler and 0thers (T971) ...ttt ss s nnes
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Images showing modeled gas (red) and oil accumulations at 300 million years

before present (Ma) and present day for above named layers. Some major oil and

gas fields are outlined and labeled. Brown lines are the Precambrian fault system

from Adler and others (1971); the purple lines north of this fault system are modeled
locations of the Wichita Mountain uplift at 200 Ma and at present. Accumulations
preferentially form on large structures, such as the Cement field, and updip

pinchout of reservoir layers against seal layers, such as for the Hunton Group
accumulations in northeast Oklahoma. Stratigraphic traps are commonly not filled

in this leaky four-dimensional model because of the coarse grid size and lithologic
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Thermal Maturation of Petroleum Source Rocks in the
Anadarko Basin Province, Colorado, Kansas, Oklahoma,

and Texas

By Debra K. Higley

Abstract

Petroleum source rocks are thermally mature for oil
and gas generation across most of the Anadarko Basin in
Oklahoma and Texas based on one-dimensional and four-
dimensional petroleum system models. Three petroleum
source rocks were defined in the four-dimensional model.
They are the Oil Creek Formation of the Ordovician Simpson
Group, the Devonian-Mississippian Woodford Shale, and
the informal Thirteen Finger limestone of the Pennsylvanian
Atoka Group. Modeled onset of oil generation in the basin
was about 370 million years ago for the Oil Creek Formation,
330 million years ago for the Woodford Shale, and 300 million
years ago for the Thirteen Finger limestone. The deep basin of
Oklahoma and Texas is thermally mature for gas from Atokan
and older source rocks. Deep basin areas that are overmature
for gas generation are within the gas preservation window, as
indicated by gas production from Woodford and older forma-
tions in this area, and on modeled levels of thermal matura-
tion. Almost all of the Colorado and Kansas portions of the
basin are thermally immature for petroleum generation. How-
ever, Mississippian and older source rocks may be marginally
mature to mature for oil generation in the Las Animas arch of
southeastern Colorado based on calculated vitrinite reflectance
and transformation ratios from a four-dimensional petroleum
system model.

Oil and gas migration pathways were mainly radially
northward from the deep basin in Oklahoma and proximal
Texas, and north and west from the Texas Panhandle. Petro-
leum was further funneled by local structures. The Nemaha
uplift in central Oklahoma was a barrier that limited eastward
migration. Northward flow was diverted toward the Pratt anti-
cline and Central Kansas uplift in south-central Kansas, and to
the northwest Hugoton embayment. Decrease in burial pres-
sure associated with the Laramide uplift and erosion resulted
in a probable volume increase of gas that displaced oil in
reservoirs with subsequent renewed gas migration. Evidence
for this includes Permian gas reservoirs of the southern Cen-
tral Kansas uplift and Pratt anticline areas, and the Hugoton
embayment gas fields.

Introduction

The U.S. Geological Survey (USGS) recently completed
an assessment of the undiscovered oil and gas resource poten-
tial of the Anadarko Basin Province of western Oklahoma and
Kansas, northern Texas, and southeastern Colorado (fig. 1).
This is hereafter referred to as the 2011 assessment, which
corresponds to the publication release date of the assessment
results (Higley and others, 2011). This province area includes
the Anadarko Basin, Las Animas arch, and a portion of the
Palo Duro Basin. Stratigraphic units range in age from Pre-
cambrian to present, and petroleum is produced from Cam-
brian through Permian strata. Mesozoic strata are absent over
most of the basin, being limited primarily to the Colorado and
Kansas portions. The Cretaceous Niobrara Formation is pro-
ductive near the northwestern boundary of the basin, but this
biogenic methane resource was included in the Denver Basin
assessment (Higley and Cox, 2007; Higley and others, 2007).

Figure 1 shows the province boundary and labeled total
petroleum systems (TPS) and assessment units (AU). Total
petroleum systems and included AUs are defined in Magoon
and Dow (1994). The TPS concept basically incorporates
hydrocarbon source rocks (source-rock maturation, hydrocar-
bon generation, migration, and accumulation), reservoir rocks
(sequence stratigraphy and petrophysical properties), and
hydrocarbon traps (trap formation, timing, and seals) whose
provenance is a pod or closely related pods of active source
rock. The TPS is basically a hydrocarbon fluid system that
links petroleum source rocks, migration pathways, and real
and (or) hypothetical oil and gas accumulations. An AU within
a TPS is defined as a mappable volume of strata that incorpo-
rates petroleum accumulations (discovered and undiscovered)
that have the same hydrocarbon source rock(s), and similar
geologic and economic factors that control oil and (or) gas
entrapment, exploration, and development. These accumula-
tions should therefore be sufficiently homogeneous in terms
of geology, exploration strategy, and risk so that the chosen
method of resource assessment is applicable. A TPS might
contain a single or multiple AUs, depending on whether dif-
ferences are sufficient to warrant separation. Assigning AUS is
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Figure 1. Map showing Anadarko Basin Province (dashed line) and boundaries of total
petroleum systems (TPS) and assessment units (AU). Only AUs that contain source rocks
are shown. The Woodford Shale is divided into the Woodford Shale 0il and Woodford

Shale Gas AUs based mainly on levels of thermal maturation and formation thickness.

The Desmoinesian and Missourian-Permian AUs share a common boundary with the
Pennsylvanian Composite TPS, with the exception that the AUs exclude an area of the deep
basin that is the Granite Wash Composite AU (not shown). There are common boundaries for

most AUs.

also based on the quality and availability of petroleum source,
reservoir, well history, and production data. Each AU can
incorporate several exploration plays that are based on differ-
ent reservoir formations, trap types, exploration strategies, and
discovery histories.

The Anadarko Basin Province includes two TPSs that
include nine conventional and three continuous AUs (Hig-
ley and others, 2011). The stratigraphic column in the basin
(fig. 2) lists Ordovician through Pennsylvanian shales and
limestones that are petroleum source and potential source
rocks. The Woodford Composite TPS encompasses Ordovician
through Mississippian petroleum source rocks and is named
for the principal source rock. The Pennsylvanian Composite
TPS includes the remaining petroleum source rocks. Reason-
ing behind this generalized TPS division is that geochemical

research in the basin has been focused on the Woodford Shale,
with lesser information on other possible petroleum source
rocks. Continuous AUs are the Woodford Shale Gas and
Woodford Shale Oil of the Woodford Composite TPS, and the
Thirteen Finger Limestone—Atoka Shale of the Pennsylvanian
Composite TPS. The AU assignments and associated codes are
listed below; they are based primarily on (1) the lateral extent
and thickness of associated reservoir and petroleum source
formations, (2) timing and degree of thermal maturation of
potential contributing petroleum source rocks, (3) oil and gas
generation and migration pathways through time based on

4D petroleum system modeling of the basin, and (4) faults
and other structures that would limit or enhance oil and gas
accumulations. Results of the oil, gas, and natural gas liquids
(NGL) assessment are listed in table 1.
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Figure 2. Generalized stratigraphic column for the Anadarko Basin Province with oil and gas source rocks (brown text). Increases in
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Table 1. Anadarko Basin Province assessment results are listed by name and code of total petroleum system (TPS) and assessment

unit (AU).

[Resources are undiscovered oil, gas, and (or) natural gas liquids. MMBO, million barrels of oil; BCFG, billion cubic feet of gas; MMBNGL, million barrels
of natural gas liquids. Type refers to mainly oil or gas accumulations in the AU. Fractiles are fully risked estimates. F95 denotes a 95-percent chance of at least
the amount tabulated. F50 and F5 fractiles are defined similarly. Fractiles are additive only under the assumption of perfect positive correlation. Gray shading

indicates not applicable]

Woodford Composite TPS

Oil 2 5 12 6 7 24 61 28 0 1 1
Arbuckle-Ellenburger AU
Gas 43 164 371 181 0 1 1
) oil 2 4 9 5 6 17 39 19 0 0 1 1
Simpson Group AU
Gas 33 114 252 125 2 9 21 10
) Oil 2 5 10 5 3 9 20 10 0 1 2 1
Viola Group AU
Gas 10 27 58 30 0 0 0 0
Oil 2 8 21 9 8 32 87 38 0 1 3 1
Hunton Group AU
Gas 71 281 641 310 0 2 4 2
o Oil 5 16 31 17 15 46 99 50 0 2 4 2
Mississippian AU
Gas 125 350 663 367 3 8 17 9
Pennsylvanian Composite TPS
Oil 6 14 29 15 21 55 121 61 1 2 5 2
Morrowan-Atokan AU
Gas 101 261 469 271 2 5 10 5
o Oil 2 6 12 6 8 23 52 26 0 1 2 1
Desmoinesian AU
Gas 29 87 167 92 1 3 5 3
) ) ) Oil 10 22 38 23 49 114 223 122 2 4 8 4
Missourian-Permian AU
Gas 61 130 231 136 2 4 7 4
Greater Granite Wash Oil 4 14 34 16 22 78 198 90 1 2 7 3
Composite AU Gas 192 646 | 1,496 719 7 24 60 27
Total Conventional 35 | 94 | 196 | 102 804 | 2458 | 5248 2675 21| 70 | 160 | 77
Resources
Woodford Composite TPS
Woodford Shale Oil AU Oil | 175 | 357 | 730 | 393 795 1,750 | 3,851 | 1,963 22 51 121 59
Woodford Shale Gas AU Gas 8,806 | 15,131 (25,998 | 15,973 94 178 336 | 192
Pennsylvanian Composite TPS
Thirteen Finger Limestone- | Oil
Atoka Shale Gas AU Gas 3,040 6,229 12,763 | 6,850 33 73 161 82
Total Continuous 175 | 357 [ 730 | 393 | 12,641 | 23,110 |42,612 24,786 | 149 | 302 | 618 | 333
Resources
Total Resources 210 | 451 | 926 | 495 | 13,445 | 25,568 |47,860 | 27,461 170 372 778 | 410




Woodford Composite TPS 505801:

1. Arbuckle-Ellenburger, AU 50580101
2. Simpson Group, AU 50580102

3. Viola Group, AU 50580103

4. Hunton Group, AU 50580104

5. Mississippian, AU 50580105

6. Woodford Shale Gas, AU 50580161
7. Woodford Shale Oil, AU 50580162

Pennsylvanian Composite TPS 505802:

1. Morrowan-Atokan, AU 50580201

2. Desmoinesian, AU 50580202

3. Missourian-Permian, AU 50580203

4. Greater Granite Wash Composite, AU 50580204

5. Thirteen Finger Limestone—Atoka Shale Gas, AU
50580261

Petroleum productive and potentially productive for-
mations were divided into the two TPSs, with Ordovician
through Mississippian source rocks mainly contributing
to reservoirs of that age range, and Pennsylvanian source
rocks to those of Pennsylvanian and Permian age reser-
voirs (fig. 2). The Hunton Group is not listed in figure 2
as containing petroleum source rocks. Also, there is only
limited evidence for source potential from the Arbuckle-
Ellenburger AU (Burruss and Hatch, 1989; J. Hatch, oral
communication, 2010). The TPS and AU divisions were also
influenced by the accuracy and existence of well history and
production data. For example, much of the Atokan petro-
leum production is reported commingled with Morrowan
production. The Thirteen Finger Limestone—Atokan Shale
Gas continuous AU is based largely on source rock potential
based on Carr and Hentz (2009) and on low permeability and
source rock potential from well log analysis. Source rock
research and data have been focused on the Woodford Shale
in the Anadarko and adjacent basins. Most of the vitrinite
reflectance data in the Anadarko Basin is from Woodford
Shale cores, well cuttings, and outcrop samples. The one-
dimensional (1D) and four-dimensional (4D) petroleum
system models are preferentially calibrated to the Woodford
Shale vitrinite reflectance data of Cardott (1989), Price
(1997), and two wells in the Edmond West field (Chesapeake
Energy [written communication, 2008] and Mark Pawlewicz
[written communication, 2010] analyses). Source rock poten-
tial for other petroleum source rocks incorporate published
research, vitrinite reflectance values from Pawlewicz (1989),
and results of the 1D and 4D models of this study.

Petroleum System Modeling Methodology 5

Petroleum System Modeling
Methodology

Petroleum system modeling is designed to recreate,
through time, oil and gas generation, expulsion, migration, sat-
uration, accumulation, and loss for included petroleum source
and reservoir rocks, and at well to basin scales. The timing and
extent of petroleum generation from each source rock requires
kinetic parameters that relate the geologic time required for
generation reactions to the burial temperatures of source
rocks. Development and assignment of kinetic algorithms
for the Woodford Shale and other petroleum source rocks
are discussed in Lewan (1983, 1985) and Lewan and Ruble
(2002). Created models show levels of thermal maturation and
generation of oil and gas through time based on kinetic fac-
tors such as transformation ratios (TR) and levels of thermal
maturity for source organofacies based on calculated vitrinite
reflectance, TR, and other factors. 1D, two-dimensional (2D),
and 4D models commonly integrate influences through time
of (a) basal heat flow, (b) water depth, (c) surface temperature,
(d) time and extent of deposition and erosion, (¢) vertical and
lateral lithologic properties within each layer, (f) profiles of
lithofacies decompaction through time, and (g) geochemi-
cal characteristics for each source organofacies, such as total
organic carbon (TOC) content and hydrogen index (HI).

Maps and models were generated using Dynamic Graph-
ics® Earthvision® (Dynamic Graphics® and Earthvision®
are registered trademarks of Dynamic Graphics, Inc.) and
PetroMod® software (Schlumberger, 2011). Schlumberger Pet-
roMod® software was used for 1D and 4D petroleum system
models. PetroMod® is pressure/volume/temperature (PVT)
modeling software. The Anadarko 4D model incorporates flow
path and Darcy flow migration that is referred to as hybrid-
Darcy in PetroMod® documentation. Flow path migration of
liquid and vapor components of petroleum and water is largely
buoyancy-driven by hydrostatic pressure changes, whereas
the Darcy flow is a multiphase process that uses gas diffusion
and PVT to model migration. Structural relief on the top of the
carrier (reservoir) layers is the primary control on migration
pathways for oil and gas. Petroleum migration flow paths are
vertical and lateral. When fluids and gases enter a reservoir or
other permeable layer, the flow through the most permeable
lithofacies is toward the top of the layer, and then laterally
upward along the overlying seal layer. This seal layer can
be breached by its thinning or lateral change to a permeable
lithology, or the presence of an open fault system. Flow is then
mostly vertical until the next seal is reached. These flow paths
are more readily viewed than the more diffuse oil and gas
Darcy flow within the reservoir layer. Oil and gas trapped as a
result of accumulation or Darcy saturation in reservoirs does
not further migration without a change in PVT conditions,
such as uplift, erosion, open faults, or change in hydrodynamic
flow. Modeling requirements, strengths, and weaknesses are
discussed in Higley and others (2006).
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Faults associated with the Wichita Mountain, Amarillo,
Nemaha, and Central Kansas (CKU) uplifts are modeled as
closed through time (see fig. 3 for locations). Main potential
effects of this are to decrease petroleum migration east of
the Nemaha uplift and south of the Wichita Mountain and
Amarillo uplifts, and to channel migration in areas such as the
Pratt anticline and CKU. Faults along the northern boundaries
of the Wichita Mountain and Amarillo uplifts are modeled as
vertical, with only minimal horizontal offset from Precambrian
to ground surface. Also critical to migration and accumulation
is the proximity of reservoir strata to vertical and lateral seals
and to thermally mature source rock.

Petroleum system models were constructed using forma-
tion tops, lithologies, and ages of deposition and erosion from
numerous sources. Data sources for the models include (1)
formation top picks in more than 220 wells across the province,
(2) IHS Energy (2009a, 2009b) and Kansas Geological Survey
(2010, http://www.kgs.ku.edu/PRS/petroDB.html) formation
tops, and (3) maps and data from Fay (1964), Rascoe and Hyne
(1987), Robbins and Keller (1992), Cederstrand, and Becker
(1998), Andrews (1999a, 1999b, 2001), and Rottmann (2000a,
2000b). Formation ages and lithologies are commonly general-
ized and include Denison and others (1984), Ludvigson and
others (2009), and the National Geologic Map Database (2011,
http://ngmdb.usgs.gov/Geolex/). Figures within this chapter
of the report may have feet or meters as vertical scales. This
is because the 1D, 2D, and 4D petroleum system models have
meters as the vertical scale, largely because of ease in using the
modeling software. Vertical scale of most contour maps and of
well-log cross sections are in feet because that is traditionally
used in the United States. Tilted three-dimensional (3D) images
generally do not have map scales because edges would have
different scales, with the associated clutter.

4D petroleum system models consist of stacked layers
of formations and groups of formations. The Anadarko Basin
model contains 30 layers. Below are names of modeled layers
that correspond generally to associated formation, group, and
period names.

1. Surface 16. Atokan

2. OgallalaBase 17. Thirteen Finger
3. Cretaceous 18. MorrowU
4. Permian 19. MorrowM
5. Blaine 20. MorrowL
6. StoneCorral 21. Springer
7. Wellington 22. Woodford
8. Chase 23. Hunton

9. CouncilGrove 24. Sylvan

10. Wabaunsee 25. Viola

11. HeebnerT 26. SimpsonT

12. HeebnerB 27. Oil Creek
13. Douglas 28. SimpsonB
14. Desmoinesian 29. Arbuckle
15. Cherokee 30. Precambrian

Formations that compose each layer were grouped based
on common petroleum system elements of reservoir, source,
seal, overburden, or underburden. Assigned petroleum source
rocks in the model are the Oil Creek, Woodford, and Thirteen
Finger layers; these correspond generally to the petroleum
source rocks in figure 2. All model layers extend across the
study area, even if the included formation(s) has limited lateral
extent. This is because of a software requirement that all grid
cells be populated with numbers representing the structural
elevation relative to sea level, or isopach thickness of zero
or greater. The structural surface of layers is somewhat like a
geologic map in that the extent of the modeled formation is
shown, as well as any lateral subcropping formations. Some
layers consist of one formation, such as for the Sylvan Shale,
Hunton Group, Woodford Shale, Chase Group, and Blaine
Formation, and others are compound, such as the Desmoine-
sian and Missourian layers. Selection of layer intervals was
based mainly on the quality of formation tops data and their
relative importance as source, reservoir, and seal units.

X and 'Y axis grid spacing are 6 kilometers (km) for the
4D basin models, primarily because of computer processing
and display limitations. File sizes of these “simplified” 4D
models can exceed 170 gigabytes. The coarse gridding results
in somewhat pixilated graphic images. Spacing is 1 kilometer
(km) for published grids (Higley and others, 2014) and as
initial “pre-filtered” input of the 4D models. Intervals with
their associated lithologic properties are homogenized at this
6-km scale. A primary result of this homogenization is that
most generated oil and gas is not trapped within but instead
migrates outside the model; this lost petroleum is mainly along
the northern extension of the model in Colorado and Kansas.
Models for stratigraphic traps and those constrained by PVT
history require more detailed lithologic assignments and closer
grid spacing.

A heat flow map (fig. 3) was assigned as basement heat
flow in the 4D model. Variation in measured heat flow is prob-
ably greater than that shown, as is indicated by “bull’s eye”
contours in areas of closer data control. There are areas in west-
ern Kansas that display minor change in heat flow; these result
from fewer data points, and perhaps less variation than other
map areas. Data sources for downhole temperature include
Carter and others (1998), Gallardo and Blackwell (1999), Price
(1997), and drillstem test and corrected borehole temperatures.
These well data were used to calibrate 1D models, and were
also compared to 4D model temperatures for further calibra-
tion. Shown on figures 4 and 5 are present-day modeled and
measured temperatures on the Devonian-Mississippian Wood-
ford and the Virgilian Wabaunsee layers. Model layers and
datasets show trends of increasing temperature with burial and
similar temperature values. Woodford layer contours show the
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Figure 4. Map showing formation temperatures on the top of the
Woodford Shale model layer. Cross section location is orange line on
map. Black contour lines are temperature on the Woodford Shale from
Gallardo and Blackwell (1999). Formation temperatures on the cross
section are from ground surface to the Precambrian. The red dot is
location of the Woodford Shale layer. Elevation in meters is relative to
sea level. Purple fault lines are from Adler and others (1971).
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Figure 5. Map showing modeled Celsius (°C) temperatures on the top
of the Wabaunsee layer. Oklahoma (black) contour lines from Gallardo
and Blackwell (1999) are estimated temperatures on the top of the
Pennsylvanian, which is roughly analogous to the Wabaunsee elevation.
Both sets of contours show general increase in temperature with greater
burial depth. Increasing depth with burial is shown by the underlying
Precambrian through Morrowan layers (red arrow). 3D view is 10 times
vertical exaggeration. Purple fault lines are from Adler and others (1971).



same northwest trend and similar values to those of Gallardo
and Blackwell (1999). This indicates that temperatures for the
4D model compare generally with measured data. Subsurface
temperatures are influenced by various factors. The Precam-
brian in the deep basin is primarily rhyolite, which is cooler
than the mainly granitic rocks of the shallower basement and
shelf regions. The rhyolite could influence thermal matura-
tion by dampening thermal effects, essentially slowing onset
of generation from overlying rocks. The Carter and others
(1998) measured heat flow in the basin decreased from 55 to
64 milliwatts per square meter (mW/m?) in the northern part, to
39 to 54 mW/m? in the southern part. Lee and Deming (1999)
incorporated this information into their mean heat flows in

the northern and southern basin of 39 mW/m? and 51 mW/m?,
respectively. They found no evidence that basement lithology
influenced the increased heat flow from the south to north.
Their work was based on thermal conductivity measurements
of drill cuttings from nine wells in the basin. These and other
heat flow data were contoured (fig. 3) and applied to the 4D
model. Basement heat flow exhibits a heterogeneous distri-
bution (fig. 3) with somewhat lower values in the southern
part of the basin and greater heat flow across parts of the Las
Animas arch, Central Kansas uplift, and parts of the Nemaha
uplift. Lithofacies that overlie source intervals can also influ-
ence onset of maturation. For example, evaporites have good
thermal conductivity that allows heat conduction away from
kitchen areas, whereas thick shale and coal beds have the oppo-
site effect, acting as thermal blankets that insulate underlying
rocks. Minor differences in assigned lithofacies have no effect
on modeling results.

Geologic Setting

Structural History

The Anadarko Basin is a south-dipping asymmetric basin
in which the present configuration is controlled mainly by
the late Paleozoic Wichita Mountain uplift and the Ouachita
thrust plate (Amsden, 1975, 1989). Southern Oklahoma was
initially described by Shatski (1946) as a failed Cambrian
aulacogen. The deepest part of the basin is along and north of
this rift zone and is proximal to its southern margin along the
Wichita Mountain uplift (fig. 6). The tectonic history of the
Anadarko Basin strongly influenced rate of sediment deposi-
tion, sediment sources, depositional environments, erosion,
and especially burial depth of reservoir, seal, and source rocks.
Depth of burial through time is the main control on thermal
maturation of petroleum source rocks, although oil and gas
generation is also influenced by factors such as basement heat
flow and thermal conductivity of lithofacies. The focus of
this is on oil and gas generation, migration and accumulation
through time from source rocks in the basin.

The Wichita Mountain and Amarillo uplifts and adjacent
basins were strongly influenced by structural, stratigraphic,
and thermal evolution of the southern Oklahoma aulacogen
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(Rascoe and Adler, 1983) that was emplaced on the Precam-
brian craton (Ham and others, 1964). It is about 100 miles (mi)
[160 kilometers (km)] wide and 300 mi (480 km) long with
the southern boundary approximated by the Wichita Moun-
tain uplift (fig. 6). The Wichita Mountain and Amarillo uplifts
include a number of faults, such as Mountain View, Cordell,
Cement, Meers, and Duncan-Criner (Luza, 1989) that are
along and proximal to the northern boundary of the uplifts,

Early and Middle Cambrian rifting and igneous activity
was the initial phase in basin development (Denison, 1976;
Gallardo and Blackwell, 1999). Increased subsidence in the
aulacogen during the Early Cambrian resulted in a greater rate
of deposition near the present-day basin axis; the subsidence
rate slowed by the beginning of the Silurian (Feinstein, 1981).
This is indicated by the relatively thin Silurian and Devonian
rocks (Johnson and others, 1988; Johnson, 1989) that are of
limited lateral extent. Figure 7 shows generalized lateral extent
of the Woodford Shale within the Woodford Shale model
layer. Model layers are somewhat like geologic maps through
time in that they display the extent of the named formation,
and “subcropping” lateral formations. All formations on the
surface of figure 7 are assigned to the Woodford layer. The
Viola layer, for example, would show the same assigned
lithofacies of the Viola Group and any underlying formations
outside its extent.

The Ouachita-Marathon orogeny and related tectonism
began in Mississippian (probably Chesterian) time (Burgess,
1976; Perry, 1989). Anadarko began to form as an independent
structural basin in Late Mississippian time, when the Texas
promontory of the southern continental margin of Paleozoic
North America first reacted to early stages of plate collision
with Gondwana or an intervening microplate (Perry, 1989).
During Early to Late Pennsylvanian time the principal tectonic
activity in the basin occurred in several pulses: (1) the Mor-
rowan Wichita Mountain and Amarillo uplifts were accompa-
nied by downwarping of the basin (Gallardo and Blackwell,
1999) with greater thickness of Morrowan strata in the deep
basin relative to the shelf; and (2) Late Morrowan uplift
along most of the Wichita Mountain and Amarillo blocks is
evidenced by the upper Morrowan fan-delta chert conglom-
erate (Johnson, 1989). These were derived from Mississip-
pian cherty limestones and dolomites that mantled the uplift
(Johnson, 1989).

Climax of the Wichita orogeny during the Atokan was
evidenced by Wichita Mountain and Amarillo uplift of thou-
sands of feet relative to the proximal basin axis to north (Ball
and others, 1991). Overthrusting associated with the uplift
resulted in 15 + 5 km (9 £ 3 mi) of crustal shortening (Brewer
and others, 1983). The uplift supplied sediments to the
informally named Granite Wash, which was deposited from
Atokan through much of the Virgilian time. Transition from
arkosic granite wash to felsic quartz grains extended some
30 miles northward from the mountain front during the Atokan
(Ball and others, 1991). The Wichita Mountain and Amarillo
uplifts persisted as major positive tectonic features during
Missourian time (Johnson, 1989). The Anadarko Basin has
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Figure 6. View to the southeast of elevation on the top of the Woodford Shale model layer is from the two-dimensional WoodfordTft.DAT
grid file (Higley and others, 2014) that was created using Earthvision®. Vertical exaggeration is 18 times. Woodford extent is approximated
by the -12,000-foot elevation contour, although Woodford is also present east of the Central Kansas uplift (CKU). Major structures

are labeled. Precambrian faults (red) are from Adler and others (1971). Wichita Mountain uplift bounding faults are vertical for four-
dimensional model purposes only, and the Woodford Shale surface in this area is unknown because of insufficient data. Data sources for
this surface include Woodford picks from well logs, Rottmann (2000a, 2000b), and edited IHS Energy (2009a, 2009b) formation tops.



Geologic Setting 1"

Wichita
Mountain
uplift

EXPLANATION

- Woodford Shale
Hunton Group Ist,
dolomite
Sylvan Shale, sh

Viola Group Ist,
shale, dolomite

] U. Simpson Group

0il Creek Fm, sh

L. Simpson Group

. Arbuckle Group

Ist, dolomite

Precambrian
B rhyolite, granite

Figure 7. View to the southeast showing Woodford Shale layer lithofacies. Vertical exaggeration is 18 times. View orientation is similar
to the 1-kilometer grid spacing Earthvision® image (fig. 6). This PetroMod® image shows underlying and lateral facies changes for the
Woodford Shale layer, which is shown in white. Lateral lithofacies within the Woodford layer are primarily limestone and dolomite of the
Viola Group. Because the purpose of this image is to show lateral changes in lithofacies assignments on a model layer, this information
is generalized in the explanation and not all listed formations are visible. The southern half of the Kansas Woodford has almost 0 meter
thickness and represents grid extrapolation between the northeast Kansas and Oklahoma extents. Vertical yellow bars are faults from
Adler and others (1971). CKU, Central Kansas uplift; Ist, limestone; sh, shale; U, upper; L, lower.
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essentially been structurally dormant since Early Permian time
(Perry, 1989), as indicated by relatively uniform thicknesses
of Wolfcampian and Leonardian formations, and that Council
Grove, Chase, and Hennessey Groups, and other strata can
be fairly readily correlated across the basin. Guadalupian and
younger units exhibit more irregular distribution because of
nondeposition and uplift, tilting, and erosion associated with
the Laramide orogeny. The Laramide orogeny in the south-
ern Rocky Mountains began about 67.5 million years before
present (Ma) and ended about 50 Ma (Tweto, 1975). John-
son and others (1988) indicated that southern Oklahoma has
been structurally quiescent since the Permian, except for the
Laramide orogeny causing slight eastward tilting. Subdued
modest reactivation of older basin faults may have occurred
during the Jurassic and Cretaceous, and minor Holocene
movement has occurred on the Meers fault of the Wichita
Mountain uplift (Crone and Luza, 1986), and possibly other
faults in the basin (Perry, 1989).

Present-day surface expression of the Anadarko Basin
is broad and low-relief with elevation decrease and drain-
age from west to east. This is in contrast to subsurface relief
of Wolfcampian and older strata, which form a broad shelf
over the Kansas and eastern Colorado portions of the basin
that deepens gradually southward into Oklahoma and Texas.
Northern Oklahoma and northeastern Texas evidence a marked
increase in slope as the basin radially deepens southward
to the Wichita Mountain uplift and its bounding high-angle
reverse faults. Figures 6 and 7 are views to the southeast on
the Woodford Shale layer. These and other three-dimensional
(3D) structural images extend to the edges of the model, rather
than terminating at the limits of contained formations. The
slope of the Woodford surface increases gradually from the
shelf southward to the basin axis; then slopes steeply upward
toward the Wichita Mountain uplift and bounding faults. This
slope increase is mirrored by increased thickness of most
Pennsylvanian and older formations. The deep basin gradually
filled with sediments through time. Figure 8 shows eleva-
tion on the Desmoinesian layer. Desmoinesian strata covered
most of the Anadarko Basin, but is absent across most of the
Wichita Mountain uplift, Central Kansas uplift, the Cimarron
arch of northeastern New Mexico, and the Sierra Grande uplift
of northeastern New Mexico and southeastern Colorado.

The figure 9 isopach of strata between the top of the
Hunton Group and the Desmoinesian layers shows southward
increase in thickness. The absence of contours just north of the
Wichita Mountain uplift is because of variable thicknesses of
layers next to the uplift and associated terminations of layers
against fault segments. Greatest thickness of strata is along the
basin axis, proximal and north of the Wichita Mountain uplift.
Thickness changes in southeastern Colorado are associated
with the Las Animas arch, primarily a Laramide feature that
also experienced movement during the late Paleozoic (Rascoe,
1978). The pronounced thickening of strata in the deep basin
is also shown by the cube slice of Precambrian through
Desmoinesian layers from the 4D petroleum system model
in figure 10. It shows the same break in slope southward that

results in the wedge of sedimentation. The Atokan through
Desmoinesian strata generalized lithofacies assignments were
from Adler and others (1971) and are displayed as the gray,
green and blue colors on the top slice of the model (fig. 10).
Each color change across the vertical cut corresponds to a
unique lithofacies assignment. Some of these extend across
layers, such as for the Atokan through Desmoinesian layers.
The result of this homogenization is a fairly leaky petroleum
system model. For example, the Mississippian layer is about
900 meters (m) thick at the marked location, when corrected to
vertical. The lithologic assignment (modified from Adler and
others, 1971) for the light green bands in this layer is about

40 percent limestone, 30 percent sandstone, and 30 percent
shale, and the intervening dark green band is 60 percent lime-
stone, 20 percent sandstone, and 20 percent shale. Unless these
assigned lithofacies truncate against or form a structure under
a low-permeability seal layer, oil and gas is not trapped.

Model layers can be modified to better represent the
vertical and lateral lithofacies variation in the basin, but this
was beyond the scope of this project. Lithofacies for most
layers were derived from the Adler and others (1971) gener-
alized clastic and carbonate assignments. An overpressured
zone in the basin that persisted through geologic time could
not be modeled, at least partly because of the coarse 6 to 9 km
grid sizes of the 4D model and the generalized lithofacies
assignments. Most generated petroleum for the Pennsylvanian
through Permian strata migrated outside the model edges.

The Al-Shaieb and others (1994) megacompartment complex
(MCC) is composed of Devonian, Mississippian, and Pennsyl-
vanian stratigraphic intervals and is characterized by overpres-
sured conditions in the Anadarko Basin that exceed the normal
gradient of 10.515 kilopascal per meter (kPa/m) [0.465 pounds
per square inch per foot (psi/ft)]. The isolation of the MCC is
maintained through considerably long geologic times (early
Missourian to present) via encasement by an intricately com-
plex framework of top, basal, and lateral seals (Al-Shaieb and
others, 1990).

Primary effect of the wedge of overburden is that thermal
maturation of source rocks increases to the south. The pri-
mary kitchen area in the Anadarko Basin is in the Oklahoma
and northeastern Texas portions (fig. 11). Thermal matura-
tion ranges from onset to completion of oil generation from
about 0.6 percent vitrinite reflectance (R ) to 1.2 percent R ,
and overmature for gas generation at greater than 4 percent
R_. Increased slope of R  contours is mirrored by depth of the
Woodford Shale and thickness of overburden. The general
northwest trend of R contours is similar to those of overbur-
den thickness. The Cardott (1989) least squares regression
correlation was 0.893 for 80 of the Woodford Shale R  values
compared to depth. Spread in R  correlations can be influenced
by (1) initial transformation of organic matter to vitrinite;

(2) random experimental error; (3) interpretation of low-gray
(low reflectance) vitrinite populations; (4) anisotropy of vitrin-
ite-broadening reflectance histograms starting at 1.0 percent
R, with a noticeable effect at greater than 2 percent R (Dow,
1977; Hunt, 1979); and (5) suppression of R in alginite-rich
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\

Nemaha uplift

Figure 8. View to the southeast of elevation on the top of the Desmoinesian layer (Higley and others, 2014, DesmoinesianTft.DAT grid
file). Vertical exaggeration is 18 times. Major structures are labeled. CKU is Central Kansas uplift. Precambrian faults (red) are from
Adler and others (1971). Wichita Mountain and Amarillo uplift faults are vertical for three-dimensional Earthvision® model purposes
only, and presence of the Desmoinesian in this area is unknown because of insufficient data. Data sources for this surface include
picks from well logs and edited IHS Energy (2009a, 2009b) well formation tops. Elevation is relative to sea level.

rocks (Cardott, 1989; p. 41), which may be a factor in the
Type II kerogen within the Woodford Shale.

Part of the area proximal to the Nemaha uplift (eastern
part of fig. 11) is thermally immature for oil generation from
the Woodford Shale based on Cardott (1989), but immature
to mature based on R, measurements for the West Edmond
SWD 1-24 (0.55 percent mean R ) and Streeter 1 (0.75 percent
mean R ) wells from Brian Cardott (written commun., 2011)
and Mark Pawlewicz (written commun., 2010), respectively
(fig. 11). The West Edmond SWD 1-24 sample was also ana-
lyzed by Chesapeake Energy (on January 10, 2008) with an
estimated mean of 0.83 percent R and a range of 0.44 to 0.96
percent R based on Rock Eval Tmax values for 19 samples
of the Woodford Shale interval. Gaswirth and Higley (2014)
calibrated 1D petroleum system models of these wells using
the measured R data. The Streeter 1 Woodford Shale sample
was located just above the Hunton cored interval, and sample

quality was marginal. It was analyzed using Rock Eval
pyrolysis with associated TOC of 0.96 weight percent (wt%),
Tmax of 550 °C, and low hydrocarbon and oxygen indices of
68 and 39, respectively. These wells may also record local-
ized elevated thermal maturation. Possible increased thermal
maturation along the Nemaha uplift could be associated with
hydrothermal fluids along these deep faults, and increased ero-
sion compared to wells to the west also contributed to greater
thermal maturation.

Fractures are present within the Woodford Shale through-
out its extent in Oklahoma and Arkansas, and province areas in
which fractures are most commonly filled with bitumen include
the Arbuckle Mountains and the southern part of the Anadarko
Basin; these were areas of intense late Paleozoic orogenic
activity (Comer and Hinch, 1987). Fractures filled with bitu-
men were located in Woodford samples along the Nemaha
uplift in central Oklahoma, and in the southern Anadarko Basin
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and Arbuckle Mountains (Comer and Hinch, 1987). Bitumen
is assumed to be sourced from the Woodford as generated oil
migrated laterally and then vertically along the faults. Vitrin-
ite reflectance was contoured relative to the Hunton faults

of Rottmann (2000a), which also isolates samples from the
Wichita Mountain uplift relative to those in the basin. That

the uplifted samples exhibit lower levels of thermal matura-
tion than samples located north of the fault system shows that
uplift occurred prior to maximum burial in the basin. Thermal
maturation in the Wichita Mountain uplift is extrapolated from
several outcrop samples and does not reflect the actual condi-
tions because of the complexity of faulting, timing of uplift,
and distribution of the Woodford Shale. Uplift samples should
be considered point sources because of extensive faulting. For
example, the Woodford Shale is present at least 4 times within
the 1,930- to 19,000-ft depth interval of the Apache Gas Unit 1
well (fig. 11); this well was not sampled, but it is likely that
there would be a spread of R values.

Petroleum Source Rocks

Petroleum source rocks in the Anadarko Basin were
depPetroleum source rocks in the Anadarko Basin were
deposited in marine environments. Burruss and Hatch (1989)
and Joseph Hatch (oral commun, 2010) identified shale
intervals of the Simpson Group, Woodford Shale, and Middle
and Upper Pennsylvanian strata as the main source rocks
in the Anadarko Basin (fig. 2). Burruss and Hatch (1989,

p. 57) identified the following Anadarko Basin source rocks
as having moderate to good hydrocarbon potential based on
oil and source rocks geochemical analyses: (1) Ordovician
Simpson Group shale, (2) Devonian-Mississippian Woodford
Shale, and (3) Pennsylvanian black shales. They indicated
absent to moderate source potential for the Ordovician Sylvan
Shale based on geochemical analysis of oil and rock samples
in Kansas and Oklahoma. There is no evidence for source
potential from the Sylvan (or equivalent Maquoketa) Shale

in the Anadarko Basin based on studies by Hatch and oth-

ers (1987) and Wang and Philp (1997), and the poor gamma
response from examination of about 90 well logs across the
basin. The primary and most studied petroleum source rock in
the Anadarko Basin is the Devonian-Mississippian Woodford
Shale; equivalent strata are termed the Chattanooga Shale in
Kansas. Because of limited source rock information for many
other formations, all but the Woodford will be grouped by
system. The Woodford Composite TPS includes the Cambrian
through Mississippian section, and the Pennsylvanian Com-
posite TPS includes source and reservoir rocks of Pennsylva-
nian through Permian age.

Three layers in the 4D petroleum system model were
assigned as petroleum source rocks based partly on the Bur-
russ and Hatch (1989) determination of three oil types in the
Anadarko Basin. They conducted geochemical analysis of
104 crude oils and 190 core samples of Cambrian through
Pennsylvanian dark colored shales, and their sampled oils
and source intervals are from (1) the Middle Ordovician
Simpson Group, (2) Silurian to Mississippian reservoirs, and
(3) Pennsylvanian strata. The modeled source intervals are the
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Oil Creek Formation layer of the Simpson Group, the Wood-
ford Shale layer, and the informal Thirteen Finger limestone
layer (fig. 2). The Thirteen Finger limestone was chosen to
represent Pennsylvanian source rocks because I mapped the
thickness and extent of this high-gamma interval formation
across the Anadarko Basin Province and therefore had a layer
to assign source properties.

This definition of three petroleum source rock layers
serves to model which source(s) contribute to which reservoir
layers, and also if this contribution varies across the basin and
through time. Three assigned source intervals in a basin that
contains probable other source rocks further homogenizes the
model, but can also be used to determine if all potential res-
ervoir intervals are charged. For example, does the Oil Creek
layer source charge underlying Arbuckle layer reservoirs?

If not, is it because of the coarseness of the model and (or)
would this indicate source intervals in the Arbuckle?

Middle Ordovician Simpson Group reservoirs contain
“typical” Ordovician oils that are characterized by (1) strong
odd-carbon predominance in the C , to C, n-alkanes, (2) few
or no acyclic isoprenoids, and (3) 6"*C values of -33.9 parts
per thousand (ppt) (saturates) and -33.7 ppt (aromatics) (Bur-
russ and Hatch, 1989). Oils from Silurian to Mississippian
reservoirs show little or no odd-carbon predominance in the
n-alkanes, a regular decrease in abundance of n-alkanes with
increasing carbon number, pristane/phytane ratios (pr/ph)
of 1.1 to 1.5, and delta carbon-13 (5"*C) values of -30.6 ppt
(saturates) and -30.1 ppt (aromatics). Oils in Pennsylvanian
reservoirs have the greatest amounts of carbon 15+ (C,,,)
hydrocarbons, are isotopically heavy (-27.5 ppt (saturates) and
-26.4 ppt (aromatics), have methyl-cyclohexane as the most
abundant hydrocarbon, and have pr/ph values from 2.0 to 0.9.

The Wavrek (1992) gas chromatography analysis of
385 Cambrian through Cretaceous crude oils from 83 fields
across the Ardmore and Marietta Basins, south and east of the
Anadarko Basin resulted in the assignment of 7 oil families.
These A through G families were based largely on relative
n-alkane distribution, cyclic isoprenoids, alkylated cyclic
hydrocarbons, alkylated sulfur compounds, aryl-isoprenoids,
hopanes, steranes, and carbon isotopes. Types A through E
oils appear to correlate with respective source facies within
the (A) Pennsylvanian (Atoka Group?), (B) Mississippian
(Goddard Shale, Caney Shale, and Sycamore Limestone of the
Mayes Group), (C) Devonian-Mississippian Woodford Shale,
(D) upper Middle Ordovician Viola Group, and (E) Middle
Ordovician Simpson Group (Wavrek, 1992). Type F oil was
from Arbuckle Group reservoirs, but had uncertain parentage,
and Type G oil had some characteristics of mixed oil types
and possible effects of multiple sources because of proximity
to the Ouachita thrust zone. Wavrek (1992) assigned greatest
importance as a source rock to Type C, the Woodford Shale.

Ordovician Source Rocks

The Cambrian and Ordovician Arbuckle Group litholo-
gies include limestones with algal mats and boundstones

(Donovan, 1986), bedded and disseminated anhydrite (Latham,
1970; St. John and Eby, 1978; Ragland and Donovan, 1985;
Donovan, 1986), and gray to dark gray limestone and some
shale (Fay, 1989). The Arbuckle and Ellenburger Groups are
partially equivalent and about 7,000 feet (ft) (2,150 m) thick in
the deep basin; petroleum production is confined to the upper
200-300 ft (Cardwell, 1977a). Pyrolysis-gas chromatographic
analysis reveals that, in most of Oklahoma, the Arbuckle
section is thermally mature but is deficient in organic matter
(Cardwell, 1977a, 1977b). The Arbuckle Group is unlikely

to contain petroleum source rocks in the Anadarko Basin. If
present, source rocks are most likely proximal to the subsiding
southern Oklahoma aulacogen (Johnson and Cardott, 1992),
an area that is currently mostly overmature for hydrocarbon
generation. This generation would have resulted in depletion
of TOC, so original TOC would have been greater. TOC from
21 Arbuckle and Ellenburger carbonate samples ranged from
0.03-0.24 wt %, with an average of 0.1% (Cardwell, 1977a),
less than good quality source rock of greater than 1.0 wt %
TOC (Hatch and others, 1987). The Trask and Panode (1942,
table 94, p. 263) Arbuckle TOC values ranged from 0.3 to 0.8
wt % for 6 samples from 6 wells just east of the basin in Kan-
sas and Oklahoma. Cardwell (1977a, p. 42) also observed that
the composition of 9 Arbuckle oils from western Oklahoma
were closely similar to those of 14 Desmoinesian oils from
northeast Oklahoma and southeast Kansas.

The Ordovician Simpson and Viola Groups contain
mainly oil-prone source intervals (fig. 2) of Types I and II
kerogen based on Rock-Eval pyrolysis results (Rice and oth-
ers, 1989; Burruss and Hatch, 1989). Wang and Philp (1997)
indicated the Viola and Woodford petroleum source intervals
are mostly Type II kerogen based on Rock-Eval pyrolysis.

The Simpson Group reaches a maximum thickness of 2,300 ft
(700 m), of which about 50 percent is shale (Schramm, 1964).
Sparse sampling on the shelf indicated as much as 14 percent
of these shales may contain more than the minimum 1.0 wt %
TOC required for a petroleum source rock (Hatch and oth-
ers, 1987). Burruss and Hatch (1989) state Ordovician rocks
generally exhibit TOC less than 1.0 wt %, although several
Kansas samples have TOC between 1.0 and 9.0 wt %. Joseph
Hatch (oral commun., 2010) unpublished TOC data ranged
from 0.02 to 18.2 wt % and averaged 1.54 wt % for 39 Ordovi-
cian core samples from 4 wells in Oklahoma and Kansas. The
average was increased because of TOC values of 5.34, 8.81,
and 18.2 wt % from a well located northeast of the province at
about latitude 38.19 N. and longitude 97.66 W.; hydrocarbon
index (HI) values for this well were 665 to 787 milligrams
sulfur per gram of total organic carbon (mg S /g) TOC.

The Sylvan Shale is isolated to the deep basin in Okla-
homa and Texas. It is light gray to grayish green and waxy
(Johnson and others, 1988), with an average thickness of less
than 250 ft (80 m) (Wang and Philp, 1997). Well log gamma
ray signatures were subdued for the Sylvan Shale in 88 wells
scattered across the Oklahoma and Texas portions of the basin.
Signatures were distinct enough to correlate the formation, but



the minor gamma response is characteristic of the generally
low TOC for this formation in the province.

Devonian-Mississippian Woodford Shale

The Woodford Shale in the Anadarko Basin is a carbo-
naceous, siliceous, pyritic, dark-gray to black shale (Cardott,
1989), the general extent of which is outlined in figure 1 by
the Woodford Shale Oil AU. Equivalent strata northeast of
the province in Kansas are called the Chattanooga Shale. The
Woodford Shale was deposited on a regional erosional surface
of the Silurian-Devonian Hunton Group (fig. 2). This uncon-
formity developed across a broad upwarping that was one
of the most widespread in the entire Midcontinent (Amsden,
1975, 1989); it was accompanied by little, if any, folding or
faulting except for faulting along the Nemaha uplift (Johnson,
1989). This upwarping partially isolated the epicontinen-
tal seaway. The organic-rich Woodford black shales were
deposited under anoxic conditions during the early Kaskaskia
transgression of this shallow epicontinental sea (von Almen,
1970; Walper, 1977; Sullivan, 1985; Johnson and Cardott,
1992; Lambert, 1993). Evidence of burrowing in exposed
organic-rich rocks in the Arbuckle Mountains (fig. 3) suggests
there were also periods of oxic depositional conditions (Neil
Fishman, oral commun., March 2, 2011). Egenhoff and oth-
ers (2011) indicated a basinward progression in the Wood-
ford from siliciclastic mudstones to successively increasing
downslope Tasmanites and then radiolarian cherts; short-term
highstands completely shut off delivery of very fine-grained
sediments to distal parts of the passive margin during Wood-
ford deposition, enabling good preservation of Milankovitch
cycles in the formation.

Elevation on the top of the Woodford Shale in the
Anadarko Basin ranges from about -2,500 ft (-760 m) on the
southern Kansas shelf, to -27,000 ft (-8,000 m) in southern
Oklahoma (fig. 3). The formation is mostly absent because
of erosion in the Wichita Mountain and Amarillo uplifts,
although the Woodford Shale Gas AU includes an area of
Woodford in the Wichita Mountain uplift proximal to the fault
zone. The Woodford Shale is a fairly easy pick from well logs
because of the large gamma kick and low permeability of
this formation (fig. 12). Gamma-ray responses are commonly
greater than 160 American Petroleum Institute (API) units
(Amsden, 1975; Sullivan, 1985). The figure 12 cross section is
located perpendicular to a thick interval of Woodford channel
fill (fig. 13). The easternmost well in the cross section exhibits
lateral thinning of the Mississippian section and absence of
Morrow Formation and Thirteen Finger limestone.

Thickness of the Woodford Shale varies greatly across the
province. It ranges up to 375 ft thick and averages 40 ft based
on Rottmann (2000b), well-log picks from about 100 wells
across the basin, and edited formation tops from IHS Energy
(2009a, 2009b). Greatest thicknesses are in the southern part
of the basin in Oklahoma and locally as fill within eroded
channels of the underlying Hunton Group (figs. 12 and 13).
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This is also the basin area that is most thermally mature for
gas generation. Areas within the Woodford Shale AUs bound-
aries (fig. 1) where the unit is absent or thin resulted from
erosion or nondeposition. There are a few erosional remnants
outside the Woodford Shale Oil AU boundary, and the unit is
present northeast of the province in Kansas. Smooth contours
near the southeastern corner of figure 13 reflect limited data
and variable thicknesses because of extensive faulting. The
Misener sand is a lower unit of the Woodford Shale that is
located mainly in the northeastern basin in Oklahoma and
Kansas. Petroleum resources of this unit were evaluated with
the Hunton Group AU because the Misener sand reservoirs
are conventional, and much of the petroleum production was
reported as commingled with that of the Hunton Group.

The Woodford Shale comprises upper, middle, and lower
informal members of carbonate- and silica-rich shales based
on well-log signatures, palynomorphs, and geochemical differ-
ences (Urban, 1960; von Almen, 1970; Sullivan, 1983, 1985;
Hester and others, 1990; Lambert, 1993). The middle shale
member has the greatest areal extent and thickness, and is also
the most organic rich (Lambert, 1993). The Woodford Shale
exhibits two habits, fissile and nonfissile shale. Nonfissile
contains phosphatic and siliceous shales, minor thin dolomite
beds, phosphatic nodules, and rare chert; fissile shales are
composed of laminations less than 1 centimeter (cm) thick and
are more organic-rich than nonfissile shale (Krystyniak and
Paxton, 2006). The Woodford has abundant Type A amorphous
Type II kerogen [partially equivalent to the liptinite (exinite)
maceral group] with the remaining primarily Type III kerogen
(vitrinite) and Type I kerogen (Tasmanite alginite) (Lewan,
1983; Thompson and Dembicki, 1986; Crossey and others,
1986; Comer and Hinch, 1987; Burwood and others, 1988;
Krystyniack and Paxton, 2006). Applied to the Woodford
Shale layer within the 4D PetroMod® model were a general-
ized composition of the Woodford Shale is 37 percent quartz,
26 percent illite, 15 percent kerogen, 17 percent carbonate, and
5 percent kaolinite (Abousleiman, 2008), and a HI of 527 mg
S,/g TOC based on Lewan and Ruble (2002). HI data ranged
from 3 to 1,127 mg S /g TOC and averaged 260 mg S,/g TOC
based on analyses of 97 core samples from 30 wells that were
scattered across Oklahoma and Kansas (Burruss and Hatch,
1989; Joseph Hatch, oral commun., 2010). Kirkland and oth-
ers (1992) indicated a HI range of 500 to 800 mg S./g TOC for
their samples. The Oklahoma portion of the province is mostly
mature to overmature for petroleum generation, whereas the
Woodford (Chattanooga) in Kansas is immature. As such, the
HI of 17 Kansas Woodford (Chattanooga) samples ranged
from 89 to 600 and averaged 321 mg S /g TOC.

Based on analysis of 101 Woodford core samples from
30 wells that were scattered throughout its extent in Okla-
homa and Kansas, Burruss and Hatch (1989) indicated the
TOC ranged from greater than 2 wt % to 14 wt %. Joseph
Hatch (oral commun., 2010) indicated that TOC data aver-
aged 4 wt %. Estimated average TOC of a somewhat con-
servative 3.5 wt % was used for 1D models and was based
on data from Hester and others (1990), Comer and Hinch
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Figure 13. Three-dimensional isopach image of the Woodford Shale in the Anadarko Basin. Vitrinite reflectance (% R ) contours
(white lines) from figure 11 approximate end of oil generation at 1.2% R_to overmature for petroleum generation (4% R ). White dot
well locations are, from left to right, Bertha Rogers 1, Petree 1, and Streeter 1. Dashed white line is location of figure 12 cross section.
Woodford thickness is derived from Rottmann (2000b, pl. 2), analysis of more than 100 well logs, and edited formation tops from IHS
Energy (2009a, 2009b). Faults (red) are from Rottmann (2000a, pl. 3). Image is tilted and 1,300 times vertical exaggeration.

(1987), Burruss and Hatch (1989), Price (1997), Joseph
Hatch (oral commun., 2010), and the Energy Geochemistry
Data Base (U.S. Geological Survey, 2010). 1D models are
located in areas that are mature to overmature for petroleum
generation from the Woodford Shale. As such, original TOC
was greater. The 4D model incorporated a map generated
from these TOC data (fig. 14), instead of assigning a value
for the entire layer. The Comer and Hinch (1987) Woodford
mean TOC content of 5.4 + 6.9 percent by wt was based on
analysis of 300 samples from 16 cores and 43 outcrops that
were distributed across Oklahoma and Arkansas; uncertainty
in TOC resulted from a range of less than 0.1 wt% in some
chert beds to 26 wt% in highly compacted black shale. Their
location A21 near the southeast corner of figure 14 averaged
5.5 + 3.9 percent by weight TOC and this Type II kerogen
was in early stage oil generation. Krystyniack and Paxton
(2006) TOC values ranged from 0.8 to 17 wt% for upper
Woodford outcrop samples of south-central Oklahoma.

Comer and Hinch (1987) indicated that chert beds contained
less TOC, but more total bitumen and hydrocarbons per
gram. This may be indicative of greater fracturing and petro-
leum retention in chert beds.

Mississippian Source Rocks

Middle Ordovician through lowermost Mississippian sed-
imentary rocks in the basin are composed of fossiliferous shal-
low-water marine carbonates interbedded with fine-grained
to moderately coarse-grained clastics that were derived from
the northeast and east (Johnson and others, 1988). Probable
Mississippian petroleum source rocks are within the informal
Osage lime and Springer Formation (fig. 2) (Wang and Philp,
1997). Average thickness of the Springer Formation is about
500 ft (150 m) and more than 60 percent of it is shale and
mudstone (Wang and Philp, 1997). Organic-carbon values for
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Figure 14. Map showing total organic carbon (TOC) content in weight percent
(wt%) for the Woodford Shale based on TOC data from Burruss and Hatch
(1989) and mean values from Hester and others (1990). TOC ranges from 0.08

to 14.05 wt% and averages 3.7 wt% for core and well log density calculations
from 123 wells. There is considerable TOC variation, but almost the entire area
that is thermally mature for petroleum generation contains greater than 2 wt%
TOC. Oil and gas generation depletes TOC and HI (hydrogen index), the fuels for
petroleum, so original TOC and HI values would have been greater. Red lines

are faults from Adler and others (1971).

thick shales in the Springer and Pennsylvanian (Morrowan)
producing intervals range from 0.5 to 3.4 wt%; however,

the kerogen is mostly Type III, indicating that it is primarily
gas-prone (Hatch and others, 1987; Rice and others, 1989;
Wang and Philp, 1997) (fig. 2). Johnson and Cardott (1992,
fig. 7) indicate that Mississippian shales and novaculite in the
Ouachita trough, southeast of the Anadarko Basin, contain
Types II and III kerogen with TOC values ranging from less
than 1.0 to 1.9 wt %. The Mississippian ended with regional
uplift and erosion that marked the onset of the Wichita orog-
eny, and resulted in erosion of Devonian and older strata, such
as the Woodford Shale on structural highs around the margin
of the basin (Ball and others, 1991).

Pennsylvanian Source Rocks

Morrowan, Atokan, Desmoinesian, and Missourian
organic-rich shales are important petroleum source rocks in
the Anadarko Basin (fig. 2) (Hatch and others, 1987; Burruss
and Hatch, 1989). Absence of uppermost Morrowan through
Atokan strata over most of the Cimarron arch indicates this
structure formed toward the end of tectonic activity that gave

rise to the Wichita Mountain and Amarillo uplifts (fig. 14)
(Johnson, 1989). These strata are also absent over the Sierra
Grande uplift (fig. 9), a broad regional feature that was
active during the Precambrian and a positive feature since
Paleozoic time (Speer, 1976). The Morrow Group averages
1,500 ft (460 m) in thickness in the Oklahoma portion of the
Anadarko Basin, and comprises more than 60 percent shale
and mudstone (Wang and Philp, 1997). As is the case with
most other formations in the basin, the Morrow thins north-
ward from the basin axis and across the shelf. Deposition
across the province varied from shallow marine to shoreline
and deltaic environments (Tsiris, 1983). Lower Morrow
Group lithofacies are mainly black shale beds with inter-
bedded sandstone and thin limestone layers; these probably
represent deposition in a shallow transgressive sea (Wang
and Philp, 1997). The middle Morrow is dominantly marine
shales and carbonates, and the upper Morrow contains black
shale, thin coal layers, and recycled organic matter (Wang
and Philp, 1997). Unpublished data for Morrowan shales
from core of 14 wells in the Oklahoma portion of the basin
were from Joseph Hatch (oral commun., 2010); results
ranged from 0.48 to 10.71 wt % TOC and averaged 1.72 wt
%; HI ranged from 15 to 179 mg S_/g TOC and averaged 46.



As is the case for Pennsylvanian and older rocks in the deep
basin, sampled areas are thermally mature for petroleum
generation and original TOC and HI values would have been
greater. 4D model initial TOC and HI values are calculated
by PetroMod® software based on present-day thermal matu-
ration of source rocks and their burial through time.

Atokan Series source rocks include shales and lime-
stones of the Atoka Group and underlying Thirteen Finger
limestone. The Atokan Series averages 390 ft thick in Texas
and the Oklahoma Panhandle and overlies a second-order
unconformity at the top of the Morrow Group (Carr and
Hentz, 2009). The Thirteen Finger limestone, also called the
13 Finger lime and Thirteen Finger lime, consists of fissile,
organic-rich shale interbedded with fossiliferous wacke-
stones that represents a third-order transgressive systems
tract (Carr and Hentz, 2009; Carr and others, 2009). Depths
range from about 4,000 to 18,500 ft across the mapped extent
of the unit. Elevation of the Thirteen Finger limestone, based
partly on examination of 125 wells across the basin, ranges
from about -4,000 ft on the shelf areas of Colorado and
Kansas, to -17,000 ft in the deep basin area of Oklahoma and
Texas (fig. 15). There is limited change in elevation of the
formation across the Colorado and Kansas shelf, aside from
uplifts associated with the Las Animas arch in southeastern
Colorado, and the Keyes dome. This dome (fig. 6) forms a
trap for modeled Thirteen Finger limestone oil accumula-
tions. The Cimarron arch and Sierra Grande uplift (fig. 6)
were positive features during Morrowan and Atokan time,
which prevented deposition of these strata. Thickness of
the Thirteen Finger limestone is variable across its extent
(fig. 16) and averages 95 ft based on examination of 125 well
logs. Semicircular contours represent increased thickness
along a curved axis of deposition, and data extrapolation in
areas with sparse well coverage. Also shown in figure 16 is
overall thinning of strata from the deep basin to shelf areas,
although there is a northwest trend of increased thickness
from the deep basin towards southeastern Colorado. The
Perryton and Knowles Northwest oil fields (fig. 16) have
cumulative production from the Thirteen Finger limestone of
about 160,000 barrels of oil, 300 million cubic feet of gas,
and 6,900 barrels of water (IHS Energy, 2010). These fields
are considered to be conventional based on decline curves
of petroleum and water production. Perryton and Knowles
Northwest fields are also located in an area marginally
mature to mature for oil generation from the Thirteen Finger
limestone, based on modeled TR and R values.

The thickest, most organic-rich interval in the Atokan
Series is in the uppermost part of the Thirteen Finger lime-
stone and it probably represents a third-order marine con-
densed section (Carr and Hentz, 2009). Carr and Hentz (2009)
estimated the average TOC ranged from about 4—6 wt %
based on petrophysical examination of 28 wells. The Thirteen
Finger limestone is characterized on well logs as stacked thin
shale and carbonate beds with irregular high gamma kicks
of 140 API and greater (fig. 17). This results in the “fingers”
appearance. It is fairly readily correlated across the extent of
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the underlying Morrow Group in the province, except where
proximal to the Wichita Mountain uplift. This is primarily
because of tilting of strata and increased contribution of clastic
sediments relative to organics. Gamma response for cross sec-
tion A-A’ is less pronounced than that of B-B’. This suggests
that the Atokan section in B-B’ contains more organic matter.
Source rocks in 4-A4’ are also thermally mature for oil and (or)
gas generation, which would deplete the TOC and HI values.
Gamma response of the overlying Atoka Group is unremark-
able in the 4-A4’ cross section but the B-B’ response is similar
to that of the Thirteen Finger limestone. The Atoka Group
source interval differs in that it is primarily shale, rather than
thin limestone and shale beds.

Desmoinesian and Missourian source rocks (fig. 2) are
primarily organic-rich shales. Sixteen of the sample analyses
results from Joseph Hatch (oral commun., 2010) were loosely
categorized as Desmoinesian source rocks, 13 from Okla-
homa, 1 from Texas, and 2 from western Kansas—TOC values
ranged from 0.08 to 11.2 wt %, averaging 2.9 wt %, and HI
values ranged from 7 to 442 mg S,/g TOC, averaging 144 mg
S,/g TOC. Two samples from the Missourian section in Okla-
homa and 4 from western Kansas ranged from 0.5 to 39.4 wt
% TOC, averaging 11.4 wt %, and HI values ranged from 7 to
576 mg S /g TOC, averaging 296 mg S,/g TOC (Joseph Hatch,
oral commun., 2010).

Petroleum System Model of the
Anadarko Basin

Petroleum Generation Kinetics

The 4D model of the Anadarko Basin was constructed
of 30 layers of strata from Precambrian to ground surface.
Incorporated in the model are maps of basal heat flow, water
depth through time, periods and thicknesses of deposition and
erosion, total organic carbon (TOC) and hydrogen indices (HI)
for the Woodford Shale and other source rocks, and lithofacies
for each layer. Ideally, once the 4D model is constructed, it
can be readily calibrated to available temperature and thermal
maturation data, but in actuality, numerous modifications and
iterations are necessary to achieve “final” models. Changes
are designed to fit the 4D model to generated 1D models and
to measured temperature and thermal maturation indicators
across the basin. 1D models and 1D extractions from the 4D
model were calibrated using temperature and R  data. 1D
models were compared to 1D extractions from the 3D model
as a further calibration step. Modeled R (Sweeney and Burn-
ham, 1990) was preferentially calibrated on measured R from
the Woodford Shale (Cardott, 1989; Price, 1997).

Onsets of petroleum generation and expulsion across
the basin were determined primarily using modeled R and
Woodford Shale hydrous pyrolysis (HP) kinetics (table 2)
that were applied to potential source rocks of the Ordovician
Simpson Group, Devonian-Mississippian Woodford Shale,
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Major structures are labeled. Precambrian faults (red) are from Adler and others (1971). Wichita Mountain uplift faults are vertical for
four-dimensional model purposes only, and surface in this area is unknown because of insufficient data. Data sources for this surface
include Thirteen Finger limestone picks from well logs and edited IHS Energy (2009a, 2009b) formation tops. Elevation is relative to sea

level. CKU, Central Kansas uplift.

and Pennsylvanian Thirteen Finger limestone. Heat flow and
erosional history, estimated depositional and thermal proper-
ties of assigned lithofacies, and choice of kinetic algorithms
can significantly affect timing of generation. Petroleum model-
ing software can also affect results and associated conclusions
(Higley and others, 2006). For these reasons I used several
kinetic algorithms and heating histories. It is preferable to
have kinetic algorithms calculated from and specific for each
petroleum source rock, but those values were only available
for the Woodford Shale.

Phosphoria Formation HP kinetics (Lewan and Ruble,
2002) was also applied to the models to investigate the effect
of organic sulfur on timing of petroleum generation. Some
wells in the Panhandle and Hugoton field area of the western
basin produce sour oil and (or) gas from mostly Pennsyl-
vanian reservoirs, but sour oil and (or) gas has also been
reported from scattered Cambrian and Ordovician Arbuckle
through Permian Chase reservoirs across the basin (Mason,

1968; Owen, 1975; Nehring and Associates, Inc., 2009).

The Woodford Shale contains a fairly low ratio of organic-
sulfur to carbon at 0.023 (Sorg/C); the Phosphoria Formation
is fairly high at 0.045023 Sorg/C (Lewan and Ruble, 2002,
table 1). HP kinetics depend partly on the organic-sulfur con-
tent of the original kerogen (Lewan and Ruble, 2002). Impact
of the Type IIS kerogen organic sulfur on generation of oil is
detailed in Lewan and Ruble (2002) and illustrated in Higley
and others (2009). To simplify a complex process, essen-
tially the organic sulfur results in sulfur-radical initiators that
increase the associated reaction rates during thermal matura-
tion of the source rock. A primary effect is that the onset-
through-completion of oil generation and expulsion occurs

at decreased levels of thermal maturation. The Tsuzuki and
others’ (1999) secondary and tertiary generation (crack-

ing) of oil to gas kinetics were applied for each petroleum
source rock in the model. Because of the coarse grid spacing
and generalized lithologies, little secondary or tertiary gas
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Figure 16. Isopach map of the top of the stratigraphic interval
from the Thirteen Finger limestone to the Morrow Formation,
based on Andrews (1999a, b), examination of more than 120 well
logs, and edited tops from IHS Energy (2009a, 2009b). Morrow
Formation faults (green) are modified from Andrews (1999b). Color
contour interval is 20 feet and (black) line contours are 10-feet
intervals. Figure 17 cross sections are labeled A-A"and B-B".
White polygons are Perryton (Texas) and Knowles Northwest
(Oklahoma Panhandle) oil fields.

Table2. Summary of kinetic parameters derived for expelled-oil generation based on hydrous pyrolysis (HP) in
isothermal experiments, and nonisothermal open-system pyrolysis (REV) that were derived from Lewan and Ruble
(2002, tables 4 and 5) and cracking of oil to gas (Tsuzuki and others, 1999). The Woodford Shale analyses were on an
unweathered, thermally immature sample that contained 12.7 percent total organic carbon (TOC), from section 25, T.
2S.,R.1E, Carter Co., Oklahoma (Lewan, 1983).

M Nome’ SampleNumber  KerogenType  Ci000 SnerdVE, FreauetVnetorh, - pimgncygroc
Phosphoria P-64 Type II-S 42.71 431Ex 10 276.0
Woodford WD-5 Type II 52.16 5.706E x 10% 246.2
Woodford WD-5 (REV) Type 11 56.1 (Mean) 8.111E x 10* 440.0

(C,,. crude oil )' 76.00 3.419E x 10%

!'Tsuzuki and others (1999) secondary gas generation kinetics was applied to all petroleum source rocks.
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Figure 14. Map showing oil and gas production and dry hole penetrations for the Arbuckle
and Ellenburger Groups in the Anadarko Basin Province (IHS Energy Group, 2010). Structure
contours are drawn on the top of the Arbuckle Group; contour interval is 2,000 feet. The
Anadarko Basin Province boundary is the black line, the Woodford Composite Total Petroleum

System (TPS) boundary the red line, and the Arbuckle-Ellenburger Assessment Unit (AU)

boundary the blue line.

Sizes and Numbers of Undiscovered Fields in
the Arbuckle-Ellenburger Assessment Unit

The Arbuckle Group is not well explored, largely because
of its depth, especially in the deep basin. There have been
problems with seismic exploration of the Arbuckle because
of (1) poor data quality beneath the complex overthrust zones
that exist along the southern boundary of the Anadarko Basin
(Brown and others, 1991) and (2) the relatively low amplitude
of the Arbuckle reflections in the basin compared to the higher
amplitude reflections of the overlying strata. Arbuckle wells
are characterized by high initial potential, steep decline rates,
production of large quantities of oil, and high water-oil ratios.

Cumulative oil production in the Arbuckle-Ellenburger
AU is 52 MMBO, with 1.3 MMBO from the Ellenburger
Group in Texas (IHS Energy, 2010). Although there is oil
production throughout the basin, gas production is limited to
the deeper part of the basin, with 285 BCFG produced (IHS
Energy, 2010; fig. 14). Production depths range from 3,000 ft
t0 26,500 ft. The most recent reported discoveries are on the
Anadarko shelf, but with low cumulative oil and gas num-
bers reported by IHS Energy (2010; fig. 15). In commingled

fields, which are common in the basin, the Arbuckle composes
a relatively small portion of the total production based on a
comparison of field data versus Arbuckle accumulation data
for a given field (Nehring Associates Inc., 2009).

Nehring Associates Inc. (2009) presented limited data
for the Arbuckle-Ellenburger; only 4 of the 24 accumulations
in the database have grown reserve accumulation numbers
(fig. 15). This is likely because of a historical lack of reporting
information from private operators to the state and other agen-
cies for Midcontinent hydrocarbon production. Furthermore,
there is a large amount of commingled production in the basin,
as well as the incorrect reporting of the producing formation.
Nehring field data were used to supplement the database, but
are of marginal use because the production from all reservoirs
is generally combined for a field, not just that of the Arbuckle-
Ellenburger. In cases where the Arbuckle contribution can be
determined by combining the field data with the grown data,
the Arbuckle is a minor component of the total resource in the
majority of the fields.

Using the USGS assessment methodology for undis-
covered conventional resources (Klett and others, 2005;
Schmoker and Klett, 2005), the mean undiscovered oil and
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gas resources for conventional reservoirs in the Arbuckle-
Ellenburger AU are estimated at 5.5 MMBO and 181 BCFG
(table 1). Estimates of the minimum, median, and maximum
numbers of undiscovered accumulations are 1, 2, and 10
for oil, and 1, 10, and 60 for gas. The broad ranges reflect
the uncertainty of future potential. The Arbuckle has been
penetrated more extensively on the shelf of the basin, where
production is predominantly oil (fig. 14). There is more
undrilled area in the deep basin along structures; gas pro-
duction is more likely in the deep basin based on gas versus
oil production in the Arbuckle, and the fact that the deep
basin is thermally mature to overmature for gas production
(figs. 9 and 13). Future oil production will likely be as small
accumulations on the shelf, or associated with deeper gas
production. The most recent Arbuckle discoveries are on the
shelf near the Pratt anticline, but oil numbers are low in these
fields, whereas gas fields in the deeper basin are larger, based
on field data (Nehring and Associates, Inc., 2009; fig. 15).
Large gas fields with Arbuckle production are Mayfield West
(23 BCFG grown) and Bradbridge (7 BCFG grown). Produc-
tion depth has a wide range (3,000 to 26,500 ft) depending
on whether the Arbuckle is producing from the deep basin or
the shelf (fig. 14).

Estimates of the minimum, median, and maximum
sizes of undiscovered oil accumulations are 0.5, 1.0, and

10.0 MMBO. The 0.5 MMBO default signifies that there will
be at least one field found greater than the minimum size, and
the maximum reflects the uncertainty of Arbuckle accumula-
tion sizes because of the lack of Nehring information. Pro-
duction by field for the Arbuckle from the IHS database has
been small (Iess than 4 MMBO). Estimates of the minimum,
median, and maximum sizes of undiscovered gas accumula-
tions are 3, 6, and 60 BCFG. The maximum reflects the uncer-
tainty with deep gas production in the Arbuckle-Ellenburger,
as it is sparsely drilled in the deep basin. The most recent
accumulation reported by Nehring Associates, Inc. (2009) data
was discovered in 2005. However, there are no Nehring accu-
mulation data provided and none found for the Arbuckle in the
IHS database (IHS Energy, 2010).

The future role of the Arbuckle Group is an impor-
tant question in the development of hydrocarbon resources
in Oklahoma, as there may be significant undiscovered
resources, especially in the deepest part of the Anadarko
Basin, where drilling into the Arbuckle is sparse. There is
also potential for future production downdip from the central
Kansas production areas, or along migration routes the
hydrocarbons generated in the deep basin followed through
Oklahoma. The Texas Panhandle is also a viable area for
exploration, as the Arbuckle is deep enough there to have
possibly self-sourced.
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Simpson Group

The Middle Ordovician Simpson Group overlies the
Arbuckle Group in the Anadarko Basin, and the rocks rep-
resent a departure from carbonate deposition because of an
influx of clastic sediments. Simpson Group strata in Okla-
homa are clean quartzose sandstones interbedded with thick,
shallow-water marine limestones and thin to moderately
thick greenish-gray shales (fig. 16; Flores and Keighin, 1989;
Johnson, 1991). In Kansas, the Simpson is a sequence of
clastics and sandy carbonate rocks. Fine- to coarse-grained
clastic sediments were derived from the uplifted Canadian
Shield to the north and east when sea level was lowered during
the Middle Ordovician; the windblown sediment was carried
southward and covered the emergent carbonate shelf (Johnson,
1991). As sea level rose, sand was reworked into an extensive
and sheet-like transgressive deposit in marine shoreface and
tidal flat environments, which is overlain by marine shales
and carbonates. Successive sea level fluctuations during the
remainder of Simpson time produced a succession of sands,
shales and limestones (Johnson, 1991). Clastic and carbonate
rocks are dominant to the north, and offshore facies persist to
the south (fig. 17).

The total thickness of Simpson Group rocks ranges from
100 to 300 ft on the basin shelf, to 2,300 ft in the basin dep-
ocenter (fig. 18). The Simpson is divided into five formations,
in ascending order: (1) the Joins Formation, (2) the Oil Creek
Formation, (3) the McLish Formation, (4) the Tulip Creek
Formation, and (5) the Bromide Formation (figs. 2 and 16).
Each has a basal sandstone facies and upper mudstone-silt-
stone-limestone facies (fig. 16). The basal sandstones of the
Simpson are regionally extensive sheet-like bodies, ranging in
thickness from 50 to 200 ft. Other sandstones are less contin-
uous and cannot be traced for long distances laterally. In the
subsurface of central Oklahoma, some of the sandstones are
referred to as “Wilcox sands” (Johnson, 1991); the “Second
Wilcox” is commonly correlated to the basal Bromide sand
body (Rottmann, 1997).

The Joins Formation is the exception in that it lacks the
sandstone facies present in the upper Simpson Group forma-
tions, and is mainly carbonate that was deposited in a shallow
marine environment during the post-Arbuckle sea-level lower-
ing in the remaining finger of the carbonate sea in Oklahoma
(fig. 19; Denison, 1997). Over a large area of Oklahoma the
Joins Formation was embayed by the basal Oil Creek Forma-
tion sandstones. The basal Oil Creek sandstone is overlain by
shale and limestone, the latter of which is a reservoir in some
areas of the basin. The basal McLish Formation sandstone is
one of the most widespread and persistent quartz-rich sand-
stones of the Simpson Group. The McLish Formation grades
into limestones, dolomites, and shales, and represents a con-
tinuation of clear-water shallow-marine sedimentation (Suhm,
1997). The Tulip Creek Formation has a basal sandstone body
overlain by shale, and the uppermost Bromide Formation
consists of varying amounts of sandstone, limestone, dolomite,
and shale. The Bromide basal sandstone is the most areally
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Figure 16. Stratigraphic section of Simpson Group rocks
(modified from Flores and Keighin, 1989).
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extensive of the Simpson sandstones, and the contact with the
overlying Viola Group is distinct based on the change to clean,
crystalline limestone (Suhm, 1997).

In the Kansas portion of the Anadarko Basin, the Simp-
son is divided into six informal stratigraphic units that are
correlated with the McLish and Bromide Formations. The
McLish Formation corresponds to the two lower units and
the Bromide Formation to the upper four units (Doveton and
others, 1990; Charpentier and Doveton, 1991). The absence
of the Joins, Tulip Creek, and Oil Creek Formations reflects
the change from proximal shoreface facies in the deeper basin
to offshore facies near the Pratt anticline (fig. 19; Charpentier
and Doveton, 1991).

Source Rocks of the Simpson Group

Oil samples from the Middle Ordovician Simpson Group
have the characteristics of Ordovician oils. The Woodford
Shale is also a likely source rock for the Simpson Group
reservoirs (figs. 7 and 20; Burruss and Hatch, 1989). Faults
juxtapose the Woodford and Simpson in the basin, and migra-
tion from the Woodford Shale in the deep basin also charged
Simpson reservoirs (Smith, 1997).

Simpson Group shales have been identified as a hydro-
carbon source rock for the Oklahoma basin (fig. 3) by Adler
and others (1971), Webster (1980), Hatch and others (1986),
and Wavrek (1989). Philippie (1981) showed that shales of the
Simpson Group acted as the source for oils in the stratigraphi-
cally older rocks of the Ellenburger Group in west Texas.
Hatch and others (1986) also interpreted Simpson shales to be
the probable source for Viola and Simpson Groups reservoirs
in the Forest City Basin of Kansas and Nebraska.

Burruss and Hatch (1989) identified potential source
rocks in the shales of the Simpson Group as containing Type |
and II kerogen. Sparse sampling on the Kansas shelf indicates
as much as 14 percent of the Simpson shales may be of source
rock quality (greater than 1 percent TOC; Burruss and Hatch,
1989). Organic material in the Simpson Group is algal, and
potentially improves in Kansas, where it is on the shelf. How-
ever, Simpson shales on the shelf are only marginally mature
for oil and potential is considered poor to moderate (fig. 7;
Burruss and Hatch, 1989). Quality is moderate in the deep
basin where Simpson shales have reached maturity.

Reservoir Rocks in the Simpson Group
Assessment Unit

The blanket-like sandstones with interbedded shales are
the dominant reservoir facies within the Simpson Group. The
Simpson Group is most productive from its sandstone units, but
it also contains some carbonate reservoirs that are highly pro-
ductive locally. Carbonate rocks within the lower Simpson yield
oil and gas, especially in karsted reservoirs. All of the Simpson

Geologic Setting 19

formations are productive to varying degrees. To the north in
south-central Kansas, the Simpson increases in thickness west
of the Pratt anticline and becomes dominated by sandy, cherty
dolomite, which accounts for the loss of production in that area
of the basin (Lynn Watney, written commun., 2010).

Reservoir porosity in producing sandstones ranges from
10 to 30 percent, with permeabilities ranging from 15 to 300
(mD) (Ball and others, 1991; Johnson, 1991). Reservoir qual-
ity is highest in well-sorted sandstones that are absent of clay,
and which have had dissolution of intergranular carbonate
cement during burial (Pollastro, 1989). The Second Wilcox
(Bromide) is the principal producing unit of the Simpson
on the central Oklahoma shelf, where overlying imperme-
able strata create stratigraphic traps when the sandstones are
upthrown against impermeable strata and a fault seal occurs
(Rottmann, 1997).

The Simpson AU boundary follows the Simpson subcrop
on the northwest, the province boundary on the west, the faults
that the define the southern end of the Central Kansas uplift in
the northeast, the Nemaha uplift on the east, and the Precam-
brian fault system along the Arbuckle Mountains to the south
(fig. 18). Production is concentrated on the eastern edge of the
basin and to the north along the Central Kansas uplift. There is
also production in the southeast corner of the basin along the
Precambrian fault system.

Traps and Seals in the Simpson Group
Assessment Unit

Simpson Group sandstones have produced substantial
volumes of hydrocarbons from structural traps, especially
along the Nemaha uplift on the eastern edge of the basin
(fig. 18). On the Nemaha uplift, production is on the flanks
of structural highs from erosionally truncated sandstone that
is sealed by overlying Pennsylvanian shales. Multiple Simp-
son fields produce along these complex structures, such as
the Oklahoma City, Golden Trend, and Sho-Vel-Turn fields.
The Oklahoma City field produces from a large anticline near
the south end of the Nemaha uplift, bounded on the east by a
normal fault (Northcutt and Johnson, 1997). There is a large
amount of commingled production in these fields.

Historically, Simpson exploration has been largely
related to structural traps, with little exploration for possible
stratigraphic traps related to unconformities, porosity devel-
opment, and pinchouts of porous sandstone and carbonates.
There may also be significant potential for stratigraphic traps
that lie off structure and below seismic resolution (Candelaria
and others, 1997).

Simpson reservoir seals are interbedded Simpson
shales and tight sandstones or carbonates (fig. 20). Also,
overlying Pennsylvanian shales on the flanks of structural
highs form seals where the underlying strata have been
removed by erosion.
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Sizes and Numbers of Undiscovered Fields in
the Simpson Group Assessment Unit

The Simpson reservoirs are of limited lateral and verti-
cal extent, but important enough to enable individual wells to
produce more than 1 MMBO (Northcutt and Johnson, 1997).
Production is commonly commingled with other reservoirs,
especially reservoirs in the Viola Group. Nehring accumu-
lation data (Nehring Associates, Inc., 2009) indicates that
individual fields in the Simpson produce approximately 0.5 to
8.0 MMBO in the basin. There is limited gas data available.
There has been substantial penetration of the Simpson Group
in south-central Kansas and near the Nemaha uplift, and scat-
tered sporadic drilling throughout the remainder of the AU
(fig. 21). There has been little drilling in the deep basin, near
the basin depocenter.

Cumulative oil production in the Simpson AU is
470 MMBO (IHS Energy Group, 2010). There is oil produc-
tion throughout the basin, whereas gas production is limited
to the deeper part of the basin, with 1.2 TCFG produced (IHS
Energy, 2010; fig. 21). Production depths range from 3,000 to
17,400 ft in the structurally deepest part of the basin (fig. 21).
There is an overlap in the oil and gas production, with produc-
tion concentrated on the eastern and southern parts of the
basin, and accumulations split between oil and gas.

The Nehring database (Nehring Associates, Inc., 2009)
lists 105 Simpson accumulations, but only 18 have accumu-
lation data (17 oil and 1 gas; fig. 22). As with the Arbuckle,
this is likely because of the reporting of commingled produc-
tion, or the erroneous reporting of the producing formation.
Nehring field data (Nehring Associates, Inc., 2009) were used
to supplement the database, but field data are of marginal use
because it includes all producing reservoirs for a field, not just
the Simpson Group.

Using the USGS assessment methodology for undis-
covered conventional resources (Klett and others, 2005;
Schmoker and Klett, 2005), we estimated the mean undis-
covered oil resources for conventional reservoirs in the
Simpson Group AU at 5 MMBO and 125 BCFG (table 1).
These estimates are based partly on data for 18 discovered
accumulations that exceeded the minimum size of 0.5 MMBO
(Nehring Associates, Inc., 2009). The distribution of the
number of undiscovered oil accumulations is estimated to
have a minimum of 1, a median of 3, and a maximum of 10.
The estimated minimum, median, and maximum numbers of
undiscovered gas accumulations exceeding the minimum size
are 3, 6, and 60, respectively. The Simpson has been pen-
etrated extensively on the shelf near the Oklahoma-Kansas
border, along the Nemaha uplift, and on other structures in
the basin (fig. 21). There are also dry holes and wells with
minor production in the Texas Panhandle and into south-
central Kansas, where the Simpson becomes dominated by
chert (Doveton and others, 1990; Charpentier and Doveton,
1991). There is more undrilled area in the deep basin along
structures in the same region where the Arbuckle is sparsely
drilled. Future oil and gas production is likely limited on the

shelf, as it has been extensively explored. The most recent
Simpson discoveries were in the mid-1980s, suggesting that
the interest and potential in the Simpson is waning.

The estimated minimum, median, and maximum sizes of
undiscovered oil accumulations are 0.5, 0.8, and 8.0 MMBO.
The 0.5 MMBO default signifies that there will be at least one
field discovered greater than the minimum size, and the maxi-
mum reflects the maximum size of a potential undiscovered oil
accumulation, and the largest grown oil field reported (Nehring
Associates, Inc., 2009). Oil production per field for the Simpson
is generally less than 2 MMBO. Estimated minimum, median,
and maximum sizes of undiscovered gas accumulations are 3,
6, and 60 BCFG. The maximum number reflects the uncertainty
of deep gas production in the Simpson, similar to the Arbuckle-
Ellenburger, as both are sparsely drilled in the deep basin.

Viola Group

Simpson Group sandstones and limestones are overlain
by the Upper Ordovician limestones of the Viola Group. Fol-
lowing a brief marine withdrawal, Viola seas transgressed
over the exposed upper Bromide carbonates of the Simpson
Group, and deposition was in a broad, shallow, epicontinental
sea (Denison, 1997). The Viola is a marine limestone sequence
deposited on a carbonate platform (figs. 4 and 23), and is
widespread in the Anadarko Basin. It contains chert at several
stratigraphic levels and is highly fossiliferous (Johnson and
others, 2000). There is terrigenous detritus in the lower Viola
in the aulacogen, and the strata grade upward into clean, skel-
etal limestones (Johnson, 1991). The vertical change indicates
an upward decrease in water depth and corresponding increase
in energy level and aerobic activity (Johnson and others,
2000). Viola strata are 500-800 ft thick in the aulacogen, and
thin to 50-500 ft on the shelf (fig. 24). The rift margin played
an important role in the thickness and facies of the Viola car-
bonates. The Viola Group is absent in the northern and western
parts of the basin (fig. 24).

In the southern Anadarko Basin, the Viola Group consists
of the lower Viola Springs Formation and the upper Well-
ing Formation (fig. 2), and represents a shallowing-upward
sequence (Denison, 1997). Within the aulacogen, the Viola
Springs comprises organic-rich, finely laminated lime mud-
stones deposited in deeper water, and the Welling is pelmat-
ozoan-rich grainstones deposited in shallow water (Denison,
1997). Outside the aulacogen, the basal Viola Springs lithol-
ogy is packstone and wackestone.

Viola carbonate deposition ended abruptly as the system
was flooded with clays of the overlying Sylvan Shale. The Syl-
van is a widespread green to greenish-gray shale sequence that
ranges from 300 to 400 ft thick in the aulacogen and from 30
to 200 ft thick in most shelf areas (Johnson and Cardott, 1992;
fig. 25). The formation was included in the Viola Group AU for
this assessment, although there is sparse, insignificant produc-
tion despite numerous penetrations (fig. 25). Minor accumula-
tions attributed to the Sylvan Shale by IHS Energy (2010) are
likely erroneously reported and are from other units.
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Source Rocks of the Viola Group Assessment
Unit

The Woodford Shale is the apparent source rock for Viola
reservoirs, though there may be some self-sourcing as well as
contributions from other Ordovician source rocks, such as the
Simpson (figs. 7 and 26). Thin source beds that were sampled
in the lowermost Viola Springs Formation have an aver-
age TOC of approximately 1 percent, with Type II kerogen
(Denison, 1997; Wang and Philip, 1997). However, these data
were disputed by Brown and Sentfle (1997) as a consequence
of other studies indicating higher organic contents within the
laminated marls of the Viola (average TOC of 2.4 percent)
and basal chert (average TOC of 1.3 percent; see Wavrek and
others, 1997). The Viola was reported as a source rock for oil
in the Pauls Valley area of the Anadarko Basin by Jones and
Philip (1990).

Data on the Sylvan Shale indicate that the source-rock
potential is poor to moderate (Johnson and Cardott, 1992).
The Sylvan contains Type II kerogen with low TOC (less than
1 percent; Burruss and Hatch, 1989).

Map showing production from and thickness of the Sylvan Shale; contour interval

Reservoir Rocks in the Viola Group Assessment
Unit

Viola reservoirs are in thick sequences of limestones and
dolomites that have been subjected to fracturing and dissolu-
tion, with karst features and zones of vuggy porosity. The
Viola ranges from about 4,000 to 13,000 ft in depth in the
basin (fig. 27). Karstification occurred following Sylvan and
Hunton deposition when the Viola was exhumed in southern
Oklahoma (Sykes and others, 1997). Karst features include
conduit-filling breccias, solution enlarged fractures, crackle
breccias, vugs, and channels (Sykes and others, 1997). Surface
karstic features are also common. Selective dolomitization
also enhanced porosity and reservoir quality in the Viola.

Reservoirs of the Viola Group may have primary and sec-
ondary porosity, and fracture systems are developed as a func-
tion of the brittle nature of the carbonate. The highest porosity
is in intercrystalline, moldic, and vuggy subtidal dolomitic
mudstones and wackestones (Newell, 2000). Porosity averages
8-10 percent, but can be as high as 23 percent in dolomitized
reservoirs in south-central Kansas (Newell, 2000).
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The Viola is absent in the northern and western Anadarko
Basin, and the subcrop and province boundary define the
assessment unit in those parts of the basin (fig. 24). The AU
boundary is defined by the faults that delineate the southern
end of the Central Kansas uplift in the northeast, the Nemaha
uplift on the east, and the Precambrian fault system along the
Arbuckle Mountains to the south (fig. 24).

Traps and Seals in the Viola Group Assessment
Unit

Viola accumulations in the Anadarko Basin are com-
monly in structural or combination traps near the Central
Kansas uplift and on the Nemaha uplift where the Viola is
overlain by the Sylvan Shale or unconformably by Pennsyl-
vanian shales (Carlson and Newell, 1997). The structural
traps are in the same areas as the Simpson Group reservoirs.
Production trends in south-central Kansas are in areas where
dolomitized units are preserved on the crests of local anticlines
(Newell, 2000). There is substantial Viola production in Fitts
pool, to the southeast of the Anadarko Basin, on the western
edge of the Arkoma Basin, where the structure is a large, fault-
bounded anticlinal fold. Stratigraphic variations resulting from
localized movement during deposition can provide north-south
closure for these structural traps. Stratigraphic traps may also
be present where porous wedges of dolomitized Viola are
enclosed by nonporous packstone and grainstone beds.

The primary seals in the Viola Group are the overly-
ing Sylvan Shale, which has low porosity and permeability,
or interbedded tight, impermeable limestone of the Viola
(fig. 26). Oil and gas fields are also found where Viola reser-
voirs subcrop beneath the basal Pennsylvanian angular uncon-
formity in south-central Kansas (Newell, 1997).

Sizes and Numbers of Undiscovered Fields in
the Viola Group Assessment Unit

The Viola Group is not considered as significant a
reservoir as the Simpson Group, though it yields oil and gas
from thick sequences of carbonates that are fractured and have
solution-enhanced porosity (Northcutt and Johnson, 1997).
Production is from locally dolomitized sections on structures
tested for Simpson and Arbuckle production. Most of the
production is in the eastern basin, along the Nemaha uplift
and near the Central Kansas uplift, where the Simpson Group
produces (figs. 24 and 27).

The Viola has been extensively penetrated along the
eastern and northern basin boundaries (fig. 27). Production is
commonly commingled with other reservoirs, and formation
water is produced with the oil. Hydraulic fracturing of the
Viola reservoirs have been important to reservoir development
(Johnson and others, 2000). The Viola has fair to good matrix
porosity, but low permeability in many areas of the basin,
requiring fracturing for production. The Viola is being pursued
as a horizontal drilling candidate (Fritz and others, 1993).

There is little reservoir information reported for the
Viola Group in the Nehring database (Nehring Associates,
Inc., 2009); of the 29 accumulations only 1 has reported oil
accumulation data (fig. 28). Cumulative oil production from
the Viola Group AU is 112 MMBO (IHS Energy, 2010).
Cumulative gas production is 505 BCF (IHS Energy, 2010).
Production depths range from 4,000 to 18,000 ft in the deepest
basin. There is an overlap in the oil and gas production, with
both concentrated on the eastern and northeastern parts of the
basin (fig. 27).

Using the USGS assessment methodology for undiscov-
ered conventional resources (Klett and others, 2005; Schmoker
and Klett, 2005), it is estimated that the undiscovered oil and
gas resources for conventional reservoirs in the Viola Group
AU have a mean of 5 MMBO and 30 BCFG (table 1). The
estimated minimum, median, and maximum numbers of (1)
undiscovered oil accumulations exceeding the minimum size
(0.5 MMBO) are 1, 2, and 10; and (2) undiscovered gas accu-
mulations exceeding the minimum size (3 BCFG) are 1, 2, and
10. Like the Simpson, the Viola has been penetrated exten-
sively on the shelf near the Oklahoma-Kansas border, along the
Nemaha uplift, and on other structures in the basin (fig. 27).
There is undrilled area in the deep basin along structures in
the same region where the Arbuckle and Simpson are sparsely
drilled. Future oil and gas production is likely limited on the
shelf, as it has been extensively explored along the structures.
The maximum number of oil and gas accumulations was raised
to account for possible deep basin drilling. The most recent
Viola discoveries were in 2000, though no data were reported
by Nehring Associates, Inc. (2009) for these fields.

The estimated minimum, median, and maximum sizes of
undiscovered oil accumulations are 0.5, 1.0, and 5.0 MMBO.
The 0.5 MMBO default signifies that there will be at least one
field found greater than the minimum size, and the maxi-
mum reflects the maximum size of a potential undiscovered
oil accumulation, based on field data, as there is only one
oil accumulation reported for the Viola Group AU (Nehring
Associates, Inc., 2009). Oil production by field for the Viola
is generally less than 3 MMBO. The distribution of sizes
of undiscovered gas accumulations was estimated to have a
minimum of 3 BCFG, a median of 6 BCFG, and a maximum
of 30 BCFG. The maximum reflects the uncertainty with deep
gas production in the Viola Group.

Hunton Group

The Silurian-Devonian was a time of widespread
marine-carbonate deposition in the Midcontinent, and strata
were deposited as a relatively thin veneer of limestones and
dolomites in a ramp environment (fig. 29). Sea-level changes
caused the migration of facies and generated the lateral distri-
bution and vertical succession of carbonate strata (Al Shaieb
and Puckette, 2002). The Hunton Group is a sequence of lime-
stones, dolomites, and lesser clastic rocks of Late Ordovician
to Early Devonian age (Al Shaieb and Puckette, 2002; fig. 2).
Several distinct depositional environments are interpreted
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Figure 26. Viola Group Assessment Unit events chart showing the
timing of source rock deposition and trap formation, and the ages

of overburden, reservoir, and seal rocks with different color bars
(black, source rock; gray, overburden rock; blue, reservoir rock;

pink, seal rock; purple, trap formation; dark green, generation; light
green, migration accumulation). The chart also depicts the timing of
oil generation, migration and accumulation as modeled for various
wells in different parts of the Anadarko Basin. Ma, mega-annum; Plio,
Pliocene; Mio, Miocene; Olig, Oligocene; Eoc, Eocene; Pal, Paleocene;
L, Late; M, Middle; E, Early.
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Figure 29. Image showing depositional setting during Hunton
time in the midcontinent (modified from Fritz and Medlock, 1994).

from Hunton strata, including upper intertidal to supratidal,
upper subtidal to lower intertidal, and subtidal facies (Fritz
and Medlock, 1994; fig. 30). These facies are in shallowing-
upward cycles or parasequences. The Hunton comprises a
series of progradational sequences that built generally south-
ward across the carbonate ramp (Fritz and Medlock, 1994);
predominantly subtidal rock, bioclastic, and oolitic facies that
are less argillaceous and more bioturbated than the Arbuckle
Group, the Hunton Group is divided into a number of for-
mations (fig. 31). The basal unit in the southern Anadarko
Basin of Oklahoma is the Ordovician Keel Formation, which
resulted from eustatic shoaling of sea water with no signifi-
cant terrigenous sedimentation, and has patchy distribution in
Oklahoma (Johnson, 1991). The Keel is part of the informal
Chimneyhill subgroup, which also contains the overlying
Silurian Cochrane and Clarita Formations, which are dolomitic
limestones and dolomite (fig. 31). The clean skeletal lime-
stones and dolomites of the Chimneyhill are overlain by the
argillaceous and silty limestones and dolomites of the Silurian
Henryhouse and Silurian—Devonian Bois d’Arc Formations
(Haragan Formation equivalent). The Henryhouse reservoirs
are dolomitized intertidal facies (Al Shaieb and Puckette,
2002). In central and southern Oklahoma, they are overlain by
the Devonian Frisco Formation (fig. 32). The Frisco Formation
consists of skeletal packstone and grainstones, whose main
components are pelmatozoans, brachiopods, and local corals
(Morgan and Schneider, 1981). There are several intra-Hunton
unconformities, including the Silurian—Devonian contact, and
at the base of the Frisco Formation (fig. 31).

Following Hunton deposition, a pre-Woodford uncon-
formity developed that is widespread in the Midcontinent
(Johnson, 1989). This unconformity surface is one of the few
in the Midcontinent in which the erosional geometry includes
preserved incised channel features (Rottmann, 2000c).
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The inundation of Devonian seas was initially confined to
erosional channels, filling them with Woodford Shale and
preserving them.

The Hunton conformably overlies the Sylvan Shale and is
unconformably overlain by either the main body of the Wood-
ford Shale or locally by the basal informal Misener sandstone
of the Woodford, which is Late Devonian in age (fig. 2). The
Misener was deposited on the post-Hunton unconformity in a
marine environment, accumulating within preexisting fluvial
channels (fig. 33). The sandstones are of the same source as
the Simpson sandstones to the north and east, with the detritus
being transported south as the early Woodford sea trans-
gressed. The Misener is a fine-grained quartz sandstone with
some dolomite, interbedded with Woodford-like shale.

The Hunton thickens from a wedge edge near the
Kansas-Oklahoma border to more than 1,600 ft in Washita
and Beckman Counties, Oklahoma, in the deepest part of the
basin (fig. 34). The Hunton is typically 100 to 400 ft thick on
the northern shelf, where it is highly dolomitized (Johnson and
others, 2000). The depositional extent of the Hunton has been
modified by erosion (fig. 32).

Source Rocks of the Hunton Group Assessment
Unit

The Hunton Group is not known to contain source rocks
for hydrocarbons in the Anadarko Basin (Johnson and Cardott,
1992). However, the Woodford Shale, which lies unconform-
ably on the Hunton (fig. 2) and has excellent source rock qual-
ity is considered to be the primary source for Hunton reser-
voirs throughout the basin (figs. 7 and 35). Vitrinite reflectance
data indicates that the Woodford is mature for the generation
of both oil and gas, especially in the deep basin (fig. 8).
Woodford hydrocarbons likely migrated up through the deep
basin into Hunton reservoirs, although there is some indication
from one-dimensional burial history models that there could
be sourcing from the Woodford along the Nemaha uplift on
the eastern edge of the basin (fig. 9). It is also likely that there
is some contribution of Ordovician oil into the Hunton Group
reservoirs as well, based on analyzed Hunton reservoir oils
(J.R. Hatch, oral commun., 2010).

Reservoir Rocks in the Hunton Group
Assessment Unit

The Hunton Group is a significant oil reservoir on the
northern Anadarko Basin margin and a major gas producer
in the deep (greater than 15,000 ft) basin (fig. 36). Reservoir
development is largely facies dependent in the Hunton Group
(Fritz and Medlock, 1994), though the wide range of deposi-
tional environments and diagenetic changes were also favor-
able for reservoir development. Typical facies for reservoir
units are low-relief skeletal buildups and oolite shoals, both
of which underwent some post-depositional dolomitization
(Johnson and others, 2000).
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Figure 31. Type log of the Hunton Group in central Oklahoma;
gray are shales, pink are calcareous shales, blue are limestones,

and purple represents dolomite (modifed from Fritz and Medlock,

1994). GR, gamma-ray; R, resisitivity; Miss., Mississippian.
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Figure 35. Hunton Group Assessment Unit events chart showing
the timing of source rock deposition and trap formation, and the age
of overburden, reservoir, and seal rocks with different color bars
(black, source rock; gray, overburden rock; blue, reservoir rock;
pink, seal rock; purple, trap formation; dark green, generation; light
green, migration accumulation). The chart also depicts the timing of
oil generation, migration and accumulation as modeled for various
wells in different parts of the Anadarko Basin. Ma, mega-annum;
Plio, Pliocene; Mio, Miocene; Olig, Oligocene; Eoc, Eocene; Pal,
Paleocene; L, Late; M, Middle; E, Early.
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Fracturing, dolomitization, and dissolution are important
factors for porosity development in the Hunton. Most Hunton
reservoirs are in dolomitized rock. Upper subtidal and lower
intertidal facies are dolomitized and have higher porosity (Wil-
son and others, 1991). Porosity ranges from 3 to 12 percent
with an average of 8.6 percent over a depth range of 9,000 to
19,500 ft (Ball and others, 1991). Significant porosity forma-
tion in the Hunton is commonly in oolitic dolomitized grain-
stones and dolomitized burrowed wackestones and packstones
(Fritz and Medlock, 1994). The exception is the Frisco Forma-
tion (fig. 31), which is sparsely dolomitized and generally has
interparticle and intraparticle porosity combined with moldic
to vuggy porosity, as it has undergone multiple diagenesis
phases (Fritz and Medlock, 1994; Medlock, 1984). Hydrocar-
bon accumulations in the Frisco are mainly in stratigraphic
traps situated downdip of the areas where the formation has
been severely truncated (Morgan and Schneider, 1981). Some
giant fields that produce from the Devonian Frisco Formation
include the Fitts and West Edmond fields. The West Edmond
field in northwest Oklahoma County produces where the
Hunton is truncated on the west flank of the Nemaha uplift.

Most Hunton fields are west of the Nemaha uplift on
the northeastern shelf of the Anadarko Basin. Another major
region of production is in central Oklahoma (Johnson and
others, 2000; fig. 34), and on the north flank of the Anadarko
Basin, including the Sooner Trend, Aledo, and Custer City
North fields. Unlike the Arbuckle, Simpson, and Viola, where
production is largely dependent on structures, the Hunton
production is unique in that it extends away from structural
features. There has also been a substantial amount of pro-
duction near the Hunton erosional edge near the Kansas-
Oklahoma border.

Production from the Misener sandstone has been concen-
trated in the northeast corner of the AU, especially in Garfield,
Grant, and Alfalfa Counties (fig. 37). Most of the production
from the unit is reported commingled with that of the Hunton
Group. It is a common target where present because of its
shallow depth.

The Hunton Group AU boundary is defined by the
Nemabha uplift on the east, the Precambrian fault system
along the Arbuckle uplift to the south, and the Hunton sub-
crop and production to the east and north (fig. 34). The AU
boundary was drawn slightly beyond the subcrop to account
for remnant islands of Hunton carbonates that may have
production potential.

Traps and Seals in the Hunton Group
Assessment Unit

Most Hunton accumulations are in structure-stratigraphic
combination traps, typically formed by the truncation of
porous carbonate across structural noses (Fritz and Medlock,
1994). Most structures containing Hunton strata produce from
the Hunton, but truncation traps are most common (Johnson
and others, 2000). Another reservoir configuration in the
Hunton Group is trapping by permeability barriers that are

the result of facies changes along structural noses or faults.
The upper surface of the Hunton is sculpted by the regional
pre-Woodford unconformity, and these erosional structures
also shape the traps on the basin margin (Ball and others,
1991). Weathering of the Hunton Group that occurred during
pre-Woodford time and Pennsylvanian time also increased
porosity and permeability.

The overlying Devonian—Mississippian Woodford Shale
is a seal for the Hunton carbonates in the majority of the areas
of the basin where the Hunton Group is present (fig. 35). How-
ever, the Woodford Shale is absent in some areas, and Missis-
sippian strata form a seal for Hunton Group reservoirs in the
Oklahoma and Texas Panhandles. There are also tight, low-
porosity intervals within the Hunton Group that form intra-
formational seals for some reservoirs. Traps for the Misener
sandstone are mainly stratigraphic, with some minor structural
influence. Seals are likely interbedded shales.

Sizes and Numbers of Undiscovered Fields in
the Hunton Group Assessment Unit

The Hunton Group is a prolific oil- and gas-producing
unit in the Midcontinent. Some of the greatest potential
for Hunton Group production is in the deepest parts of the
Anadarko Basin, and some of the deepest gas fields in the
world are located in the Hunton Group at depths below
20,000 ft along the Oklahoma-Texas border (Fritz and Med-
lock, 1994; fig. 36). Gas recovery in the basin increases with
depth. Well spacing does not seem to have a significant effect
on gas recovery, and most spacing on deep wells is 640-acre
units (Smith and others, 2000).

The Hunton Group is a heterogenous reservoir, with
a large amount of vertical and lateral variability. It is well
explored and penetrated through most of the AU, but it is
underexplored in the southwestern and north-central parts of
the AU, where potential may exist, especially in stratigraphic
plays (fig. 36).

There are 81 Nehring accumulations reported for the
Hunton Group and Misener sandstone (fig. 38). Of these, 6 oil
fields and 18 gas fields have accumulation data reported in the
Nehring database (Nehring Associates, Inc., 2009). Cumula-
tive oil production in the Hunton Group AU is 290 MMBO in
the Hunton Group and 55 MMBO from the Misener sandstone
(IHS Energy, 2010). Cumulative gas production is 5 TCFG
from the Hunton and 127 BCFG from the Misener (IHS Energy
Group, 2010). Production depths range from 4,000 ft to over
25,000 ft in the deepest part of the basin (fig. 36). There is an
overlap in the oil and gas production, especially along the east-
northeast AU boundary and in the Texas Panhandle.

Using the USGS assessment methodology for undiscov-
ered conventional resources (Klett and others, 2005; Schmoker
and Klett, 2005), it is estimated that the undiscovered oil
resources for conventional reservoirs in the Hunton Group AU
have a mean of 9 MMBO and 310 BCFG (table 1). Estimates
of the minimum, median, and maximum numbers of (1) undis-
covered oil accumulations exceeding the minimum size are 1,
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3, and 15 and (2) undiscovered gas accumulations exceeding
the minimum size are 1, 10, and 50. The Hunton has been
well-explored on the shelf and along the Nemaha uplift, and in
the southwest part of the AU in the Texas Panhandle (fig. 36).
There is undrilled area in the deep basin along structures in
the same region where the Arbuckle, Simpson, and Viola are
sparsely drilled. There is potential, especially for gas, in this
region of the basin from karstification of the Hunton during
channelization in pre-Woodford time. These channels were
later filled in with Woodford Shale. In the deep basin, these
potential gas reservoirs have not been explored.

Estimates of the minimum, median, and maximum num-
bers for the sizes of undiscovered oil accumulations are 0.5,
1.0, and 20 MMBO. The 0.5 MMBO default signifies that there
will be at least one field discovered greater than the minimum
size, and the maximum reflects the large sizes of some of the
historical Hunton oil accumulations, such as West Edmond
field (100 MMBO), and along the Sooner trend (380 MMBO
commingled; Nehring Associates, Inc., 2009). Estimates of
the minimum, median, and maximum numbers for the sizes of
undiscovered gas accumulations are 3, 10, and 200 BCFG. The
maximum is raised to account for deep basin gas potential.

Conclusions

The Woodford Composite TPS includes the conventional
Arbuckle-Ellenburger Group, Simpson Group, Viola Group
and Hunton Group AUs. The Cambrian-Ordovician Arbuckle
and Ellenburger Groups have produced 52 MMBO and
285 BCFG as of this assessment, with reservoirs concentrated
in dolomitized Arbuckle strata on the shelf of the Anadarko
Basin in Kansas and Oklahoma. The reservoirs are concen-
trated along structures and in combination structural-strati-
graphic traps. Seals are low porosity zones of the Arbuckle
Group or overlying, impermeable shales of the Simpson
Group. The Arbuckle reservoirs are primarily sourced by the
Woodford Shale, with contribution from Ordovician source
rocks. The source rock potential of the Arbuckle Group has
been debated, and it is suggested that the Arbuckle Group is
self-sourcing. The results of 1D and 3D modeling indicate the
Arbuckle Group is overmature in the deep basin and in the oil
window on the basin shelf. Undiscovered potential exists in
the undrilled areas in the deep basin along the flanks of struc-
tures. Gas production is likely in the deep basin, where the
Arbuckle Group is mature to overmature for gas production.

The Simpson Group has produced 470 MMBO and
1.2 TCFG, with reservoirs in blanket sandstones with high
porosity and permeability, and minor contributions from
carbonate reservoirs. Production is concentrated in structural
traps along the eastern edge of the basin and up into Kansas
south of the Central Kansas uplift. Seals are interbedded tight
carbonates and shales. The Simpson reservoirs are sourced by
Ordovician source rocks and the Woodford Shale. Source rock
potential of the Simpson is considered moderate. Undiscov-
ered potential exists in the undrilled deep basin.

The Viola Group has produced 112 MMBO and
505 BCFG, with reservoirs in limestones and dolomites that
have been subjected to fracturing and dissolution to create sec-
ondary porosity. Production is in areas similar to the Simpson,
along the eastern part of the Anadarko Basin. Traps are struc-
tural and combination structural-stratigraphic, and seals are the
overlying Sylvan Shale or interbedded tight carbonates of the
Viola Group. The Viola reservoirs are sourced by Ordovician
source rocks and the Woodford Shale. Undiscovered potential is
in the deep basin, in areas similar to the Arbuckle and Simpson.

The Hunton Group has produced 290 MMBO and 5 TCFG.
Reservoirs are in carbonates of the Hunton Group and sandstones
of the Misener. Misener sandstones are dominant reservoirs
within the Hunton AU, producing 55 MMBO and 127 BCFG.
Production is in a more limited area because of erosion of the
Hunton throughout much of the basin; it is concentrated along
the northeast and east portion of the AU. Traps are structural and
stratigraphic and seals are interbedded tight carbonates of the
Hunton and the overlying Woodford Shale. Source rocks for the
Hunton reservoirs are the Woodford Shale, with possible contri-
butions from Ordovician rocks. Undiscovered potential is in the
deep basin, especially for reservoirs within the Hunton Group.
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Figures

1. Map showing boundaries of the Anadarko Basin (red line) and the Woodford
Composite Total Petroleum System (TPS). The contained Woodford Shale Oil and
Woodford Shale Gas AUs are discussed in this chapter of the report. Green AU
boundary approximately encloses all Woodford Shale within the province. The
Henry House Creek quarry and State Route 77D outcrop locations are marked
by the blue dot near the southeast corner of the figure. Background is surface
BIBVATION ..ottt bbbttt n et n s 2

2. Generalized surface and subsurface stratigraphic columns for the Anadarko Basin
Province. The horizontal red line divides assessment units (AUs) and total
petroleum systems (TPSs) into those of the (above) Pennsylvanian Composite TPS
and (below) Woodford Composite TPS. Italics (blue text) indicate informal names.
Formal formation- and member-rank units are not necessarily differentiated (as
used by Bebout and others, 1993). Modified from Bebout and others (1993) and
Henry and Hester (1995). Ages in millions of years before present (Ma) from Hagq
and Van Eysinga (1998) and Gradstein and others (2004) (red text). Intervals with
vertical bars and wavy horizontal lines represent time periods of nondeposition
and (or) erosion. Formation, Fm.; Member, MBI ...t 4

3. Map showing elevation on the top of the Woodford Shale in the 4D model layer.
Extent of the Woodford Shale in the Anadarko Basin is approximated by that of the
Woodford Shale Qil AU (pink line). Contours outside this boundary represent the
highest elevation of underlying model layers. The Woodford Shale is also located
east and northeast of the basin. The Woodford Shale Gas AU boundary (white line)
corresponds to a thickness of about 75 feet (25 meters) and a transformation ratio
of 0.99 percent, based on Woodford hydrous pyrolysis modeling. The black line
corresponds to location of the southwest to northeast cross sections in figure 12.
Precambrian faults (dark blue lines) and named structures are from Adler and
OIS (1971 ettt et ettt ee e et ee e eseseenesese s seenesese s e st s sseeneneseesseeanenesnesennans 6



Generalized paleogeography at 360 million years before present showing marine

influx (blue) near the end of Woodford Shale deposition (modified from Blakey,

2011). Ground surface is shades of brown. Superimposed Neoproterozoic and early
Paleozoic rifts and continental margin (modified from Shatski, 1946; Perry, 1989)
(purple line) shows possible Cambrian failed southern Oklahoma rift (SOA) along

the southern boundary of and southeast of the Woodford Shale Gas assessment

unit (AU) (pink line). The SOA approximates the northern border of the Wichita
Mountain and Amarillo uplifts. Green line is the Woodford Shale Oil AU. Woodford
extent is not shown outside of the Anadarko Basin Provinge .........cccccoeeceveccvecceinccnnnna, 6
Three-dimensional isopach image of the Woodford Shale in the Anadarko Basin.
Vitrinite reflectance (% R ) contours (white lines) from figure 11 approximate the

end of oil generation at about 1% R , to onset of dry gas generation at 2% R , and
overmature for petroleum generation at 4% R . Well locations (white dots) are, from
left to right, Bertha Rogers 1, Petree 1, and Streeter 1. Woodford thickness is

derived from Rottmann (2000b, pl. 2), analysis of more than 100 well logs, and

edited formation tops from IHS Energy (2009a, 2009b). Faults (red) are from

Rottmann (2000a, pl. 3). Image is tilted and 1,300 times vertical exaggeration.................. 7

Generalized stratigraphic column for the Anadarko Basin Province, with petroleum
source rocks identified with brown text. Increases in source rock potential are
indicated by larger numbers. Petroleum source rocks may be more oil-prone

(green) or gas-prone (red). Chart is modified from Burruss and Hatch (1989) and

Hatch (oral commun., 2010). Italicized text indicates informal names. Vertical lines
show a generalized time range of unconformity from Bebout and others (1993, fig.

5). Gp., Group; Fm., FOrMAtioN ..ottt 8

Photograph showing outcrop of Woodford Shale is as much as 231 feet. thick and

is located on private property in the Henry House Falls quarry, sec.6, T.2S.,R. 1E,,

on the south side of the Arbuckle uplift (Paxton, 2007) (fig. 1). Shown is a portion of

the upper member of the Woodford Shale. It was described by Paxton (2007) as an
organic-rich finely laminated fissile shale. The three resistant lighter-colored beds

at Stan Paxton’s thigh level are finely crystalline dolomite with hydrocarbon

saturation. Spherical phosphate nodules are present above the upper dolomite

layer. The upper member at this location is about 55 percent siliceous beds, 44

percent fissile beds, and 1 percent dolomite ZONES ......c.ccceeeeeeeecreecceece e 9

Photographs showing outcrop of a slightly overturned lower member of Woodford
Shale beds next to State Route 77D, in NE ¥4 sec. 30, T. 1 S., R2 E., Murray County,
Oklahoma (fig. 1). Stratigraphically up is to the left on the road-cut image. Red

arrow on the upper right points to a fault and associated fault gouge, some of

which is saturated with hydrocarbon. This section, as described in Paxton and

Cardott (2008), strikes N. 700 W and dips 680 to the southwest, is highly siliceous,

and was highly susceptible to fracturing during the structural deformation. Strata

are generally less fissile than those iN fIQUIe 7 ... 10
Photograph showing detail of fracture patterns in the lower member of the

Woodford Shale at the State Route 77D outcrop photo from Paxton and Cardott

(2008) (fig. 1). Spacing and orientation of fracture patterns in the dark gray

siliceous shale differ from those in the underlying light-colored chert-rich facies........ 10



10.

Map showing total organic carbon (TOC) for the Woodford Shale based on data

from Burruss and Hatch (1989) and mean estimated values from Hester and others
(1990). TOC ranges from 0.08 to 14.05 wt% and averages 3.7 wt% based on core and
well log density calculations from 123 wells. There is considerable TOC variation,

but almost the entire area that is thermally mature for petroleum generation

contains greater than 2 wt% TOC. Decrease in TOC in the deep basin is partly the
result of elevated levels of thermal maturation. Qil and gas generation depletes

TOC and hydrogen indices (HI)—the fuels for petroleum—so original TOC and HlI
values would have been greater. Pink lines are Precambrian faults from Adler and
OENEIS (1977 ettt n sttt es s e e et se s s seeesesese s s s eeeseneenans 1"
Maps showing A, calculated vitrinite reflectance (% R ) (Sweeney and Burnham,

1990) and B, transformation ratios (% TR) for the Woodford Shale from the
four-dimensional petroleum system model. The three-dimensional rendering

results in variable shading within contours. Pink contour line on the % R map and

the gas-oil ratio (GOR) inset corresponds to the 99% TR end of oil generation. The
inset bubble symbols are GOR, with larger bubbles representing greater GOR.
Greatest thermal maturation is in the deep basin of Oklahoma and Texas, whereas
most of Colorado and Kansas is immature for oil generation, as characterized by an

R, of about 6 percent and TR of 0.1 percent and greater. Blue lines are Precambrian
faults from AdIer aNd OTErS (T977) .. et e e s eresee e eeeeee s s eenennens 13

South to north thermal maturation cross sections showing transformation ratios (%
TR) through time based on Woodford Shale hydrous pyrolysis kinetics from Lewan
(1983, 1985), and Lewan and Ruble (2002). Pink and dark blue lines are the

respective Woodford Shale and Thirteen Finger lime model layers. Cross section
location is in figure 3. Modeled vitrinite reflectance (R ) lines mark the boundaries

for generation and overmaturity for dry gas. Millions of year ago, Ma.......c.ccccoeevrneennen. 14
History of petroleum generation from the Qil Creek Formation, Woodford Shale, and
Thirteen Finger lime (fig. 2) source layers in the four-dimensional petroleum system
model. History is based on Woodford hydrous pyrolysis kinetics (Lewan and Ruble,
2002). Shaded area brackets the main period of peak oil generation from the

Woodford Shale. Early oil generation from the Qil Creek layer, prior to about 70

million years ago, is in a narrow strip in the model that is proximal to the Wichita
Mountain uplift. This strip exceeds maximum depth of the formation and is

primarily the result of areas of poor data control in the area bordering the fault

zone. The error could have been removed by clipping the four-dimensional model
extent to the basin axis and northward, but less of the model would have been

VISIDIE @NU USADIE ...t 15

Events chart for the Woodford Shale Gas assessment unit (AU) and Woodford
Shale Qil AU. Timing of oil and gas generation, migration, and accumulation is
based primarily on vitrinite reflectance and transformation ratios through time
from one-dimensional and four-dimensional (4D) models (Higley, 2014a). Timing of
oil generation (gray polygon) is also based on (unpublished) volumes of petroleum
generated through time using the 4D model; peak generation from the Woodford
Shale (blue bars) is from about 310 to 230 million of years before present (Ma). A
second phase of generation from about 80 to 50 Ma is associated with deposition
and erosion of strata associated with the Laramide orogeny. Lithofacies
assignments in the “Formations” row are intended only to show periods of
unconformities (wavy and horizontal lines) and deposition. Plio, Pliocene; Mio,
Miocene; Eoc, Eocene; Pal, Paleocene; L, Late; M, Middle; E, Early.....cccccoevererrrreennnnes 16
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18.

Map showing oil and gas wells that produce from the Devonian-Mississippian
Woodford Shale Qil and Woodford Shale Gas assessment units (AUs) in the
Anadarko Basin Province (code number 58) (IHS Energy, 2009a, 2010, 2011). Shown
also are AU code numbers. Some wells include production from other units,
primarily the Silurian-Devonian Hunton Group, Devonian informal Misener sand,
and Mississippian strata. The Woodford Composite TPS code is 50580.
Precambrian faults (pink) are from Adler and others (1971) .......cooeeeeeeceeceeeeeeececeae 18
Map showing oil wells (green dots) and gas wells (red dots) that produce from the
Woodford Shale in the Anadarko Basin Province (IHS Energy, 2009a, 2010, 2011).
White dots are wells that are productive only from the Woodford Shale based on

a November 2011 retrieval of data from IHS Energy (2011). White dot wells that do
not contain oil or gas wells were added to the IHS database since the January
data retrieval. Extent of the Woodford Shale in the province is approximated by the
Woodford Qil AU line. Thickness was derived from Rottmann (2000b, pl. 2), analysis
of more than 100 well logs, and edited formation tops from IHS Energy (2009a,
2009b). The Kansas portion of the province contains variable thicknesses of
Woodford Shale, and the Oklahoma and Texas portions have several small
erosional remnants. The generalized location of the informal Misener sand (light
blue line) in the lower part of the Woodford Shale (fig. 2) is modified from Amsden
and Klapper (1972) and IHS Energy (2009a, 2009b). The Misener sand exhibits
variable thickness and distribution, and is also present in isolated lows in the
eroded, karst surface of the Hunton Group (Gaswirth and Higley, 2014). Pink lines
are Precambrian faults from Adler and others (1971) ......cccoeeeeeevevceeeeeseseee e 18

Discovery thirds for 74 wells with reported cumulative gas production from only the
Woodford Shale from 1946 to September, 2009 (IHS Energy, 2010). The apparently

poor production from the 3rd third is misleading, and actual performance is

probably greater, particularly with the present focus on horizontal wells. Reasons

for the spread in data include that early production likely incorporates (unreported)

oil and gas from the conventional basal Misener sand of the Woodford shale and

(or) bounding reservoirs, and the 3rd third only represents 6 months of Woodford

Shale gas from 24 wells. Average gas/oil ratio of the above data set is 237,000

cubic feet of gas per barrel of oil. Million cubic feet of gas, MMCFG............cccccovunernnee. 19

Map showing Woodford Shale calculated gas estimated ultimate recoverable

(EUR) ranges from about 0.1 million (MIMCFG) to 11.9 billion cubic feet of gas for 76
wells based on production history from IHS Energy (2010). The dense cluster of

wells has contoured values, whereas those outside are measured values. Inset

map of contoured values is magnified 300 percent. Most gas production is located
atthe 1.2% R_ and greater Woodford Shale contours created using data from

Cardott (1989), Price (1997), Chesapeake Energy Corporation (2009), and Mark
Pawlewicz. Faults (brown lines) on the underlying Hunton Group (Rottmann, 2000a)
were used to create the Woodford layer and to contour R values.........cccccoveevvicnnnn. 20
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Petroleum Systems and Assessment of Undiscovered
0il and Gas in the Anadarko Basin Province, Colorado,
Kansas, Oklahoma, and Texas—Woodford Shale

Assessment Units

By Debra K. Higley, Troy A. Cook, and Mark J. Pawlewicz

Abstract

The Woodford Composite Total Petroleum System in the
Anadarko Basin Province includes assessment units of Cam-
brian through Lower Mississippian oil and gas reservoirs. Two
of the assessment units are continuous (unconventional)—the
Woodford Shale Gas assessment unit and The Woodford
Shale Oil assessment unit of the Upper Devonian and Lower
Mississippian Woodford Shale. Assessment unit boundaries
were defined based on extent, thickness, and levels of ther-
mal maturation of this reservoir/source unit. The assessment
units are self-sourced from this rich petroleum source rock,
with thermal maturity ranging from marginally mature for oil
generation on the basin shelf to overmature for gas generation
in the deep basin. The Woodford Shale Oil assessment unit
boundary is approximated by the extent of the Woodford Shale
in the basin; mean assessed resources are 393 million barrels
of oil, 1.963 trillion cubic feet of gas (TCFG), and 59 million
barrels of natural gas liquids. The Woodford Shale Gas assess-
ment unit is located in the deep basin of Oklahoma and Texas.
The assessment unit area includes a Woodford Shale thickness
of approximately 75 feet (25 meters) and greater, and a trans-
formation ratio of 0.99 percent based on Woodford hydrous
pyrolysis kinetics modeling; this corresponds to a vitrinite
reflectance of about 1.2 percent. Mean undiscovered assessed
resources for the Woodford Shale Gas assessment unit are
15.973 trillion cubic feet of gas and 192 million barrels of
natural gas liquids.

Introduction

The U.S. Geological Survey (USGS) completed an
assessment of the undiscovered oil and gas resource potential
of the Anadarko Basin Province of western Oklahoma and
Kansas, northern Texas, and southeastern Colorado (fig. 1).
The province area includes the Las Animas arch of southeast-
ern Colorado, part of the Palo Duro Basin of Texas, and the
Anadarko Basin. This assessment is hereafter referred to as

the 2011 assessment, which corresponds to the publication
release date of the results (Higley and others, 2011). Results
of the geologic analysis and resource assessment are based on
the geologic elements of each defined total petroleum system
(TPS), including hydrocarbon source rocks (source-rock matu-
ration, hydrocarbon generation and migration), reservoir rocks
(sequence stratigraphic and petrophysical properties), hydro-
carbon traps (trapping mechanisms and timing), and seals.
Using this geologic framework, the USGS defined 2 TPS

and 12 included Assessment Units (AUs), and quantitatively
estimated the undiscovered oil and gas resources within these
9 conventional and 3 continuous AUs (table 1). TPSs and AUs
are listed below.

Woodford Composite TPS 505801:

1. Arbuckle-Ellenburger, AU 50580101
2. Simpson Group, AU 50580102

3. Viola Group, AU 50580103

4. Hunton Group, AU 50580104

5. Mississippian, AU 50580105

6. Woodford Shale Gas, AU 50580161

7. Woodford Shale Oil, AU 50580162
Pennsylvanian Composite TPS 505802:
1. Morrowan-Atokan, AU 50580201

2. Desmoinesian, AU 50580202
3. Missourian-Permian, AU 50580203
4. Greater Granite Wash Composite, AU 50580204

5. Thirteen Finger Limestone—Atoka Shale Gas, AU
50580261

Continuous AUs are the Devonian and Mississippian
(1) Woodford Shale Gas and (2) Woodford Shale Oil of the
Woodford Composite TPS, and (3) the Pennsylvanian Thir-
teen Finger Limestone—Atoka Shale of the Pennsylvanian
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Figure 1.

Map showing boundaries of the Anadarko Basin (red line) and the Woodford

Composite Total Petroleum System (TPS). The contained Woodford Shale Qil and

Woodford Shale Gas AUs are discussed in this chapter of the report. Green AU boundary
approximately encloses all Woodford Shale within the province. The Henry House Creek
quarry and State Route 77D outcrop locations are marked by the blue dot near the southeast
corner of the figure. Background is surface elevation.

Composite TPS. The Woodford Shale Oil and Woodford
Shale Gas AU assessment and geologic review are included in
this chapter of the report. Description of the Thirteen Finger
Limestone—Atoka Shale Gas AU is included in Higley (2014a,
2014b), and associated oil resources are assessed as conven-
tional within the Morrowan-Atokan AU. The stratigraphic chart
shows units within the Woodford Composite TPS (fig. 2).
The Woodford Composite TPS encompasses all included

AU boundaries, although only the Woodford Shale Gas and
Woodford Shale Oil AUs are shown in figure 1. Assignment
of Woodford AU boundaries and assessment results were
based primarily on (1) the lateral extent and thickness of the
Woodford Shale, (2) timing and degree of thermal matura-
tion of the Woodford Shale based on one-dimensional and
four-dimensional (4D) petroleum system models of the basin
(Higley, 2014a) and published vitrinite reflectance data, and
(3) faults and other structures that would limit or enhance oil
and gas accumulations. The “fingers” appearance of the Wood-
ford Shale Gas AU boundary partly reflects Woodford depo-
sition in eroded channels of the unconformably underlying

Silurian-Devonian Hunton Group. Results of the oil, gas, and
natural gas liquids (NGL) assessment are in table 1 and Higley
and others (2011).

The 4D petroleum system model consists of stacked
grids of lithostratigraphic units that are referred to as layers.
Each layer extends across the study area, a requirement of
the PetroMod® petroleum system modeling software. This
means that the highest elevation from the underlying layers
is displayed if the modeled unit(s) has limited lateral extent.
Model construction and data sources are discussed in Higley
(2014a) and Higley and others (2014). Maps and models
were generated using Dynamic Graphics® Earthvision®
(Dynamic Graphics® and Earthvision® are registered trade-
marks of Dynamic Graphics, Inc.) and PetroMod® software
(Schlumberger, 2011). PetroMod® software was used for 1D
and 4D petroleum system models. Data sources for Wood-
ford Shale isopach and structure surfaces include Rottmann
(2000a, 2000b), well-log picks from about 100 wells across
the basin, and edited formation tops from IHS Energy
(2009a, 2009b).



Introduction

Table 1. Anadarko Basin Province assessment results are listed by name and code of total petroleum system (TPS) and assessment

unit (AU).

[Resources are undiscovered oil, gas, and (or) natural gas liquids. MMBO, million barrels of oil; BCFG, billion cubic feet of gas; MMBNGL, million barrels of
natural gas liquids. Type refers to mainly oil or gas accumulations in the assessment unit. Fractiles are fully risked estimates. F95 denotes a 95-percent chance of

at least the amount tabulated. Other fractiles are defined similarly. Fractiles are additive only under the assumption of perfect positive correlation]

Woodford Composite TPS

Oil 2 5 12 6 7 24 61 28 0 1 1
Arbuckle-Ellenburger AU
Gas 43 164 371 181 0 1 2 1
. 0Oil 2 4 9 5 6 17 39 19 0 0 1 1
Simpson Group AU
Gas 33 114 252 125 2 9 21 10
) Oil 2 5 10 5 3 9 20 10 0 1 2 1
Viola Group AU
Gas 10 27 58 30 0 0 0 0
Oil 2 8 21 9 8 32 87 38 0 1 3 1
Hunton Group AU
Gas 71 281 641 310 0 2 4 2
o Oil 5 16 31 17 15 46 99 50 0 2 4 2
Mississippian AU
Gas 125 350 663 367 3 8 17 9
Pennsylvanian Composite TPS
M Atokan AU Oil 6 14 29 15 21 55 121 61 1 2 5 2
rrowan- n
orrowan-Atoka Gas 101 21 | 469 271 2 s| 10| s
o Oil 2 6 12 6 8 23 52 26 0 1 2 1
Desmoinesian AU
Gas 29 87 167 92 1 3 5 3
. . . Oil 10 22 38 23 49 114 223 122 2 4 8 4
Missourian-Permian AU
Gas 61 130 231 136 2 4 7 4
Greater Granite Wash oil 4 | 14| 34| 16 22 78 | 198 90 1 2 7 3
Composite AU Gas 192 646 | 1,496 719 7 24 60 27
Total Conventional 35 | 94 | 196 | 102 804 | 2458 | 5248 2675 21| 70 | 160 | 77
Resources
Woodford Composite TPS
Woodford Shale Oil AU Oil | 175 357 | 730 393 795 1,750 | 3,851 1,963 22 51 121 59
Woodford Shale Gas AU Gas 8,806 | 15,131 125,998 | 15,973 94 178 336 192
Pennsylvanian Composite TPS
Thirteen Finger Limestone- Oil
Atoka Shale Gas AU Gas 3,040 6,229 112,763 | 6,850 33 73 161 82
Total Continuous 175 | 357 | 730 | 393 | 12,641 | 23,110 |42,612 | 24,786 | 149 | 302 | 618 | 333
Resources
Total Resources 210 | 451 | 926 495 13,445 | 25,568 147,860 | 27,461 170 372 778 410




Figure 2. Generalized surface and
subsurface stratigraphic columns for the
Anadarko Basin Province. The horizontal
red line divides assessment units (AUs) and
total petroleum systems (TPSs) into those
of the (above) Pennsylvanian Composite
TPS and (below) Woodford Composite TPS.
[talics (blue text) indicate informal names.
Formal formation- and member-rank units
are not necessarily differentiated (as used
by Bebout and others, 1993). Modified from
Bebout and others (1993) and Henry and
Hester (1995). Ages in millions of years
before present (Ma) from Haq and Van
Eysinga (1998) and Gradstein and others
(2004) (red text). Intervals with vertical bars
and wavy horizontal lines represent time
periods of nondeposition and (or) erosion.
Formation, Fm.; Member, Mbr.
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Geologic Setting of the Anadarko
Basin Province

The Anadarko Basin Province includes (1) the Anadarko
Basin, a south-dipping asymmetric basin; (2) the southwest-
northeast-trending Las Animas arch, and (3) part of the
southeast-dipping Palo Duro Basin. The province is bounded
on the southeast by the Arbuckle uplift and Marietta-Ardmore
Basin, on the east by the Nemaha uplift and Salina Basin, on
the north by the Central Kansas uplift, on the west by the Den-
ver and Raton Basins, and on the south by the eroded Amarillo
and Wichita Mountain uplifts (fig. 3). The Nemaha uplift
consists of a discontinuous series of block-faulted uplifts, most
of which are 5 to 20 miles long (north-south) and 3 to 5 miles
wide, and forms the axis and western boundary of the broad,
gently raised Central Oklahoma platform (Johnson, 1989) that
separates the Anadarko and Ardmore Basins. Elevation on the
top of the Woodford Shale in the province ranges from about
-2,500 feet (ft) [-760 meters (m)] on the southern Kansas
shelf, to -27,000 ft (-8,000 m) in the deep basin of southern
Oklahoma. Extent of the Woodford Shale within the Anadarko
Basin Province is approximated by the Woodford Shale Oil
AU boundary in figure 3. The formation is mostly absent
because of erosion in the Nemaha, Wichita Mountain and
Amarillo uplifts, although the AU includes an area of Wood-
ford in the Wichita Mountain uplift proximal to the fault zone.
The Woodford Shale also is present northeast of the province
in the Salina Basin of Kansas, and is commonly named the
Chattanooga Shale. The Woodford Shale in the Arkoma Basin
is also a petroleum source and reservoir rock. The Woodford
Shale layer was contoured using the data and fault systems of
Rottmann (2000a, 2000b), who showed the Woodford contact
with the bounding fault of the Wichita Mountain uplift to be
north of the Precambrian faults of Adler and others (1971).
Because of this, Woodford contours terminate basinward of
the fault system of Adler and others (1971) (fig. 3).

Southern Oklahoma was initially described by Shatski
(1946) as a failed Cambrian aulacogen. The deepest part of
the Anadarko Basin is along and north of this rift zone and is
proximal to its southern margin along the Wichita Mountain
uplift (fig. 3). This southern Oklahoma aulacogen (Rascoe
and Adler, 1983) was emplaced on the Precambrian craton as
described by Ham and others (1964) and is about 100 miles
(mi) [160 kilometers (km)] wide and 300 mi (480 km) long.

Most of Late Cambrian through Mississippian time was
marked by a broad epicontinental sea (Johnson and others,
1988) that extended across most of the southern Midcontinent
area, including the Anadarko Basin. Rates of basin subsid-
ence were elevated in the Cambrian but decreased during the
Silurian, Devonian, and Early Mississippian, one reason why
Hunton and Woodford rocks are relatively thin (Feinstein,
1981; Johnson and others, 1988; Johnson, 1989) and of limited
areal extent. Following Hunton Group deposition and prior to
Woodford Shale deposition, the entire area was emergent and
subjected to extensive erosion, and the Amarillo and Wichita

Petroleum Source and Reservoir Rocks 5

Mountain uplifts began to form as positive tectonic features
(Eddleman, 1961). Early Mississippian seas advanced from
the southeast and stable conditions again prevailed with depo-
sition of mostly marine Mississippian carbonates (Eddleman,
1961). Ball and others (1991) indicated that the Mississippian
Period closed with regional uplift and erosion that marked the
onset of the Wichita orogeny; the associated erosional uncon-
formity further removed Devonian strata on structural highs
around the basin margin, and truncated formations as deeply
as the Arbuckle Group. Figure 4 shows generalized paleoge-
ography near the end of Woodford deposition. Euxinic seas

of the Late Devonian—Early Mississippian were replaced by
shallow, well-oxygenated marine waters in which fossilifer-
ous (commonly crinoidal, and some oolitic) limestones were
deposited, some of which were interbedded with shale and silt-
stone (Johnson, 1989). Depth of water during Woodford depo-
sition is estimated at 160 to 1,300 ft (50 to 400 m) (Krystyniak
and Paxton, 20006) to less than 500 ft (150 m) (Kirkland and
others, 1992).

Various tectonic events strongly influenced rates of
sediment deposition, sediment sources, depositional environ-
ments, erosion, and especially burial depths of reservoir, seal,
and source rocks. During Late Mississippian to Pennsylva-
nian time, rapid rates of subsidence coincided with tectonic
development of the Anadarko Basin and the Wichita Mountain
uplift (Ball and others, 1991; Al-Shaieb and others, 1994).
Present basin configuration was impacted by movement of the
late Paleozoic Wichita Mountain fault zone and the Ouachita
thrust plate (Amsden, 1975, 1989). Depth of burial through
time is the main control on thermal maturation of petroleum
source rocks, although oil and gas generation is also influ-
enced by factors such as basement heat flow and thermal
conductivity of lithofacies.

Petroleum Source and Reservoir Rocks

Thickness of the Woodford Shale varies greatly across
the province. It ranges up to 375 ft thick and averages 40 ft
based on Rottmann (2000b), well-log picks from about
100 wells across the basin, and edited formation tops from
IHS Energy (2009a, 2009b) (fig. 5). Increased thickness of the
Woodford Shale and Hunton Group strata southward is prob-
ably related more to basin subsidence than sediment supply
(Amsden, 1989). Greatest thickness of the Woodford is in the
southern part of the basin in Oklahoma, largely as fill within
eroded channels of the underlying Hunton Group. This is also
the basin area that is most thermally mature for gas genera-
tion. Areas within the AUs (fig. 1) in which the Woodford is
absent or thin resulted from erosion or nondeposition, and
there are a few erosional remnants outside the Woodford Shale
Oil AU boundary. Smooth contours near the southeastern
corner of figure 5 reflect limited data and variable thicknesses
because of extensive faulting. The Misener sand is an infor-
mal lower unit of the Woodford Shale (fig. 2) that is located
mainly in the northeastern part of the basin in Oklahoma and
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Figure 3. Map showing elevation on the top of the Woodford Shale in the 4D
model layer. Extent of the Woodford Shale in the Anadarko Basin is approximated
by that of the Woodford Shale Qil AU (pink line). Contours outside this boundary
represent the highest elevation of underlying model layers. The Woodford Shale
is also located east and northeast of the basin. The Woodford Shale Gas AU
boundary (white line) corresponds to a thickness of about 75 feet (25 meters)

and a transformation ratio of 0.99 percent, based on Woodford hydrous pyrolysis
modeling. The black line corresponds to location of the southwest to northeast
cross sections in figure 12. Precambrian faults (dark blue lines) and named
structures are from Adler and others (1971).

Figure 4. Generalized paleogeography at 360 million years
before present showing marine influx (blue) near the end of
Woodford Shale deposition (modified from Blakey, 2011). Ground
surface is shades of brown. Superimposed Neoproterozoic

and early Paleozoic rifts and continental margin (modified from
Shatski, 1946; Perry, 1989) (purple line) shows possible Cambrian
failed southern Oklahoma rift (SOA) along the southern boundary
of and southeast of the Woodford Shale Gas assessment unit
(AU) (pink line). The SOA approximates the northern border of the
Wichita Mountain and Amarillo uplifts. Green line is the Woodford
Shale 0il AU. Woodford extent is not shown outside of the
Anadarko Basin Province.
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Figure 5. Three-dimensional isopach image of the Woodford Shale in the Anadarko Basin. Vitrinite reflectance (% R ) contours (white
lines) from figure 11 approximate the end of oil generation at about 1% R , to onset of dry gas generation at 2% R , and overmature for
petroleum generation at 4% R,. Well locations (white dots) are, from left to right, Bertha Rogers 1, Petree 1, and Streeter 1. Woodford
thickness is derived from Rottmann (2000b, pl. 2), analysis of more than 100 well logs, and edited formation tops from IHS Energy (2009a,
2009b). Faults (red) are from Rottmann (20004, pl. 3). Image is tilted and 1,300 times vertical exaggeration.

Kansas; petroleum resources of this unit were evaluated with
the Hunton Group AU (Gaswirth and Higley, 2014). Primary
reasons for this assignment were that Misener sand reservoirs
are conventional, and much of the petroleum production was
reported as commingled with that of the Hunton Group.

The primary petroleum source rock for the Woodford
Composite TPS is the Woodford Shale; additional sources
may include limestones and (or) shales from the Mississippian
Mayes Group, and the Ordovician Viola Formation (or Group)
and Simpson Group (Hatch and others, 1987; Burruss and
Hatch, 1989) (fig. 6). The Woodford Shale and other petroleum
source rocks are discussed in more detail in Higley (2014a).

The Woodford Shale consists of upper, middle, and lower
informal members of carbonaceous silica-rich fissile and
non-fissile shales (von Almen, 1970; Sullivan, 1983, 1985;
Hester and others, 1990; Lambert, 1993; Krystyniak and
Paxton, 2006). Kirkland and others (1992, fig. 3) indicated

Woodford Shale lithofacies in northwest Kansas and south-
east Nebraska are more carbonate rich than those of the deep
Anadarko Basin. Based primarily on data from outcrops in
the Arbuckle Mountains (fig. 3) and well core, Egenhoff

and others (2011) determined that the upper shale member
represents a downslope extension of a carbonate or carbonate-
siliciclastic shallow marine system into deeper water siliciclas-
tics. Egenhoff and others (2011) indicated that (1) the upper
shale member is composed primarily of laminated silt-rich
mudstones with lag deposits; and (2) these facies grade pro-
gressively basinward into finer-grained laminated mudstones
and, (3) most distally, into quartz-rich radiolarian cherts that
are intercalated with laminated mudstones. The non-fissile
strata include phosphatic and siliceous shales, dolomite beds,
phosphatic nodules, and rare chert beds (Krystyniak and
Paxton, 2006). Fissile shale can also contain dolomite beds
and phosphate nodules, such as in the upper member outcrop
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at the Henry House Falls quarry (fig. 7). These fissile shales
are thin-bedded and laterally continuous. The fissile and non-
fissile shales exhibit different fracture behavior; shale from
the upper member is thin-bedded and fairly friable (fig. 7),
whereas the non-friable lower-member siliceous shale is more
competent (figs. 8 and 9). Chert beds within the shales display
different fracture patterns, competence, and orientations than
the bounding shales (fig. 9).

Outcrop studies by Roberts and Mitterer (1992) and
Krystyniak and Paxton (2006) determined that siliceous shale
samples yield low weight percent total organic carbon (TOC)
and fissile samples yield high TOC values. Outcrops and well
cores were sampled at numerous locations across Oklahoma
and Arkansas, including 11 in the Anadarko Basin Province,
by Comer and Hinch (1987) in their analysis of source rock
richness and hydrocarbon expulsion from the Woodford

Figure 7.

Petroleum Source and Reservoir Rocks 9

Shale; their results showed that for interbedded black shale
and chert, the chert beds contain relatively less TOC, but
more bitumen and hydrocarbons than the shale. This sug-
gests that, whereas both the shale and chert beds can be
hydrocarbon sources, the shale was more efficient at expel-
ling petroleum and the chert beds were better traps. Comer
and Hinch (1987) described fractures that occur within the
Woodford throughout their study area; these include fractures
filled with bitumen, which are most common in the Arbuckle
Mountain uplift and proximal Marietta-Ardmore Basin, the
frontal zone of the Ouachita system, and in the southern

part of the Anadarko Basin, where late Paleozoic orogenic
activity was intense. Fractures filled with bitumen are also in
central Oklahoma (along the Nemaha Ridge), where tectonic
activity was of less certain timing and style (Comer and
Hinch, 1987).

Photograph showing outcrop of Woodford Shale is as much as 231 feet. thick and is located on private property in the

Henry House Falls quarry, sec. 6, T. 2 S., R. 1 E., on the south side of the Arbuckle uplift (Paxton, 2007) (fig. 1). Shown is a portion
of the upper member of the Woodford Shale. It was described by Paxton (2007) as an organic-rich finely laminated fissile shale.
The three resistant lighter-colored beds at Stan Paxton’s thigh level are finely crystalline dolomite with hydrocarbon saturation.
Spherical phosphate nodules are present above the upper dolomite layer. The upper member at this location is about 55 percent
siliceous beds, 44 percent fissile beds, and 1 percent dolomite zones.
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Figure 8. Photographs showing outcrop of a slightly overturned lower member of Woodford Shale beds next to State Route 77D, in
NE % sec. 30, T. 1 S., R2 E., Murray County, Oklahoma (fig. 1). Stratigraphically up is to the left on the road-cut image. Red arrow on the
upper right points to a fault and associated fault gouge, some of which is saturated with hydrocarbon. This section, as described in
Paxton and Cardott (2008), strikes N. 700 W and dips 680 to the southwest, is highly siliceous, and was highly susceptible to fracturing
during the structural deformation. Strata are generally less fissile than those in figure 7.

Figure 9. Photograph showing detail of fracture patterns in the lower member of the Woodford Shale
at the State Route 77D outcrop photo from Paxton and Cardott (2008) (fig. 1). Spacing and orientation
of fracture patterns in the dark gray siliceous shale differ from those in the underlying light-colored
chert-rich facies.
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The Woodford Shale includes abundant type A amorphous  laterally across the province based on data from Comer and

type II kerogen (partially equivalent to the liptinite [exinite] Hinch (1987), Burruss and Hatch (1989), Hester and others
maceral group) with the remaining primarily type III kerogen (1990), Price (1997), Krystyniak and Paxton (2006), Joseph
(vitrinite) and type I kerogen (Tasmanite alginite) (Lewan, Hatch (oral commun., 2010), and data from the USGS Energy
1983; Thompson and Dembicki, 1986; Crossey and others, Geochemistry Data Base (2010, http.//energy.cr.usgs.gov/
1986; Comer and Hinch, 1987; Burwood and others, 1988; prov/og/) (fig. 10). Hester and others (1990) used log-derived
Cardott, 1989, p. 35; Krystyniak and Paxton, 2000). A general-  formation density for 99 wells across the Anadarko Basin area
ized composition of the Woodford Shale based on Abouslei- to assign average TOC values of 3.2, 5.5, and 2.7 wt% for the
man (2008) is 37 percent quartz, 26 percent illite, 15 percent respective lower, middle and upper members of the Wood-
kerogen, 17 percent carbonate, and 5 percent kaolinite. TOC ford Shale; variation in TOC was not influenced by formation
content for the upper Woodford ranges from 0.8 weight percent  thickness, but by increased depth and thermal maturation with
(Wt%) up to 17 wt% and is highly variable vertically and associated depletion by generation and expulsion of petroleum.
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Figure 10. Map showing total organic carbon (TOC) for the Woodford Shale
based on data from Burruss and Hatch (1989) and mean estimated values from
Hester and others (1990). TOC ranges from 0.08 to 14.05 wt% and averages 3.7
wt% based on core and well log density calculations from 123 wells. There is
considerable TOC variation, but almost the entire area that is thermally mature
for petroleum generation contains greater than 2 wt% TOC. Decrease in TOC
in the deep basin is partly the result of elevated levels of thermal maturation.
0il and gas generation depletes TOC and hydrogen indices (HI)—the fuels for
petroleum—so original TOC and HI values would have been greater. Pink lines
are Precambrian faults from Adler and others (1971).
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Thermal Maturation

The Woodford Shale is thermally mature for oil generation
to overmature for gas generation over most of the Oklahoma
and eastern Texas Panhandle portions of the Anadarko Basin
Province (fig. 11). Levels of thermal maturation were based on
1D and 4D petroleum system models and contoured R data
from the Woodford Shale from Cardott (1989), Price (1997),
and two wells in the Edmond West field provided by Chesa-
peake Energy and Mark Pawlewicz. Part of the area proximal
to the Nemaha uplift is thermally immature for oil generation
from the Woodford Shale based on Cardott (1989) R data but
marginally mature to mature based on R measurements for the
West Edmond SWD 1-24 (0.55 percent mean R ) and Streeter 1
(0.75 percent mean R ) wells from Brian Cardott and Mark
Pawlewicz, respectively. The West Edmond SWD 1-24 sample
was also analyzed by Chesapeake Energy on January 10, 2008,
with an estimated mean 0.83 percent R and range of 0.44 to
0.96 percent R based on Rock Eval pyrolysis Tmax values for
19 samples of the Woodford Shale interval. The models were
preferentially calibrated to measured R  data on the Woodford
Shale. Extent of our modeled thermally mature source rocks
is somewhat greater than that of Cardott (1989). The area of
thermally mature Woodford Shale was also expanded slightly
based on calibration of 1D and 1D extracted models (Gaswirth
and Higley, 2014; Higley, 2014a) to incorporate areas in Okla-
homa that are petroleum productive from the Woodford Shale,
under the assumptions that the reservoir is self-sourced and
internal lateral migration is minimal. The Woodford Shale may
also be subject to R suppression based on Price and Barker
(1985) and Cardott (1989), which could result in higher values
than those recorded and displayed by Cardott (1989). These
factors are discussed in more detail in Higley (2014a).

Carter and others (1998) determined that oil generation
from the Woodford Shale began as early as Late Mississip-
pian in the western basin. Burial history models for two wells
from the deep Anadarko Basin were used by Carter and others
(1998) to determine that the Woodford Shales were thermally
mature for oil generation by the end of the Permian; their
burial history model for the northern shelf area of Oklahoma
did indicate that the Woodford Shale has been in the early oil
generation zone since Early Permian time.

The modeled onset of oil generation and expulsion from
the Woodford Shale in the deep basin was about 330 million
years ago (Ma), based on generated volumes of oil through
time. Onset through completion of hydrocarbon generation is
highly dependent on burial depth, which varies greatly across
the basin. Figure 12 shows two-dimensional extractions from
the 4D model that display thermal maturation through time for
a south-north cross section. Displayed are transformation ratios
(TR) that range from 0.1 percent at onset, 50 percent at peak,
and 99 percent at completion of oil generation (Higley, 2014a,
fig. 18). The 99-percent TR boundary corresponds to about 1.2
percent R based on Lewan and Ruble (2002) Woodford Shale
hydrous pyrolysis kinetics; this represents the transition from
primarily oil to only gas generation. Modeled R  contours are

also shown for the generalized onsets of dry gas (about 2 per-
cent R ), and overmaturity for gas generation (about 4 percent
R)) based on secondary cracking reactions (Tsuzuki and others,
1999; Higley, 2014a). Methane gas is stable in the Woodford
Shale of the deep basin, based on thermodynamic calculations
and constraints by Takach and others (1987) and Barker and
Takach (1992), even considering the almost 28,000 ft current
depth of the Woodford Shale in the Bertha Rogers 1 well (fig. 5)
and greater than 30,000 ft maximum burial depth of the unit
in the basin. Although this indicates that methane is probably
present in the deepest portion of the Woodford Shale Gas AU, it
does not address the effects of elevated pressure and decreased
pore size and permeability on the stored volumes of gas.

Oil generation began about 330 Ma and slightly deeper
in the basin than the 330 Ma-cross section image (fig. 12).
By 300 Ma, the Woodford Shale on this section ranged from
thermally immature to overmature for oil generation, and by
250 Ma the range was marginally mature for oil to overmature
for gas generation. Because 250 Ma was approximately the
time of maximum burial depth, changes in maturation from
250 Ma to 0 Ma were fairly minor. The present-day Wood-
ford Shale and Thirteen Finger Limestone model layers range
from marginally mature for oil to overmature for gas genera-
tion. As is the case with Carter and others’ (1998) research,
thermal maturation is strongly influenced by burial depth and
temperature. Basement heat flow affects the wavy character
of contours in the figure 12 thermal maturation cross sections,
with areas of decreased heat flow exhibiting less thermal
maturation. This relation is also displayed in Higley (2014a,
figs. 39 and 40). Some of the “bumps” in the thermal matura-
tion profiles were explained by Gallardo and Blackwell (1999)
as associated with the thermal conductivity structure of the
basin and heat generation properties of basement rocks. Car-
dott and Lambert (1985) and Cardott (1989) observed that the
highest R values in the Woodford Shale are about 19-25 mi
(30—40 km) north of the deepest part of the basin and change
rapidly over a small lateral distance. Heating history is also
influenced by lithologies, for example, evaporites are ther-
mally conductive and thick sections can “cool” underlying
strata, whereas coals and shales are thermal insulators that
increase heat of underlying rocks. Within the Anadarko Basin,
coals are thin and sparse and evaporite sequences are rela-
tively thin, so these lithologies would have minimal impact
on heating history. Shales are more common, particularly
in the Pennsylvanian section, and would have functioned as
thermal blankets for underlying strata. Morrowan black shales
compose as much as 60 percent of the rocks in the Oklahoma
portion of the province (Wang and Philp, 1997), and the
Morrowan section is as much as 4,000 ft thick in the deep
Anadarko Basin, thinning northward onto the shelf (Adler and
others, 1971; Johnson, 1989).

Hydrocarbons from the Woodford AUs are self-sourced.
Oil migration within the Woodford Shale is probably limited
because of the low permeability; consequently, migration is
predominantly expulsion outward to bounding carrier (reser-
voir) beds. Petroleum migration is preferentially from higher to
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Figure 12. South to north thermal maturation cross sections
showing transformation ratios (% TR) through time based on
Woodford Shale hydrous pyrolysis kinetics from Lewan (1983,
1985), and Lewan and Ruble (2002). Pink and dark blue lines are the
respective Woodford Shale and Thirteen Finger lime model layers.
Cross section location is in figure 3. Modeled vitrinite reflectance
(R,) lines mark the boundaries for generation and overmaturity for
dry gas. Millions of year ago, Ma.—Previous page

lower pressure environments, regardless of whether those are
underlying or overlying strata. Oil and gas within the Woodford
Shale mainly represent saturation from nonexpelled hydrocar-
bons and that within faults and fractures. Because this is a res-
ervoir, albeit with low permeability, there is also the potential
of hydrocarbons migrating into the Woodford from deeper in
the basin or from other source rocks, especially gas, because of
its mobility. However, it is unlikely that other petroleum source
rocks contributed petroleum to the Woodford Shale, because

Thermal Maturation 15

it is currently overpressured relative to underlying strata in the
deep basin (Al-Shaieb and others, 1994) and has probably been
overpressured since it was mature for hydrocarbon generation.

Comer and Hinch (1987) estimated the volume of
expelled oil from their Woodford Shale study area by subtract-
ing the TOC-normalized volume of hydrocarbons in black
shale from the corresponding amount in chert. Their calcula-
tions also incorporated the Woodford Shale subcrop area and
source rock total thickness, density and TOC concentration, as
well as the density and amount of the expelled oil. Their cal-
culated expulsion efficiency was between 27 and 50 percent.
Estimated volume of expelled oil was 22 billion barrels from
about (1) the eastern one-third of the Anadarko Basin, (2) the
Marietta-Ardmore Basin, and (3) the western two thirds of the
Central Oklahoma platform (Comer and Hinch, 1987, fig. 1).
Figure 13 shows oil generation through time for the Oil Creek
Formation, Woodford Shale, and Thirteen Finger lime petro-
leum source rocks (fig. 2). The curves are displayed as onset
to completion, rather than volumes, partly because thickness
of the Oil Creek layer is generalized and does not represent
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Figure 13. History of petroleum generation from the Qil Creek Formation, Woodford Shale, and Thirteen Finger

lime (fig. 2) source layers in the four-dimensional petroleum system model. History is based on Woodford
hydrous pyrolysis kinetics (Lewan and Ruble, 2002). Shaded area brackets the main period of peak oil generation
from the Woodford Shale. Early oil generation from the Qil Creek layer, prior to about 70 million years ago, is in

a narrow strip in the model that is proximal to the Wichita Mountain uplift. This strip exceeds maximum depth of
the formation and is primarily the result of areas of poor data control in the area bordering the fault zone. The
error could have been removed by clipping the four-dimensional model extent to the basin axis and northward,
but less of the model would have been visible and usable.
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Figure 14. Events chart for the Woodford Shale

Gas assessment unit (AU) and Woodford Shale Qil

AU. Timing of oil and gas generation, migration, and
accumulation is based primarily on vitrinite reflectance
and transformation ratios through time from one-
dimensional and four-dimensional (4D) models (Higley,
2014a). Timing of oil generation (gray polygon) is

also based on (unpublished) volumes of petroleum
generated through time using the 4D model; peak
generation from the Woodford Shale (blue bars) is from
about 310 to 230 million of years before present (Ma).
A second phase of generation from about 80 to 50 Ma

Petroleum
System Events
Geologic o
time = S| s -
scale P N = s |8 | =
(Ma) slels|=lS|lels]2
= | 2 el 21 L i =
Els5|S|ls| 5| 2| 2] 3
cla|E|s|[8|=]8|<
0 Neogene ~ lio Mio
i 23 Olig
| Paleogene Eoc i
50 Pal
65.5 1 | L
100 [ Cretaceous ‘ T
150 F 146 ‘ -
Jurassic ‘ ]
200 200 ‘ n
Triassic ‘ 4
250 F 251 - 4
Permian i
- 299 = L e =
300
Pennsylvanian e[ M ':m':k |
318 F T Il
L M !
Mississipian nligln
350 [ E 4
L F .
Devonian M
400 I~ E 7
416
Siluri L ]
ilurian £ o | o
144 & &
450 L F % g .
Ordovician M % %
L = == '
500 [ L | -
Cambrian M i
E
550 F 542 B 4
Precambrian

is associated with deposition and erosion of strata

i associated with the Laramide orogeny. Lithofacies
assignments in the “Formations” row are intended only
to show periods of unconformities (wavy and horizontal
lines) and depaosition. Plio, Pliocene; Mio, Miocene; Eoc,
Eocene; Pal, Paleocene; L, Late; M, Middle; E, Early.

the actual thickness of the source interval. Peak oil genera-
tion from the Woodford Shale was from about 310 to 230 Ma.
Because Anadarko is a deep basin with a shallow shelf, age
ranges for petroleum generation vary laterally as well as verti-
cally, allowing for longer periods of oil and gas generation,
migration, and trapping across the basin. A second period of
Woodford oil generation from about 80 to 50 Ma is associated
with Laramide deposition, uplift, erosion, and subtle tilting of
the basin. The petroleum system events chart for the Woodford
Shale Oil and Woodford Shale Gas AUs (fig. 14) shows time
periods of deposition of source, reservoir, seal, and overburden

strata. Timing of hydrocarbon generation, migration, and
accumulation are derived mainly from the Higley (2014a)
petroleum system models (fig. 13, table 2).

to completion, rather than volumes, partly because
thickness of the Oil Creek layer is generalized and does not
represent the actual thickness of the source interval. Peak oil
generation from the Woodford Shale was from about 310 to
230 Ma. Because Anadarko is a deep basin with a shallow
shelf, age ranges for petroleum generation vary laterally as
well as vertically, allowing for longer periods of oil and gas
generation, migration, and trapping across the basin. A second
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Table 2. Qil generation onset for the Anadarko Basin four-dimensional model, and onset and
completion dates in millions of years before present (Ma) for the Bertha Rogers 1 and Petree Ranch

1 one-dimensional models based on Woodford Shale hydrous pyrolysis kinetics (Lewan and Ruble,
2002). The Douglas Group overlies the youngest potential petroleum source rocks in figure 6. The HP
kinetics-based onset of oil generation is 0.1% TR and completion is 99% TR. Qil generation histories in
the four-dimensional model were recorded at 10 million year increments, so the plus symbol indicates

onset was before the listed age.

Four Dimensional Model

Bertha Rogers 1 Petree Ranch 1

Onset Onset End Onset End
Virgilian (Douglas Group) 270 100
Thirteen Finger limestone +300 290 265 270
Woodford Shale 330 330 310 290 200
Oil Creek Formation +370 340 320

period of Woodford oil generation from about 80 to 50 Ma

is associated with Laramide deposition, uplift, erosion, and
subtle tilting of the basin. The petroleum system events chart
for the Woodford Shale Oil and Woodford Shale Gas AUs
(fig. 14) shows time periods of deposition of source, reservoir,
seal, and overburden strata. Timing of hydrocarbon genera-
tion, migration, and accumulation are derived mainly from the
Higley (2014a) petroleum system models (fig. 13, table 2).

Traps and Seals

The Woodford Shale Gas AU southern boundary includes
a small portion of the overthrust belt that borders the Ama-
rillo-Wichita Mountain uplift (fig. 3). Gas potential within
wells in this area is influenced by complex faulting and
fracturing that would likely enable leakage of gas from the
Woodford Shale, adversely impacting production of gas. The
area was included because Woodford intervals in this area are
probably within the oil and gas generation windows, and some
wells encounter repeated strata because of the faulting. For
example, the Apache Gas Unit No. 1 vertical well penetrates
the Woodford at least 4 times and at depths that range from
about 1,900 to 19,000 ft.

The Woodford Shale AUs are within the Anadarko Basin
area defined by Nelson and Gianoutsos (2014) as overpres-
sured. Al-Shaieb and others (1994) outlined an overpressured
megacompartment that is primarily in the Oklahoma and
Texas portions of the basin; the diagenetically enhanced basal
seal is stratigraphically controlled and seems to coincide with
the Woodford Shale. Overpressuring occurs in all reservoirs
between the top seal at depths of about 7,500 to 10,000 ft
(2,290 to 3,050 m) to the base of the Woodford Shale, with
return to normal pressure in the underlying Hunton Group
(Al-Shaieb and others, 1994). Overpressure probably assists
petroleum production from the Woodford Shale if natural
and induced fractures are open. Effects of overpressure on

lateral and bounding seals are dependent on their competence.
Al-Shaieb and others (1994) indicated that the megacompart-
ment complex is composed of sealed overpressured reservoirs
with pressure gradients that exceed the normal gradient of
10.515 thousand Pascals per meter (kPa/m) [0.465 pounds per
square inch per foot (psi/ft)]; the megacompartment, includ-
ing the Woodford Shale, is sealed to the south by a vertical
cementation zone associated with the frontal fault zone of the
Wichita Mountain uplift and by the convergence of the top and
basal seals along its eastern, northern, and western boundar-
ies. The overlying Kinderhook Shale probably provides a seal
across its extent in the eastern basin.

Petroleum Production History

Distribution of oil and gas wells from the Woodford
Shale is shown in figures 15 and 16. Gas production is located
primarily within the Woodford Shale Gas AU and oil within
the Woodford Shale Oil AU. Estimated mean undiscovered
resources from the 2011 assessment are (1) 15.973 trillion
cubic feet of gas (TCFG) and 192 million barrels of natural
gas liquids (MMBNGL) for the Woodford Shale Gas AU;
and (2) 393 million barrels of oil (MMBO), 1.963 TCFG, and
59 MMBNGL for the Woodford Shale Oil AU. The Wood-
ford Shale was included in the 1995 play assessment of the
Anadarko Basin as the Woodford/Chattanooga/Arkansas
Novaculite play, which was described by J. Schmoker in
Henry and Hester (1995) as a hypothetical continuous play
with no production or assigned estimates of undiscovered
resources. The Misener sand (fig. 16) of the basal Wood-
ford Shale was separately assessed in 1995 as the Devonian
Misener sandstone oil play with mean undiscovered accumula-
tions of 4.1 MMBO (Henry and Hester, 1995). The Misener
sand for the 2011 assessment was not assessed separately,
but was included within the conventional Hunton Group AU
(table 1) (Gaswirth and Higley, 2014).
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Figure 16. Map showing oil wells (green dots) and gas wells (red dots) that
produce from the Woodford Shale in the Anadarko Basin Province (IHS Energy,
2009a, 2010, 2011). White dots are wells that are productive only from the Woodford
Shale based on a November 2011 retrieval of data from IHS Energy (2011). White dot
wells that do not contain oil or gas wells were added to the IHS database since the
January data retrieval. Extent of the Woodford Shale in the province is approximated
by the Woodford Qil AU line. Thickness was derived from Rottmann (2000b, pl. 2),
analysis of more than 100 well logs, and edited formation tops from IHS Energy
(2009a, 2009b). The Kansas portion of the province contains variable thicknesses of
Woodford Shale, and the Oklahoma and Texas portions have several small erosional
remnants. The generalized location of the informal Misener sand (light blue line) in
the lower part of the Woodford Shale (fig. 2) is modified from Amsden and Klapper
(1972) and IHS Energy (2009a, 2009b). The Misener sand exhibits variable thickness
and distribution, and is also present in isolated lows in the eroded, karst surface of
the Hunton Group (Gaswirth and Higley, 2014). Pink lines are Precambrian faults from
Adler and others (1971).
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Figure 17. Discovery thirds for 74 wells with reported

cumulative gas production from only the Woodford Shale
from 1946 to September, 2009 (IHS Energy, 2010). The

apparently poor production

from the 3rd third is misleading,

and actual performance is probably greater, particularly
with the present focus on horizontal wells. Reasons for

the spread in data include that early production likely
incorporates (unreported) oil and gas from the conventional
basal Misener sand of the Woodford shale and (or)
bounding reservoirs, and the 3rd third only represents 6
months of Woodford Shale gas from 24 wells. Average gas/
oil ratio of the above data set is 237,000 cubic feet of gas
per barrel of oil. Million cubic feet of gas, MMCFG.

The 2011 assessment incorporated multiple databases
of well and field history and production that included IHS
Energy (2009a, 2009b, 2010) and Nehring and Associates,
Inc. (2009). Cumulative production from the Woodford Shale
across the province was about 2 MMBO and 34 BCFG, based
mainly on data from IHS Energy (2010). Woodford Shale oil
and gas has been mostly from vertical wells, with the produc-
tion commonly reported commingled with the Hunton Group,
Misener sand, Sycamore Limestone, and other units. Of the
130 total wells, there were about 49 horizontal Woodford
Shale completions (IHS Energy, 2009a, 2010). Future Wood-
ford Shale wells are expected to be mainly horizontal. Gas-oil
ratio averaged about 237,000 cubic feet of gas/barrel of oil for
55 Woodford Shale wells in the province that did not report
commingled production (IHS Energy, 2009b). Cumulative
gas production for discovery thirds (fig. 17) shows largest gas
production for the second third of production history. Largest

decrease is for the last third of production history; however,
the curves provide only limited information because of the
short time range of production. Eighty-eight gas and 21 oil
wells, respectively, with Woodford-only production were
used to calculate estimated ultimate recovery (EUR) for the
Woodford Shale Gas and Woodford Shale Oil AUs (IHS
Energy, 2011). Contoured gas EURs are shown in figure 18.
Present-day distribution of production for the Woodford
Shale Gas AU is scattered across the formation extent, but
gas production is concentrated in areas where R values are
greater than 1.2 percent (fig. 18). The isolated blue dot of
greater than 5,000 MMCEFG (fig. 18) appears to be in an area
of lower thermal maturity, but there are no proximal R sam-
ples, so the value here could be greater than indicated by the
contours. The modeled TR through this point is 100 percent
and R is 1.3 percent. Methodology for determining EUR is
in Cook (2004).
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Figure 18. Map showing Woodford Shale calculated gas estimated ultimate recoverable (EUR) ranges from
about 0.1 million (MMCFG) to 11.9 billion cubic feet of gas for 76 wells based on production history from IHS
Energy (2010). The dense cluster of wells has contoured values, whereas those outside are measured values.
Inset map of contoured values is magnified 300 percent. Most gas production is located at the 1.2% R and
greater Woodford Shale contours created using data from Cardott (1989), Price (1997), Chesapeake Energy
Corporation (2009), and Mark Pawlewicz. Faults (brown lines) on the underlying Hunton Group (Rottmann,
2000a) were used to create the Woodford layer and to contour R values.
conclusions Hydrocarbons in the Woodford Shale Gas and Woodford

The Devonian-Mississippian Woodford Shale is an
important petroleum source rock and reservoir in the Anadarko
Basin Province. The formation consists of upper, middle, and
lower informal members of carbonaceous silica-rich shales,
and a lower informal Misener sand. The shale members contain
fissile and non-fissile shale, including chert beds, all of which
can exhibit different fracture behavior. Elevation on the top
of the Woodford Shale ranges from about -2,500 ft (-760 m)
on the southern Kansas shelf, to -27,000 ft (-8,000 m) in the
deep basin of southern Oklahoma. Thickness of the Woodford
Shale ranges up to 375 ft and averages 40 ft. Greatest thickness
is within eroded channels of the underlying Hunton Group.
Present-day total organic carbon (TOC) content for the upper
Woodford ranges from about 0.8 wt% to 17 wt%.

Shale Oil AUs are self-sourced. Gas production is concentrated
in areas where R values are greater than 1.2 percent, based
mainly on the 4D model. Lateral migration distances are minor
because of the low permeability within the source rock and
primary expulsion is from this source outward to bounding
carrier beds. Oil generation from the Woodford Shale began in
the deep basin of southern Oklahoma about 330 Ma, based on
1D and 4D petroleum system models; peak oil generation was
from about 310 to 230 Ma. Because Anadarko is a deep basin
that has a shallow shelf, age ranges for generation vary laterally
as well as vertically. These time ranges allowed for longer peri-
ods of oil and gas generation, migration, and trapping across
the basin. A second period of Woodford oil generation from
about 80 to 50 Ma is associated with Laramide deposition,
uplift, erosion, and subtle tilting of the basin.
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Figures

1. Map showing Anadarko Basin (red dashed line) and boundaries of total petroleum
systems (TPS) and assessment units (AU) that are described in this chapter of the
report. The Desmoinesian and Missourian-Permian AUs share a common boundary
with the Pennsylvanian Composite TPS, with the exception that the AUs include a
“donut hole” that is the Greater Granite Wash Composite AU. There are common
boundaries fOr MOST AUS ...ttt et 2

2. Generalized stratigraphic columns for Devonian through Permian strata in the
Anadarko Basin Province. Assessment unit (AU) names and generalized divisions
are split at the horizontal red line into (upper) Pennsylvanian Composite Total
Petroleum System (TPS) and (lower) Woodford Composite TPS. Italics (blue text)
and lowercase names indicate informal status. The Devonian Misener sand was
evaluated as part of the Hunton Group AU (Gaswirth and Higley, 2014). Extension of
the Morrowan-Atokan AU into the Desmoinesian reflects the unclear boundary of
the Atoka Shale in the southern basin. Modified from Bebout and others (1993) and
Henry and Hester (1995). Ages in millions of years from Haq and Van Eysinga (1998),
and Gradstein and others, (2004) (red text). Fm.; Formation, Gp.; Group, Lst.;
Limestone, Im.; lime, Sh., Shale, Ss.; SANASIONE ......ccovoeveeverrieererce e 4



3. View to the southeast of elevation on the top of the informal Thirteen Finger
limestone model layer (Higley and others, 2014b). Areal extent of the Thirteen Finger
limestone is approximated by the light blue line. Major structures are labeled. CKU
is Central Kansas uplift. The Las Animas arch (not shown) is north of the Sierra
Grande uplift. The deep basin of Oklahoma and Texas is approximated by -6,000
feet elevation and deeper. Precambrian faults (red) are from Adler and others (1971).
Faults bordering the Wichita Mountain uplift are vertical for 4D model purposes
only, and subcropping strata on the uplift are unknown because of insufficient data.
Data sources for this surface include formation picks from well logs and edited IHS
Energy (2009, 2010a) formation tops. Vertical exaggeration is 18 times..........c.cccceeueeuneee.

4. South-north generalized cross sections showing stages of development of the
southern Oklahoma aulacogen (A, B) (modified from Gilbert, 1983; Perry, 1989),
southern Oklahoma trough (C), and Anadarko Basin and bounding Wichita
Mountain uplift and fault ZONE (D) .......vceeeeeeeeeeeereeeee ettt senaees

5. Map showing thickness of strata between the Hunton and Desmoinesian model
layers ranges from less than 500 meters (1,640 feet) over most of the Kansas shelf
to more than 5,000 meters (16,400 feet) in the deep basin of Oklahoma. This wedge
of Woodford Shale and younger rocks is oriented northwest-southeast, similar to
that of Woodford Shale thermal maturation contours. Precambrian faults (blue
lines) and named structures are from Adler and others (1971) ......ocveeveeeeecveveiceieeieennes
6. Maps showing A, Qil and B, gas wells that produce from Pennsylvanian and (or)
Permian strata in the Anadarko Basin Province (IHS Energy, 2010a, 2010b).
Generalized field locations are from IHS Energy (2010a) and Bebout and others
(1993). Also shown are the Greater Granite Wash Composite Assessment Unit (AU)
and Pennsylvanian Composite Total Petroleum System (TPS) boundaries.
Precambrian faults are from Adler and others (1971) ...
7. Generalized stratigraphic column for the Anadarko Basin Province, with
hydrocarbon source rocks highlighted (brown text). Increases in source rock
potential are indicated by larger numbers. The expected hydrocarbons column
heading indicate whether the source rock is more oil or gas prone. Blue highlights
source intervals used in the four-dimensional petroleum system model. Vertical
lines show a generalized time range of unconformity from Bebout and others (1993,
fig. 5). Chart is from J. Hatch (oral commun., 2010, and modified from Burruss and
Hatch (1989). Gp., Group; Fm., FOrmMation .......ccccuevueveeeeeeeeeeeeeeeeeeeteeeeeee et ese e es s senaees

8. Images showing present-day thermal maturation of Woodford to Douglas model
layers using Woodford HP transformation ratio (% TR) kinetics (Lewan and Ruble,
2002) and vitrinite reflectance (% R ) (Sweeney and Burnham, 1990). Each layer
extends across the study area, including units located outside of the petroleum
source rocks. As an example, the Kansas portion of the Springer and Thirteen
Finger layers are almost identical because these units are absent over much of this
area and the thermal maturity reflects that of the underlying mostly Viola and
Simpson Groups strata. The vitrinite reflectance contours in equivalent layers in
chapter 3 (fig. 26) are limited to the extent of those strata, and also exhibit slightly
different thermal maturation patterns, which largely represents a somewhat newer
version of the model. Changes in thermal maturity on the shelf areas of Kansas and
Colorado are also minor because of shallow burial relative to the deep basin of
Oklahoma and Texas; source rocks are mostly immature for oil generation at less
than 0.6% R . Thermal maturity for source rocks in the deep basin of Oklahoma and
Texas ranges from mature for oil generation, to overmature for gas generation at
about4% R and greater. Red contour lines on the R images mark the 99 percent
transformation ratio that is approximately equivalent to 1.2% R . Precambrian faults
(Adler and others, 1971) are Shown as blIUE [INES .....ccevvcerererereeseiesieese e



Isopach map of Mississippian to Woodford petroleum system model layers, which
approximates the thickness of Mississippian rocks across the study area. Blank

areas indicate missing strata or insufficient data. Extent of the Woodford Shale is
approximated by the Woodford Shale Oil AU boundary in figure 1. Irregular

contours are mainly because of subtraction of these unfiltered (unsmoothed) layer
grids. Precambrian faults (green lines) are from Adler and others (1971)........cccceuueun.ce. 15
Maps showing A, Oil and B, gas wells that produce from the Mississippian AU in

the Anadarko Basin Province (IHS Energy, 2010b). Also shown in figure 10A are 276
horizontal wells drilled into Mississippian strata; 166 of these were completed after
2010 (IHS ENEIQY, 20T2) c..oereeeceeeeeeeeeeeteetseeeetesass e sssees s ssssses s s sssssssesssssssessssasssssenssanens 16

Cumulative number of producing wells by year for the Mississippian AU (IHS
Energy, 2010a, 2010b). Some of the wells include production from units other than
Mississippian. Onset of production from this AU for several major fields is also
shown. Locations are in fIgUIE B......c.cccueereerneeeeectesee ettt 17
Grown gas and oil accumulation sizes for discovery thirds of the Mississippian
Assessment Unit of the Woodford Composite Total Petroleum System. Although
this is a mature assessment unit, the oil accumulations only show a minor drop for
the third of discoveries, and the gas accumulation history is stable. Data are from
the Nehring and Associates, Inc. (2009) field database, which has limited
information for the Mississippian fields. MMBO, million barrels of oil; BCFG, billion
(o0 T To =) ) 0 T PR 17
Petroleum system events chart for the Mississippian Assessment Unit of the
Woodford Composite Total Petroleum System. Timing of oil and gas generation,
migration, and accumulation is based primarily on Higley (2014) petroleum system
models. Potential petroleum source rocks (fig. 7, Hatch and others, 1986) are light
gray rectangles. Primary petroleum source rock for the Mississippian AU is the
Woodford Shale (Rice and others, 1988a, 1988b; Higley, 2014). The informal Osage
lime and Springer Formation are potential petroleum sources for the AU. Times of
peak generation from the Oil Creek Formation (blue), Woodford Shale (green) and
Thirteen Finger limestone (tan) source rocks are within blue shaded rectangles.
Paleogene trap formation, migration, and accumulation are based on Laramide
generation and potential remigration associated with erosion and basin tilting.
Unconformities, wavy and horizontal lines; Ist, limestone; sh., shale; Fm., Formation;
Plio, Pliocene; Mio, Miocene; Eoc, Eocene; Pal, Paleocene; L, Late; M, Middle; E,

History of petroleum generation from the Qil Creek Formation, Woodford Shale,

and informal Thirteen Finger limestone source layers in the four-dimensional (4D)
petroleum system model. History is based on Woodford hydrous pyrolysis kinetics
(Lewan and Ruble, 2002). Gray bars delineate periods of peak generation. Early oil
generation from the Qil Creek layer, prior to about 370 million years ago, isin a

narrow band that is proximal to the Wichita Mountain uplift. This band exceeds
maximum depth of the formation and is because of areas of poor data control in

the area bordering the fault zone. The error could have been removed by clipping

the 4D model extent to the basin axis and northward, but less of the model would

have been visible and USADIE ..o 19

Map showing elevation on the top of the Atoka model layer. Extent of Morrowan

and Atokan strata within the Pennsylvanian (Penn.) Composite Total Petroleum

System (TPS) is approximated by the Morrowan-Atokan Assessment Unit (AU)
boundary and in figure 3 elevation of the basal Thirteen Finger limestone. Elevation

is relative to sea level. Precambrian faults are from Adler and others (1971) ................. 20
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Maps showing A, Oil and B, gas wells that produce from Morrowan and Atokan
reservoirs in the Anadarko Basin Province (IHS Energy, 2010a). The assessment

unit (AU) boundary approximates the extent of Morrowan and Atokan strata.
Precambrian faults are from Adler and others (1971). TPS, Total Petroleum System.....22

Cumulative number of wells by year that produce from the Morrowan and Atokan
(IHS Energy, 2010a, 2010b). Several major fields are also shown by year of
discovery; all are ShOWN iN fiQUIE B......c.cveeeeeeereerieeseeee st nseesees 23

Discovery thirds of grown oil and gas accumulations for the Morrowan-Atokan
Assessment Unit (AU) of the Pennsylvanian Composite Total Petroleum System
(TPS). This is a mature AU, which is reflected by the generally larger field sizes
early in the exploration history (first third) relative to later discoveries (second

and third thirds). All thirds show similar trends in field sizes through time. Gas
accumulation history is stable for fields less than 10 billion cubic feet of gas
(BCFG), but exhibits progressive decline for fields greater than this. Data were
constructed using the Nehring and Associates, Inc. (2009) field database, which
has limited information for the Morrowan and Atokan fields. The database contains
more information on Morrowan and Atokan gas fields than oil fields, as indicated
by the data density on the plots. MMBO, million barrels of Oil.......ccccooeeecveiieeccrvencrnnnee 23

Petroleum system events chart for the Morrowan-Atokan AU of the Pennsylvanian
Composite TPS. Woodford Shale (green) and Thirteen Finger limestone (tan)
ranges of oil and gas generation, migration, and accumulation are based primarily
on the petroleum system models. Potential petroleum source rocks from Hatch
and others (1986) are light gray. Time ranges of peak generation (fig. 14) are within
blue rectangles. Paleogene trap formation, migration, and accumulation are based
on Laramide generation and potential remigration associated with basin tilting.
Unconformities, wavy and horizontal lines; Ist, limestone; sh., shale; Fm., Formation;
Plio, Pliocene; Mio, Miocene; Eoc, Eocene; Pal, Paleocene; L, Late; M, Middle; E,

Isopach map of the top of the Thirteen Finger limestone to the Morrow Formation,

and the Thirteen Finger Limestone—Atoka Shale Gas AU (white line). Morrow and
Thirteen Finger tops are based on Andrews (1999a, 1999b), examination of more

than 120 well logs, and edited tops from IHS Energy (2009, 2010a). Morrow

Formation faults (pink) are modified from Andrews (1999b). Color contour interval

is 20 ft and (black) line contours are 10-feet intervals. Figure 21 cross sections are
labeled A-A"and B—B’. White polygons are Perryton (Texas) and Knowles

Northwest (Oklahoma panhandle) oil fields, conventional oil reservoirs from the
Thirteen FINGer IMESTONE.......ccueireeeesesceee sttt snsennes 25
A, Southwest to northeast and B, southeast to northwest cross sections of the
Thirteen Finger limestone (TRFG) of the Pennsylvanian Atoka Group (ATOKA) in the
Anadarko Basin. Lines of section are in figure 20. Vertical scale is in feet relative to

the base of the Thirteen Finger limestone. MRMT is Marmaton Group, CHRK is
Cherokee Group, MRRW is Morrow Formation, and MSSP is top of the

Mississippian. Labeled well log traces are gamma (0 to 200 American Petroleum
Institute [API]), resistivity, sonic density, and neutron density...........ccccoceoeeeeeereereeeeernnn. 26
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Petroleum system events chart for the continuous Thirteen Finger

Limestone—Atoka Shale Gas Assessment Unit (AU) of the Pennsylvanian Composite
Total Petroleum System. Timing of basin oil and gas generation, migration, and
accumulation is based primarily on the petroleum system models. Thirteen Finger
limestone (tan) periods of peak oil and gas generation are shown by the blue
rectangles. This AU is located in an overpressured zone of the deep basin

(Al-Shaieb and others, 1994). Because of this, Laramide uplift and erosion probably
had minimal effect on the pressure environment. Millions of years ago, Ma;
Unconformities, wavy and horizontal lines, Ist; limestone, sh; shale..........ccccoccoevecinnnnnne 28
Photograph showing Desmoinesian outcrop along the San Juan River in the

Paradox Basin, southeastern Utah, illustrates carbonate/siliclastic cyclicity and

lateral continuity of beds. The informally named middle Desmoinesian “0ld Yeller,”
Desert Creek, and Ismay zones are within the Paradox Formation and are roughly
age-equivalent to the upper Cherokee and lower Marmaton Groups in the

Anadarko Basin. This section is described in Grammer and others (1996) and is

located in about sec. 26, T. 41 S., R. 19 E. Raft is for scale and this north view of the
outcrop trends approximately West t0 8aSt .......covcueveeceeeceeceeeeceeee s 30

Modeled surface on the Desmoinesian layer shows a broad gentle slope in

Colorado and Kansas that deepens near the basin axis, north of the Wichita

Mountain uplift. Vertical yellow bars are Precambrian faults, and surface colors

are generalized lithofacies from Adler and others (1971) that mainly record

increased clastics basinward. White areas do not contain Desmoinesian or

underlying Cherokee model layer lithofacies. Vertical exaggeration is 15 times............ 31
Maps showing A, Oil and B, gas wells that produce from the Desmoinesian
Assessment Unit (AU) Cherokee and Marmaton Groups in the Anadarko Basin
Province (IHS Energy, 2010a, 2010b). Generalized field locations are from IHS

Energy (2010a) and Bebout and others (1993). The Desmoinesian AU shares a

common boundary with the Pennsylvanian Composite Total Petroleum System

(TPS). Excluded from the AU is an oval area in the deep basin that is the Greater
Granite Wash Composite AU and included wells. Precambrian faults (pink) are from
AdIEr AN OTNEIS (T77) .ottt se s en s st eeen s s et eenen 32

Cumulative number of new-field wildcats by year that produce from the

Desmoinesian AU (IHS Energy, 2010a, 2010b). Exploration and development was

static until about 1950, after which activity increased and has been fairly steady
through time. The displayed major fields by discovery dates produce oil and gas

from multiple units and ages. Field locations are shown in figure 25..........cccoevvverreeernnee. 33

Grown gas and oil accumulation sizes for discovery thirds for the Cherokee and
Marmaton Groups reservoirs in the Desmoinesian Assessment Unit (AU)

(50580202). This AU has a mature exploration and development status with

production from about 1,400 fields in the province (IHS Energy, 2010a, 2010b);

however, only a few of these fields are represented on the figure. This paucity of
information from the Nehring and Associates, Inc. (2009) is primarily because of
reporting of production, mainly as commingled production from multiple units and

age ranges. The discovery thirds for oil accumulations show close agreement for
fields less than 8 MMBO, and for gas accumulations the limited data suggest that

the second third of discoveries was more successful than the first and third thirds.....33
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Petroleum system events chart for the Desmoinesian Assessment Unit (AU) of the
Pennsylvanian Composite Total Petroleum system (TPS). Potential petroleum
source rocks (fig. 7) from Hatch and others (1986) are light gray rectangles. The
Thirteen Finger limestone (tan) range of oil and gas generation, migration, and
accumulation represents Atokan and younger strata that are the primary

petroleum source rocks; the 300-million years ago (Ma) onset of generation is
based on the petroleum system one-dimensional and four-dimensional models.
Potential oil and gas contributions from older source rocks is bracketed by the
Woodford Shale (green) onset of generation of about 330 Ma. Time ranges of peak
generation (fig. 14) are within blue rectangles. Paleogene trap formation, migration,
and accumulation are based on Laramide generation and potential remigration
associated with basin tilting. Unconformities, wavy and horizontal lines; Plio,
Pliocene; Mio, Miocene; Eoc, Eocene; Pal, Paleocene; L, Late; M, Middle; E, Early.......34
Map showing elevation on the top of the Council Grove model layer for the
Anadarko Basin province. Inset image on the top of the overlying Chase layer
shows structures on this north-tilted view at 20 times vertical exaggeration. The
primary basin axis is proximal to the Wichita Mountain uplift (fig. 24) in Oklahoma
and Texas, the secondary axis trends northward along the west flank of the Central
Kansas uplift (CKU), which is bounded approximately by displayed faults. White
outlines the Panhandle (south) and Hugoton-Guymon (north) field areas (fig. 25).
Precambrian faults (red) are from Adler and others (1971).....cccccoevveveceecernerrerseeeseeine 36
0Oil (green) and gas (red) migration flow paths on the Douglas and Permian layers in
the four-dimensional petroleum system model at present day. The image is tilted to
the north and is at 15 times exaggeration to better show flow paths. Yellow outline
is for the generalized locations of the Hugoton and Panhandle fields (fig. 25). In
general, flow follows topography on the model layers. Petroleum is generated
mostly in the deep basin and flows radially northward. Flow in northern Oklahoma
and in Kansas is directed toward the Las Animas arch (LA), Central Kansas uplift
(CKU), and Nemaha uplift. Gas flow paths at the western and eastern boundaries of
the map and the CKU resulted from decrease in pressure-volume-temperature
(PVT) conditions. Greenish-gold vertical bands are Precambrian faults (Adler and
others, 1971). These are the only modeled Missourian-Permian Assessment Unit
layers that have flow paths, mainly because (1) Heebner layer shale above the
Douglas layer provided enough of a seal to prevent upward leakage, (2) the
generalized lithologic assignments of other layers, and (3) coarse grid spacing
resulted in most generated petroleum migrating out of the model..........cccoveervcrviinennnee 38

Maps showing A, Oil and B, gas wells that produce from the Missourian-Permian
Assessment Unit (AU) in the Anadarko Basin Province (IHS Energy, 2010a, 2010b).

Also shown is the common boundary with the Greater Granite Wash Composite

AU boundary and included wells. Generalized field locations are from IHS Energy
(2010a) and Bebout and others (1993). Largest gas field is Hugoton-Guymon, which
extends northward from the Panhandle field. Gold-colored line on A is the

southeast to northwest cross section and (red dot) burial history plot location for
figure 39. Precambrian faults (pink) are from Adler and others (1971).....c.ccccooveeerveeeneee. 39

Graph showing production history of the Missourian-Permian Assessment Unit

(AU) in the Anadarko Basin Province with some of the major field discovery names

and dates (IHS Energy, 2010a, 2010b; Oklahoma Geological Survey, 2011a, 2011b).
Exploration and development was relatively slow until discovery of the
Watonga-Chickasha field. Development after about 1950 shows the same general
trends as those from Other AUS ...ttt 40
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34.

35.

36.

37.

Map showing generalized contours of estimated ultimate gas recovery (EUR) in

million cubic feet of gas (MMCFG) from 1,024 leases in the Hugoton and Guymon

fields (data from Troy Cook, written commun., 2010). Leases represent single-well
production of gas from the Chase and (or) Council Grove Groups. Contours are

based onlog10 EUR values to better show variability across the area. Horizontal

blue line is generalized location of cross sections shown in figure 35. Pink lines are
Precambrian faults from Adler and others (T977) ... 40
Graph showing discovery thirds of estimated ultimate recovery of gas (EUR) in

million cubic feet of gas (MMCFG) for 1,024 wells in the Hugoton and Guymon fields
that produce gas from the Chase and (or) Council Grove Groups (T. Cook, written
commun., 2010). Data represent leases that have one well per lease and are split

into the first, second, and third thirds of onset of production to November 2009,

based on data from IHS Energy (2010a, 2010b). The curves indicate that gas

production has undergone a steady decline since onset of production. Decline rate

is greatest for the more productive wells in the third of EUR ........c.ccovveveeicvecicea 4

Lithofacies in west to east cross sections across the Hugoton field for the (B)
Chase and (C) Council Grove Groups (modified from Dubois, 2007). These
stratigraphic cross sections are hung on the top of the Chase (B) and the Council
Grove (C), and location is in figure 33. Orange through red layers are continental
(Cont) sandstone (SS), siltstone (Silt) and shale. Other colors are marine
lithofacies, including fractured (FxIn) and crystalline (CxIn) dolomite (Dolo). Both
cross sections show lateral continuity of cyclical beds of marine and continental
strata. Marine strata increase in thickness to the east and continental beds thicken
westward. Dubois (2007) indicated that large-scale sedimentation patterns and
distribution of resultant lithofacies (at the cycle scale) are largely a function of the
position on the shelf and reflect the interaction of shelf geometry, sea level, and,
possibly, the proximity to siliclastic sources. Lithofacies distribution and
cycle-stacking patterns at larger scales may be a function of lower-order cyclicity
and a shift from icehouse to greenhouse conditions (upward) during the Lower
PEIMIAN <.ttt bbb bbb 42

Graphs showing grown oil and gas accumulation sizes for discovery thirds of the
Missourian-Permian Assessment Unit (AU) of the Pennsylvanian Composite Total
Petroleum System. Only a fraction of the about 1,420 oil and gas fields that produce
from this AU are shown, largely because many fields produce from multiple units
with reported commingled volumes. Discovery trends are similar of grown oil
accumulations less than about 20 million barrels of oil (MMBO). At greater than this
volume, the first third of discoveries are larger than those of the second and third
thirds. The early development history was marked by the giant Hugoton-Guymon
and Panoma gas fields. In general, the gas accumulation chart shows a general
decrease through time in field sizes. Billion cubic feet of gas, BCFG ........c.ccccoeveierrnnnnes 43
Model image showing oil and gas wells that produce from the Missourian-Permian
and Greater Granite Wash Composite assessment units (AU) in the Anadarko Basin
Province (IHS Energy, 2010a, 2010b) are superimposed on the image of Douglas
plus Permian layer flow paths (fig. 30). In general, areas with less flow have fewer
wells. Yellow outline is the Panhandle-Guymon-Hugoton field area, drilling is
somewhat faint within the gas fields because of the wider drill spacing than for oil
production. Absence of flow paths within the Panhandle field, with their
appearance on the west side of the field suggests (invisible) Darcy flow through
the reservoir because all potential source rocks are thermally immature in the
western Amarillo uplift (fig. 8) (Higley, 2014). Sorenson (2005) also indicated that
petroleum migrated southward from the basin into structural traps of the
Panhandle field. Precambrian faults are from Adler and others (1971) .....cccovveveeveverrneee 44
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39.

40.

Map showing basement heat flow contours across the Anadarko Basin based on
data from Carter and others (1998), Blackwell and Richards (2004), and data
downloads from the Southern Methodist University Web site
(http://smu.edu/geothermal/). Shown are the cross sections (blue lines) in figures
39 and 40, location of the one-dimensional burial history model (red dot), and
Panhandle-Guymon-Hugoton field outlines (pink lines). Values are milliwatts per
square meter (mW/m?). The A-A’section crosses several zones of elevated heat
flow and B—B’is mainly in areas of decreased heat flow. Basin areas north of the
Wichita Mountain uplift and in the Amarillo uplift and northward exhibit generally
lower heat flows than other basin areas. Highest measured heat flow is in the
northwest, along the Las Animas arch. The northwest-trending Central Kansas
uplift also exhibits elevated heat flow values. Red lines are faults on the top of the
Hunton Group from Rottmann (2000a) that were used to contour Hunton and
Woodford layers, and Precambrian faults (modified from Adler and others, 1971).........

Southeast to northwest structural cross section with present-day transformation
ratios (% TR). The burial history plot of TR and vitrinite reflectance (% R ) is near
the red dot on the cross section, and both locations are in figure 38. Pink lines are
the general location of the Woodford Shale layer. The two “bumps” of increased
thermal maturation on the cross section correspond to areas of increased heat
flow in figure 38. Lithologic variation has minor effect on these increases because
of the generalized lithofacies assignments in the model. If basement heat flow was
one value across the basin, then the TR contours would be approximately
horizontal because of the strong influence of burial depth. The burial history plots
show the Council Grove layer as marginally mature for oil generation at 0.1 percent
TR and 0.6% R, and the Woodford Shale layer is overmature for oil generation
based on 100 percent TR and more than 1.2% R . The one-dimensional model is
about 2 kilometers southwest of the Woodford Shale measurement of Cardott
(1989, p. 45) for the 1 Miami Cattle well (1.56% mean R at -3,563 m elevation). These
images are extractions from the four-dimensional petroleum system model, and are
displayed in elevation relative t0 S8a IBVEI ...

Cross section showing vitrinite reflectance (% R ) and transformation ratio (% TR)
is an extraction from the four-dimensional model across the Panhandle field.
Location is in figure 38. The Panhandle field is located on the Amarillo uplift and oil
and gas are produced from Wolfcampian and Leonardian strata. The Stone Corral
model layer is bounded by pink lines and includes units from the top of the
Leonardian Wellington to the base of the Guadalupian Blaine Formations (fig. 2). It
is underlain by Wolfcampian strata. The Amarillo uplift and areas to the northwest
are thermally immature for oil generation, and potential petroleum source rocks
are absent because of erosion or nondeposition. Oil and gas migration flow

paths appear west of the Panhandle field in figures 30 and 36; this indicates that
hydrocarbons did flow through this field but were not trapped in this leaky model,
and were most likely sourced from the east and northeast from Pennsylvanian and
older source rocks and through open fault systems. Vertical exaggeration is
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41,

42.

43.

44,
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Petroleum system events chart for the Missourian-Permian AU of the

Pennsylvanian Composite TPS. Primary hydrocarbon source rocks are dark gray
rectangles, and age ranges of potential source rocks from Hatch and others (1986)

(fig. 7) are light gray rectangles. Onset and peak petroleum generation (fig. 14) are
shown for the Qil Creek (blue), Woodford (green), and Thirteen Finger limestone

(tan) source rocks. Age ranges of peak hydrocarbon generation are indicated by

blue rectangles. Paleogene trap formation, migration, and accumulation are based

on Laramide generation and potential remigration associated with basin tilting.
Unconformities, wavy and horizontal lines; Fm(s)., Formation(s); Plio, Pliocene;

Mio, Miocene; Eoc, Eocene; Pal, Paleocene; L, Late; M, Middle; E, Early....................... 48
Simplified southwest to northeast structural cross section from the Oklahoma

deep basin to the shelf shows interfingering of granite wash lithofacies (blue) with
those basinward (modified from Johnson, 1989). Greater Granite Wash Composite
Assessment Unit (AU) boundary is gold line and cross section location is red line

on inset map. Datum is sea level. Sil.-Dev., Silurian-Devonian..........cccoeeeeveverreeererneenne 49

Map showing thickness of the top of the Atoka to the Stone Corral model layers in

the Greater Granite Wash Composite Assessment Unit (AU) ranges from about 0 to
more than 14,000 feet (ft). Areas of smooth contours have more limited data, such

as the Wichita Mountain uplift and Panhandle field areas; actual thicknesses here

are generally less than 1,000 ft (300 meters). Displayed wells produce oil and (or)

gas from granite wash facies. Contour lines are 500-feet intervals. Precambrian

faults (black) are from Adler and others (1971). Light gray lines are counties................ 50

Map showing oil and gas wells that produce from the Greater Granite Wash
Composite Assessment Unit (AU) in the Pennsylvanian Composite Total Petroleum
System (TPS), Anadarko Basin Province (IHS Energy, 2010a, 2010b). Smaller scale
views of oil and of gas wells are in the Desmoinesian and Missourian-Permian oil

and gas figures 24 and 31. Generalized field locations are from IHS Energy (2010a),
Nehring and Associates, Inc. (2009), and Bebout and others (1993). The largest field

is Panhandle, which covers most of the Amarillo uplift and produces from granite
wash and other lithofacies. Precambrian faults (blue) are from Adler and others

(1971). Light gray lin€S @re COUNLIES ....vcvuueveerrriereeereesestssssesessssssssssssesessessssssssssssssessessssssnes 50
Map showing oil and (or) gas wells that produce from the granite wash within the
Greater Granite Wash Composite Assessment Unit (AU). Some of the more than

3,600 Oklahoma Geological Survey (2011b) wells up to about 2008 are overlain by

the more than 6,900 wells through September 2010 from IHS Energy (2010a, 2010b).
Generalized field locations are from IHS Energy (2010a), Nehring and Associates,

Inc. (2009), and Bebout and others (1993). Precambrian faults (blue) are from Adler

and others (1971). Light gray lines are COUNTIES......cc.evueveeveeereeeeeeeeeeeeeesese et senaees 51

Discovery halves for oil and thirds for gas grown accumulations for the Greater
Granite Wash Composite Assessment Unit (AU) in the Anadarko Basin Province.
Only a fraction of the oil and gas fields that produce from this AU are shown,
largely because most fields produce from multiple units with reported commingled
volumes. These also include giant fields, such as Panhandle, which is notincluded
in the discovery halves plot. Because these figures include some production

from strata north of the granite wash lithofacies, the discovery plots are further
compromised. The discovery halves of oil accumulations indicate that
development has decreased through time. This “trend” probably reflects the
paucity of data. The discovery thirds of gas accumulations indicates discovery has
been fairly stable through time, although field sizes have decreased for larger
fields as indicated by the third of accumulations greater than 20 hillion cubic feet
OF GAS (BOFG) .ocoviececececeteeteete ettt bttt a bbb a bbb a bt 52
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48.

Production history of leases in the Greater Granite Wash Composite Assessment
Unitin the Anadarko Basin Province is shown relative to the more than 3,700
completed wells for the same time increments from Oklahoma Geological Survey
(OGS, 2011b). Granite wash development started about 1950 and the Oklahoma
Geological Survey (2011b) bars follow industry boom and bust cycles with an

increase in completions from 1976 to 1985, followed by a lull until about the 2002
increase in exploration. Shown are some of the major field discovery names and

year (Nehring and Associates, Inc., 2009; IHS Energy, 2010a, 2010b)..........cccoovvererrrrnne. 53

Petroleum system events chart for the Greater Granite Wash Composite
Assessment Unit (AU) of the Pennsylvanian Composite Total Petroleum System
(TPS). Dashed reservoir rock rectangle shows an interval of potential granite wash
deposition that was included in the Morrowan-Atokan Assessment Unit (AU).
Potential petroleum source rocks from Hatch and others (1986) (fig. 7) are light gray
rectangles. Onset and peak petroleum generation (fig. 14) are shown for the Qil
Creek Formation (blue), Woodford Shale (green), and Thirteen Finger limestone
(tan) source rocks. Age ranges of peak generation are indicated by blue
rectangles. Paleogene trap formation, migration, and accumulation are based

on Laramide generation and potential remigration associated with basin tilting.
Unconformities, wavy and horizontal lines; Fm., Formation; Plio, Pliocene; Mio,
Miocene; Eoc, Eocene; Pal, Paleocene; L, Late; M, Middle; E, Early......ccccoevercervrnerenne 54

Tables

1.

Anadarko Basin Province assessment results are listed by name of Total Petroleum
System (TPS) and AssessMent Uit (AU) ...ttt senaens 3

0Oil generation onset for the Anadarko Basin 4D model, and onset and completion
dates in millions of years before the present (Ma) for the Bertha Rogers 1 and

Petree Ranch 1 1D models based on Woodford Shale hydrous pyrolysis (HP)

kinetics (Lewan and Ruble, 2002). The Douglas Group overlies the youngest

potential petroleum source rocks in figure 7. The HP kinetics-based onset of oil
generation is 0.1 percent transformation ratio (TR) and completion is 99 percent TR.

Oil generation histories in the 4D model were recorded at 10-Ma increments; so

the plus symbol indicates onset was before the listed age ......oocveeeeeeecireccncecsecrnne 1



Petroleum Systems and Assessment of Undiscovered
Oil and Gas in the Anadarko Basin Province, Colorado,
Kansas, Oklahoma, and Texas—Mississippian Through

Permian Assessment Units

By Debra K. Higley

Abstract

The Anadarko Basin Province includes the Anadarko
Basin of western Oklahoma, western Kansas, and northern
Texas, the Las Animas arch of southeastern Colorado, and
the Palo Duro Basin of Texas. This is a mature petroleum
province for conventional oil and gas reserves and resources.
Two total petroleum systems were defined for the province.
The Woodford Composite Total Petroleum System includes
Cambrian through Mississippian strata, and the Pennsylvanian
Composite Total Petroleum System comprises Pennsylvanian
through Permian strata. This chapter of the report details
assessment results and associated methodology for conven-
tional and continuous resources for defined assessment units
(AU) of Mississippian through Permian strata within the
total petroleum systems. Mean undiscovered conventional
resources for Mississippian through Permian assessment units
in the Anadarko Basin Province total 77 million barrels of oil
(MMBO), 1,934 billion cubic feet of gas (BCFG), and 60 mil-
lion barrels of natural gas liquids (MMBNGL).

Total petroleum system assessment methods of analy-
sis resulted in mean undiscovered resources of 17 MMBO,
417 BCFG, and 11 MMBNGL for the Mississippian Assess-
ment Unit (AU) of the Woodford Composite Total Petroleum
System (TPS). Mean undiscovered continuous gas resources
for the Thirteen Finger Limestone—Atoka Shale Gas AU are
6.850 trillion cubic feet of gas (TCFG) and 82 MMBNGL.
Undiscovered oil resources for the Thirteen Finger limestone
and Atoka Shale are incorporated in the conventional Mor-
rowan-Atokan AU. Mean undiscovered conventional resources
for the Pennsylvanian Composite TPS include:

a. 15 MMBO, 332 BCFG, and 7 MMBNGL for the
Morrowan—Atokan AU;

b. 6 MMBO, 118 BCFG, and 4 MMBNGL for the Desmoi-
nesian AU;

c. 23 MMBO, 258 BCFG, and 8 MMBNGL for the
Missourian—Permian AU

d. 16 MMBO, 809 BCFG, and 30 MMBNGL<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>